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Abstract

The current regulatory environment based on the ICH guidelines encourages a systematic and 

science-based approach in the pharmaceutical development, required by the “Quality by design” 

concept. This methodology implies that the quality of a product must be designed instead of 

assayed in the final dosage form. For this purpose, a deep knowledge of the factors affecting the 

quality of the product is needed to establish the Design Space. This Design Space is limited by 

critical points of the formulation whose knowledge is essential in order to develop a robust 

dosage form. This papers deals with the main critical points that must be taken into account in 

the design of solid dosage forms such as inert and hydrophilic matrices as well as controlled 

released systems based in new biopolymers. The influence of factors such as the particle size or 

the rheology of powders in these critical points has been analysed. Moreover, in silico 

simulation software has been employed to elucidate the release mechanism leading to 

unexpectedly low critical points in sustained release matrices prepared with two new 

polyurethanes.
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1. PAT, Design Space and critical points

In 2002 the FDA identified a significant number of ongoing problems in pharmaceutical 

manufacturing, revealing the need of a rigorous science-based approach for the design of 

formulations and processes. The number of defects was enormous comparing with other sectors 

as the chip industry that had achieved to reduce errors in the manufacturing process to ≤ 2 ppb, 

seeking the “six sigma” objective, while  pharmaceutical manufacturing performance was only 

about two sigma, equivalent to 46,000,000,000 ppb [1]. For this reason, the Agency launched a 

new initiative entitled “Pharmaceutical CGMPs for the 21st Century: A Risk-Based Approach” 

in order to facilitate industry application of modern quality management techniques, including 

implementation of quality systems approaches. So, the concept of quality by design (QbD), 

firstly outlined by Juran in 1992 [2], was introduced in pharmaceutical industries to enhance 

robust manufacturing process and to facilitate product quality. [3]. Following this approach, the 

quality of a product has to be ensured since its design, instead of measuring it in the final dosage 

form. 

In order to reduce the variability of most pharmaceutical processes, the FDA developed the 

Guidance for Industry: Process Analytical Technology (PAT), a framework for innovative 

pharmaceutical development, manufacturing, and quality assurance. PAT is considered to be a 

system for designing, analyzing, and in-process controlling manufacturing through 

measurements of critical quality and performance attributes of materials and processes, with the 

goal of ensuring the desired quality [4]. In this way, the industries are making a great effort to 

invest in PAT tools as RAMAN, Near Infrared spectroscopy or terahertz pulsed imaging to 

obtain continuous “real time” assurance of quality.

The deep knowledge gained from pharmaceutical studies provides a scientific basis to an 

adequate establishment of the Design Space, which ensures that the manufacturing process leads 

to a product that meets the Quality Target Product Profile (QTPP) and Critical Quality 

Attributes (CQAs). 

Design Space is defined in the ICH Q8 directive as the multidimensional combination and 

interaction of input variables and process parameters that have demonstrated to provide 



assurance of quality. Working within the Design Space is not considered as a change from the 

regulatory point of view, since this provides a final product of the same quality [4]. 

In order to have a solid and robust understanding of the behavior of a pharmaceutical system, it 

is necessary to know those critical points related to the formulation that can affect the CQAs. 

These points make the drug product fall outside the acceptable range for that attribute and, 

therefore, they constitute natural limits of the Design Space [5].  According to the percolation 

theory, these critical points are usually related to a change in the distribution pattern of the 

components of the system known as percolation threshold. Percolation theory is a statistical 

discipline that studies the distribution of disordered systems, in which the components are 

randomly distributed in a network, as well as their relationship with the behavior of their 

macroscopic properties. This theory defines a cluster as a group of neighboring sites occupied 

by the same component in a real or virtual lattice. A cluster is considered infinite, coherent or 

percolating when it extends from one side to the other sides of the system, i.e. it percolates 

through the whole system. The minimum concentration of a component at which there is 

expected to appear an infinite or percolating cluster of this material, is called the percolation 

threshold. When a component reaches its percolation threshold, the system undergoes a 

geometrical phase transition and this component starts to extend over the whole system, 

exerting a higher influence on the properties of the system, acting in a similar way than the outer 

phase of an emulsion. This concentration is usually related to a critical point, because close to 

this point important changes in the properties of the system can occur [6].

Many researchers have successfully estimated the percolation thresholds of drug products and 

excipients, confirming changes in different properties such as mechanical or rheological 

properties, conductivity, water uptake, dissolution rate, etc. [5,7–14]. From all above, it is clear 

that the pharmaceutical systems do not meet the required robustness conditions of the Design 

Space close to the critical points, which can be considered as natural limits of the Design Space.   

Therefore, in order to properly apply the QbD approaches, it is very convenient to estimate the 

percolation thresholds of the systems and the related critical points. In this sense, it is important 

to know the factors that influence the critical points in a pharmaceutical formulation. At the 



moment, the formulation factor showing a clearer influence on the critical points of solid dosage 

forms is the particle size.

2. Critical points and particle size

Different studies have been carried out to study the effect of the particle size of the components 

in different pharmaceutical formulation. The first one of these studies reported the influence of 

the drug particle size on the drug percolation threshold in inert matrices. This study was 

performed preparing matrix tablets with KCl as model drug, employing five different KCl 

particle size fractions and Eudragit RS-PM® as matrix forming excipient, keeping constant its 

particle size. The study showed that drug particles of a bigger size have a low efficiency to 

percolate the system and a linear relationship between the drug particle size and the drug 

percolation threshold was found [15]. 

A later study employing seven different particle size fractions of KCl and four granulometric 

fractions of Eudragit RS-PM® showed that what really influences the drug percolation 

threshold is the relative and not the absolute drug particle size i.e., the ratio between the mean 

drug and excipient particle sizes [16]. This finding could be explained according to percolation 

theory and it was an important milestone since it provided the possibility to employ the 

percolation threshold of a component as a preformulation parameter to improve the design of 

solid dosage forms.

