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Topical delivery systems for the treatment of different infected cutaneous wounds based on natural biopoly-
mers are widely studied. The development of some topical hydrogels with type I collagen and minocycline by
the experimental design technique, based on response surface methodology and Taguchi’s approach, and
the evaluation of their kinetic properties is presented. The concentrations of polymer, drug and cross-linking
agent were selected as independent variables for the face centered composite design and low, medium and
high concentration as variation levels for each factor. Minocycline kinetic release was investigated using
a modified Franz diffusion cell. The drug release followed the Higuchi model. Three formulations having
optimal minocycline release profiles were selected. They can be used as potential drug topical release
systems for the treatment of infected cutaneous tissue.

1. Introduction

Surgical and nonsurgical wounds are associated with cutaneous
infections. Nonsurgical wounds can be superficial or caused
by traumatic skin tears, burns or chronic ulcers (Corsetti et al.
2010; Boateng et al. 2008; Zielberman and Elsner 2008). The
cutaneous wound healing consists of a succession of events,
including inflammation, proliferation, and different cell types
migration. Bacterial infections are a serious problem in wound
healing (Gopinath et al. 2004).
Administration of antibiotics as a rapid way of treatment and/or
prophylaxis of an infected cutaneous wound is to be consid-
ered (Ribeiro et al. 2010). Systemically administered antibiotics
hardly penetrate into the affected tissue and can induce sys-
temic toxicity. These disadvantages led to attempts to develop
new systems able to deliver the therapeutic agent directly at
the cutaneous level (Stojadinovic et al. 2008; Zielberman and
Elsner 2008). Thus, topical antiinfective delivery systems are
currently a continuously developing area of research (Elsner
and Zielberman 2010; Lin et al. 2009).
Improvements of topical administration are based on utiliza-
tion of some biopolymers, which ensure an adequate antibiotic
release. Among these biopolymers, an increased interest is given
to collagen as a natural matrix for the drug release due to its
high biocompatibility, low antigenicity, minimum inflammation,
favorisation of cellular growth, differentiation and proliferation
(Judith et al. 2010; Goissis and de Sousa 2009; Lin et al. 2009;
Gopinath et al. 2004). Furthermore, collagen can be processed in
various forms, the hydrogels being the form used in the present
study. The high number of studies on hydrogels utilization in top-
ical drug applications can be assigned to their wide utilization
and patients compliance (Wang et al. 2010).

The hydrogels are polymeric tridimensional networks having a
high internal water content, that can provide a wet environment
to the affected surface and can absorb exudates (Sung et al. 2010;
Hamidi et al. 2008). They have a limited absorption capacity and
are recommended for application on infected wounds with low
and moderate exudation (Elsner and Zielberman 2010).
The biological and mechanical properties of collagen hydrogels
can be increased by glutaraldehyde crosslinking, which reduces
the collagen material imunogenicity and increases the enzymatic
degradation resistance (Zhang et al. 2011; Figueiro et al. 2006;
Yuadanova and Reshetov 2006; Meade and Silver 1990).
A second generation tetracycline – minocycline – was selected
as a model drug for this study. Due to its broad activity spectrum,
minocycline is useful in the cutaneous bacterial infections treat-
ment (Sung et al. 2010; Aoyagi et al. 2007). Furthermore it is
active on germ strains resistant to tetracycline and doxycycline,
imipenem and meticycline, and is also more liposoluble than
other tetracyclines (Bishburg and Bishburg 2009). Minocycline
also affects a lot of cellular functions with subsequent biolog-
ical actions different from its antimicrobial activity (Yao et al.
2007).
The starting point in the biopharmaceutical evaluation of a drug
incorporated in a topical form is the study of the drug release
kinetics in vitro, which estimates the easiness of its release into
the contact medium. The aim of this study was the development
and optimization of topical collagen-based hydrogels containing
minocycline, non- and crosslinked with glutaraldehyde, accord-
ing to the face-centered 33 central composite design (Madeira
et al. 2011; Fermoso et al. 2010), establishing the influence
of formulation factors on some kinetic parameters that quan-
tify the in vitro release from the designed systems using the
experimental statistic design techniques. Compared with suc-
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Fig. 1: Cumulative release of MH from collagen hydrogels (Exp. 1–7)

