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A Plackett-Burman design was employed to develop and 
optimize a novel crosslinked calcium-aluminum-alginate-
pectinate oilisphere complex as a potential system for the in 
vitro site-specific release of Mentha piperita, an essential oil 
used for the treatment of irritable bowel syndrome. The 
physicochemical and textural properties (dependent vari-
ables) of this complex were found to be highly sensitive to 
changes in the concentration of the polymers (0%-1.5% 
wt/vol), crosslinkers (0%-4% wt/vol), and crosslinking reac-
tion times (0.5-6 hours) (independent variables). Particle 
size analysis indicated both unimodal and bimodal popula-
tions with the highest frequency of 2 mm oilispheres. Oil 
encapsulation ranged from 6 to 35 mg/100 mg oilispheres. 
Gravimetric changes of the crosslinked matrix indicated 
significant ion sequestration and loss in an exponential 
manner, while matrix erosion followed Higuchi’s cube root 
law. Among the various measured responses, the total frac-
ture energy was the most suitable optimization objective (R2 
= 0.88, Durbin-Watson Index = 1.21%, Coefficient of 
Variation (CV) = 33.21%). The Lagrangian technique pro-
duced no significant differences (P > .05) between the ex-
perimental and predicted total fracture energy values 
(0.0150 vs 0.0107 J). Artificial Neural Networks, as an al-
ternative predictive tool of the total fracture energy, was 
highly accurate (final mean square error of optimal network 
epoch ≈0.02). Fused-coated optimized oilispheres produced 
a 4-hour lag phase followed by zero-order kinetics (n > 
0.99), whereby analysis of release data indicated that diffu-
sion (Fickian constant k1 = 0.74 vs relaxation constant k2 = 
0.02) was the predominant release mechanism. 

 
INTRODUCTION 
Irritable bowel syndrome (IBS), a functional disorder of the 
intestines, is characterized by severe abdominal cramps and 
constipation with alternating periods of diarrhea. Popula-
tion-based studies in the United States estimate the preva-
lence of IBS at 10% to 20% and the incidence at 1% to 2% 
per year.1 The primary cause of IBS appears to be related to 
altered intestinal motility patterns. Patients experience rigid 
contractions and pain in the bowel, which are responsible 
for the sensation of bloating, discomfort, and urgency, a 
symptom-complex thought to be regulated by the hypothe-
sized “brain-gut-axis” relationship.2,3 Over the years, many 
drug classes have been used for the alleviation of IBS symp-
toms, including antidiarrheals, antiflatulants, anticholiner-
gics, opioids, low-dose antidepressants, and most recently 
serotonin antagonists. 
In recent years, there has been a shift toward the use of natu-
ral products for IBS therapy. In this regard, multicenter 
clinical trials have already demonstrated positive outcomes 
in the treatment of patients, demonstrating significant alle-
viation of the symptoms associated with IBS through the use 
of Mentha piperita oil (commonly known as peppermint 
oil). This effect is related to the ability of peppermint oil to 
block the influx of calcium, thereby inhibiting abnormal 
smooth muscle contraction of the intestine.4-6 

 In general, the oil is rich in monoterpenes and sesquiter-
penes. The principal components are the monoterpenes: 
menthol, menthone, and menthyl acetate.7 Among these 
monoterpenes, menthol is the primary bioactive constituent. 
Pharmaceutical grade oil is standardized to contain no less 
than 44% free menthol. 
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Table 1. The Plackett-Burman Matrix Design 
Oilisphere 

Formulation 
No. 

Run 
Order 

Sodium 
Alginate % 

wt/vol 

Pectin 
% 

wt/vol 

Calcium 
Chloride 
% wt/vol 

Aluminum 
Chloride % 

wt/vol 

Aluminum 
Sulfate 

% wt/vol 

Crosslinking 
Reaction Time 

(hours) 
F1 7 0 1.5 4 4 0 6 
F2 11 1.5 0 4 0 0 0.5 
F3 6 1.5 0 0 0 4 6 
F4 12 0 1.5 0 0 0 6 
F5 14 1.5 1.5 0 4 0 0.5 
F6 2 1.5 1.5 0 4 4 0.5 
F7 5 0 0 0 0 0 0.5 
F8 9 1.5 0 4 4 0 6 
F9 3 0 0 4 4 4 0.5 
F10 13 0.75 0.75 2 2 2 3.25 
F11 4 0.75 0.75 2 2 2 3.25 
F12 8 0 0 0 4 4 6 
F13 10 1.5 1.5 4 0 4 6 
F14 1 0 1.5 4 0 4 0.5 

