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18 Abstract: The manuscript studies the release kinetic of fluorescein from colloidal liquid crystals
19 made up from monoglyceride and different non-ionic surfactants. The release experiments were
20 carried out under sink conditions, and mathematical models were described as extrapolations from
21 solutions of diffusion equation in different initial and boundary conditions imposed by
22 pharmaceutical formulations. The diffusion equation was solved, using Laplace and Fourier
23 transformed functions for the release kinetic from infinite reservoirs in a semi-infinite medium.
24 Solutions represents a general square root law and can be applied for the release kinetic of
25 fluorescein from monoglyceride colloidal liquid crystals. Akaike, Schwartz and Imbimbo criteria
26 were used to establish the appropriate mathematical model and the hierarchy of performances of
27 different models applied to the release experiments. The Fisher statistic test was applied to perform
28 significance of differences among mathematical models. Differences evaluated by mathematical
29 criteria demonstrated that small or no significant statistic differences were carried out between
30 various applied models and colloidal formulations. Phenomenological models were preferred over
31 to empirical and semi-empirical ones. The general square root model shows that the
32 diffusion-controlled release of fluorescein is the mathematical models extrapolated for

33 monoglyceride colloidal liquids, in the first part of the process.

34 Keywords: monoglyceride colloidal liquid crystals; release profile; mathematical models; drug
35 delivery systems; release kinetic; square root laws.
36

37  1.Introduction

38 The release kinetic of drugs from pharmaceutical formulations plays a main role to study the
39  biopharmaceutical features of payloads following their administration into the body [1]. In fact, the
40  process of release of a drug from formulations can modulate its absorption into the various
41  biological compartments; besides its distribution and plasma concentration, that is the rate of
42 absorption and bioavailability in biological fluids [2]. In this attempt, technological approaches are
43 extensively used to design pharmaceutical formulations and to obtain a controlled release of drugs.
44 Furthermore, drug release is affected by different physiological parameters, e.g. pH of the gastric
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45  tract, bile and pancreatic secretion, and drug dissolution from formulations [3]. Other parameters,
46  such as physicochemical properties of biocompatible materials, their chemical structures, the
47  thickness of polymeric or lipid shells, the interaction between drugs and plasmatic proteins, the
48  coefficient of permeation and diffusion may be also affect the release profile of drug delivery
49  systems [4,5].

50 The release profile of drugs and bio-molecules from conventional and innovative carriers, such
51  as monoglyceride colloidal liquid crystals, could be described using mathematical approaches. In
52 fact, liquid crystals are arranged in different supramolecular structure provided from
53 self-assembling of surfactants [6]. Their geometrical arrangement, as well as their interaction with
54 biological substrates, depends on thermodynamic transition from solid to liquid state of biomaterials
55  that modulates potential applications in nanomedicine and biotechnology [7]. Monoglyceride liquid
56  crystals can exist as thermotropic and lyotropic mesophases, and their transition from first to second
57  supramolecular structure depends on ionic interactions between polar head groups of surfactants,
58  hydrophobic interactions between hydrocarbon tail, surfactant concentration in water, and critical
59  micellar concentration. All these parameters can modify the arrangement of surfactants and lipid
60  components in liquid crystals, thus modifying their physicochemical and biopharmaceutical
61  properties [8,9].

62 In this attempt, preliminary in vitro experiments needed to evaluate the release profile of
63  payloads from monoglyceride colloidal liquid crystals and to predict their potential in vivo behavior.
64  The prediction of physicochemical properties in colloidal formulations can be investigated using
65 mathematical models that suitable describe the potential in vitro/in vivo trend [10,11].

66 The massive release kinetics of drugs resulting from the experimental data were further
67  described using different mathematical models such as Noyes-Whitney [12], Higuchi [13], Peppas
68 [14] and Weibull [15]. The mathematical models herein reported support the resulting data and
69  demonstrated that the phenomenological models were preferred over to empirical and
70  semi-empirical ones to estimate the release kinetic of hydrophilic drugs from monoglyceride
71 colloidal liquid crystals.

72 2. Materials and Methods

73 2.1 Materials

74 Fluorescein was purchased from Sigma-Aldrich Italy (Milan, Italy).
75  Polyoxyethylene-polyoxypropylene block copolymer 127 (Symperonic® PE/F127) was obtained from
76  Uniquema, Croda Italiana S.p.A. (Mortara (PV) Italy). Polyethylene glycol-polypropylene
77  glycol-polyethylene glycol block copolymer 6800 (Pluronic® PE 6800), polyethylene glycol block
78  copolymer 10500 (Pluronic® PE 10500), Polyoxyethylene stearyl ether (Brij® 72), Polyethylene glycol
79  oleyl ether (Brij® 92) were a kind gift of ACEF Spa (Piacenza, Italy). Glyceryl monooleate
80 (Monomuls® 90-O18) was obtained from Cognis S.p.A. (Fino Mornasco (CO), Italy). Double-distilled
81  pyrogen-free water was purchased from Sifra S.p.A. (Verona, Italy). Isotonic sterile saline solution
82  (NaCl 0.9 % w/v) was a product of Fresenius Kabi Potenza S.r.1. (Verona, Italy). All other materials
83  and solvents used in this investigation were of analytical grade (Carlo Erba, Milan, Italy).

