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Abstract: The objectives of this work were the formulation optimization of the preparation 

process parameters and to evaluate spray-dried sustained-release microspheres using 

ammonio methacrylate copolymer (AMC) as a polymer matrix. The effects of log P and 

the concentrations of the cosolvents (acetone, methyl ethyl ketone and n-butyl acetate) and 

different drug/copolymer ratios as independent variables on the physicochemical 

parameters (the W1/O emulsion viscosity, the microsphere production yield, the average 

particle size, the encapsulation efficiency) and the cumulative in vitro drug release as 

dependent variables were studied. The optimization was carried out on the basis of the 33 

factorial design study. The optimization process results showed that addition of polar 

cosolvents proved effective, linear relationships were observed between the independent 

and the dependent variables. The best conditions were achieved by microspheres prepared 

by using a low/medium cosolvent log P, cosolvent concentration of 25–50% v/v and a 

drug/copolymer ratio of 1:16. The microspheres ensured sustained release with Nernst and 

Baker-Lonsdale release profiles. 

Keywords: microspheres; formulation optimization; cosolvents; drug/copolymer ratio; 

spray drying; factorial design study 
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1. Introduction 

The value of microparticulate delivery systems as orally administered controlled-release dosage 

forms has been evident for years. Microencapsulation is used for extending the drug action, to control 

drug release kinetics, minimize side effects and reduce gastric irritations. Appropriate preparation 

techniques should be designed and complex investigations of the effects of the emphasized 

physicochemical factors should be performed to overcome the drawbacks of the microparticles. 

Optimization of the preparation process is advantageous for efficient drug entrapment; the factors may 

alter the distribution of the microparticle parameters markedly, determining the drug release 

mechanism. 

Selection of the organic solvent may determine drug characteristics such as crystal form and 

solubility. The addition of a polar cosolvent to CH2Cl2 or replacement of CH2Cl2 may act in two 

different ways: increasing the polymer precipitation rate and at the same time decreasing the 

encapsulation efficiency (EE), due to the confluence of the aqueous phases of the multiple emulsion; 

thus, there can be a sensitive balance between these opposite effects. The integrity of the forming 

microsphere wall is controlled by the rate of migration of the organic solvent to the outer aqueous 

phase and also by the rate of evaporation from this phase. The rate of solvent extraction is limited by 

the water-solubility of the organic solvent used, while the evaporation rate depends on its boiling 

point. At the water-organic phase interface, cosolvents with low affinity for the polymer are the first to 

diffuse out from the W1/O emulsion droplet, depending on their physicochemical properties [1]. The 

use of organic solvents in order to prepare microspheres has been investigated previously, Class 2 

solvents according to ICH e.g., chloroform [2], 1,2-dichloroethane [3], cyclohexane [4], 

dichloromethane (CH2Cl2) [5,6] and methanol [7,8]; and Class 3 solvents as acetone (Me2CO) [8,9], 

ethanol [10,11], and ethyl acetate [12]. Removal of organic solvents during manufacturing is critical, 

and it is therefore an industrial requirement to test the amount of residual organic solvents. 

The model drug (diclofenac sodium) was a non-steroidal anti-inflammatory drug. In consequence of 

its short half-life and therefore the need for multiple dosing, which involves the increased risk of 

adverse effects, the achievement of sustained release is of great importance. Diclofenac sodium 

carriers have been investigated to improve the pharmacological efficiency, as alginate microspheres 

[13], thermo-responsive gelatine microspheres [14], compressed matrix pellets [15], 

alginate/hydroxyapatite composite beads [16] and liposomes [17]. The polymer component applied 

was biocompatible and non-biodegradable ammonio methacrylate copolymer (AMC), which has been 

used as a retardant in the formulation of sustained-release pellets [18], matrix tablets [19], 

thermosensitive membranes [20], microparticles [21], tablet coatings [22], chitosan particle coating 

[11] and spray-dried vaccine carriers [23]. The main advantages expected from AMC are insolubility 

in the digestive juice and a pH-independent slow release, which is diffusion-controlled through the 

polymer wall and the pores formed during the droplet-hardening process [24]. 

The protective colloid was poly(vinyl alcohol) to prevent the W1/O droplets from coalescing, and 

the amphiphilic polyethylene glycol stearate was applied as a plasticizer of the copolymer in order to 

make the polymer chains more flexible [25]. To improve the stability of the W1/O/W2 emulsions, 

nonionic surfactants were used. One of the methods of preparation of microparticles is the  

spray-drying of the drug-polymer solution [26] or multiple emulsion [27,28]. During the spray-drying 
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process, the rapid solvent evaporation leads to quick polymer solidification, resulting in a higher EE, 

and it can be used to minimize the time necessary for microsphere formation. 

