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Abstract. In the present paper, factorial designs of experiments (DOE) were built in the aim of preparing
new solid optimized controlled release microparticles charged with the herbicide 2,4-D and, also
investigating the influence of some process and encapsulation variables. Composed from mixtures of
ethylcellulose (EC) / hydroxy propyl methyl cellulose (HPMC), cellulose acetate butyrate butyryle (CAB)
/ HPMC and pure CAB as biodegradable polymeric matrices, the microparticles were prepared by
emulsification-solvent evaporation technique. Then, the effect of some parameters such as the stirring speed
of emulsification, initial drug concentration and polymer concentration were studied. Depending on the
selected variables, a large range of microparticles’ size was obtained; from 25 to 208 um of d;o and the 2,4-
D content reached 69%. Also, different release profiles accompanied with a burst effect were obtained.
Finaly, by modelling using Minitab 16.1 software, the main and interactive effects of these variables on the
microparticles’ chacteristics (size, drug entrapment and drug release) were evaluated.

Keywords: Agrochemical; design of experiments; cellulose derivative; controlled release; microspheres;
2,4-D.

Resumen. En el presente trabajo, los disefios factoriales de experimentos (DOE) se construyeron con el
objetivo de preparar nuevas microparticulas de liberacion controlada y optimizadas cargadas con el
herbicida 2,4-D e invertir la influencia de algunas variables de proceso y encapsulacion. Compuesto a partir
de mezclas de etilcelulosa (EC) / hidroxipropil metil celulosa (HPMC), butirato butirato de celulosa (CAB)
/ HPMC y CAB puro como matrices poliméricas biodegradables, las microparticulas se prepararon
mediante la técnica de evaporacion de emulsionamiento y disolvente. Se estudi6 el efecto de algunos
pardmetros, a saber, la velocidad de agitacion de la emulsificacion, la concentracion inicial de farmaco y la
concentracion de polimero. Dependiendo de las variables seleccionadas, se obtuvo un amplio rango de
tamafio de microparticulas; de 25 a 208 p.m. de rho y el contenido de 2,4-D alcanzo el 69%. Ademas, se
obtuvieron diferentes perfiles de liberacion acompafiados con un efecto de rafaga. Finalmente, modelando
usando el software Minitab 16.1, se evaluaron los efectos principales e interactivos de estas variables sobre
las caracteristicas de las microparticulas (tamafio, atrapamiento de drogas y liberacién de farmaco).

Palabras clave: Agroquimico; disefio de experimentos; derivado de celulosa; liberacion controlada;
microesferas; 2,4-D.
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Introduction

2,4-D (2,4-dichlorophernoxyacetic acid) is a herbicide and plant growth regulator. [1] It widely used for the
control of broad-leaf weeds in agriculture, and for control of woody plants along roadsides, railways, in
lawns, playgrounds, golf courses, etc, it is also used as aquatic herbicide. Its commercial formulations
include esters, acids, and several salts, which vary in their chemical properties and environmental
behaviour. [2,3] However, many scientific studies linked the toxicity of this pesticide to cancer and other
health risks such as cell damage, hormonal interference, and reproductive problems.[4,5] So designing of
controlled release formulations permits to control the pesticide concentration in the water, soil and plant;
In fact, these systems allow releasing it for longer with an appropriate speed and consequently reducing
volatilisation, lixiviation and removal of pesticides. [6-8] Otherwise, they minimize the ago-environmental
and health hazards.

Microencapsulation and especially the process based on emulsion-solvent evaporation is one of
the functional and widely used technique to produce pesticide delivery systems. [9-13] A large category of
biodegradable and biocompatible polymeric materials is used and tested for the preparation of pesticide’s
carriers such as polyesters, [14,15] polysaccharides which include alginate, starch, cyclodextrin, cellulose
and derivatives, [16-18] chitosan and others, [19-23] synthesized, modified and combined materials. [24-
26] The recent developed formulations for the 2,4-D controlled release include delivery systems based on
organo-zeolite and organo-bentonite complexes, [27] photoresponsive micellar system based on
poly(ethylene glycol) [26] and nanosized rice husk.