 
Currently, the enteric-coated monolithic dosage form is the 
most widely used approach to achieve intestinal delivery of 
Mentha piperita oil.8-11 Enteric delivery of this oil is essen-
tial for 2 reasons: (1) contact with the gastric mucosa results 
in muscle relaxation and hence severe esophageal reflux, 
and (2) the oil is hydrolyzed at gastric pH. One of the key 
problems with monolithic drug delivery systems is their un-
predictable and erratic gastric emptying rates. In IBS pa-
tients, this rate is further altered by the hypothesized “brain-
gut-axis” relationship.12-14 Traditionally, erratic gastric emp-
tying rates have more negatively influenced the effective-
ness of enteric-coated dosage forms such as tablets and soft-
gels, leading to variable absorption and pharmacologic re-
sponse. Overall, we believe that these limitations may be 
circumvented through the application of multiple-unit tech-
nology. The choice of multiple units is based on their well-
known advantages, such as predictable gastric transit times, 
less localized gastrointestinal disturbances, and the ensur-
ance of site-specific drug delivery. 
Hence, the objective of this study was to develop an opti-
mized spherical multiple-unit calcium-aluminum-alginate-
pectinate formulation for the in vitro site-specific release of 
peppermint oil (henceforth referred to as “oilispheres”). The 
pH conditions of the proximal and distal intestine were 
simulated using an in vitro 1-octanol buffer system. To 
achieve the objective of this study, a Plackett-Burman de-
sign was adopted. The application of this optimization tech-
nique provided an efficient and economical method to ac-
quire the necessary information to understand the relation-
ship between the controllable (independent) and perform-
ance (dependent) variables.15-19 The independent variables 
that were evaluated included different levels of alginate 
and/or pectin exposed to varying reaction times in an aque-
ous calcium chloride/aluminum chloride/aluminum sulfate 

crosslinking solution. The responses measured from these 
reactions included matrix resilience, hardness, total fracture 
energy, erosion, and the pH-dependent in vitro release char-
acteristics. Final formulation selection was achieved using a 
constrained optimization technique. In addition, we com-
pared the predictive power of the Plackett-Burman regres-
sion model to that of a Generalized Feed Forward (GFF) 
Artificial Neural Network (ANN) algorithm. 
 

MATERIALS AND METHODS 
A low-viscosity sodium alginate (35cP for a 1% wt/vol 
aqueous solution at 21°C) was obtained from TIC Gums 
(Belcamp, MD). Low methoxyl citrus pectin (degree of es-
terification 34%-38%) was donated by Herbstreith and Fox 
(Neuenburg/Wurttemberg, Germany). Anhydrous calcium 
chloride, aluminum chloride, and aluminum sulfate were 
purchased from Sigma (St Louis, MO). Pharmaceutical 
grade Mentha piperita oil (composed of 67% menthol) was 
obtained from Aromatherapy Oils (Johannesburg, South 
Africa). Gas chromatography–grade menthol standard 
(≥99% purity) was purchased from Sigma. Spectropho-
tometric-grade 1-octanol was purchased from Fluka Chemi-
cals (Buchs, Switzerland). 
 

Developing the Experimental Design 
In this study, the aim was to screen the overall main interac-
tions effects among 6 independent variables (Table 1) in an 
economical manner. Under these circumstances (ie, when 
>5 factors are studied), the Plackett-Burman design is highly 
recommended.20 Higher-order linear full factorial and quad-
ratic Box-Behnken designs would have required 66 and 52  
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Table 2. Textural Parameters Employed for Total Fracture Energy, Matrix Hardness, and Resilience Testing 
Parameters Total Fracture Energy and  

Matrix Hardness Settings 
Resilience Settings 

Pretest speed 1 mm/s 1 mm/s 
Test speed 0.2 mm/s 0.2 mm/s 
Posttest speed 0.2 mm/s 0.2 mm/s 
Compression force/distance 60 N 50% strain 
Trigger type Auto Auto 
Trigger force 0.5 g 0.5 g 
Load cell 5 kg 5 kg 

 
experimental runs, respectively, which was prohibitively 
uneconomical. 
Matrices comprised either singly or in combination with 
alginate and/or pectin (0%-1.5% wt/vol) were crosslinked 
for different periods of time (0.5-6 hours) in calcium chlo-
ride, aluminum chloride, and/or aluminum sulfate (0%-4% 
wt/vol). Unhydrated matrix resilience (%), hydrated matrix 
resilience (%) in buffer media pH 3 and 6.8, matrix hardness 
(N/m), total fracture energy (Joules), and normalized matrix 
erosion in buffer media pH 3 and 6.8 were selected as the 
dependent variables (responses) in order to evaluate the 
physicochemical properties of the crosslinked matrices. Es-
sential Regression and Experimental Design, Version 2.2 
(Gibsonia, PA) was used to generate the statistical matrix, 
which required 14 experimental runs (12 model runs and 2 
center points) (Table 1). The formulations were produced 
and tested in a random sequence. 
The regression model (Equation 1) encompassing 7 linear 
terms was as follows: 

Response = b0 + b1*[SA] +b2*[P] +b3*[CC] + 
b4*[AC] + b5*[AS] + b6*CRT (1) 

where the terms represent the concentrations of polymers 
and crosslinking agents (in parentheses) as well as the 
crosslinking reaction time; b0…b6 are the regression coeffi-
cients of the system; SA indicates sodium alginate; P, pec-
tin; CC, calcium chloride; AC, aluminum chloride; AS, 
aluminum sulfate; and CRT, crosslinking reaction time. 
 