cesive single variable optimization methods, unable to evaluate
the interactions between factors (Wu et al. 2009; Rhee et al.
2008; Mannan et al. 2007), the experimental design and response
surface methodology in combination with Taguchi’s approach
offer some advantages: short experimental time, minimum tri-
als for generating useful informations regarding the response of
interest (Aggarwal et al. 2008; Bajaj et al. 2009; Aslan 2008),
optimization of the products quality and processes robustness.

2. Investigations, results and disscusion

2.1. In vitro release studies

The face centered central composite design (FCCCD) used to
evaluate some of the in vitro drug release kinetic parameters from
hydrogels was carried out using three independent variables: col-
lagen (C), minocycline hydrochloride (MH) and glutaraldehyde
(GA) concentrations. Each input variable was evaluated at three
different coded levels: low (1), middle (2) and high (3). The
variables considered and their values (uncoded and coded form)
are given in Table 1.
The physical level of each independent variable was selected
based on our preliminary experiments (not reported here). The
FCCCD matrix of independent variables in the form of coded
values is summarized in Table 2. The number of systems sub-
jected to experiments is 15, compared to 27 which is the number
of experiments for a full factorial design. This experimental plan
includes eight factorial points corresponding to 23 full factorial
design, six axial points corresponding to the face centres of the
cube portion of the design and one replicate at the centre of the
design.
Minocycline release was determined using a modified Franz
diffusion cell, as described in the Experimental section. The
method allowed the evaluation of the kinetic profiles of the tested
hydrogel compositions.
The cumulative concentrations of MH released at different
time intervals were determined from the calibration curve
(A1cm

1% = 274), which is linear over the concentration range
0–0.00275 g/100 mL (R = 0.9991, with zero intercept).
The in vitro kinetic profiles of minocycline from the designed
hydrogels, plotted as drug released percentage as a function of
time, are illustrated in Fig. 1 and Fig. 2.
In order to establish the drug release mechanism, the experimen-
tal kinetic data were fitted to Eq. (1) described by Peppas (1985),
where mt is the amount of drug released at time t, m∞ is the
total drug contents in the designed collagen hydrogels, mt/m∞
is the fractional release of the drug at the time t, k is the kinetic
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Fig. 2: Cumulative release of MH from collagen hydrogels (Exp. 8–15)

constant, reflecting the structural and geometrical properties of
the polymeric system and the drug, and n is the release expo-
nent, indicating the mechanism of drug release. Only the kinetic
data for which mt/m∞ ≤ 60% were used for the evaluation of
the release exponent (Loughlin et al. 2008; Natu et al. 2007).
The percentage of active compound released ranged between
26.32% (G6) and 52.94 (G3) during 5 h.
Different kinetic models were verified: first order, zero order and
Higuchi. The values obtained for the determination coefficients
(R2) of the above mentioned models are summarized in Table 3.
Comparing the values of R2 it can be seen that the highest
value is obtained for the Higuchi model for all the tested for-
mulatons (range 0.9946 to 0.9987), which shows that release
followed this model. This means that the cumulative amount
of MH is proportional to the square root of time, indicating a
drug release diffusional mechanism, the rate of drug diffusion
through the hydrogel being much smaller that the polymer relax-
ation rate. The model suggested by Higuchi is applicable both to
the dissolved (our case) or suspended substances in the hydro-
gels network (Ruiz Martinez et al. 2007; Kikwai et al. 2005;
Mohamed 2004).

mt

m∞
= k · tn (1)

D = q2 · π

4 · C2
0 · t

(2)

J = q

t
(3)
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3 (4)
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Table 1: Physical and coded values of the independent variables used for the experimental design