The main objective was to optimize the formulation parameters of drug containing matrix system 

with a sustained release profile, to ensure microsphere product quality and a potential for scaling-up 

for further investigations towards oral administration. The present work was designed to evaluate the 

effects of three Class 3 cosolvents on the characteristics of the microspheres. A 33 factorial design was 

used to investigate the effects of three independent variables: log P, the concentrations of Class 3 polar 

cosolvents, and different drug/copolymer ratios. 

Although the release profile is a useful feedback for the evaluation and recognition of coherences in 

matrix systems, it is complicated to draw conclusions regarding the structure of the microspheres from 

the release profiles without an adequate amount of supporting evidence [29]. Accordingly, the external 

morphology, the production yield, average particle size, encapsulation efficiency (EE), and the 

cumulative percentage drug release (Q6) were measured as dependent variables. The required 

parameters were low W1/O emulsion viscosity (η) and particle size; relatively high production yield 

and EE; and Q6 value in the ranges 40–80% in 6 h. 

2. Experimental Section 

2.1. Materials 

Diclofenac sodium (Ph.Eur. 7) was used as hydrophilic model drug (Sigma, Hungary). Ammonio 

Methacrylate Copolymer Type B (AMC, MW 150 000) (Ph.Eur. 7) was used as matrix-forming 

copolymer (Eudragit; Evonik Ind., Essen, Germany). The solvent dichloromethane (CH2Cl2) and the 

cosolvents, acetone (Me2CO), methyl ethyl ketone (MeCOEt) and n-butyl acetate (nBuOAc) were of 

reagent grade (Sigma, Hungary). At the concentrations used, the cosolvents are water-miscible 

(Me2CO) or partially miscible (MeCOEt and nBuOAc), their physicochemical data were from 

chemical databases (Table 1). The non-ionic surfactants sorbitan mono-oleate and polyoxyethylene  

20 sorbitan mono-oleate (MW = 428 and 1309, respectively), the protective carrier poly(vinyl alcohol) 

(MW = 72 000) and the plasticizer PEG stearate were of pharmacopoeial grade (MW = 328)  

(Ph.Eur. 7) (VWR Co., Hungary). 

Table 1. Physicochemical properties of the organic solvents used. 

Used 

solvents 

ICH 

Class 

Log P Boiling point 

(°C) 

Visc.a 

(mPas) 

Sol. in water  

(g·100 mL−1) 

Saturationb 

Me2CO 3 0.234 56.5 0.360 miscible Mixing 

MeCOEt 3 0.736 79.6 0.415 29.0 - 

CH2Cl2
 2 1.511 39.5 0.475 1.3 Rapid 

nBuOAc 3 1.822 125.0 0.730 0.7 Rapid 
a: absolute viscosity data from preliminary measurements (relative density of water = 1.000); b: saturation at 

maximum cosolvent concentration (75% v/v) in the aqueous phase. 
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2.2. Preparation of Microspheres 

A W1/O/W2 multiple emulsion was prepared by a two-step emulsification procedure. An aqueous 

solution of the drug was dispersed by homogenization (17 600 rpm, 5 min) (Heidolph Diax 900, 

Heidolph, Germany) into the organic phase, which consisted of CH2Cl2 or a CH2Cl2-cosolvent 

mixture, the copolymer, plasticizer and emulsifier. The resulting W1/O emulsion was added to the W2 

phase, containing protective carrier and the O/W emulsifier, under continuous stirring at 1500 rpm. 

The multiple emulsion was then spray-dried using a Büchi B-191 Laboratory Spray-dryer (Büchi Co., 

Flawil, Switzerland) with a standard 0.7 mm nozzle. The microspheres were separated in the novel 

high-performance cyclone. Spray-drying was carried out under the same conditions: at 11.6 1 min−1 air 

flow, 5 bar pressure, and 2.1 mL·min−1 pump flow rate. The inlet temperature was set above the 

boiling points of the cosolvents (125 °C), and the outlet temperature varied in the range 89 ± 5 °C. The 

final products were stored under controlled humidity conditions at 4 °C. The preparation yield was 

calculated as the ratio of the actual and theoretical masses of the microsphere batch. 

2.3. W1/O Primary Emulsion Characterization 

The dynamic viscosity of the W1/O emulsions (η) were measured at 20 ± 1 °C with a rotational 

viscometer (Brookfield DV-III, Brookfield Co., UK), at a constant shear rate of 130 1 s−1 (n = 5). 

Immediately after preparation of all the examined W1/O/W2 emulsions, without dilution, microscopic 

observations were made with a LEICA LaborLux S image analyser at 100× magnification (LEICA 

Co., Germany). 

2.4. Microsphere Characterization 

2.4.1. Particle Size Analysis 

Microspheres (0.5 g) were suspended in surfactant-free deionized water, and sized by laser 

diffractometry without sonication, using a Malvern Mastersizer laser sizer (Malvern Instruments, 

Malvern, UK) (n = 5). The weighted average of the volume distribution (D [4.3]) was used to describe 

particle size (μm). The width of the particle size distributions was expressed by the SPAN parameter 

(width of the particle size distribution based on the 10%, 50% and 90% quantile). 