84 2.2 Monoglyceride colloidal liquid crystals

85 Monoglyceride colloidal liquid crystals were synthesized by emulsifying hydrophobic
86  surfactants with an aqueous solution of a poly(ethylene) glycol derivative. The mixing-dilution
87  procedure was carried out to obtain different formulations. Glyceryl monooleate (90 mg) was
88  dissolved in ethanol (2 ml) and the hydrophilic surfactants were dissolved in distilled water or
89  isotonic saline solution (NaCl 0.9 % w/v) (8 ml). The aqueous phase was added drop by drop to the
90  organic phase under continuous stirring using an Ultraturrax T25 basic homogenizer (IKA®-Werke
91 GmbH & Co. KG, Staufen, Germany) at a mixing speed of 18,500 rpm (3 different cycles of 5 min).
92  Preparation was carried out at room temperature. An inclusion complex was obtained when
93  co-surfactant was added to the ternary system ethanol-monoolein-water, thus affecting


http://dx.doi.org/10.20944/preprints201809.0292.v1
http://dx.doi.org/10.3390/ma12050693

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2018 d0i:10.20944/preprints201809.0292.v1

94 supramolecular structure of liquid crystals. The resulting formulations were stored at room
95  temperature for 48 h under continuous stirring (400 rpm) in order to remove any residual trace of
96  ethanol. The residual and not assembling surfactant was then removed by using dialysis membrane
97 with a molecular cut-off 50,000 Dalton (Spectra/Por Membranes, Spectrum Laboratories, Inc., CA,
98  USA). The dialysis was performed for 48 h at room temperature using sterile isotonic saline solution
99  (NaCl 0.9 % w/v) (200 ml) as receptor medium. A constant mixing rate of 400 rpm was maintained
100 during purification and saline solution were replaced every 8 h. Four different formulations were
101  prepared as reported in Table 1. Aqueous fluorescein solution (0.03 % w/v), used as hydrophilic
102 drug model during experiments, was added to the aqueous phase during the preparation procedure.

103 Table 1. Chemical compositions of colloidal liquid crystals.

Formulations Monomuls Brij72 Brij 92 Pluronic 10500 Pluronic F68 Symperonic

1 — — 90 mg — 50 mg —
2 90 mg 50 mg — — — —
3 90 mg — — — — 50 mg
4 90 mg — — 50 mg — —
5 — — 90 mg — — 50 mg

104

105 2.3 Release experiments

106 The release of fluorescein from monoglyceride colloidal liquid crystals was investigated using
107  dialysis membrane. Regenerated cellulose membrane with molecular cut-off 25,000 Dalton
108 (Spectra/Por Membranes, Spectrum Laboratories, Inc., CA, USA) was used for release experiments.
109  Membrane was hydrated before analysis for 40 min using a sterile isotonic saline solution to remove
110 any traces of sodium azide storage solvent. Membranes were then filled with 1 ml of different
111 formulations, sealed with dialysis clips and then placed in a pyrex glass beaker containing 200 ml of
112 sterile isotonic saline solution. Experiments were carried out at room temperature for 24 h and sink
113 conditions were maintained during analysis. At different time points, 1 ml of the receptor solution
114  was withdrawn, replaced with the same volume of fresh isotonic saline solution and then
115  immediately analyzed using an UV spectrophotometer (Perkin Elmer Lambda 20, Norwalk, CT,
116  USA). A fluorescein calibration curve was used to quantify fluorescent molecule released from
117  monoglyceride liquid crystals, according to the following equation:

118 y=0.88 x+0.148 1)

119 where, x represents the fluorescein concentration (pg/ml) and y the UV/Vis absorbance (nm).
120 The 72 value was 0.9982. No interference was observed at fluorescein Amax of 495 nm from other
121 components of formulation.

122
123 2.4 Statistical criteria and information on selection of mathematical models

124 2.4.1 Akaike and Schwarz criteria

125 The Akaike information criterion (AIC) [16] and Schwarz criterion (SC) [17] are two different
126  mathematical methods applied to data. They are both based on the addition of statistical errors
127 corrected by a penalty function, which are proportional to the number of parameters (p) evaluated in
128  the model:
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129

130 AIC = NInWSS+2p 2
131 SC=NInWSS+phh N 3)
132

133 where, N represents the number of point data, and squared errors WSS is the weighted sum of

134 squared deviations of a model with a set of p parameters, calculated according to the following
135  equation:

WSS = Z}w (yr =y )

136 4)

137

138 where, Wi is the weighting factor for the respective data.

139 The model equation having the lowest AIC and/or SC were selected for the description of time

140 course plots [18].

141 2.4.2 Imbimbo criterion

142 The Imbimbo criterion is based on the mean area between the limits of a 90 % confidence
" _ . cale

143 interval for calculated values according to model, Vi =i [19] using the following equation:

144

Ly 1 1
Ip: (N-p,0.05) SSP L
yFalc (N_p) N

145 i ®)
146

calc t
147 where, 71 is the mean of estimated concentrations versus time, (N=p.0.05) 45 0.05 quintile

148  for Student distribution with N-p degree of freedom, and SS; is the above-mentioned WSS in the case
149 of models with p parameters.