The present research aims to develop new formulations, fortunately, based on biodegradable
materials which permit an initial burst release of 2,4-D followed by a controlled drug release. Indeed, these
formulations permit to reach the herbicide efficacy in the initial time of application and to maintain it for
longer. Therefore, cellulose derivatives i.e ethylcellulose (EC), cellulose acetate butyrate butyryle (CAB)
and hydroxypropylmethylcellulose (HPMC) are selected as biodegradable non-toxic and less expensive
matrices for the preparation of 2,4-D controlled release formulations. The chosen cellulose derivatives have
not the same behaviour (hydrophilic/ hydrophobic) and in this study, the microparticles are prepared by the
combination of these matrices, which were not used previously. This new approach also aims to build
design of experiments in order to simultaneously minimize the number of experimental trials and to
determine the relationship between process parameters and microparticles’ characteristics, which permit to
choose and prepare the desired formulations without additional experiments. In fact, statistical experiment
design methodologies are powerful and systemic tools to understand and describe the optimum relationship
between the process variables and responses related to the formulation properties and consequently permit
to develop an optimized formulation. [28,29]

Three simple 22 factorial designs of experiments (DOE) are used. In the first one (DOE;) and based
on our previous research, [10,11] we select also EC as matrix but merged with HPMC; in this case, the
studied variables are polymer concentration and stirring speed. The second factorial DOE DOE; consists
to minimize the quantity of dichloromethane (DCM) as organic solvent in the preparation of microparticles
based on pure CAB as matrix; the studied variables are the 2,4-D:Polymer ratio and stirring speed. The
final factorial DOE; aims to study and discuss the effect of HPMC in CAB microspheres where the selected
variables are the %HPMC in matrix and the 2,4-D:Polymer ratio.

For all the factorial designs, the explored responses are the microparticles ‘size, the drug
entrapment and the herbicide release rate. The microparticles are elaborated by the emulsion-solvent
evaporation technique and the effects of the variables on the microspheres’ characteristics are evaluated by
modeling using Minitab software 16.

Results and discussion

Microparticles characterization

The 2,4-D loaded microspheres are obtained by microencapsulation process where some of process
variables are varied according to the chosen factorial design (DOE;, DOE; and DOE3;). A minimum of
experiments (4) is carried out for each matrix and factorial design. The microspheres’ characteristics (size
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and distribution, drug entrapment and release constant Ky) related to the experimental conditions are

described in table 1, 2 and 3.

Table 1: Experimental factorial design (DOE;) and results of 2,4-D/EC:HPMC microparticles’
characteristics. Matrix EC:HPMC (90:10, w: w); 2,4-D:Pol. (1:4, w:w); solvent=DCM.

Experiments Factors Responses Size mesurments EE%
X1 X Yi: Y,: Ys: ds> (um) da3 (um) o
T % d10 (UM) Kh
Lot1l -1 -1 17.2+1.9 203.4 2.33 304.1 338.2 1.6 52.3+5.8
Lot2 +1 -1 15.1+0.1 88.1 4.99 112.1 119.2 1.3 45.8+ 0.3
Lot3 -1 +1 21015 208.8 1.11 410.9 454.2 2.1 71.3+5.0
Lot4 +1 +1 208+3.1 61.1 1.31 90.7 103.4 16 | 776+115
DOE,Variables and levels
Levels Factors
Xy : stirring speed (rpm) X2: % pol.
-1 200 2.34%
+1 800 4.68%
Table 2: Experimental factorial design (DOE ;) and results of 2,4-D/CAB Microparticles’
characteristics. Matrix: pure CAB; %/Pol./solv.=4% (w/w%), solvent=DCM/Acetone(80/20:v/v).
Experiments Factors Responses Size mesurments EE%
X1 X5 Yi: Ys: Y3 . d32 (pm) d43 (um) 0
T% d1o (M) Kx
Lot5 -1 -1 138+1.1 83.1 3.42 108.4 117.8 14 46.4+ 3.6
Lot 6 +1 -1 19.4+ 0.3 25.5 4.48 45.6 55.9 2.1 42.8+ 0.6
Lot 7 -1 +1 30.7£ 2.0 74.0 3.09 97.8 107.8 14 39.5+ 2.5
Lot 8 +1 +1 32.7+1.2 33.2 3.43 41.7 53.1 1.6 39.7£ 14
DOE,Variables and levels
Levels Factors
X : stirring speed (rpm) Xa:
2,4-D:Pol. ratio
-1 400 3:10
+1 800 7:10

Table 3: Experimental factorial design (DOEs3) and results of microparticles composed from pure CAB
(0% of HPMC) or CAB:HPMC mixture (50% of HPMC) as matrices. Stirring speed =600rpm,

%/Pol./solv.=4.16% (w/w%), solvent=DCM/Acetone (80/20:v/V).