2.4.2. Morphological Study by Scanning Electron Microscopy 

Surface characteristics and external morphology were determined by SEM, using the Hitachi S2400 

instrument (Hitachi Scientific Instruments, Tokyo, Japan). A Polaron sputter coating apparatus 

(Polaron Equipment, Greenhill, UK) was applied to induce electric conductivity on the surface of the 

sample. The air pressure was 1.3–13 mPa. The surface and shape structure were examined with a 

Hitachi S2400 instrument (Hitachi Scientific Instruments, Tokyo, Japan). 

2.4.3. Determination of Drug Encapsulation Efficiency 

The encapsulation efficiency (EE, %) was determined with an energy-dispersive X-ray fluorescence 

analyser (MiniPal, Philips Analytical, The Netherlands). The spectrum was evaluated by non-linear 
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least squares fitting. Pressed microsphere samples were prepared (n = 7). X-ray tube type:  

low-powered with side window; anode material: Rh; software-controlled tube setting; tube filters:  

5 filters selected by software. Measurement conditions: He gas inlet pressure: 1 bar, measuring time: 

600 s; conditions set: 4 kV, 1000 μA. The calibration revealed a linear model (R2 = 0.994, n = 9). EE 

was calculated as the ratio of the actual and the theoretical loading of drug as in other studies [8]. 

2.4.4. In Vitro Release Study 

A modified paddle Apparatus II (Ph.Eur. 7) was used for the experiments. Dissolution was 

performed in surfactant-free phosphate-buffered saline (PBS) (pH 7.42) at 37 ± 0.5 °C, at a mixing rate 

of 100 1 min−1. Samples were taken at given intervals and then replaced with fresh PBS. The drug 

content was analyzed by HPLC (HPLC system 1280, Jasco Co., Japan) method at 276 nm, after 

filtration with a 0.45 μm Millex PVDF filter. The analysis was performed at 25°C with a Luna RP-C18 

column (USP L1, 5 μm particle diameter, 4.6 × 150 mm) (Phenomenex Inc., USA). The mobile phase 

consisting of methanol-NaH2PO4 buffer at pH 2.5 with ortho-phosphoric acid (66:34), was pumped at 

1.0 mL min−1. Calibrations were made by the external standard method (R2 = 0.997, n = 9). Six types 

of kinetic models were applied to process: the zero-order and first-order release equations [30], the 

Higuchi square root of time equation, the Hixson-Crowell cube root model, the Baker-Lonsdale model 

and the Nernst equation. 

2.4.5. Analysis of Residual Organic Solvent 

The levels of residual organic solvents and cosolvents were determined by GC analysis, using a HP 

6890 GC static head-space instrument with a set of standard organic solvent concentrations. The 

temperatures and GC conditions were as follows for CH2Cl2, Me2CO and MeCOEt: injector temp. 

250 °C, inlet gas: He (0.285 bar), oven initial temp.: 35 °C, oven final temp.: 240 °C, make-up gas: N2; 

detector: FID, temp.: 320 °C. The capillary column was a DB-624. The conditions for nBuOAc were: 

injector temp: 200 °C, inlet gas: He (0.285 bar), oven initial temp.: 50 °C, oven final temp.: 200 °C, 

make-up gas: N2; detector: FID, temp.: 250 °C. The capillary column was a Stabilwax. The calibrations 

revealed a linear model (R2 ≥ 0.995, n = 9). 

2.5. Statistical Analysis 

To evaluate the contribution of each factor with different levels on responses, a 3-factor, 3-level 

factorial based design was conducted, using Statistica for Windows® software Version 7.1 (StatSoft 

Inc., USA). The factors selected as independent variables were: log P of cosolvents (X1), cosolvent 

concentrations (% v/v) (X2) and the drug/copolymer ratios (X3). 

The batches were distinguished by the log P value of the cosolvents. Thus, Me2CO (batch S1-S9), 

MeCOEt (batch S10-S18), or nBuOAc (batch S19-S27) were mixed individually with CH2Cl2. Several 

parameters were examined as dependent variables: η (Y1), the production yield (Y2), particle size (Y3), 

EE (Y4) and Q6 (Y5). Table 2 shows the levels and actual values of the independent variables. The 

results were confirmed and specified by analysis of variance (one-way ANOVA) (p < 0.05). For 

evaluation of the results, the correlation coefficients (R2) and the p values were calculated. 
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Table 2. Levels and values of the independent variables (non-randomized). 

Levels Values 

X1 (log P) X2 (cosolvent conc.) (% v/v) X3 (drug/copolymer ratio) 

−1 0.234 (Me2CO) 25 1:32 

0 0.736 (MeCOEt) 50 1:24 

+1 1.822 (nBuOAc) 75 1:16 

Table 3. The microsphere batches investigated in factorial design. 