Formulation of Crosslinked Oilispheres 
Oilispheres loaded with Mentha piperita oil were formu-
lated in accordance with the Plackett-Burman design having 
polymer/crosslinking agent concentrations, crosslinking 
reaction times, and their combinations as depicted in Table 
1. 
A quantity of sodium alginate and/or pectin was dissolved in 
deionized water and made up to volume (100 mL). To this 
solution, 50 mL of Mentha piperita oil was added. Thereaf-
ter, this multicomponent solution was gently homogenized 

for 2 minutes to produce a polymer-oil emulsion (Homo-
mixer, Chemineer, Inc, North Andover, MA). The crosslink-
ing solution was prepared by dissolving an appropriate 
quantity of calcium chloride, aluminum chloride, and/or 
aluminum sulfate in deionized water and made up to volume 
(1000 mL). The polymer-oil emulsion was titrated at 2 
mL/minute into the crosslinking solution using a 6-channel 
peristaltic pump (Desaga, Heidelberg, Germany) via 
PharMed tubing (Cole-Parmer, Vernon Hills, IL) fitted with 
a flat-tip, 19-gauge needle at the end. On completion of this 
titration, the formed oilispheres were agitated in the 
crosslinking solution for an additional 30 minutes. Thereaf-
ter, the oilispheres were allowed to equilibrate under dark 
conditions (±21°C) for a predetermined crosslinking reac-
tion time (Table 1). Following this equilibration phase, the 
crosslinking solution was decanted, and the oilispheres were 
washed with 3 × 500-mL volumes of deionized water. The 
oilispheres were air dried at ±21°C for 48 hours under an 
extractor. 
 

Physicomechanical Analysis of Crosslinked 
Oilispheres by Textural Profiling 
To determine the resilience, total fracture energy, and matrix 
hardness of the oilispheres, a TA.XT.plus Texture Analyzer 
(Stable Micro Systems, Surrey, UK) fitted with a 36-mm cy-
lindrical steel probe and 5-kg load cell was used. In order to 
determine the effect of hydration on the resilience of the 
oilispheres, a modified United States Pharmacopeia (USP) 
25 rotating paddle method was used. In summary, the hydra-
tion media comprised an upper phase of 1-octanol (300 mL) 
and a lower phase of either hydrochloric acid buffer, pH 3, or 
phosphate buffer, pH 6.8 (600 mL). (Refer to Pillay and Fas-
sihi21 for more information on the rationale of this 2-phase 
solvent system.) At appropriate time intervals, oilispheres 
were removed from the lower phase (N = 10) and analyzed in 
accordance with the parameters listed in Table 2. 
Figure 1A depicts the points used in the calculation of ma-
trix resilience, which is provided by the ratio of the area un-
der the curve (AUC) between anchors 2 and 3, and 1 and 2. 
Figure 1B indicates the calculation of the total fracture en- 
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Figure 1. Typical force-time and force-distance profiles of 
crosslinked oilispheres employed in the calculation of key 
textural parameters. (In all cases it was observed that SDs < 
0.03 were obtained, N = 10). 

ergy, which is provided by the total AUC of a force-distance 
profile resembling the various phases of matrix fracture (ie, 

AUC between anchors 1 and 2). The first break in the up-
ward gradient is indicative of a primary matrix facture, 
which results in a force reduction. However, on further ap-
plication of the force, the residual intact matrix undergoes 
complete fracture, and hence the force peaks at 60 N. Figure 
1C depicts the points used in the calculation of matrix hard-
ness, which is indicated by the steepness of the upward gra-
dient up to the primary fracture, namely, between anchors 1 
and 2. In general, a steeper gradient indicates a harder ma-
trix. 
 

Oilisphere Size Analysis 
The various oilisphere formulations were subjected to parti-
cle size analysis by employing a nest of 10 sieves ranging 
from 5000 to 150 mm agitated on a sieve shaker set at me-
dium amplitude for 5 minutes (Octagon 200 Test Sieve 
Shaker, Endecotts Ltd, London, UK). The various size frac-
tions were collected and stored separately in glass vials until 
further use. 
 