Experiments Factors Responses Size mesurments EE%
X1 X2 Yi: Ya: Ys: dsz (um) das (le) )
T% d]_o (um) KH
Lot 9 -1 -1 28735 100.8 1.88 212.3 249.5 24 | 33.0+£4.0
Lot 10 +1 -1 458+ 3.0 41.2 2.48 59.8 66.8 16 | 37.3x24
Lot1l -1 +1 46.6 +6.1 53.3 4.13 715 83.1 15 | 354+45
Lot 12 +1 +1 69.1+0.1 70.3 3.93 107.6 1215 17 | 57.7£0.1
DOEsVariables and levels
Levels Factors
Xi : %HPMC Xa: 2,4-D:Pol. ratio
-1 0 1.1
+1 50 2:1

The obtained microparticles are characterized using different methods. The results showed that the
number mean diameter dio varied from 61 to 208 um for the microspheres of the DOE; and from 25 to 83
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pm for microspheres obtained by the second DOE and from 41 to 100 um for microspheres of the DOE:s.
Then, a large class of microparticles size is obtained by varying these parameters.

The drug entrapment also varied as a function of the process variables (stirring speed, polymer
concentration, initial drug concentration) and the nature of polymer matrix. It ranged between 13.8 and
69.1%; for the microparticles composed from mixture of EC: HPMC, the drug content reached 21%,
however for CAB: HPMC micropartilces, the best drug entrapment is obtained and attained (69%). In
general, we remarked that the drug content increased using CAB as matrix and improved when HPMC
incorporated matrix is used. The drug content also increased when the initial drug:polymer ratio is
increased.

The results showed that the encapsulation efficiency (EE) varied from 33 to 77% (table 1, 2 and
3) and the effects of the selected variables on the microparticles’ size and drug entrapment are obviously
analysed in data investigation part.

The microspheres’ surface, shape and morphology are examined by scanning electron microscopy
(SEM) and optical microscopy. The Fig. 1 showed the results concerning the lots of microparticles 2,4-
D/EC:HPMC (DOE;) and 2,4-D/CAB (DOE,). The microparticles appeared with rough and porous surface
for both the CAB and the mixture of EC/HPMC as matrices. The microphotographs showed the presence
of crystal powder of 2,4-D probably at the surface of microparticles 2,4-D/CAB (Fig. 1, A-2) where the
initial ratio of 2,4-D:Polymer is higher. The same remark was noted in our previous paper [11] when
50.66% of 2,4-D was used in the preparation of pure EC and CAB microspheres.

10pm  ISMTL00F

ik .‘ Y ; = - __au e ]
Fig. 1. SEM and optical microscopy images of microparticles: A- Lot 8, B-Lot 3.
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The SEM and the optical microscopy results revealed also that using the same percentage of PVA
(0.25%), both when acetone is combined with either to DCM or HPMC merged to EC, the microparticles
appeared with a spherical morphology as using pure EC or pure CAB with only DCM as solvent. [11].

The FTIR analysis confirmed the effective presence of 2,4-D in microspheres. For example, in the
Fig. 2, the FTIR spectra of microspheres of lot 16, pure 2,4-D and pure CAB are compared. In fact, the
microspheres pattern showed the characteristic bands of 2,4-D; at 1725cm™ corresponding to carboxylic
group (C=0), at 1476 cm'* corresponding to C=C aromatic ring, at 836 cm* for aromatic C-H band and an
intense peak at 793 cm™ corresponding most probably to C-ClI band. Hence, the FT-IR analysis
demonstrated the presence of PRX in microparticles with no chemical reaction between the drug and the
polymers since no new bands appeared.
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Fig. 2. FTIR spectra of pure 2,4-D, Cellulose derivatives and microspheres of lot 8 and 12.

The X-ray diffraction (XRD) profiles of the 2,4-D (Fig. 3) exhibit some clearly peaks with a high
intensity at 20: 12°, 16°, 17°, 22.5°, 25°, 26.5°, 30.5° indicating the crystalline form of 2,4-D. The CAB,
HPMC and EC X-ray diffractograms showed the amorphous state of the polymer matrix. Nevertheless, in
the X-ray diffraction pattern of microspheres appeared some characteristic peaks appropriated to 2,4-D but
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with a low intensity. The results indicated the diminution of the crystalline form of the herbicide in these

formul
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Fig. 3. X-ray diffraction patterns of pure 2,4-D, Matrix (CAB, EC and HPMC) and microspheres of lot 3,
8 and 10.
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Drug release study
In order to test the controlled release formulations, the 2,4-D release kinetics are established in water and

examples of release profiles are given in Fig. 4-a. The Higuchi’s [30] model has been tested (Fig. 4-b) and
good linear fits are obtained confirming that the drug release is, generally, governed by diffusion process.
The obtained release constant (Ky) and the coefficient of determination are reported in tables 1-3. Also,
the exponent n of the Korsmeyer—Peppas’ model [32] can be used to elucidate and characterize the drug
release mechanisms as a Fick’s diffusion when n = 0.5, as a non-Fickian model when n > 0.5 and as a

quasi-Fickian model wken n < 0.5.