X1 
(−1) 
(0) 
(+1) 

 
S1 
S10 
S19 

 
S2 
S11 
S20 

 
S3 
S12 
S21 

 
S4 
S13 
S22 

 
S5 
S14 
S23 

 
S6 
S15 
S24 

 
S7 
S16 
S25 

 
S8 
S17 
S26 

 
S9 
S18 
S27 

X2 −1 0 +1 

X3 −1 0 +1 −1 0 +1 −1 0 +1 

The batch of S0A-S0B-S0C was prepared with CH2Cl2 alone with the levels of X3: −1/0/+1, respectively. 

3. Results and discussion 

3.1. Characterization of W1/O Emulsion Droplets 

The state of the W1/O emulsion droplets determines the morphology of the final microparticles. The 

W1/O emulsion droplet structure was changed dramatically by increasing the drug/copolymer ratio; the 

changes due to osmotic swelling are presented in Figure 1A–E. Increase of the drug/copolymer ratio  

(X3: −1+1) at a fixed volume of the cosolvent (X2: 0) resulted in an increase in the W1 droplet size 

due to the influx of water and merging. The emulsion droplets exhibited rupture of the interfacial 

layers; the physical stability therefore became critical. This alteration in the W1 droplet structure 

drastically decreased the EE value of the microspheres (S4-S6, Figure 1B–D.), in accordance with the 

literature [31]. When the drug/copolymer ratio was fixed at 1:16 (X3: +1), increase of the cosolvent 

concentration (X2: 0+1) resulted in an increased W1 droplet size (S9, Figure 1E.). Despite of the 

large W1 droplet size, the copolymer precipitation rate increased due to the higher amount of 

cosolvent, increasing the EE. The trends observed for all the cosolvents used were similar. 

Figure 1. Representative image analysis of multiple emulsion droplets (magnification: 

100x) (X1; X2; X3): (A) S0A (CH2Cl2 alone; X3 = −1); (B) S4 (−1; 0; −1); (C) S5 (−1; 0; 0); 

(D) S6 (−1; 0; +1); (E) S9 (−1; +1; +1). 

(A)                                                (B) 
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Figure 1. Cont. 

(C)                                                (D) 

  
(E) 

 

3.2. SEM Evaluation of the Microspheres 

Surface characteristics and external morphology were analyzed using SEM (Figure 2A–F). The 

surface of the microparticle was affected by the independent variables. The rate of the emulsion 

droplets hardening and therefore the rate of AMC matrix preparation were different before the  

spray-drying. The drug-free microspheres, prepared with CH2Cl2 alone, exhibited an intact and smooth 

surface (Figure 2A). The drug-containing microspheres prepared with CH2Cl2 alone displayed 

spherical particles with a smooth surface, without agglomeration (Figure 2B). 

Figure 2. SEM evaluation of microsphere products (X1; X2; X3): (A) Drug-free sample 

without number (CH2Cl2 100% v/v); (B) S0C (CH2Cl2 100% v/v; X3 = +1); (C) S9 (−1; +1; 

+1); (D) S18 (0; +1; +1) and (E) S27 (+1; +1; +1). 

(A)                                                          (B) 
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Figure 2. Cont. 

(C)                                                         (D) 

 
(E) 

 

When CH2Cl2-cosolvent mixtures were used (S1-S27), the morphology of the microspheres varied 

with the nature of the cosolvent. Figure 2C–E show the most critical cases when microspheres were 

prepared at high cosolvent concentration (X2: +1) and at a high drug/copolymer ratio (X3: +1). The 

trends observed for all the cosolvents used were similar. As compared the microspheres prepared with 

less water-soluble cosolvents (MeCOEt and nBuOAc), the use of Me2CO (Batch S1-S9) led to a dense 

microsphere structure, in which, despite the pores and the depressed surface, the drug release could 

ensure a sustained profile. As a result of rapid solvent diffusion, and therefore the fast precipitation of 

the copolymer, the particles were regularly shaped, but minor or gross distortions could also be 

observed (S9, Figure 2C). When MeCOEt, as a less water-soluble cosolvent, was added to CH2Cl2 

(Batch S10-S18), more spherical particles with distorted surface morphology were observed, and there 

were several aggregated microparticles (S18, Figure 2D). In fact, the formation of these ‘groups of 

particles’ arose from the fusion of the semifinished microparticle walls at the interface, because the 

emulsion droplets could not be divided during the spray-drying process. The cosolvent nBuOAc, as the 

least water-soluble cosolvent, decreased te rate of solvent extraction, leading to microparticles with 

porous and rough surface (S27, Figure 2E). 