150 In fact the index is approximately the ratio between area of the confidence limits and area under
151  a theoretical curve. The model equation with the minimum I, value generates the narrowest
152 confidence interval for the estimated released amounts of drug from different formulations.

153 2.4.3 Fisher (F) test criterion

154 We can compare simple model having g parameters with complex model having

155  supplementary k parameters with p = g + k using the F ratio (Fisher 1971) according to the following

156  equation:

F:WSSq—WSSp af,
WSS, af, —df,

157 (6)
158
159 where, WSS, is the sum of standard errors for the selected reference mathematical model; while

160 WSS, corresponds to the more complex model. The number of freedom degrees represents the
161  difference between the number of experimental data, 1, and the number of parameters:

162

163 df,=n-p and dfy=n-q (7)
164

165 The analysis makes statistical significance when the two models are nested, i.e. the model with

166  lower number of parameters can be considered as degenerated from the model with more
167  parameters, by keeping constant a number of parameters. In fact, by reporting the ratio in the

168  following equation:
169
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It has been shown that the mathematical test could be compared to the relative decreasing for
the sum of errors and the relative increasing of the number for freedom degrees.

2.5 Model construction of diffusion by using Fick’s first law

The flux ] of molecule through virtual interfaces in solution was described using Fick’s first law:

Ldm_,__poe
A dt

o )

where, m is the transferred mass, A area of the interface, D diffusion coefficient and c
concentration.

By extrapolating the fluorescein delivery at virtual interfaces from solutions to interfaces of
monoglyceride colloidal liquid crystals in release medium, the Fick’s equation can be used to
generate all mathematical models and analyze data of the diffusion-controlled release processes.

The fluorescein delivery by the limit of the stationary layer of thickness (0) appears in the
receptor solution at the border with monoglyceride liquid crystals, which is not affected by the
convection currents in the fluid. This limit layer is similar to the fixed electrical double layer present
at the interfaces of particles. The concentration gradient is usually considered linear in this limit
layer. Furthermore, the concentration of molecules in the immediate neighborhood of
pharmaceutical formulation is equal to its maximum value c¢s (noted also frequently by S), which
depends on its solubility. Parameters herein reported represent the concentration of compound at
the stationary layer (cs) and its solubility at the maximum concentration in the medium (S).
Consequently the following approximation can be made:

dc ;=S
dx = O (10),

and Fick’s equation is transformed into:

ldmz_D(cg—S) dm:—AD(cé—S)
A dt o or dt ) (11),

thus finally getting the Nernst-Brunner equation. This equation cannot evaluate experimentally
neither the thickness, 0, of the limit layer nor the diffusion coefficient, D, neighbor to interface. The
area of interface, A, is also no easy to be calculated and it is not constant over time. For this reason,

4D

we can suppose in the following studies that the time interval of release for the expression o
could be considered constant. This theoretical assumption allows simplifying the Fickian first law
using the following equation:

% _ ke, ~c,)

dt (12)

d0i:10.20944/preprints201809.0292.v1
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210 In fact, Noyes and Whitney, which has been-established experimentally more than a century
c;(t=0)=0

211  ago, can be easily solved when the initial conditions is expressed as
212 the following solution:

thus obtaining

213
c
—In(1--%) =kt

214 s (13)
215

216 By accepting the assumption that beyond the limit layer of particle narrow size distribution, the
217  homogenization is rapid and the drug concentration is the same of Cs in the bulk of the dissolution

c
—In(1--%
= >
218  media c(r.f)=c,(t) forx26 , the representation of S as a function of time leads to

219  an approximately straight line and we consider this result as the evidence that the process follows

220  the Noyes-Whitney law.

221 Noyes-Whitney law represents a model having a single parameter k.

222 Sometimes solvents penetrate or swell through the pharmaceutical formulations. In such cases,

223 the representation is a straight line, &+ kt | without passing through the origin. In this case, the

224 model has two parameters, @ and k and it is, in fact, no longer then a solution where

225  Noyes-Whitney law can be applied using the same initial conditions. If #is considered as a time

226  lag, itis possible to simplify the Noyes-Whitney law.