Independent variables* Coded symbol Real values of coded levels

1 2 3

Collagen, C (g%) X1 0.9 1.1 1.3
Minocycline, MH (g%) X2 0.2 0.4 0.6
Glutaraldehyde, GA (g%) X3 0.0 0.0015 0.0030

* the amounts of C, MH and GA are reported to 100 g hydrogel

Table 2: Coded values of the variables used in different experimental trials of the FCCCD and the corresponding observed and
predictive responses

Runs order Independent variables (coded level) Responses

X1 – C X2 – MH X3 – GA Y1 – D·106

(cm2·min−1)
Y2 – T (min) Y3 – J ·105

(g·cm−2·min−1)

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

G1 1 1 1 7.528 7.259 1.952 1.964 2.834 2.783
G2 3 1 1 3.793 4.474 3.466 3.786 2.183 2.288
G3 1 3 1 12.928 12.578 2.438 2.597 11.731 11.673
G4 3 3 1 8.514 9.792 4.775 4.419 10.075 10.188
G5 1 1 3 4.819 5.246 2.694 2.855 2.396 2.185
G6 3 1 3 3.324 2.460 4.234 4.677 2.067 1.690
G7 1 3 3 10.207 10.564 3.503 3.488 10.908 11.075
G8 3 3 3 7.663 7.778 5.226 5.309 9.525 9.590
G9 1 2 2 9.726 9.415 2.053 1.910 6.915 7.079
G10 3 2 2 7.985 6.629 4.624 3.731 6.021 6.088
G11 2 1 2 4.343 5.363 3.944 3.321 2.291 2.386
G12 2 3 2 11.086 10.681 3.722 3.953 11.506 10.781
G13 2 2 1 8.861 8.526 1.708 2.375 6.632 6.733
G14 2 2 3 6.213 6.512 3.241 3.266 5.711 6.135
G15 2 2 2 8.315 8.022 2.793 2.820 6.471 6.584

2.2. Analysis of response variables

In vitro release kinetic was quantified using two parame-
ters specific to the Higuchi model. The diffusion coefficient
(D, cm2·min−1) was determined according to Eq. (2) (Higuchi
1962), where q refers to the amount of drug released per surface
unit of artificial membrane into the donor medium (g/cm2), C0

is the initial concentration of the drug in the hydrogel (g/mL), t
is the drug release time (min).

Table 3: Determination coefficients R2 for minocycline release
from collagen hydrogels obtained using the specified
kinetic models

Formulation Higuchi Zero order First order

G1 0.9976 0.9788 0.9071
G2 0.9967 0.9265 0.8300
G3 0.9987 0.9532 0.8656
G4 0.9970 0.9140 0.8053
G5 0.9980 0.9747 0.8994
G6 0.9949 0.9245 0.8177
G7 0.9977 0.9152 0.8109
G8 0.9976 0.9228 0.8134
G9 0.9966 0.9253 0.8324
G10 0.9946 0.9030 0.7999
G11 0.9986 0.9504 0.8619
G12 0.9971 0.9015 0.7960
G13 0.9983 0.9252 0.8267
G14 0.9976 0.9089 0.8006
G15 0.9971 0.8975 0.7912