The entire results of the two models and the percentage of 2,4-D released are given in table 4. We noted
that for the majority of formulations, the initial drug release (drug released after 5 minutes of contact time)
exceeded 10% and attained more than 30% in some formulations.
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Fig. 4. 2,4-D release kinetics from 2,4-D/EC:HPMC microparticles’: a- release profiles, b- Higuchi’s
mathematical model presentation.

Table 4: 2,4-D release results in distilled water
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N Lot Higuchi’s equations Korsmeyers-Peppas model | %2,4-D %2,4-D
t(min) rel. * rel.**
L
Lotl | 2.33x +39.38 0.959 0.261 0.195 0.964 63 88
Lot2 | 542x+25.11 0.966 0.120 0.332 0.972 81 100
Lot3 | 1,11x+12.47 0.935 0.098 0.194 0.969 24 60
Lot4 | 1.31x+7.69 0.979 0.065 0.261 0.953 22 45
Lot5 |341x+17.8 0.942 0.129 0.307 0.972 79 82
Lot6 | 4.48x +41.00 0.862 0.356 0.185 0.929 81 90
Lot7 | 3.09x +45.77 0.961 0.432 0.115 0.895 52 68
Lot8 | 3.43x+32.10 0.933 0.264 0.199 0.984 65 75
Lot9 | 1.88x+50.70 0.940 0.418 0.113 0.964 98 100
Lot10 | 2.48.x +29.81 0.977 0.245 0.177 0.983 69 98
Lot1l | 4.13x +28.14 0.976 0.203 0.270 0.976 58 67
Lot12 | 3.93x +32.33 0.959 0.239 0.240 0.987 72 82

* 002,4-D released after 2 hours
**052,4-D released after 24 hours

In fact, the drug release is dependent on the cited variables; the Higuchi’s model [30] results
showed that the coefficient of regression exceeded 0.9 for practically all formulations and the Higuchi’s
release constant (Ky) varied from 1.1 to 5.4 min™/2, We noticed from table 4 that all formulations discharged
the 2,4-D with a burst effect; for example, for the lot 5, the initial drug release exceeded 44%, it attained
79% after 2 hours and 82% after 24hours. The burst effect is certainly due to the presence of drug at the
surface of microparticles as remarked in the SEM photographs or to the porosity of microparticles which
permits a rapid and facile adsorption of water and then the drug dissolution and release. The results are
promising since the burst effect permits to attain rapidly the drug efficacy, which is followed with a slow
and a controlled release. Consequently, the drug efficacy can be maintained for a longer time.

Based on the values of the exponent “n” of Korsmeyer-Peppas model which varied from 0.11 to 0.33 (table
4), the diffusion mechanism of the 2,4-D from these systems can be characterized by a quasi-Fickian model.

The effect of the selected parameters are analyzed and discussed in the following section using the
Minitab software. Nevertheless, if we compare the nature of matrix (EC/HPMC, CAB and CAB/HPMC),
we noticed that the microparticles composed from the mixture of CAB and HPMC discharged rapidly the
2,4-D. The results can be explained by both the CAB and the HPMC properties; HPMC is considered as
hydrophilic matrix favoring the absorption of water and then the drug dissolution and diffusion. As well,
the CAB matrix provided rapid and controlled release; this can be related also to the presence of hydrophilic
“acetate” groups, which facilitate the water penetration and drug dissolution.

Data investigation

Using factorial designs, statistical evaluation of the effects of the selected parameters was performed. Data
collected for the responses in each run are analyzed using the Minitab 16.1 software -DOE- factorial design.
The selected independent variables are the stirring speed (X1) and polymer concentration (X) for DOE;,
the stirring speed (X1) and 2,4-D:polymer ratio(Xs) for DOE; and finally the percentage of HPMC (X;) and
2,4-D:polymer ratio (Xz) for DOE3. However, for all the built DOE, the responses Y; of the polynomial (eq.
1) corresponded to the number mean diameter (dio), the drug content (T%) and the Higuchi’s drug release
constant (Ky). They are measured for each trial and then interactive statistical first-order complete model,
eg. (1) is generated to identify statistically significant terms.