227 When the release occurred into medium having a constant volume V and release was reported
Cs Ve m(t)

228  astheratioof s, the new fraction V¢ can be written in the following form "=,

229 where, e, represents the maximum amount of compounds, which can be released at the
230  detection limit of solubility as reported in the following equation:
231

Cin(1 ="y _ iy
232 ., (14)
233
234 . - (=0 .

asically, V is increased thus obtaining in dissolution tests. This value could

235 represent the sink conditions in a mathematical model. In such cases, we have a complete release of
236  drugs at infinite time, while a few amount of drug is released form pharmaceutical formulations at
237  time 0. Consequently, it is possible to calculate the amount of drug released at different times as a

238  percentage of Mo, although it is difficult enough to define exactly e
239 In order to obtain a more flexible model, it is possible to replace ¢ with ¢ ! and include this
240  parameter in the Equation 14, thus obtaining in the following equation:
241
t t

S =Dy g omO e
242 e, and M= (15)
243
244 A more general model is obtained empirically (new model) since there is no theoretical

245  justification for considering a power of t. This model is firstly applied for describing dissolution of
246  drugs from pharmaceutical formulations by using Weibull law [15].
247 Equation 15 can be rewritten in the following form:

248
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le_ —0”'8

e

249 M (16)
250
251 This equation allows analyzing & as the scale factor and B as the shape factor in the Weibull
252 distribution.
253 The following transformation is then used to describe the following equation:
254

20 100 =R
255 - (17)
256
257 A linear dependence can be obtained by transforming the previous equation into a linear form.

258 A second order logarithm transformation is applied and the following mathematical equations are
259  then obtained:

260
261 e =1-R/100 18)
s _ _ -

262 ot” =—In(1-R/100) (19)
263 In(—In(1-R/100)) =Inx + B 1In(z) 20)
264

265 Consequently, the previous equations can be reported in the following form
266  In(-In(1—R/100)) - In(z) , thus showing a straight trend line, which can be assumed as Weibull

267  empirical dependence between R and t. This function was frequently applied to analyze the
268  dissolution and release of drugs from pharmaceutical formulations in different experimental
269  conditions [20-24].

270 In different simulations [25] of power laws, the Weibull function and the fitting of experimental

271 data, concerning of the release of diltiazem and diclofenac [10], demonstrated that the exponent ﬂ ,
272 in case of polymeric matrices is an indicator of the mechanism of transport for the drug through the

273 polymer matrix. A value of B <0.75
274  Euclidian spaces; while a combined mechanism (Fick diffusion and swelling controlled transport)

0.75<f <1

was associated with Fick diffusion in either fractal or

275 was associated with ﬁ values in the range
g

276 For values of 'B higher than 1, it was demonstrated that the drug transport follows a complex
277  release mechanism.

278 2.6 Construction of diffusion models by using Fick’s second law

279 Fick's second law predicts how the diffusion process can modify the concentration of drugs
280  during the time. The dependence between the drug concentration and the time is described by the
281  following equation:

282
2

d_pd<
283 ot Ox 1)
284
285 where, ¢ represents the concentration of molecule at point x, t is time; D is the diffusion
286  coefficient.
287 An infinite number of solutions can be obtained by using Fick’s second law in the following

288  form. In particular, three limit cases are reported when this equation is used for pharmaceutical
289 applications: i) release from a membrane of thickness 2/, having an initial concentration (cz), toward
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290 an environment where the concentration of drug remains constant, co. The concentration in the
291 membrane will be:

292
2k+1)* 5
c(x,t)=c,+(c —co)iz ! sin 2k+1 zxe o Dt
203 T~ 2k+1 2/ (22)
294
295 where, c(x,t) represents the drug concentration in the point x at time ¢;
296 ii) release kinetic by infinite reservoir with constant concentration (c1) across a membrane of

297  thickness [ in a medium at a constant concentration (co). The concentration in the membrane will be
298  calculated according to the following equation:
n’z’Dt

x 2 (-D)" . nmx e
)=yt (e, — )&= =D ——sin ——
c(x,t)=c,+(c, CO)(I - " sin ; e )

299 (23);
300 iii) release kinetic by infinite reservoir with a constant concentration (cs) in a semi-infinite
301  medium. Concentration in the medium will be calculated using the following equation:
X

c(x,t)y=c,(1-erf ———)
302 4Dt (24)
303 where, ¢s is the concentration of drugs at their maximum solubility, while erf(z) represents
304  the error function:

u2

erf(z)= .[Z e 2du
305 0 (25)
306
307 The different solutions of Fick’s second law depend on the initial and boundary conditions. In

308  fact it is difficult to quantify, by using an experimental model, the concentration of drugs for
309  different points in liquid medium at the same time. It is possible to theoretical estimate their
310  distribution in semisolid media and transfer course by using an experimental Franz diffusion cell
311  model.

312 For a drug concentration slightly affected by time, it is generally estimated the amount of drug
313 at the steady state. However, for solid pharmaceutical formulations, it is generally created an
314  independent convection flow in order to homogenize the concentration of drugs in the release
315  medium and to approximately obtain the sink conditions.