Determination of Mentha piperita Oil Encapsulation 
Fifty milligrams of oilispheres from each formulation was 
ground in a glass mortar to release the oil. To this pulverized 
mass, 300 mL 1-octanol and 600 mL phosphate buffer, pH 
6.8, was added. The 1-octanol-phosphate buffer combina-
tion was magnetically stirred for 1 hour to facilitate com-
plete diffusion (partitioning) of the oil into the 1-octanol 
phase. This 2-phase system was allowed to equilibrate for a 
further hour. Five-milliliter samples were withdrawn from 
the 1-octanol layer (N = 3) using a 0.45-µm Millipore filter 
(Millipore, Billerica, MA) attached to a glass syringe and 
analyzed for menthol content by UV spectroscopy at the 
wavelength maximum of 230 nm (Beckman DU 650 UV 
spectrophotometer, Beckman Coulter, Inc, Fullerton, CA) 
since menthol is the principal bioactive component of 
Mentha piperita oil. 
It is well known that gas chromatography (GC) is the 
method of choice for the analysis of essential oils.22-24 How-
ever, in this study it was found that menthol standard curves 
generated by GC and UV methods showed no significant 
differences (y = 1.6988x + 0.03, R2 = 0.98, P > .05). UV was 
selected as the method of choice for analysis because of its 
ease of operation and time-saving capability. Note that GC 
required a 45-minute run per sample. Inter- and intraday 
precision (% Relative Standard Deviation [RSD%]) for 
menthol were well within ±2%, and accuracy within 98.2% 
to 101.3%. Repeatability and reproducibility were found to 
be excellent, within an RSD of <1%. The limit of detection 
and limit of quantitation in 1-octanol were 0.05 and 0.15 
mg/mL, respectively. 
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In Vitro Release Studies 
In vitro release studies (Caleva Dissolution Apparatus, 
model 7ST, G.B. Caleva Ltd, Dorset, UK) on a quantity of 
oilispheres equivalent to 50 mg of Mentha piperita oil (N = 
3) were performed on optimized formulations using the 
above-mentioned modified USP 25 rotating paddle 2-phase 
solvent method (37°C, 50 rpm).21 The lower phase consisted 
of 600 mL of USP-recommended buffers of either pH 1.5, 
4.0, or 6.8, while the upper phase consisted of 300 mL of 1-
octanol. The oilisphere samples were introduced into the 
buffer phase below a ring-mesh device prior to the addition 
of 1-octanol. Five-milliliter samples of 1-octanol were with-
drawn through a 0.45-µm Millipore filter attached to a glass 
syringe at appropriate time intervals and analyzed by UV 
spectroscopy at 230 nm. An equivalent volume of oil-free 1-
octanol was replaced into each vessel sampled. 
 

Determination of Gravimetric Changes of the 
Oilisphere Matrix 
Fifty milligrams of oilispheres were accurately massed (N = 
3) and placed into dissolution vessels containing 600 mL of 
buffer of either pH 3 or pH 6.8 maintained at 37°C with 
paddles operated at 50 rpm. At appropriate time intervals, 
the entire quantity of remaining oilispheres was removed 
from the buffer medium and dried to constant weight at 
±21°C under an extractor. The mass of the dried residue was 
normalized to express the erosion of the matrix. 
 

Microwell Plate Coating of Oilispheres 
A novel fusion coating procedure was developed to attach 
oil-free crosslinked and uncrosslinked peripheral polymeric 
layers around the oilispheres. Individual oilispheres were 
introduced into microwells having a 200-µL capacity. In the 
first case, a 2% wt/vol binary coating solution of a 1:1 com-
bination of alginate and pectin was prepared (viscosity of 
920 cP at 21°C), of which 50 µL was added to each mi-
crowell containing an oilisphere. The plate was thereafter 
agitated for 30 seconds on a vortex (Genie Vortex-2, Scien-
tific Industries, Bohemia, NY) to ensure that the oilispheres 
were completely coated with the binary mixture. This pro-
cedure provided an uncrosslinked peripheral layer around 
the oilispheres. In the second case, the same procedure was 
applied, except for the addition of 50 µL of a crosslinking 
agent consisting of an aqueous solution of 4% wt/vol each 
of calcium chloride, aluminum chloride, and aluminum sul-
fate to induce fusion between the crosslinked peripheral 
polymer and the surface of the oilisphere. Both sets of 
oilispheres comprising the uncrosslinked and crosslinked 

peripheral layers were dried at ±21°C for 48 hours under an 
extractor. 

RESULTS AND DISCUSSION 

Sieve Analysis 
Typically unimodal and bimodal size distributions were ob-
served, showing the 2-mm oilispheres as having the highest 
frequency (Figure 2). This size fraction was chosen for all 
investigations in this study. Bimodal distribution was attrib-
uted to deaggregation of the homogenized droplets into 
smaller and larger populations during the crosslinking proc-
ess as a result of a high interfacial tension that would be ex-
pected between the surface of the aqueous crosslinking solu-
tion and the oily residue around the periphery of the drop-
lets. This oily residue may have prevented rapid interaction 
between the polymer and crosslinking solution, hence lead-
ing to heterogeneous separation of a single droplet. 