Y,: =Qqy + a1X1 + a2X2 + a12X1X2 (l)

Where aj is the arithmetic mean response of 4 runs (22) and a; is the estimated coefficient for the factor Xi.
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The main effects of X; and X, represent the average result of changing one factor at a time from
its low to high value. However, the interaction X1 Xz shows how the response (Y;) value changes when two
factors are simultaneously changed.

Then, these equations represent the main quantitative effect of factors X; and X, and interactive
effect of the two factors upon the response Y (drug content; T%, size; dio and drug release constant; Ky).
The sign of the coefficient (a;) shows how the factor influences the response. Positive sign means that the
response is increased as the factor moves from low level -1 to high level +1 (synergistic effect) and if the
sign is negative, the response is decreased (adversary effect). The results of the fitted equations relating the
chosen responses to the variables are reported in the following equations:

DOE;;

Y, = dyo(um) = 140.35 — 65.75X, — 5.40X, — 8.10 )
Y, = %T = 18.537 — 0.572X, + 2.402X, + 0.484 (3)

Yy = K = 2.43 + 0.715X, — 1.225X, — 0.615 (4)
DOEy:

Y, = dyo(um) = 53.95 — 24.6X, — 0.35X, + 4.20 (5)

Y, = %T = 24.15 + 1.90X, + 7.55X, — 0.90 (6)
Y, = K = 3.605 + 0.350X; — 0.345X, — 0.180 )
DOE;;

Y, = dyo(um) = 66.4 — 10.65X, — 4.60X, + 19.15 (8)
Y, = %T = 47.55 + 9.90X, + 10.30X, + 1.35 9)
Y; = Ky = 3.105 + 0.100X, + 0.925X, — 0.200 (10)

Moreover, by means of graphical plots, the main effect of each variable can be observed clearly
and compared easily (Fig. 5, 6 and 7). So, we can compare simultaneously the effect of the two factors
which facilitate the comprehension of the a; coefficient of factor and its sign.

Thus, regarding the 2,4-D/EC:HPMC microspheres results (DOE; : equation 2,3 and 4) and the
illustrations given in Fig. 5 showed that only the polymer concentration (X;) had a positive and a strong
effect on the drug entrapment; while the stirring speed (X:) had a low and negative effect on T%. In this
case, a low interactive effect (ai2) between the two variables is noted.
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Fig. 5. Main effects of stirring speed and polymer concentration on the 2,4-D/EC:HPMC microparticles’
characteristics (dio, %T and Ky), (DOE,).
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Fig. 7. Main effects of %HPMC and drug:polymer ratio on the 2,4-D/CAB:HPMC microparticles’

characteristics (dio, %T and Ky), (DOEs3).

The effects of variables on the microparticles’ size revealed that the stirring speed exhibited a high
but adversary effect on dio; in fact, the number mean diameter (dio) decreased when the stirring speed
increased. The results are in agreement with theory, according to the initial break up theory, increasing the
stirring speed of emulsification induces small droplets and in contrary viscous organic phase leads to big
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droplets. [32,33] The results showed that polymer concentration (EC:HPMC) had a negative and small
effect on the microparticles’ size; however, in our previous research the polymer concentration (pure EC)
affected strongly and positively both the drug entrapment and the microparticles’s size, [10,11] then we can
concluded that the presence of HPMC reduces the organic phase viscosity.

The effects of these variables upon the drug release are significant. Indeed, we remarked that when
the stirring speed of emulsion increased, the drug release constant increased, and in the opposite, the
increase in polymer concentration led to the decrease of the drug dissolution.

DOE; consisted to produce microparticles composed from pure CAB and obtained at a fixed
concentration with stirring speed (Xi) and drug:polymer ratio (X)) as variables The mathematical
modelling permitted to elucidate the main and interactive effects of the selected variables on
microparticles’s characteristics (equations 5, 6, 7 and Fig. 6).

In this case, the results showed a strong negative effect of stirring speed on the microparticles’ size
and a very low negative effect of drug:polymer ratio. A positive interactive effect is noted.

Nevertheless, these parameters exhibited positive effects on the drug entrapment; the drug:polymer
ratio displayed the highest effect on the drug entrapment which reached 32% when the initial concentration
of 2,4-D is increased.

Also, we noted that the increase of stirring speed, which leads to small microparticles, presented
a positive effect; in fact with small microparticles, the surface contact with the release medium is higher
and consequently the drug release is enhanced.

When the drug: polymer ratio increased, we remarked that the herbicide release slow downed but
slightly, this can be related to the high drug concentration in microparticles which takes times to solubilize
and diffuse out of the microparticles.