316 2.7 Higuchi square root law

317 Fifty years ago Higuchi applied Fick's first law to describe the release of drugs in a limit layer at
318  the surface of a pharmaceutical matrix (e.g. ointment, tablet) toward an external solvent, which acts
319  as a perfect sink under pseudo steady-state conditions. Since the assumptions of the model are
320  approved only in the first part of the release process, the application of this law is recommended
321  only for the first 60% of the release curve [26]. In the evaluation of release profiles from ointments
322 and insoluble matrices, the Higuchi law is expressed as a square root function as following reported:

323
m=DC,(2C,~C,)t =ou"
324 ‘/ .(26,-€) (26)
325
326 where, D is the diffusion coefficient, Co is the initial drug concentration in the matrix and Cs the
327  solubility of the drug.
328 2.8 Other square root laws
329 A similar square root law to Higuchi equation was further used to describe the release kinetic of

330  drugs from pharmaceutical formulations, which can be considered as an infinite reservoir at the
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331 interface with large or semi-infinite solution [27-29]. The concentration of drugs inside solution can
332 be expressed using the following equation:

333
— Y

() =c,(1- erf{—j)
334 V4Dt @7)
335
336 where, y is the distance from the interface and erf (z) is the error function calculated as the area

2 2
337  under the curve ‘/; e ) , with the limit between 0 and z:
338
339 erf(z)= jzie_xzdx (28)
NG
340
341 The integration of flux of the interface in the range between 0 and ¢ further provided the
342 following square root equation:
343
344 m(r) = = Ac Dt (29)
Jr
345
346 where, A is area of interface between reservoir and diffusion medium.
347 For mathematical point of view, the diffusion equation is the same describing the heat transfer,
348  the impulse in fluid movement, and the probability in quantum mechanics, as following reported:
349
350 Nu(x,x,,..x,;t) =0 (30)
351
N, =alA- i
352 where, D is the operator ot (31)
353 A fundamental result is the theoretical solution obtained when one unit of mass is delivered in
354 one unit of time, similar to bolus intravenous administration:
355
2 . .

QWD D) _ 5y 5(4) = 8(xs)
356 ox ot (32)
357
358 If we apply Fourier transform to u (x,t) for x parameter and then the Laplace transformation as
359  function of ¢, we can obtain the following equation:
360
361 _azaL(F(“))_pL(F(u)) =1(a)x1(p) =1 (33)
362
363 Based on the Equation 33, the double transformed of u (x,t) can be reported as:

LF)=~——
364 ptao (34)
365
366 By applying the inverse Laplace function, Equation 34 is transformed into:
367

2

368 Flu(x;t)]=—aH (t)e *“' (35)

369
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370 where, H(t) is the Heaviside function.
371 By further applying the inverse of Fourier transformed function, Equation 35 is transformed
372 into:
373
H(Wa =

E(x;t)=—a——-—e¢ *
374 2mt (36)
375
376 Based on the Equation 36, the square root of time laws could arise in a more general frame. In

377  case of monoglyceride colloidal liquid crystals, if the release of fluorescein is rapid, the process could
378  be controlled by diffusion across membrane containing the colloid formulations. The inner interface
379  of membrane can be considered as source acting short time at initial phase of process. The further
380  evolution of concentration in the membrane could be described by fundamental solution.

381

382
. H(t)Wa
383 ENTE

384
385
386 0
|
387
388 E(rity=—a 14
2\t
389

390  2.5.3 The Power-Law (Peppas) Model

391 The release profile of formulations in a specific drug range concentration was analyzed using a
392  power law equation proposed by Peppas, which derived from considering both the effects of
393  diffusion and the erosion on drug release kinetics from colloidal systems [14]:

394
m(t
) _ gt
395 ., (37)
396
397 The law is semi-empirical and represents a generalization of Higuchi’s law. The value of B ,

m(t)/m_ <609
398  obtained by fitting experimental data with (&)/m,, % from polymeric controlled delivery
399  systems is indicative of the nature of release mechanism. In fact the model could be considered a

B
400  degeneration of the Weibull model for low values of & :
401

O _ e i (1—atf) =
402 ., (38)
403
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404 In the general frame presented above, the delivery of drug through the interface, depended on
405  two dimensional diffusion as reporting in the following equation:
406
0(7) — 2 2 4

E(x,y;t)=- e M r=4x"+y B | X
407 4m T, )
408 M (1) =kt (39),
409
410 and in three dimensional diffusion as reporting in the following equation:

o1 & R

E(x,y,z;t)=———==e *, R=\x"+y +z
411 87t~ mat M(t)= ket (40)
412
413 In particular, for diffusion process, a symbol is reported as D.
414 The experimental amount of released drug is proportional to Vi or t or i ; these data can

415  be interpreted as one-dimensional, two-dimensional or three-dimensional diffusion processes.

416 2.9 Graphical representation of data

417 The SigmaPlot software was used for the graphical representation of results. These data
418  represent the average of three different experiments + standard deviation.

419 3. Results and Discussion

420 Colloidal formulations loading payloads show different kinetic release profiles, which depend
421  on the physicochemical properties of drugs. Polymeric suspensions and colloidal carriers provide a
422 release kinetic and profiles similar to various pharmaceutical formulations, and a zero or first order
423 Kinetic is basically obtained during the experiments. For mathematical criteria, the controlled release
424 of drugs from supramolecular-, micro- and nano- carriers depends on some mechanisms, which
425  modulate the release of payloads and affect the choice of model. In this attempt, three criteria can
426  explain the mechanism of release of drugs from monoglyceride colloidal liquid crystals, and
427  particularly: i) diffusion-controlled, ii) swelling-controlled, and iii) chemical-controlled release [30].