3.3. Microspheres Prepared with CH2Cl2 100% v/v 

With increasing level of X3 (−1  +1), the η decreased by 40%, from 30.9 to 18.6 mPas, particle 

size increased from 54 μm to 130 μm, and EE decreased considerably by 73%. The Nernst dissolution 

profile best followed the release profile of batch S0A-S0C (R2 > 0.955), and the release rate reached a 

plateau, after a slow dissolution. The absence of a burst effect could be due to the preferential location 

of the drug inside the deep sections of the copolymer matrix. 
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3.4. Y1 Response: Investigation of the W1/O Emulsion Viscosity 

Table 4 shows the factorial design layout for the variables and the measured values of the 

responses. The precipitation of the polymer, and hence the microsphere formation, depends on the 

diffusion-controlled solvent removal process, the organic phase viscosity and the cosolvent 

concentration [32]. The viscosity is of great importance: dispersing of the droplet in the watery phase 

or spray-drying depends on the droplet viscosity. Batch S19-S27 with the highest η ensured 

microspheres with a porous surface, with a low production yield, low EE value, but higher particle size 

and Q6 value with the levels of X3 = 0 and +1. It was observed that log P of the cosolvent (X1) was 

more of a controlling factor in the viscosity of the examined phases; however, the cosolvent 

concentration (X2) and the drug/copolymer ratio (X3) had significant complementary effects. 

The rate of extraction of the polar cosolvent from the W1/O emulsion to the W2 phase is higher than 

that for CH2Cl2; thus, the organic phase viscosity increased rapidly and polymer precipitation therefore 

occurrs earlier. The increase of the X2 factor level resulted in a decreased organic phase viscosity, and 

therefore an increased mixing efficiency. This tendency also held true for X3, keeping X2 constant. The 

W1/O emulsion, prepared purely with CH2Cl2 (S0A-S0C) had higher η (18.6–30.9 mPas) than those of 

the emulsions prepared with the cosolvents examined (6.4–22.7 mPas). The lipophilic components 

dissolved in the CH2Cl2 + MeCOEt mixtures led to a stronger viscosity dependence than when pure 

CH2Cl2 and MeCOEt were mixed. At constant X2, η decreased with increasing X3, similarly in the case 

of Me2CO and nBuOAc. The η decreased to a larger extent at constant X3 with increasing X2; this 

change was statistically significant (R2 = 0.976, p = 0.002). Both the linear (b1) and the quadratic (b11) 

effects of the independent variables on η were statistically significant (R2 = 0.998, p < 0.008)  

(Table 4). X1 had the main (positive) effect on η (b1: 4.68), but the increased levels of X2 and X3 

decreased it, and a synergistic interaction between X2 and X3 (b23: 0.53) was also observed. The 

required effect is a low η, which could be ensured by low and medium (−1;0) X1, all level of X2 and 

low level (−1) of X3. 

Table 4. Coefficients for the mathematical models. Linear (b0–b3), synergistic (b12–b23) 

and quadratic (b11–b33) effects of the independent variables on the dependent variables 

(Y1–Y5). 

Resp. b0 b1 b2 b3 b12 b13 b23 b11 b22 b33 R2 

Y1 12.49 4.68 −2.22 −1.25 0.30 −0.49 0.53 −1.74 −0.32 −0.07 0.9988

Y2 59.05 −10.38 1.86 −6.63 3.93 −0.39 0.00 5.35 −3.39 −0.64 0.9449

Y3 186.07 26.71 −15.05 20.17 −23.29 −0.93 −1.69 −7.88 27.31 2.12 0.9875

Y4 26.76 −1.82 3.45 −10.9 −0.66 2.72 −1.21 1.66 −0.76 −1.46 0.9784

Y5 51.64 31.07 −0.41 5.71 −14.34 0.25 4.44 10.58 4.41 3.58 0.9057

Y1: W1/O viscosity (mPas); Y2: Production yield (%); Y3: Average particle size (μm); Y4: EE (%); 
Y5: Cumulative release in 6h (μg/mL) 

3.5. Y2 Response: Investigation of Microsphere Production Yield 

The production yield ranged from 26.1 to 74.6%, depending notably on the process parameters, and 

the viscosity and stability of the multiple emulsion to be dried. As expected, the production yield was 

dependent of the drug/copolymer ratio, as demonstrated by the variation between microspheres 



Pharmaceutics 2011, 3 839

prepared at the same level of the X3 factor. The decrease of η led to a decrease in the efficacy of the 

spray-drying process and consequently in the production yield. The production yield decreased in 

parallel with the increase of X1 and X3. Low and medium (−1 and 0) levels of X1, high (+1) level of X2 

and low level (−1) of X3 resulted in a higher production yield (65–72%). X3 was confirmed as the 

limiting factor, the linear (b3) effect of X3 had great influence (–6.63) (R2 = 0.944). It was observed 

that the use of nBuOAc and the high (+1) level of X3 affected the production yield most adversely. 

Increase of X3 caused a decrease in the production yield, due to the low precipitation rate of the 

hardening W1/O emulsion droplet. Low (−1) level of X3 demonstrated the highest production yield  

(45.1–62.1 %), indicating that this ratio could be used successfully at high cosolvent concentration 

(75% v/v) to achieve the convenient production yield during the spray-drying. 

3.6. Y3 Response: Investigation of Particle Size 

The particle size data were in the range of 120.6–313.4 μm (fine to moderately fine, Ph.Eur. 7.). 