About the third DOE, the microparticles are composed from CAB as basic matrix incorporated
with HPMC, the variables are the %HPMC (X1) and drug: polymer ratio (Xz). The Fig. 7 and corresponding
polynomial equations (8, 9 and 10) showed the effects of these parameters on the microparticles’
characteristics.

We noticed a negative effect of both the %HPMC and drug:polymer ratio (%2,4-D) on the dio,
then the increase of these factors induced the decrease of microparticles’ size. In this case, the interactive
effect between these variables is positive and high. However, these variables exhibited a strong and positive
effect on the drug entrapment, so it can be improved if we increased the %HPMC or the drug:polymer ratio.
When the two variables are at the high level, the drug entrapment reached 69%.

Upon the drug release, only the X; (%HPMC) displayed a positive ant high effect. Then the drug
release can be augmented using incorporated HPMC matrix. The effect of the drug: polymer ratio is slightly
positive which is on contrary of the DOE, remarks. In this case the effect of this variable seems to be
influenced by the presence of HPMC which lead to very porous microparticles.

As well, in the contour plots in Fig. 8, 9 and 10 corresponding respectively to DOE;, DOE; and
DOEs, each response can be predicted at known process parameters between a low level (-1) and a high
level (+1). For example, from Fig. 8 (EC:HPMC microparticles, DOE;) where the variables are the stirring
speed and polymer concentration, to obtain microspheres with a mean diameter ranged from 160 to 180
pm, the stirring speed can be selected at the level -0.5 (corresponding to 350 rpm) and %polymer at the
level -1 (corresponding to 2.34). In these conditions, the drug entrapment must be ranged from 16 to 17%
and the release constant from 2.5 to 3.5.
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Fig. 8. Contour plots of dio, %T and Ky versus stirring speed and polymer concentration variables for 2,4-

D/EC:HPMC microparticles’, (DOE;).
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Conclusion

The present investigation is an optimization of the 2,4-D cellulose derivatives controlled release
formulations using design of experiments (DOE). Based on biodegradable cellulose derivatives polymeric
matrices, the microspheres are obtained by emulsification- solvent evaporation technique. Some variables
namely stirring speed of emulsion and polymer concentration, drug:polymer ratio have been varied and
their main and interactive effects on the microparticles’ characteristics are quantitatively estimated by
modelling using Minitab 16.1 software. The results demonstrated that these factors influenced strongly the
microparticles’ size and the drug entrapment and consequently they obviously affect the drug release. 69%
of drug entrapment is reached and the mean diameter of microparticles dio ranged from 25 to 208 pm. For
all formulations, the drug release provided a burst effect varying from 7 to 50% followed by a slow and
controlled drug release, this initial amount can ensure the herbicide efficiency and its preservation for a
longer duration. By means of factorial data analysis, in general, synergistic effect of stirring speed is noted
on the drug release and in contrary, an antagonist effect of polymer concentration is seen on the drug
delivery for EC:HPMC microparticles. The increase of drug:polymer ratio increased the drug entrapment
but decreased the drug release for CAB microspheres. The use of HPMC as co-matrix allowed to the
increase of both the drug entrapment and the drug release. So, the theoretical modelling equations permitted
to predict the microparticles’ or the formulation properties and especially the 2,4-D release with a minimum
number of experiments. Consequently, using this methodology, promising 2,4-D carriers which can
enhance the herbicide efficacy and at once reduce its hazardous effect are obtained. As well, this
methodology permitted to reduce the 2,4-D used for experimental trials.

Experimental

Materials

2,4-D and Ethylcellulose (EC) (22 mPa s, 48% ethoxylate) were purchased from SIGMA-ALDRICH.
Hydroxypropylmethylcellulose (HPMC) (H7509. viscosity 2,600-5,600 cP, 2 % in H,O) was from Sigma
(life science). Cellulose acetate butyrate butyryle (CAB) (35-39%, Mw=70,000) was from ACROS
Organics. Hydrolyzed polyvinylalcohol (PVA) 87-89 % (MW = 13000-23000) was purchased from
Aldrich Fine Chemicals (USA).

Microparticles preparation

Microparticles are prepared by an O/W emulsion-solvent evaporation process according to 22 factorial
design for each matrix; the number of experiments required for these studies is dependent on the number
of independent variables selected (polymer concentration, drug concentration and stirring speed). The
microspheres are prepared as reported in our previous papers. [10,11] The organic phase composed from
the 2,4-D and polymer matrix i.e. EC:HPMC, pure CAB or CAB:HPMC dissolved in dichloromethane
(DCM) or a mixture of DCM and acetone respectively is emulsified with an aqueous phase of
polyvinylalcohol PVA (0.25%, w:w) under mechanical stirring for 6 hours to ensure the complete solvent
evaporation. Then, the microspheres are filtered, washed twice with distilled water, and vacuum-dried in a
desiccator in the presence of CaCl,. The experimental conditions (2,4-D: pol. ratio, %Pol./solv.: mass %,
%HPMC, stirring speed, solvent) are specified for each type of formulations in tables 1,2 and 3.