428 Different mathematical models are extensively proposed to analyze the release and dissolution
429  Kkinetics of drugs from pharmaceutical formulations [25,31].
430 The release kinetic profiles of hydrophilic molecule (fluorescein) from monoglyceride colloidal

431  liquid crystals were carried out using the Fickian’s law, which studies the flux of drugs through a
432 polymeric and/or lipid shells as a function of time and different physicochemical parameters, such as
433 the drug distribution between the internal compartment of the formulations and the external
434 medium, the coefficients of diffusion and repartition, the thickness of the limit layer, and the surface
435  adsorption of the drug. These parameters also modulate the release of the drugs from a bulk or
436  colloidal matrix in the aqueous compartment [3,26].

437 Among the different mathematical models, the Higuchi process could be considered a
438  theoretical model for a specific portion of drug release when the entire range is not applied [32].
439 Biopharmaceutical analysis showed that the fitting of results and predictions, obtained by

440  applying the Higuchi law, are somewhat different from those obtained by applying directly
441  Fickian's law, in the case of colloidal carriers. These differences result by analyzing the mechanism
442 of drug diffusion through the colloidal matrix, as well as the aqueous solution, and they are also
443 strictly affected by the interaction between the external surface of colloidal formulations and the
444 internal compartment of colloidal carriers [33]. Our research group previously demonstrated that a
445  square root equation similar to Higuchi’s could be obtained by transforming initial and boundary
446 conditions in solving the Fick’s second law of diffusion [28]. Recent data showed that this model
447  could be extensively used to investigate the release kinetics of dextran microspheres [34], poloxamer
448  gels [35] and cylinder matrix systems [36].
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Various scientists [3,37,38] demonstrated that mathematical models could be classified in two
different categories: i) empirical models, which are mainly used for fitting experimental data with a
given power or exponential function, and ii) phenomenological models which take physicochemical
phenomena, e.g. mass diffusion transfer or processes of chemical reaction, into account.

The drug release kinetic is also affected by the composition of carriers and technological
parameters, such as excipients, biomaterials, drug loading, geometry, size and shape. Furthermore,
for conventional formulations, the amount of drug measured in the dissolution medium depends
both on the payloads released in the receptor medium and the bulk of drug, which is still
un-dissociated from formulations [3]. In particular, the amount of drugs contained in the
un-dissociated formulations could be also used to describe their release kinetic.

The extrapolation of theoretical criteria, herein reported for conventional formulations, allowed
describing the release kinetic profiles of monoglyceride colloidal liquid crystals by considering the
distribution of drug in two different compartments; particularly, for a small inner fraction (< 10 %)
and a sequestered fraction (= 40 %). A small time lag could be also observed for monoglyceride
colloidal liquid crystals besides an equilibration time, which occurred between the supramolecular
carrier and the receptor of the release apparatus.

3.1 Description and analysis of obtained release kinetics

The release kinetic of fluorescein, which is used as a hydrophilic drug candidate, from different
monoglyceride colloidal liquid crystals was investigated as a function of liquid crystal compositions
(Table 1). As shown in Figure 1, surfactants forming colloidal liquid crystals affect the release kinetic
of formulations, and any time lag was observed for different formulations.

The release kinetic of various formulations arise the steady state and saturation of the medium
within the first six hours in the rage of incubation from 0 to 24 h. This value was considered as the
amount of fluorescein, which is released from the monoglyceride colloidal liquid crystals during the
incubation time. Consequently, the mathematical model of the release kinetic profile was
normalized to values obtained after 6 h of incubation, and the amount of fluorescein released at 6 h

m
was considered as ~ *°, or 100% (Figure 1).

d0i:10.20944/preprints201809.0292.v1
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479  Figure 1. Release profile of fluorescein by various monoglyceride colloidal liquid crystal
480  formulations. Symbols: (A) formulation 1; (V) formulation 2; (®) formulation 3; (H) formulation 4;
481  (#) formulation 5. Data are the average of three different experiments + standard deviation. Error
482  bar if not shown is within the symbol.

483

484 A standard procedure for testing different cluster models was designed. The theoretical models
485  already reported (linear, Higuchi, Noyes-Whitney, Peppas and Weibull) were selected and the
486  analyses were carried out with or without considering the lag time of different data. Partial time
487  and/or entire time intervals were evaluated by fitting the experimental data. In particular, a
488  hierarchy of the fitting success was established by applying Akaike, Schwartz and Imbimbo
489  information criteria. The statistical significance of the differences between parent and degenerated
490  models was tested using the F-test. The mechanistic component of these phenomenological models
491  was selected as most reliable factor for the analysis that was fitted for the partial or full range time of
492 the experiments. The comparison of the best models resulting from the different formulations was
493  carried out. The closely related formulations were merged into a single model, although the active
494  surface factors could lead to critical phenomena and significant changes of the structure of
495  formulations.

496 Significant differences were observed in the fitting performances deriving from the direct linear
497  regression model and the Peppas model after their transformation and linearization. In particular,
498  the release profiles of formulation 1 showed that the sum of the squared errors remained lower (WSS
499  =128) when the Peppas model was applied with respect to the WSS (140) obtained in the case of
500  direct linear regression (Figures 2a and b, respectively).