From the regression line q2 = f(t), the intercept (T, min) was
determined, associated with the initial period preceding the drug
appearance in the receiving medium (corresponding to a diffu-
sion gradient establishment).
Besides the two parameters the drug flux (J – g·cm−2·min−1)
released during five hours of the experiment was also determined
according to Eq. (3) (Güngör and Bergişadi 2003), where, q and
t have the above mentioned significance.
The kinetic parameters quantifying drug release from the hydro-
gels are affected by two categories of experimental factors:
depending on the product formulation (donor medium) and
depending on the experiment to be performed, and particularly
on the membrane and nature of the receiving medium, working
temperature, type of apparatus used for the experiment.
The influence of the donor medium and formulation factors
respectively on the in vitro release kinetic of the MH from topical
hydrogels was followed in the present paper.
To do this, a stepwise regression analysis with backward elimi-
nation method subroutine (Aggarwal et al. 2008) was conducted
to settle the reduced quadratic polynomial models for each
response mentioned in Table 2. They were coded as follows:
Y1 – diffusion coefficient (D), Y2 – intercept (T), Y3 – flux (J).
The regressional models are described by Eqs. (4), (5), (6).
These equations quantitatively reflect the effect of the indepen-
dent variables and their interactions on the kinetic dependent
variables measured and include the terms found to be signifi-
cant (p < 0.05). The terms containing two independent variables
represent their interactions and the square of such a variable,
the quadratic relationship. The values of the independent vari-
able coefficients, as well as of the terms with two independent
variables or squared independent variable are correlated with
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Fig. 3: Plot of response surface for the diffusion coefficient D (Y1) as a function of
collagen (X1) and minocycline hydrochloride concentrations (X2)

their effects on the Yi responses (Sun et al. 2010; Motwani et al.
2008). Thus, a positive sign indicates a synergistic effect for
the responses to be maximized and an antagonic effect for the
responses to be minimized, while a negative term shows a reverse
situation (Chang et al. 2007). These coefficients show the con-
ditions for which optimal values are obtained for the system
response variables (in vitro drug rapid availability characteris-
tics): maximal values for the variables Y1 and Y3, respectively
minimal value for variable Y2.
The Eq. (4) indicates a negative influence of variables X1 (linear
effect) and X3 (quadratic effect) on MH diffusion coefficient in
the hydrogel, phenomenon that can be explained by the increase
of viscosity of release medium, which determines a diffusion
resistance of MH. In turn, X2 has an obvious positive effect on
variable Y2.
A positive linear and a negative quadratic effect of variable X2

on the intercept from Eq. (5) can be seen, while X1 and X3 have
only a negative linear effect on this response. Eq. (6) shows that
X3 (quadratic effect) and the interaction between X1 and X2 have
a negative influence on the MH flux, the positive effect being
attributed to X2 (linear effect).
The reduced regressional models determined were validated by
testing the model goodness of fit, analysis of variance (ANOVA)
and residual analysis respectively.
The evaluation of the goodness of fit is given by the multiple cor-
relation coefficient R and the determination coefficient R2. Thus,
the values of R – 0.9680, 0.9940 and 0.9971 – being closed to 1
indicate a high correlation degree between the observed and pre-
dictive values. The determination of R2 values – 0.9370, 0.9881
and 0.9943 – suggests that about 6.3%, 1.2% and 0.6% respec-
tively from the total variation is not explained by the model for
the dependent variables tested. R2 values being superior to 0.9,
the regressional models explained very well the responses (Wu
et al. 2009; Wang et al. 2008).
The statistical significance of the regressional model was tested
using ANOVA and the results for all the responses are given in
Table 4. The ANOVA test for each regressional model demon-
strates a high statistic significance of the model, obvious from
the values calculated for F-test (greater than F-tabulated in all
cases) and the small p probability values (Madeira et al. 2011;
Rosa et al. 2007).
In order to ensure the regressional model adequacy the residual
analysis was run (Table 2). The residual analysis results show a
good correspondence between the experimental values and the

Fig. 4: Plot of response surface for the intercept T (Y2) as a function of collagen
(X1) and glutaraldehyde concentrations (X3)

theoretical ones determined by the reduced predictor polynomial
equations.
The relationship between each dependent variable and the inde-
pendent variables is further illustrated using the response surface
methodology (RSM) that allow the visualization of the formu-
lation factors effects on responses in the tridimensional space.
Beside the responses investigation on the full range of the influ-
ence factors, the objective of RSM is also the localization of the
interest areas where the optimal or near the optimal response
values can be found (Aslan 2008; Chang et al. 2007). Some
response surfaces (3D) are given for exemplification in Fig. 3 to
Fig. 6.
As can be seen in Fig. 3, higher diffusion coefficients are
recorded for high MH concentrations and small collagen con-
centrations, MH having the most pronounced effect. Thus, for
the higher concentration of MH, Y1 increases from 7.663·10−6

to 12.928·10−6 cm2·min−1 (68.71% increase) when the collagen
concentration decreases, while for the smallest concentration
of MH it decreases from 4.819·10−6 to 3.324·10−6 cm2·min−1

(31.02% decrease) with collagen concentration increase.