UV spectroscopy analysis

The drug entrapment and drug release are determined using a UV-Vis spectrophotometer (Shimadzu UV-
2401 PC, Shimadzu, Japan). The 2,4-D aqueous or alcoholic solutions are analysed at Amax =283 nm where
g is equal to 8.222 g L-*cm! in water and 8.314 g L-*cm™ in ethanol.

Microparcticles’ characterization

Microspheres are characterized in term of size, (dio: number mean diameter, ds,: surface mean diameter,
ds3: weight mean diameter and dispersion 3) measured by optical microscopy (Optikam B1, Optika, Italy)
by applying the following equation and using the Excel worksheet. More than 500 microspheres are placed
on a glass slide and the particle size was measured using appropriate lenses.

ds, = X nid}/ Yinid} (12)
dyz =Ynidl/ Ynid? (13)
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§="4 (14)

dio

The drug content or entrapment (T%) is determined by extraction in triplicate in ethanol, 5 mg of
dried microparticles is soaked in 20 mL of absolute ethanol under stirring in a corked bottle for 4h. The
resulting solution is analysed by UV spectroscopy and the drug content and the encapsulation efficiency
(EE%) are calculated from the following equations.

mass of 2,4—D extracted

T% = . : 100 (15)
mass o[ microparticles
EEY = experimental mass of 2,4—D encapsulated + 100 (16)

initial mass of 2,4—D

The FTIR spectroscopy (ATR ALPHA FT-IR spectrometer) and XRD (Bruker D8 DISCOVER
diffractometer) analysis are used to verify the effective drug entrapment and its crystalline form. The
surface morphology is examined by scanning electron microscopy (SEM- JSM 7100F-Joel).

Drug release study

The release kinetics of the 2,4-D from microspheres are established at 25°C in distilled water, in an
appropriate dissolution reactor as described in previous work. [10] 200 mg of microparticles are soaked in
the reactor containing 900 mL of water. At the desired time, 3 mL of the solution are withdrawn, analysed
by UV spectroscopy (Shimadzu UV-2401 PC, Shimadzu, Japan) without dilution, and returned back to the
Erlenmeyer flask.

The release data are analysed according to the Higuchi’s equation [30] and Korsmeyer-Peppas’
equation: [31]

Higuchi’s equation %% =Kyt'? +a ()
i
Korsmeyer-Peppas’ equation % = Kt" (18)

where M¢/M,; is the fractional drug release; Ky and Ky are the Higuchi’s and the Korsmeyer’s release
constants, respectively; a and n are a constant and an exponent characterizing the drug release mechanism,
respectively.

Acknowledgement

The authors thank the staff of CMEBA (Centre de Microscopie Electronique a Balayage et de
Microanalyse) of the Rennes-1 University, France, for the microparticles’ characterization by scanning
electron microscopy. The authors are also very grateful to Pr. Abderrazzak Mesli, the director of
“Laboratoire de Chimie organique physique et macromoléculaire” of Djillali Liabes university of Sidi Bel
Abbes, Algeria who authorized Miss Belmokhtar F-Z to carry out all microencapsulation experiments in
his laboratory.

References

1. Tomlin, C. D. S. The Pesticide Manual: A World Compendium, 14th ed.; British Crop Protection
Council: Surrey, UK, 2006.

2. WHO: Environmental Health Criteria 84, Environmental Aspects - 2,4-Dichlorophenoxyacetic acid (2,4-
D); International Programme on Chemical Safety, World Health Organization: Geneva, Switzerland, 1989.
3. RED: Reregistration Eligibility Decision 2,4-D; EPA 738-R-05-002; U.S. Environmental Protection
Agency, Office of Prevention, Pesticides and Toxic Substances, Office of Pesticide Programs, U.S.
Government Printing Office: Washington, DC, 2005.

4. 1ARC, The International Agency for Research on Cancer, Monographs on the Evaluation of Carcinogenic
Risks to Humans, 2016, 113.