The SPAN parameter overall varied from 1.04E+00 to 4.84E+00, reflecting a homogeneous size 

distribution. The rates of extraction and evaporation rate of the organic solvent and polar cosolvents 

are determined by their water-solubilities and boiling points, respectively. Generally, a high solvent 

extraction rate can lead to fast microsphere formation, no merging of the emulsion droplets and 

therefore a low particle size [33]. 

The average size (D [4,3]) of the microspheres showed a trend of decreased size with increased 

W1/O viscosity in the batches. X1 had high effect on particle size (b1 = 26.71); its increase afforded the 

same sequence as for the boiling points (Me2CO < MeCOEt << nBuOAc) and resulted in an increased 

particle size, while their water-solubilities exhibited the opposite sequence. nBuOAc has the highest 

viscosity, resulting in a more viscous W1/O emulsion, which made it difficult to form small multiple 

emulsion droplets, as reported earlier [28]. S19-S21 had the highest η (17.6–22.7 mPas), but did not 

ensure the highest particle size. In fact, S0A and S0B, prepared with CH2Cl2 alone, had relatively high 

η (20.5 and 30.9 mPas), with the lowest particle size (54 and 107 μm), indicating the joint effect of the 

independent variables. The effects of all the factors, and the quadratic effect of X2 (b22: 27.31) were 

found to be significant. 

There was a tendency for increasing amount of drug in the W1 phase to lead to a decreased 

production yield and an increased particle size, which proved to be opposite effects. The microspheres 

obtained at drug/copolymer ratio of 1:16 (X3; +1) were characterized by the maximum particle size in 

every batch. High (+1) level of X2, and low (−1) level of X1 and X3 decreased particle size. When 

nBuOAc was used (X1; +1) at medium concentration (X2; 0), microspheres were formed with the 

maximum particle size (278–313 μm), because the increase in the CH2Cl2-nBuOAc viscosity resulted 

in merged droplets or in a reduction of the efficiency of disruption of the W1/O emulsion into droplets. 

The trends observed for the various batches were practically the same: particle size at constant X2 

increased with increasing X3 level, while at constant X3 and increasing X2 levels, particle size 

increased up to 50% cosolvent content, and dropped at 75% content, due to the decreased viscosity of 

the emulsion droplets. The negative sign of the X2 effect (b2: −15.05) confirmed this incident. 
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3.7. Y4 Response: Investigation of Drug Encapsulation Efficiency (EE) 

The value of EE is the result of a sensitive balance between two main key factors as opposite 

effects, the rate of CH2Cl2+cosolvent migration to the W2 phase and the duration of copolymer 

precipitation. 

Addition of a polar cosolvent and therefore fast partitioning and extraction could decrease the 

interfacial tension between the organic and aqueous phases, and form a dense wall, which can prevent 

the confluence of the aqueous phases, and ensure a dense microparticle structure with high EE [34]. 

Rapid increase in the η viscosity led to a reduction in the drug partitioning into the W2 phase, and the 

more viscous W1/O emulsion was less fragmented; these effects resulted in drug retention [2]. On the 

other hand, the addition of a cosolvent could increase the microsphere porosity, leading to drug loss 

during the preparation and therefore a lower EE [34]. On the basis of preliminary studies [35] the used 

drug/copolymer ratios can ensure the molecular dispersion of drug in the copolymer matrix. 

EE varied in the ranges of 10.5–53.3%, the factorial design indicated a good fit (R2 = 0.978). 

Cosolvent log P at all levels, cosolvent concentrations at medium or high (X2; 0 and +1) levels and low 

drug/copolymer ratio (X3; −1) yielded microspheres with the highest EE (33.4–53.3%). The 

appreciable effects of X2 (b2: 3.45) and X3 (b2: −10.9) on EE indicated main effects that differed in 

magnitude and mathematical sign. 

The use of polar cosolvents ensures a driving force for CH2Cl2 and the W1 phase to enter the W2 

phase. A high (+1) level of X2 and a low (−1) level of X3 led to the maximum of EE, which confirmed 

that the polar cosolvent can leave the W1/O emulsion faster, resulting in the fast solidification of the 

copolymer and in more drug in the W1 droplets. Moreover the droplets may have remained in the 

liquid form for a longer period of time if nBuOAc were used, leading to a greater drug leakage, which 

was reflected in the decreased EE values (11.4–38.4%); however the more viscous W1/O emulsion 

could be less likely fragmented, resulting in drug retention. 