Figure 2. Size distribution of the crosslinked oilisphere ma-
trices indicating unimodal and bimodal profiles. (In all cases 
it was observed that SDs < 0.06 were obtained, N = 3). 

 

Oil Encapsulation 
Encapsulation of Mentha piperita oil ranged between 6 and 
35 mg per 100-mg oilispheres (Figure 3). This range was 
attributed to the large differences in the degree of crosslink-
ing and hence the significant variation in the encapsulation 
efficiency. Oilispheres with a low crosslink density demon-
strated low encapsulation. A relationship between specific 
textural parameters and the degree of crosslinking has al-
ready been established by Pillay and coworkers.25,26 
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Figure 3. Encapsulation efficiency of Mentha piperita oil 
within the crosslinked matrices. (In all cases it was observed 
that SDs < 0.1 were obtained, N = 3). 

 

Gravimetric Transitions of the Crosslinked Matrix 
It should be noted that matrix erosion can have an effect on 
the release of drugs and other bioactive substances from 
their delivery systems. In this study, essentially 2 types of 
weight change behavior were noted upon hydration of the 
oilispheres in either phosphate buffer pH 3 or pH 6.8 
(Figures 4A and B). 

In the first instance, there was an increase in the oilisphere 
weight during the first 2 hours of hydration. This increase 
was attributed to the sequestration of phosphate ions from 
the release medium, which was thereafter followed by a pla-
teau (Figure 4A). The ionic threshold concentration for se-
questration has previously been mathematically described 
by Pillay and Fassihi.25 Curve-fitting of these data (Figure 
4A) indicated that such behavior followed an exponential 
rise to a maximum (R2 > 0.99), as described by the follow-
ing equation: 






 −=

− tseqk
t eMM 10  (2) 

where Mt indicates the mass of matrix at time t; M0, original 
mass of matrix; and kseq, exponential rate constant of ion 
sequestration.  
In the second instance (Figure 4B), 3 phases were observed. 
Initially, there was a rapid decline in the matrix weight 
(phase 1), followed by ion sequestration (phase 2), and then 
rapid erosion to a plateau (phase 3), indicating complete 
matrix dissolution. Curve-fitting of these data indicated that 
these phases could be described by the following equations, 
each producing an R2 > 0.99. 
Phase 1 - Simple exponential loss of soluble ions from the 
surface of the oilisphere: 

tsolk
t eMM −= 0  (3) 

 

 

 

Figure 4. Erosional behavior of the crosslinked oilispheres depicting (A) ion sequestration and (B) 3 phases of ion loss, seques-
tration, and matrix erosion. (In all cases it was observed that SDs < 0.1 were obtained, N = 3). 
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where ksol is the first-order solubility constant rate of the 
ions. 
Phase 2 - As the oilisphere starts to swell, it exponentially 
sequesters these ions back into the matrix: 

tseqk
t eMM 0=  (4)

where kseq is the exponential rate constant of ion sequestra-
tion. 
Phase 3 - Higuchi-type erosion of the matrix represented by 
the cube root of time equation: 

3 tkM erot =  (5)

where kero is the matrix erosion rate constant. 
 

Physicomechanical Behavior of Crosslinked 
Oilispheres 
Textural profiling revealed a decrease in the total fracture 
energy, and an increase in matrix hardness and resilience, in 
relation to the statistical combinations and concentrations of 
the crosslinkers. In general, aluminum chloride and sulfate 
provided matrix reinforcement, while calcium chloride prin-
cipally crosslinked the polymeric system, as determined 
from preformulation work. Hence, these ions were selected 
as the ionotropic agents in this study. 
Macros run on Texture Exponent Version 3.2 (Stable Micro 
Systems, Surrey, UK) were able to simultaneously calculate 
the values for matrix resilience (unhydrated and hydrated), 
matrix hardness, and total fracture energy (Table 3). Table 3 
also clearly outlines that all oilisphere formulations had very 
low total fracture energy values, indicating that the matrix 
was fragile and hence collapsed upon application of a 60N 
force. 
 

Stepwise Regression Analysis 
Using Essential Regression and Experimental Design, re-
peated forward and backward stepwise regression was em-
ployed to generate the equations for each response parame-
ter, which essentially is represented by Equation 1, since all 
independent variables were statistically fitted to show both 
the significant and insignificant terms. The predicted and 
experimental values for each response parameter shown in 
Table 3 were correlated by the Cook’s Distance (CD), 
which provides a measurement of the overall influence of 
each observation on the regression coefficients, including 
the intercept. The CD values presented in Table 3 are 
rounded off to 2 decimal places for convenience. The com-
plete values up to 6 decimal places were used for correlation 
purposes. Figures 5 and 6 depict the close correlation be-

tween the experimental and predicted data obtained for each 
of the responses in relation to the formulations outlined in 
the Plackett-Burman design (P > .05). However, based on 
the large variation in the experimental response values for 
each formulation (F1-F14) it is evident that different degrees 
of crosslinking are manifested by significant changes in the 
physicomechanical properties of the oilisphere matrix. 
 