5. Li K., Wu J-Q, Jiang L-L, Shen L-Z, Li J-Y, He Z-H, Wei P., Zhuo Lv, He M-F. Chemosphere 2017,
171, 40-48.

6. Moore L.J., Fuentes L., Rodgers J.H., Bowerman W.W., Yarrow G.K., Chao W.Y ., et al. Ecotoxicology
and Environmental Safety. 2012, 78, 128-133.

20



Article
J. Mex. Chem. Soc. 2018, 62(1)
©2018, Sociedad Quimica de México
ISSN-e 2594-0317
ISSN 1870-249X

7. Green J.M., and Beestman G.B. Crop Prot. 2007, 26, 320-327.

8. Sopefia F., Cabrera A., Maqueda C., Morillo E. J. Agric. Food Chem. 2007, 55, 8200-8205.

9. Sopefia F., Maqueda C., and Morillo E, Cien. Inv. Agr. 2009, 35(1), 27-42.

10. El Bahri Z. and Tavardet J.-L. Polym. Bulletin. 2007, 59, 709-719.

11. El Bahri Z. and Taverdet J.-L., J. Appl. Polym. Sci. 2007, 103(4), 2742-2751.

12. Grillo R., Anderson E. S. Pereirab, Nathalie F. S. Meloa, Raquel M. Porto, Leandro Oliveira Feitosa,
Paulo Sergio Tonello, Newton L. Dias Filho, Andre H. Rosa, Renata Lima, Leonardo F. Fraceto, J. Hazard.
Mater. 2011, 186, 1645-1651.

13. Sope™na F, Villaverde J., Maqueda C., Morillo E., J. Hazard. Mater. 2011, 195, 298— 305.

14. Anderson E.S. Pereira, Renato Grillo, Nathalie F.S. Mello, Andre H. Rosa, Leonardo F. Fraceto, J.
Hazard. Mater. 2012, 231-232, 1- 9.

15. Takei, T., Yoshida, M., Hatate, Y., Shiomori, K., Kiyoyama, S., Tsutsui, T. and Mizuta, K. J. Appl.
Polym. Sci. 2008, 109, 763-766.

16. Vroman I. and Tighzert L., Biodegradable Polymers, Materials. 2009, 2, 307-344.

17. Telmo Ojeda, Polymers and the Environment, Chapter 1 in polymer science, 2013 Ojeda, licensee
InTech. (http://creativecommons.org/licenses/by/3.0),

18. Estefania VVangelie Ramos Campos, Jhones Luiz de Oliveira, Leonardo Fernandes Fraceto, Baljit Singh,
Polysaccharides as safer release systems for agrochemicals, Agron. Sustain. Dev. 2015, 35, 47-66.

19. Estefania V. R. Campos & Jhones Luiz de Oliveira & Leonardo F. Fraceto & Baljit Singh, Agron.
Sustain. Dev. 2015, 35, 47-66.

20. Wlodarczyk M, Siwek H. Przemysl Chem, 2013, 92, 1513-1516

21. Laycock BG, Halley PJ. Chapter 14 - starch applications: state of market and new trends. In: Avérous
PJH (ed) Starch Polym. Elsevier, Amsterdam, 2014, pp 381-419.

22. Fernandes C, Encarnacéo I, Gaspar A et al. Int J Photoenergy 2014, 2014, 1-8.

23. Grillo R, Pereira AES, Nishisaka CS et al. J Hazard Mater 2014, 278, 163-171.

24. Abigail MEA, Samuel SM, Chidambaram R.J. Taiwan Inst. Chem. Eng. 2016, 63, 318-326.

25. Boyandin AN, Volova TG. Int. J. Gen. Chem. 2015, 1, 10-14.

26. Ding K, Shi L, Zhang L, Zeng T, Yin Y, Yi Y. Polym. Chem. 2016, 7, 899-904.

27. Shirvani M, Farajollahi E, Bakhtiari S, Ogunseitan, J Environ. Sci. Health B. 2014, 49, 255-262.

28. Kenari H.S., Imani M., Nodehi A., J. Appl. Polym. Sci. 2013, 127(5).

29. Rameshwar K. Deshmukh, Jitendra B. Naik, Materials Science and Engineering C 2014, 36, 320-328.
30. Higuchi, T. J. Pharm. Sci. 1963, 52(12), 1145-1149.

31. Korsmeyer RW and Peppas NA, J. Control. Rel. 1983, 1:89-98.

32. Schinnar, R. J. Fluid Mech., 1961, 10, 259-275.

33. Vankova N, Tcholakova S., Denkov N. D., Ivanov I. B., Vulchev V. D., Danner T., J. Colloid and
Interface Science. 2007, 312, 363-380.

21