3.8. Y5 Response: Investigation of Cumulative Drug Release (Q6) 

In this study, significant effect of cosolvent logP (cosolvent type) on drug release, and significant 

but less determinant the cosolvent and drug/copolymer ratios, was observed. Q6 varied in the ranges of 

3.26–100%. The preliminary thermoanalytical and Raman spectroscopical preformulation studies 

showed stable character of the drug in the microspheres and revealed an absence of considerable  

drug-copolymer interaction, which could be responsible for the additional retaining effect of the drug, 

altering the drug release rate [36]. The release pattern was found to be complex, the goodness of fit for 

the kinetic models used ranked in the sequence of Hixson-Crowell < Baker-Lonsdale ≅ Higuchi < 

Nernst. The Nernst dissolution profile best followed the release profile of S0A-S0C; after a slow 

dissolution the release rate reached a plateau (R2 > 0.955). The absence of a burst effect could be due 

to the preferential location of drug inside the deep sections of the copolymer matrix. For batches 

without a burst effect, the Baker-Lonsdale and Higuchi models were found to provide best fit. Batches 

reaching a plateau after 2 h conformed to the Hixson-Crowell model (R2 > 0.95). The absence of an 

initial burst was observed for batch S1-S9; the rapid Me2CO diffusion could lead to a dense copolymer 

matrix, eliminating the burst release, and thus the rate of drug diffusion was attenuated  

(Q6: 3.2–48.6 h). In contrast, a high burst release was observed for batch S19-S27 (nBuOAc)  
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(Q6: 47.1–100.0 h). Pore diffusion, disruption or disintegration of the matrix, as expressed in the burst 

effect, became more predominant at high drug/copolymer ratio. 

Due to the relatively low Q6 values, the CH2Cl2-Me2CO mixture could be useful when sustained 

release for a longer period is the required dissolution profile. At constant X2, an increase of X3 was 

found to improve the dissolution of drug appreciably. The release profiles of S1-S5 proved linear, 

conforming the Higuchi equation (R2 > 0.973), and S6-S9 followed the Hixson-Crowell release profile 

(R2 > 0.932). This confirmed dissolution rate limitation of drug release from microparticles and 

revealed to no dramatic changes in the structure of them meanwhile [37]. 

S10-S12 (X2; −1) fitted the Baker-Lonsdale model (R2 > 0.941), describing release profiles from 

matrices with uniform drug distribution, while the release profile of S14-S16 (X2; 0, +1) fitted the 

Nernst model (R2 > 0.962). S17-S18 (X2; 0, +1) did not meet the requirements (max. 80% in 6 h).The 

nBuOAc has the highest boiling point and viscosity of the cosolvents used; since the rate of 

evaporation of the solvent depends on its boiling point, the influence of the slow evaporation combined 

with the higher viscosity was more evident for this batch, resulting in microspheres with a large 

specific surface area, low EE, a porous nature and hence a high release rate with initial burst. A 

possible reason for the high drug release could be the formation of large pores and deep channels, 

explained by the rapid extraction of nPrOH from the W1/O emulsion, which may act in this way as an 

effective pore-forming agent. Q6 was accompanied by a burst release effect, followed by the sustained 

release of 70–86% over 6 h. The release from S20-S21 and S23-S24 (X3: 0;+1) was fast (t90 < 0.70 h), 

the amounts released exceeded the aims, the surface defects could be responsible for the burst effect. 

S19, S22 and S25-S27 (X3; −1) satisfied the Nernst equation with a good fit (R2 > 0.977). 

Figure 3. Effect of cosolvent log P (factor X1) and concentration (factor X2) on rate of 

drug release (X1; X2; X3): S1 (−1; −1; −1), S7 (−1; +1; −1), S10 (0; −1; −1), S16 (0; +1; 

−1), S19 (+1; −1; −1) and S25 (+1; +1; −1). 
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X1 proved statistically significant in its linear (b1: 31.07), quadratic (b11: 10.58) and interaction  

(b12: −14.34) effects. The joint effects of X1 and X2 on the cumulative drug release rate are reflected by 

the following representative release profiles (b12 = −14.34), where S1, S10 and S19 (X2 = −1) and S7, 
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S16, S19 (X2 = +1), when X3 was kept constant (−1). In spite of their different release behavior, the 

production yields (62–74%), particle size (108–205 μm), and EE (33–53%) values of these batches 

were similar; thus, mainly the log P and concentration of the cosolvents appeared to determine the 

drug release. Figure 4 demonstrates the effects of X3 on the cumulative drug release for S7–S9 and 

S25–S27 (X2 = +1; X3: −1  +1). The similar release profiles indicated that the release rate could be 

modified only slightly by varying the drug/copolymer ratio (b3 = 5.71, R2 < 0.900). 

Figure 4. Effect of drug/copolymer ratio (factor X3) on rate of drug release (X1; X2; X3): 

S7 (−1; +1; −1), S8 (−1; +1; 0), S9 (−1; +1; +1), S25 (+1; +1; −1), S26 (+1; +1; 0) and  

S27 (+1; +1; +1). 
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3.9. Organic Solvent Residue 

A relatively low amount of organic solvent residue could be achieved by increasing the temperature 

of spray drying, but the amount of the organic polar cosolvent residue depends even more on its 

affinity to the polymer. The concentration limit (ppm) and PDE (permitted daily exposure) of CH2Cl2 

are 600 ppm and 6.0 mg day−1, respectively [38]. The maximum residual CH2Cl2 content in the 

microspheres prepared with 100% v/v CH2Cl2 (S0A–S0C) was 808.5 ppm (S.D.: 3.81%), because the 

duration of spray-drying process could be short to eliminate the residual CH2Cl2, it has been examined 

in our previous study [39]. 