Constrained Optimization 
Among different techniques that are available for solving 
constrained optimization problems, the most common are 
the Lagrangian and Simplex methods. In this study, optimi-
zation was accomplished by the Lagrangian approach origi-
nally introduced by Fonner and coworkers,27 using the 
Solver function of Microsoft Excel 2002.16 
Tables 4 and 5 provide a detailed analysis of the mathemati-
cal fit of data for each response function and their levels of 
significance. Such analysis is required for the final selection 
of the objective function to be applied in the constrained 
optimization. 
Regression on the unhydrated matrix resilience and hardness 
produced suitable R2 values, while on the other hand signifi-
cantly high CV values were obtained. The total fracture en-
ergy comparatively produced statistically desirable values 
(high R2, low CV), also indicating that the model was 88% 
accurate with regards to data prediction by regression. 
Hence, it was selected as the optimization objective. 
The following constraints (percentage wt/vol concentration, 
hours) were imposed on the independent variables, using the 
work of Pillay and Danckwerts26 as a novel reference point 
to generate an ideal in vitro release profile for Mentha 
piperita oil: 

• 1 ≤ [sodium alginate] ≤ 2  
• 1 ≤ [pectin] ≤ 2  
• 1 ≤ [calcium chloride] ≤ 6  
• 1 ≤ [aluminum chloride] ≤ 6  
• 1 ≤ [aluminum sulfate] ≤ 6  
• 0.5 ≤ crosslinking reaction time (hours) ≤ 6 

The lower limit of 1% wt/vol for both polymers and 
crosslinking agents was the necessary minima for the pro-
duction of spherical oilispheres. The concentration of so-
dium alginate and pectin beyond 2% wt/vol was not feasible 
since accurate titration was significantly inhibited by their 
excessively high viscosity. The upper limit of 6% wt/vol for 
the crosslinking agents was based on the ability to produce 
optimal crosslinking. The crosslinking reaction times were  
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Figure 5. Correlation between experimental data and values predicted by the re-
sponse models for (A) hydrated matrix resilience in buffer medium pH 3, (B) 
hydrated matrix resilience in buffer medium pH 6.8, (C) matrix hardness, and (D) 
total fracture energy. Note that the unhydrated matrix resilience (not shown) was 
overall ≈20% higher than that of the hydrated matrices. (In all cases for the ex-
perimental studies it was observed that SDs < 0.02 were obtained, N = 10). 

 

 

Figure 6. Correlation between experimental data and values predicted by the re-
sponse model for gravimetric transitions in buffer media of pH 3 and pH 6.8. (In all 
cases for the experimental studies SDs < 0.05 were obtained, N = 10). 
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Table 6. Composition of the Optimized Oilisphere Formulation Obtained by the Constrained Optimization 
Technique and Comparison of Experimental and Predicted Total Fracture Energy Values 
Formulation Components Concentrations (% wt/vol) and Reaction Time (hours) 
Sodium alginate 
Pectin 
Calcium chloride 
Aluminum chloride 
Aluminum sulfate 
Crosslinking reaction time 

1.5 
1.5 
4 
4 
4 
3 

Optimized Formulation Analysis Total Fracture Energy (Joules) 
Experimental 
Predicted 

0.0115 ± 0.003 (N = 10) 
0.0107 

 
based on minimization of the loss of Mentha piperita oil 
into the crosslinking solution. 
Table 6 reflects the results based on the above constrained 
optimization for development of the ideal oilisphere formu-
lation. The experimentally generated values for the total 
fracture energy were compared with those predicted in order 
to validate the accuracy of the model. Excellent correlation 
was obtained (Table 6). 

Figure 7. A typical surface response plot indicating the in-
fluence of increasing a crosslinker concentration and CRT 
on the total matrix fracture energy. Note that a similar effect 
was observed for the other crosslinkers (matrix reinforcers). 
An increase in the polymer concentration also increased the 
total fracture energy in a similar manner. 

Figure 7 illustrates a typical surface response plot depicting 
the effects of the crosslinking reaction time and crosslinker 
concentrations on the total fracture energy. Note that all 
other combinations of the surface plots were analyzed but 
are not shown since those responses were statistically unsta-
ble. It was observed that as the concentration of calcium 
chloride was increased, the total fracture energy signifi-
cantly increased. A similar effect was observed for alumi-
num chloride and aluminum sulfate. In order to achieve op-

timal matrix crosslinking, a maximum of 3 hours was re-
quired, without any significant effect beyond this time pe-
riod. An increase in the polymer concentration also pro-
duced an increase in the total fracture energy. 
 