Fig. 5: Plot of response surface for the intercept T (Y2) as a function of minocycline
hydrochloride (X2) and glutaraldehyde concentration (X3)
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Table 4: Analisis of variance (ANOVA) for the reduced regressional polynomial models

Responses Sources of variation Sum of squares df Mean squares F-value p-value

Y1 Regresion 101.093 3 33.697 54.616 < 0.0001
Residual 6.786 11 0.617
Total 107.879 14

Y2 Regresion 183.370 4 45.842 230.229 < 0.0001
Residual 2.190 11 0.199
Total 185.560 15

Y3 Regresion 180.092 3 60.031 649.245 < 0.0001
Residual 1.017 11 0.092
Total 181.109 14

Fig. 6: Plot of response surface for the flux J (Y3) as a function of minocycline
hydrochloride (X2) and glutaraldehyde concentration (X3)

The response surface plot for the intercept Y2 (Fig. 4) shows
that the smaller values were observed for both low collagen and
glutaraldehyde concentrations, the collagen influencing strongly
this response. For a high concentration of collagen Y2 increases
from 3.466 to 5.226 minutes (with 50.78%) with the increase of
GA, a small concentration of collagen inducing a decrease of
Y2 values from 3.503 to 1.952 min (44.28% decrease).
Figure 5 also shows the intercept dependence on MH and GA
concentration. A small intercept is favoured by MH concen-
tration at middle level and small concentration of GA. Both
formulation factors have a determinant influence on Y2: the val-
ues varies from 4.624 to 1.708 min with the decrease of the GA
concentration (63.06% decrease) for collagen concentration at
middle level, and from 1.778 to 4.775 min (179.57% increase)
with the increase of collagen concentration and the GA at the
minimum level.
The MH flux, presented in Fig. 6 as a function of MH and GA
concentrations, shows that the highest values of Y3 are recorded
for MH concentrations at maximum level and minimal GA con-
centrations. Obviously, only the MH concentration has a strong
influence on Y3, with a flux increasing significantly from 2.183
to 11.731 (437.38%) for the GA concentration at minimum level.
The response field of the dependent variables and selection of
the pharmaceutical formulations that give the desired kinetic
responses, maximal/minimal, was then realized using the level
curves superposing method. By superposing the profile charts
corresponding to 2 and 3 dependent variables as function of
the same 2 independent variables, it is possible to determine
the pairs of values that represent a formulation for which the

Fig. 7: Superposed contour plots for Y1 (D ———) and Y2 (T - - - -) as a function of
X2 (MH) and X3 (GA)

maxim/minim conditions of the paramenters to be optimized
are met. The optimum areas for the responses and consequently
the acceptable ranges for each formulation factor were found
by superposing the individual response surfaces contour plots.
As the optimum of individual formulation factors is not located
exactly in the same region in the 2D space, it is necessary to set
constraints for which all the responses reach their optimum as
function of the same variables (Bezerra et al. 2008).
In Fig. 7 and Fig. 8 superposing of the contour plots for Y1 and Y2

as function of X2 and X3 as well as for Y1, Y2 and Y3 respectively
as function of X1 and X2 is given as example. The hatched