501
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503

504  Figure 2. Evaluation of the release profile of fluorescein from monoglyceride colloidal liquid crystal
505  formulation 1 using the following mathematical models: (a) Peppas; (b) Linear regression; (c)
506  Noyes-Whitney. Data represented the average of three different measurements.

507

508 Furthermore, the 2 value obtained by using the Peppas model for data analysis was 0.988;
509  while that obtained using the linear regression model was 0.975. Furthermore, some point values
510  need to be discarded because they are not included in the linear trend of the equation. Data analysis,
511  obtained by applying the Fisher test and considering the linear model, as a degeneration of power
512 law, demonstrated that the increase of release kinetic was rather a random effect. In fact, Peppas law
513 basically described the model release profiles of drugs from polymer based colloidal systems [39],
514  which could be similar to our formulations.

515 Noyes-Whitney linear model demonstrated that all the mathematical models have different
516  mechanisms of release in the first and in the last 2 hours. In fact after the first 2 hours of incubation, a
517  decrease of release rate was carried out (Figure 2c).

518 No further significant difference was observed when the Higuchi and Noyes-Whitney
519  equations were applied for the analysis of data. The r? values were similar for the Higuchi and
520  Noyes-Whitney models; while the predicted data obtained by applying the Noyes-Whitney law
521  could be overlaid with those of Peppas analysis (Figure 2). The Higuchi model did not provide the
522 better or worse model for the analysis, but provided some advantages approximating a maximum
523 number of experimental points.

524 Since in case of small values of atf, the Weibul model degenerates to Higuchi or Peppas models,

mO) _y_ g ~1-(1+at’)= at’

525 Mo , it was possible to validate the application of F test for
526  evaluating the significance of the increasing fluorescein release fitting with the performances
527  obtained using the Weibul model. These results are not enough with this theoretical model, and
528  demonstrated that the Higuchi and Peppas models can be used to extrapolate these data with
529  respect to the Weibul model. Furthermore, the Higuchi model showed some advantages for fitting a
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530 large number of experimental points, thus increasing the prediction power and the statistical
531  significance of the analysis.

532 The mathematical analysis of formulation 2 showed that the release profile of fluorescein using
533 Higuchi, Peppas and Weibull models could be suitable evaluated by starting from 2 hours and
534  ending the analysis after 8 hours (Figure 3).

535
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538  Figure 3. Evaluation of the release profile of fluorescein from monoglyceride colloidal liquid crystal
539  formulation 2 using the following mathematical models: (a) Peppas; (b) Weibull; (c) Higuchi; (d)
540  Noyes-Whitney. Data represented the average of three different measurements.

541

542 Results obtained using statistical criteria did not allow having the best model describing the
543 release kinetic between those herein reported.

544 Significant differences of parameters in the selected mathematical model could be obtained

545  when surfactant compositions were modified in supramolecular carriers [32]. The Akaike and
546  Schwarz criteria showed that the Weibull equation represents the best equation to analyze these
547  data. This hypothesis is in agreement with data previously reported [10,23]. The Imbimbo criterion
548  showed that the Higuchi model provides detailed information about the release kinetic of
549  fluorescein. Bhaskar and co-workers also obtained similar data for the nitrendipine released from
550  solid lipid nanoparticles and nanostructured lipid carriers [40].

551 No significant difference was obtained by using the F-test analysis with the models previously
552 reported. In particular, the F-test demonstrated that the Peppas model seemed to be more significant
553 than the other models (Figure 3a). In fact, the 12 value was 0.991 and all points of analysis fitted with
554 the linear trend of the applied equation. The correlation coefficients 12 obtained by using Weibull,
555  Higuchi and Peppas methods showed a 0.956, 0.993 and 0.991 values, respectively. These data fitted
556  with the linear trend describing graphically the analysis, and the trend demonstrated significance
557  with theoretical model (Figure 3).

558 The Imbimbo comparison of Higuchi and Weibull models of the release kinetic profile of
559  formulation 2 did not show any significant difference (Table 2). The absence of significant
560  differences between the various models showed that the Higuchi model could be preferentially used
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561  for the analysis of data, because it is easy to use and provides a suitable analysis of
562  phenomenological data. Conversely, the Higuchi model was only applied for the first part of
563  experimental set of data.

564

565  Table 2. Comparison of validation models for colloidal liquid crystal release kinetic profile.

566

Mathematical Akaike Schwarz Imbimbo F criterium

Model
Higuchi 29.7 31.3 0.057 0.242
Weibul 25.8 254 0.059 —

567

568 The release profile of formulation 3 showed that fluorescein was rapidly released from

569  monoglyceride colloidal liquid crystals after 4 h of incubation and a plateau was obtained from 4 h
570  up to 24 h (Figure 1). A biphasic profile of the release kinetic was obtained for formulation 3, and the
571  release kinetic represented two different models, i.e. the first part (0-4 h), which could be represented
572 by a linear profile, and the second part (4-24 h), which showed a saturated phase. The sums of
573  standard errors and the correlation coefficients showed that the mathematical correlation was
574  suitable for the analysis of data; while any significant difference occurred in the linear part of the
575  release kinetic of fluorescein for Peppas and Higuchi models (Figure 4). The F-test analysis showed
576  any statistical significant increase of the curve by changing the mathematical model from Peppas to
577  Weibul (Figure 4 a-c). The direct linear fitting dependence demonstrated a poor correlation between
578  the resulting data (Figure 4d).