Comparison of Predicted Response Values for Total 
Matrix Fracture Energy Using Artificial Neural Net-
works and the Plackett-Burman Regression Analysis 

The application of ANN in advanced formulation design 
and development is being increasingly employed.28-30 In this 
study, a GFF model was selected to predict the total fracture 
energy values using data generated from the Plackett-
Burman design (see Tables 1 and 3). Essentially, a GFF is a 
generalization of a Multilayer Perceptron (MLP) such that 
network connections can jump over one or more hidden lay-
ers. In theory, an MLP can solve any problem that a GFF 
network can solve. In practice, however, GFF networks of-
ten solve the problem much more efficiently.31,32 Such a 
network containing the same number of processing elements 
as a standard MLP requires less training, hence increasing 
the efficiency of neurocomputing. 
For the hidden and output layers, a genetic algorithm with 
the SigmoidAxon transfer function and ConjugateGradient 
learning rule was employed respectively. A maximum of 
5000 epochs were run 50 times on NeuroSolutions Version 
4.24 (NeuroDimension Inc, Gainesville, FL) to ensure opti-
mal training of data. Figure 8 illustrates the gradual leveling 
of the average mean square error (MSE) with standard de-
viation boundaries for the 50 runs, indicating the sequential 
improvement of model predictability. Table 7 reflects the 
average of the MSE values for all training runs, the best 
network run out of 5000 epochs repeated 50 times, and the 
efficiency of the GFF model in the training process. Overall, 
it is evident that the training model employed was highly 
efficient. The parameters depicted in Table 7 are standard 
statistical indicators used by scientists involved in neuro-
computing to quantitate the accuracy of model prediction  

 10
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Table 7. Neural Network Indicators Characterizing the Efficiency of Data Training* 
Averages of the Minimum Training Errors Training Minimum Training Standard 

Deviation 
Average of minimum MSEs 0.039647207 0.011162308 
Average of final MSEs 0.039647207 0.011162308 
Optimal Network Run Obtained From Data Training For Total Matrix Fracture Energy 
Run no. 17 
Epoch no. 5000 
Minimum MSE 0.019716412 
Final MSE 0.019716412 
Performance of Neural Network by Testing of Training Data For Total Matrix Fracture Energy 
MSE 1.57731E-05 
Normalized MSE 0.419817367 
Mean Absolute Error 0.002779493 
Minimum Absolute Error 5.16934E-06 
Maximum Absolute Error 0.009048942 
Correlation Coefficient 0.76189204 
*MSE indicates mean square error. 

 

Figure 8. Average MSE with SD boundaries for 5000 ep-
ochs repeated 50 times. 

and to subsequently select the optimal model (eg, MLP vs 
GFF algorithm). 
 
Using all 14 formulations, the total matrix fracture energy 
was predicted by both the Plackett-Burman design and GFF 
neural model. The mean differences between the experimen-
tal and predicted values for the total fracture energy ob-
tained from the Plackett-Burman design and neural model 
showed no significant differences (P = 0.265), using a 2-
tailed paired Student t test. However, as a predictive tool, 
ANN appears to be a better choice, since as a data modeling 
process, it is easy, saves time, and does not require any criti-

cal need to mathematically factor out solutions. On the other 
hand, the Plackett-Burman approach, like all other tradi-
tional experimental designs requires the researcher to pos-
sess strong mathematical modeling skills, is time consum-
ing, and requires multiple independent variables. Traditional 
statistical analysis does not provide “ideal values” but rather 
yields a list of solutions ranging from the most to least sig-
nificant. Alternatively, an ANN provides a solution that 
zooms in only on the target values. 
 

Optimized In Vitro Site-Specific Release of Mentha 
piperita Oil Based on the Constrained Optimization 
Solution in Conjunction with Fusion Coating 
Based on the fact that Mentha piperita oil is unstable in an 
acidic environment, its release must be prevented in the gas-
tric region and targeted to the proximal and distal intestine. 
Optimization studies using the total matrix fracture energy 
enabled the formulation of a pH-dependent zero-order re-
leasing oilisphere system (Figure 9). Figures 9A, C, and E 
indicate the release of the oil in different buffer media, while 
Figures 9B, D, and F reflect a composite profile in sequen-
tially changing media, simulating the gastrointestinal pH 
conditions. 
Figure 9A indicates that at least 80% of Mentha piperita oil 
is released in pH 1.5 and pH 4.0. From the composite profile 
(Figure 9B) at least 20% of the oil is released in pH 1.5 and 
pH 4.0. In an attempt to resolve this apparent contradiction, 
a coat of alginate and pectin was applied by 2 approaches to 
individual oilispheres using a microwell plate (see Methods 
Section for details). Using the first approach without 
crosslinkers, coating of the oilispheres resulted in a decrease 
in drug release over the simulated physiological pH range of 
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1.5 to 6.8; however, release of the oil was still detected in 
the acidic medium (Figures 9C and D). Using the second 
approach with crosslinkers, coating of the oilispheres re-
sulted in a 2- to 4-hour lag phase in the acidic environment 
prior to release of the oil in phosphate buffer pH 6.8 
(Figures 9E and F). From a biopharmaceutical perspective, 
this lag phase provides adequate time for gastric emptying 
of multiple units to occur.33 In light of the objectives of our 
study, this formulation was chosen as the ideal for purposes 
of site-specific delivery of Mentha piperita oil. 