Class 3 solvents, used as cosolvents in this work, have a concentration limit of 5000 ppm  

(PDE = 50 mg day−1) [38]. The maximum residual CH2Cl2 content was <500 ppm and the maximum 

concentrations of the cosolvent residues in the microspheres prepared at high (+1) X2 rate were  

441.48 (Me2CO), 1796.39 (MeCOEt) and 954.0 ppm (nBuOAc) (S.D.: 1.77–6.12%), which met the 

requirements. These results confirmed that the amount of cosolvent residue did not depend on the 

boiling point or the extraction rate. The reason for the relatively high residual amounts of MeCOEt and 

nBuOAc was their higher lipophilicity, and thus the slower saturation of the W2 phase. 
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4. Conclusions 

The individual and joint effects of independent variables {log P of cosolvent (X1); cosolvent 

concentration (X2); and drug/copolymer ratio (X3)} on the properties of spray-dried AMC-based 

microspheres were investigated with a factorial-based design. This work is based on the fact that the 

use of polar cosolvents in the multiple emulsion method can increase the risk of confluence of the 

aqueous phases, and thus the decreased stability of the multiple emulsion could cause appreciable 

alterations in the microsphere properties. 

The factorial design allowed selection of the levels of the independent variables yielding an 

optimum microsphere product. Table 5 summarizes the optimization process between the required 

levels of the independent variables, furnishing a basis for predictions of further quantitative data. Low 

and medium (−1;0) levels of X1, X2 and X3, as independent variables, were used to obtain 

microspheres with a relatively high production yield (Y2: 45.1–71.5%), low particle size (Y3: 120.6–

205.4 μm) and high EE (Y4: 41.8–53.3%). For sustained and relatively low drug release, MeCOEt as 

cosolvent was appropriate at low and medium (−1 and 0) levels of X2 and X3, as was Me2CO at 

medium level (0) of X2 factor. The following results were obtained as concerns the independent 

variables: 

Table 5. Optimization of levels of independent variables according to required effects. 

 X2 (−1) X2 (0) X2 (+1)  

X1 (−1) Y1-Y4 Y1-Y4 Y1-Y4 X3 (−1) 

Y1-Y4 Y1-Y5 Y1-Y3; Y5 X3 (0) 

Y1-Y4 Y1-Y5 Y1-Y3; Y5 X3 (+1) 

X1 (0) Y1-Y5 Y1-Y5 Y1-Y4 X3 (−1) 

Y1-Y5 Y1-Y5 Y1-Y3 X3 (0) 

Y1-Y5 Y1-Y5 Y1-Y3 X3 (+1) 

X1 (+1) Y2-Y4 Y2; Y4 Y1-Y5 X3 (−1) 

Y3-Y4 Y4 Y1; Y3; Y5 X3 (0) 

Y3-Y4 Y4 Y1; Y3; Y5 X3 (+1) 

Required effects, as Y1—low W1/O viscosity; Y2—high production yield; Y3—low particle size;  

Y4—high EE and Y5—Q6 40–80% in 6 h, can be ensured by the compositions highlighted. 

—Log P of cosolvent (X1): The CH2Cl2-cosolvent composition was the key factor controlling the 

properties of the microspheres according to the demand of the formulator. Although the effects of the 

polar cosolvents used proved complicated, linear relationship was observed between the cosolvent 

properties and the measured responses, indicating a strong influence of the W1/O viscosity on the 

microsphere physicochemical parameters. Me2CO and MeCOEt were clearly the best cosolvents in 

this work, the examined dependent variables reaching the optimum. Me2CO and MeCOEt best 

increased the precipitation of the copolymer, ensured low W1/O viscosity and increased the hardening 

of copolymer, indicating the final sequence nBuOAc < Me2CO ≈ MeCOEt in accordance with  

the aims. 

—Concentration of cosolvent (X2): A medium concentration of the less toxic and more polar 

cosolvents had a much higher positive effect than a high concentration. However, the cosolvents at a 

high concentration ratio were found to leave low residual impurities. Conversely, X2 at high (+1) level, 
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in spite of the rapid preparation process, the less stable W1/O emulsion droplets could not retain the 

drug inside during preparation, and EE decreased due to the osmotic effect of the W1 phase. 

—The drug/copolymer ratio (X3): The sequence 1:32 < 1:24 ≈ 1:16 for drug/copolymer ratio 

made this variable optimum, for optimization of the microsphere characteristics, X3 at medium and 

high level proved most effective. At this ratio, the W1 droplet size decreased the possibility of 

confluence of the aqueous phases, improving EE. Future studies appear important to increase the  

EE values. 
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