Fig. 8: Superposed contour plots for Y1 (D ———), Y2 (T - - - -) and Y3 (J — · — ·
—) as a function of X1 (C) and X2 (MH)
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areas are defining the formulation factor ranges of variation that
resulted in optimal responses (maximal for diffusion coefficient
and flux and minimal for the intercept).
Figure 8 shows that a GA concentration between the low and
middle level and a MH concentration between the middle and
high one leads to maximal responses for the diffusion coefficient
and minimum responses for the intercept.
In Fig. 8 it can be seen that a MH concentration between the
middle and high level and a collagen concentration between
the low and middle level is determining maximal responses for
the diffusion coefficient and flux and minimal responses for the
intercept.
By simultaneous optimization of responses, the optimum vari-
ation levels for the formulation factors were set as follows: X1:
[0.90÷1.13]%, X2: [0.40÷0.60]%, X3: [0.000÷0.0016]%.
Besides the hydrogels whose formulation factors meet the con-
ditions in the ranges mentioned above, other hydrogels with MH
enhanced release characteristics can also be designed by mod-
ulation of the composition within the optimum variation range
limit.

2.3. Taguchi’s technique

The selection of an optimal formulation consists not only
in obtaining the best values of the responses (maximum,
minimum), but also in finding the conditions for which the
characteristics vary to the minimum extent (Kuang et al. 2009).
Thus, the steps of statistic experimental design previously ana-
lyzed were further complemented with Taguchi’s approach
elements as a method for the determination of the optimization
process quality. This technique is a tool for process improve-
ment and not for absolute optimization. The evaluation of
performances in the process of modeling the MH release from
hydrogels consists in the selection of some systems with proper
levels of formulation factors which ensures a kinetic response
variability as low as possible and, consequently, a design robust-
ness (Kuang et al. 2009; Aggarwal et al. 2008).
In the frame of Taguchi’s approach the independent variables
(X1, X2, X3) are considered control factors, which need to be
optimized for reaching a specified value and to eliminate the
variation (Lyu et al. 2010). Besides the control factors, the sys-
tem responses can be affected by the noise factors, influenced
by the process deployment conditions, which are defined as the
unwanted variability determining the decrease of the optimiza-
tion process quality. Noise factors always exist, so it is useless
to try to eliminate them; this is why their impact on the opti-
mization process (MH release kinetic from topical hydrogels)
has to be minimized in order to reduce the variability (Dellino
et al. 2010; Pickle et al. 2008).
Taguchi brings in a performance indicator named signal-to-noise
ratio (S/N), expressed in decibels [dB]. Its value is a performance
measure for the process to be optimized (Aggarwal et al. 2008).
Among the indicators suggested by Taguchi, the S/N ratios were
used for the criteria that have to be maximized/minimized as fol-
lows: (i) S/N ratio for a criterion that has to be maximized–
“larger-the-better” – larger values meaning better results,
applied to the kinetic parameters Y1 and Y3 and calculated
according to Eq. (7); (ii) S/N ratio for a criterion that has to
be minimized – “smaller-the-better” – smaller values meaning
better results, used for the kinetic parameter Y2 and computed
according to Eq. (8), where Yi is the response measured for
the combination of i independent variables and n the number of
experiments performed (Pickle et al. 2008).
The determination of the S/N ratio under optimal conditions
leads to the combination of the formulation factor variation lev-
els, respectively their effects size, that determine the kinetic

Fig. 9: Control factors effects on S/N ratio for the dependent variable Y1

Fig. 10: Control factors effects on S/N ratio for the dependent variable Y1

responses affected to the minimum extent by the noise factors
(Table 5), increasing in this way the performance and quality of
the optimization process.
The graphic conversion of the control factors effects on the
S/N ratio for each dependent variable emphasizing the optimal
combination of the formulation variables is given in Figs. 9–11.
The analysis of the S/N ratio in Figs. 9–11 shows a significant
difference between X2 variation levels for Y1 and Y3, which
means a strong influence on these responses, while for Y2 the
influence of this formulation factor is less important. The opti-
mal coded levels of this independent variable, which reduce the
noise factors effects, are 3 for Y1 and Y3 (corresponding to a

Fig. 11: Control factors effects on S/N ratio for the dependent variable Y2
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Table 5: Optimal combinations of independent variables coded levels, their effect size on S/N ratio for the dependent variables and
expected S/N value