Figure 9. Release profiles of Mentha piperita oil from 
oilispheres in simulated gastric and intestinal fluid (pH 1.5, 
4, 6.8): (A, B) without any coating; (C, D) with un-
crosslinked fused coating; and (E, F) with crosslinked fused 
coating. (In all of the above cases SDs < 0.09 were obtained, 
N = 3). 

 

Kinetic Modeling of Release Data From the Optimal 
Formulation 
Various kinetic models were employed to identify the 
mechanism of release from the optimized oilispheres using 
data derived from the composite profile (Figure 9F), which 
essentially displayed site-specific biphasic release kinetics, 
characterized by a 4-hour lag phase prior to zero-order re-

lease. All least squares analysis used to determine the re-
lease mechanism of Mentha piperita oil was performed on 
WinNonlin Version 4.1 (Pharsight, Mountain View, CA) 
using the Gaussian-Newton (Levenberg-Hartely) approach. 
The authors will not describe the equations below in detail 
as this information can be found elsewhere.25 Kinetic model-
ing was applied using a modified form of the Power Law 
equation: 

( )n
L

t ttk
M
M

−=
∞

1  (6)

where in the present study Mt is the amount of oil released at 
time t, M∞ is the total amount of oil encapsulated within the 
oilispheres, k1 is the Fickian kinetic constant, tL represents 
the 4-hour lag time prior to release of the oil, and n is a re-
lease exponent.  
Alternatively, Fickian diffusion and matrix relaxa-
tion/dissolution were analyzed using an expanded version of 
the Power Law equation: 

( ) ( ) n
L

n
L

t ttkttk
M
M 2

21 −+−=
∞

 (7)

where in this case k2 is the relaxation/dissolution rate con-
stant.  
Hopfenberg’s proposed model is either applicable to a slab, 
cylinder, or sphere showing heterogeneous erosion.34 In or-
der to account for the lag time, a modification to the original 
equation was made: 

( )[ ]nL
t ttk

M
M

−−−=
∞

111  (8)

where in this case k1 is the erosion rate constant, and n = 1, 
2, and 3 for a slab, cylinder, and sphere, respectively.  
Table 8 indicates the results from kinetic modeling of data 
up to 80% release. 
At first glance, the values in Table 8 suggest that all 3 mod-
els suitably fit the release data based on the Akaike informa-
tion criteria (AIC) and Schwartz criteria (SC) parameters. 
However, upon closer consideration of the condition num-
ber (CN) values, it is evident that the Hopfenberg model 
(Equation 8) is highly unstable (high value). The Power 
Law and its expanded variant (Equations 6 and 7) appear to 
suitably fit the data and statistically satisfy all parameters. 
Based on the n values and the low k2 value in Equations 6 
and 7, respectively, it is evident that diffusion is the pre-
dominant release mechanism. This finding is also clear con-
sidering that the oilisphere consists of a crosslinked periph-
eral coating, encapsulating the oil, and hence acts as a bar-
rier to diffusion. Following the lag time of 4 hours, n and R2  
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Table 8. Release Kinetics Obtained From the Various Diffusion, Relaxation, and Erosion Models* 
Model 
Mt/M∞= 

k1 k2 n AIC SC CN 

k1(t − tL)n (Equation 6) 0.74 - 0.59 −48.49 −50.29 20.44 
k1tn + k2t2n (Equation 7) 0.13 0.02 0.56 −48.02 −50.72 21.26 
1 − [1− k1(t − tL)]n (Equation 8) 0.04 - 3 −42.25 −43.16 2377 
*AIC indicates Akaike information criteria; SC, Schwartz criteria; CN, Condition number; Mt/M∞, dependent variable; and t, independent variable. 

 
values greater than 0.99 are achieved, indicating ideal zero-
order kinetics. 
 

CONCLUSION 
Application of the Plackett-Burman design assisted in the 
successful formulation and optimization of a spherical 
crosslinked calcium-aluminum-alginate-pectinate oilisphere 
system for the in vitro site-specific release of Mentha 
piperita oil. The measured total fracture energy response 
was in close agreement with the predicted values of the op-
timized formulation, thereby demonstrating the feasibility of 
the optimization procedure in developing the crosslinked 
matrix. Kinetic modeling of data indicated that diffusion 
was the predominant release mechanism. Diffusion was 
modulated through the application of a novel fusion coating 
procedure. ANN, as an alternative tool to predict the re-
sponse values of the dependent variables, is a very attractive 
approach when employing statistical strategies for formula-
tion development. 
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