579
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Figure 4. Evaluation of the release profile of fluorescein by monoglyceride colloidal liquid crystal
formulation 3 using the following mathematical models: (a) Peppas; (b) Higuchi; (c) Weibull; (d)
linear regression; (e) Noyes-Whitney. Data represented the average of three different measurements
+ standard deviation.

All models fitted data in the first 6 h, except Peppas and Weibull models, could be applied on
the full range of analysis. Any suitable result was obtained when the Noyes-Whitney model was
applied for the analysis of formulation 3 (Figure 4e).

The mathematical analysis of the release profile of formulation 4 showed that the
Noyes-Whitney model was not suitable to predict the release of fluorescein from monoglyceride
colloidal liquid crystals in physiological solution and aqueous media. For this reason, the release
kinetic of formulation 4 was evaluated by using the Higuchi model. In particular, Higuchi analysis
(Figure 5a) showed that this mathematical model can be used to analyze the drug release in the first
3 h (Figure 1). In order to extend the experimental model up to 5 h of incubation, the Peppas and
Weibul empirical models were applied (Figures 5b and c). Both models increased the statistical
significance of the analysis for the release kinetic of formulations, thus demonstrating that Peppas
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semi-empirical and Weibull empirical models (Figures 5b and c) allowed obtaining similar results.
These results further demonstrated that the Peppas model could be used to predict the release
kinetic of fluorescein from monoglyceride colloidal liquid crystals.
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Figure 5. Evaluation of the release profile of fluorescein from monoglyceride colloidal liquid crystal
formulation 4 using the following mathematical models: (a) Higuchi; (b) Peppas; (c) Weibull; (d)
Noyes-Whitney. Data represented the average of three different measurements + standard deviation.

Different results were obtained for formulation 5. In this case, the Higuchi model showed that a
specific fitting occurred when the analysis was carried out up to 20 h of incubation (Figure 6).
Theoretical and experimental analysis are strictly correlated by applying the Higuchi model. Any
significant differences of the release kinetic of various formulations were obtained analyzing data
with Peppas and Weibull (Figure 6b and c), as well Higuchi (Figure 6a) and Noyes-Whitney (data

not reported) models.
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Figure 6. Evaluation of the release profile of fluorescein by monoglyceride colloidal liquid crystal
formulation 5 using the following mathematical models: (a) Higuchi; (b) Peppas; (c) Weibull, (d)
Noyes-Whitney. Data represented the average of three different measurements + standard deviation.
Error bar if not reported was included in the symbol.

Results showed that by applying the square root model data theoretical and experimental data
fitted enough for five different formulations; and was allowed to improve the statistical significance
of experimental data compared to linear regression. The linear regression of different formulations
(1-5) further demonstrated that data have the same trend and similar 12 values (Supplementary
Figure 1). The t-test significance of different data was calculated by comparing equations previously
reported (Supplementary Information) [41].

4. Conclusions

Our findings demonstrated that the graphical analysis of the release profile from various
monoglyceride colloidal liquid crystal formulations were characterized by a continuous release of
fluorescein up to 6 h of incubation with except for the formulation 3 that showed a rapid release
phase during the first hour followed by a gradual and continuous release up to 6 h of incubation. In
particular, the trend of release did not show a linear behavior since saturation phase appeared in all
cases, probably due to a complete drain of available fraction of fluorescein from colloidal liquid
crystals.

Results obtained by using mathematical models could be used to predict the release profile
from supramolecular carriers. These mathematical models could also be applied to validate the
obtained results.

Our findings showed that a square root model represented most efficacious mathematical
model to describe the release profile of hydrophilic compounds from monoglyceride colloidal liquid
crystals independently on chemical compositions and/or structure of supramolecular carriers. The
type of surfactant and its amount did not modify the release profile of the fluorescein. The criteria
applied for the analysis highlighted a linearity of different transformed curves as a function of the
time, and experimental data well fitted with predicted values of fluorescein release. The general
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644  information obtained from square root model could be further improved by modeling using Weibull
645  and Peppas models. In fact, these models allowed obtaining more detailed information concerning
646  the release profile of hydrophilic compounds from colloidal liquid crystals.

647 Both two models represented a valid alternative to square root model; however, it showed the advantage to be
648 easy applied and directly obtained using the diffusion equation. Furthermore, the composition of
649 monoglyceride colloidal liquid crystals did not drastically affect the release profile of fluorescein, regression
650 line release as function of square root of time being statistically the same for all four of five formulations.

651 Supplementary Materials: The following are available online, Figure S1: T-test applied to compare the linear
652 regression for square root equation for formulations 1, 3, 4 and 5; Equation S1: The extreme values of slopes
653  of different formulations.
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