Control factors (independent variables) Y1 Y2 Y3

“larger – the– better” effect size “smaller – the – better” effect size “larger – the– better” effect size

X1 1 1.567 1 2.206 2 0.567
X2 3 2.814 2 1.399 3 5.926
X3 2 0.865 1 1.551 2 0.732
S/N ratio (dB) 22.351 −4.908 21.899

MH concentration of 0.6) and 2 for Y2 (corresponding to a MH
concentration of 0.4).
Considering X1, the biggest difference between the variation
levels is observed for Y2, while for Y1 it is less important and
for Y3 is low. The X1 optimal coded levels leading to the noise
factors reduction are 1 for Y1 and Y2 responses and 2 for Y3

response.
For X3, the most important difference between the variation
levels is detected for Y2, those for Y1 and Y3 being low. The
optimal coded levels for this independent variable resulting in
a reduction of the noise factors effects are 2 for Y1 and Y3

responses and 1 for Y2.
Comparing the effect size of the independent variables on the
S/N ratio we can see that MH concentration has the main influ-
ence on the diffusion coefficient (effect size 1.79 times higher
than that of the collagen concentration and 3.25 times higher
than the GA concentration) and a strong influence on the flux
(effect size 10.45 times higher than the collagen concentration
and 8.09 times higher than the GA concentration).
The collagen concentration has an influence on the diffusion
coefficient, but the main influence is on the intercept (MH and
GA concentration have also an influence on Y2, the effect size
being 1.58 times higher than the MH concentration and 1.42
times higher than the GA concentration). Glutaraldehyde influ-
ences more the intercept and less the diffusion coefficient and
the flux.
Applying Taguchi techniques we finally selected three opti-
mal formulations (belonging to the ranges previously identified)
which individually ensure the responses robustness and the
increase of the resistance to the noise factors. The combination
of independent variables coded levels under the form 2:3:2 lead-
ing to a flux affected to the minimum extent by the noise factors
corresponds to the hydrogel G12 included in the 33 fractional
design, while the combinations of independent variables coded
levels under the forms 1:3:2 and 1:2:1 leading to a diffusion coef-
ficient, respectively intercept, affected to the minimum extent
by the noise factors do not belong to the 33 fractional design.
These last two formulations, coded G16 and G17, were prepared
and tested under the same experimental conditions as the other

hydrogels and the kinetic parameters previously described were
determined (Table 6).
For the G12, G16 and G17 formulations we also evaluated the
theoretical values from the regressional model for the kinetic
parameters Y1, Y2 and Y3. A good correspondence between
the predictive and observed values can be seen, proving a high
predictive power of the reduced polynomial equations (Table 6).

2.4. Conclusion

A statistical approach based on Response Surface Methodol-
ogy (RSM) and Taguchi technique elements was used for the
pharmaceutical design and optimization of some minocycline
hydrochloride-collagen based hydrogels with potential appli-
cation in infected cutaneous wounds. As Taguchi’s technique,
through the performance indicator S/N, can provide for each
response to be optimized only specific given values of the for-
mulation parameters, a RSM is needed in the case of multiple
responses to be optimized. Using RSM makes possible the visu-
alization of the entire range of independent variables effect on
all the dependent variables and the optimum variation intervals
of the formulation factors which lead to the desired responses –
in vitro drug rapid availability characteristics – were obtained.
Combining these two methodologies the optimal responses were
obtained, which are also stable, insensitive and robust to the
action of different noise factors.

3. Experimental

3.1. Materials

Type I collagen gel having a concentration of 1.99% (w/w) and pH 2.1
was obtained from calf hide by the currently used technology in Col-
lagen Department of Division Leather and Footwear Research Institute
(Albu 2011). Minocycline hydrochloride (MH) was purchased from Sigma
(Germany). Glutaraldehyde was obtained from Sigma-Aldrich (Germany).
Sodium hydroxide, monobasic potassium phosphate and disodium hydro-
gen phosphate were supplied by Merck (Germany). Water used was distilled
and all other chemicals were of analytical grade.

Table 6: Composition of optimal formulations and the observed and predicted values of response variables

Hydrogel Composition of optimal formulation
X1: X2: X3 (g%: g%: g%)

Response variable Observed value Predictive value Predicted error (%)

G12 1.1:0.6:0.0015 Y1·106 (cm2·min−1) 11.086 10.681 +3.79
Y2 (min) 3.722 3.953 −5.84
Y3·105 (g·cm−2·min−1) 11.506 10.781 +6.72

G16 0.9:0.6:0.0015 Y1·106 (cm2·min−1) 12.269 12.074 +1.61
Y2 (min) 2.947 3.042 −3.12
Y3·105 (g·cm−2·min−1) 11.607 11.524 +0.72

G17 0.9:0.4:0.0000 Y1·106 (cm2·min−1) 10.712 9.918 +8.01
Y2 (min) 1.545 1.464 +5.53
Y3·105 (g·cm−2·min−1) 7.142 7.229 +1.20
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3.2. Preparation of hydrogels

Collagen hydrogels having the concentrations 0.9%, 1.1% and 1.3% and
pH 7.37 (inoLAB pH-meter) were obtained from the initial 1.99% collagen
gel with pH 2.1 by diluting under stirring with distilled water, NaOH 1 M
solution (680 rpm VELP mechanical stirrer) and proper amounts of minocy-
cline hydrochloride solution (1800 rpm, FALC magnetic stirrer) to obtain
the concentrations 0.2%, 0.4% and 0.6% reported to the amount of hydrogel
(the density of hydrogel is practically 1 g/cm3). Some of the hydrogels were
crosslinked at 4 ◦C with 0.0015% and 0.0030% glutaraldehyde for 24 h.

3.3. In vitro release studies

The in vitro release of MH was measured by a modified Franz diffusion
cell: a peristaltic pump (Masterflex, Cole-Parmer Instrument Company) and
a buffer vessel for sample withdrawal were adapted. The peristaltic pump
ensures the continuous circulation of the liquid in closed circuit into the
receiving compartment allowing a supplementary homogenization, in addi-
tion to the one realized by the magnetic stirrer (IKA lab disc white). A
phosphate buffer solution of pH 7.4 at 37 ± 0.5 ◦C (ThermoHaake P5 ultra-
thermostat) was used as receiving medium to simulate an infected wound
environment (Loughlin et al. 2008). Sink conditions were ensured through
the continous recirculation of the liquid in the receiving compartment during
the whole experiment. After a previous hydration for 24 h in the receiv-
ing medium, the cellophane membrane (Autogen Bioclear Ltd) was fitted
between the donor and receptor compartments. After 30 min of recirculation
of the stirred receiving solution about 1 g from each tested formulation was
applied on the artificial membrane surface using a proper syringe, ensuring
an intimate contact between hydrogel and membrane. Samples of 5 ml were
collected from the buffer vessel at predetermined time intervals, replaced
by equal volumes of phosphate buffer solution preheated at 37 ± 0.5 ◦C.
The samples were spectrophotometrically analyzed at 348 nm (Perkin-Elmer
spectrophotometer).

3.4. Design of the experiments and statistical data treatment

The hydrogels were obtained according to a 3-factor, 3-level face-centered
central composite design summarized in the Table. The kinetic experiments
were carried out in triplicate and randomly. The kinetic responses and the for-
mulation variables for all the designed systems were analyzed by Statistica
StatSoft Release 8 software. A stepwise regression analysis was conducted
to build the second order polynomial equations for all response variables.
The significant terms (p < 0.05) were chosen for the final equations. The best
fitting mathematical model was selected based on the determination coeffi-
cient, correlation coefficient, analysis of variance and residual analysis. To
estimate the combined effect of independent variables on the responses and
to select the optimal formulation, three-dimensional response surface and
contour plotting were also drawn. Taguchi Signal/Noise ratio was finally
used for the evaluation of the design robustness.
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