A few years later the effect of the relative particle size was investigated in hydrophilic matrices, 

in order to determine if the linear dependence observed in inert matrices could also apply for 

this type of systems [17]. In this case, six different excipient/drug particle size ratios (ranging 

from 0.42 to 4.16) were employed to prepare matrix tablets containing KCl and Lobenzarit 

disodium as drugs and HPMC K4M as matrix forming excipient. A linear relationship between 

the polymer percolation threshold and its relative excipient/drug particle size was found when 

adding the initial porosity of the matrix to the excipient volumetric fraction in the calculation of 

the percolation threshold of the hydrophilic polymer. Moreover, this study showed that this 

relationship is independent on the drug contained in the matrix and on the type of system, since 



the regression line obtained for hydrophilic matrices was very similar to that obtained for inert 

matrices.

The effect of the particle size on the drug or polymer percolation threshold can be explained 

taking into account that coarse particles can be considered as clusters with 100% density of the 

same component. It is well known that a much lower occupation density, -around 50%- is 

sufficient to give rise to a cluster of the similar dimensions and similar ability to percolate the 

samples. Therefore, the component whose particles are coarser need a higher concentration to 

reach its percolation threshold, whereas particles of smaller size have a higher efficiency to 

percolate the system [6]. 

Before the application of percolation theory, several authors had reported an increase in the drug 

release rate when coarser polymer particle sizes where employed [18][19]. The explanation 

given was that coarser polymer particles form a gel layer with larger pore size that also need a 

longer time to be stablished. Furthermore, these authors indicated that this effect seems to 

disappear when matrices contain high polymer concentrations, nevertheless they did not provide 

a rational explanation to this fact [20].

According to percolation theory this phenomenon is due to the fact that particle size has only a 

moderate influence on the percolation thresholds -in the previously reported studies, the 

maximum change obtained in the percolation thresholds was around 20%, changing ten times 

the relative particle size-. Therefore, in case of standard changes in the particle size, this effect 

is only clear when the system is relatively close to the percolation threshold, whereas for 

systems formulated far away from the critical point, the effect is almost negligible [21].

A study dealing with clozapine matrix pellets [22] illustrates very well this phenomenon. As 

Figure 1a shows, a clear influence of the clozapine particle size in the release behavior was 

observed for batches A and B, formulated in the neighborhood of the drug percolation 

threshold. However, this effect was less evident when the drug content in the pellets is higher, 

i.e., in batches C and D that have been formulated at a higher distance from the percolation 

threshold (see Figure 1b). 



The effect of the particle size on the percolation threshold, which was first investigated in the 

pharmaceutical area, has transcended this field, being currently applied to different areas of 

research as for example the behavior of semiconductors [23].

3. Critical points and rheology of powder blends

The deep understanding of the internal structure of powder blends is necessary to properly apply 

the QbD approach [5]. SeDeM methodology is being proposed since 2006 as a new Expert 

System which provides information about the suitability of powder blends for direct 

compression [24]. The SeDeM methodology is based on the evaluation of several rheological 

parameters of substances in powder form and the normalization of the results to values from 0 

to 10. According to this approach, the powder blend is acceptable for direct compression when 

the mean of the normalized values is higher than 5. The expert system also provides quantitative 

information about the amount of excipient that must be added to the powder blend to obtain a 

formulation suitable for direct compression [25]. The SeDeM methodology makes this 

estimation based on the assumption of a continuous behavior of the system. According to 

percolation theory, powder blends behave as non-linear systems whose properties are expected 

to change near to geometrical phase transitions of the components of the formulation. 

In 2016, the evolution of SeDeM parameters in drug/excipient powder blends has been analyzed 

for the first time from the percolation theory point of view [5]. Powder blends of lactose and 

theophylline with varying concentrations of the model drug have been prepared and the SeDeM 

analysis has been applied to each blend in order to monitor the evolution of their properties. 

Twelve rheological parameters were studied. The results showed a nonlinear behavior as a 

function of the percentage of drug. Plotting these results versus % v/v of drug, two 

discontinuities in the rheological behavior of blends were observed. For example flowability 

factors showed three linear regions: (i) for low drug concentrations (0–31% v/v of theophylline) 

blends show good flow properties, (ii) for medium theophylline content (37–61% v/v 

theophylline) they have a fair behavior and (iii) with high theophylline content (74–100% v/v 



theophylline) poor flow properties are observed. Figure 2 shows the normalized values of rest 

angle for the different blends studied where the three regions can be observed.

These results show the influence of the two percolation thresholds, corresponding to the 

geometrical phase transitions of each component of the blends, reflected as discontinuities in the 

evolution of the rheological properties. The first threshold was between 31 and 37% v/v of 

theophylline and the second one was between 61 and 74% v/v of theophylline, corresponding to 

the percolation thresholds of the drug and the excipient, respectively. Critical points were 

calculated applying the method developed by Fuertes et al. [26], as the intersection between the 

two regression lines reflecting the trend of a property before and after the critical region, as a 

function of the % v/v of drug. 

As Figure 2 shows, blends with concentrations below the drug percolation threshold –estimated 

at 35.3% v/v of drug- show better rheological behavior, especially affecting its flow capacity, 

due to the predominant effect of the excipient. On the other hand, blends with more than 71.3% 

v/v of drug, where the excipient does not percolate, show higher compressibility values and 

poor flowability. 

In relation with the quantity of excipient necessary to improve the rheological behavior of the 

drug, the SeDeM method proposed the following equation (Eq. 1), based on the SeDeM radius 

regarded as the minimum necessary for each incidence parameter in order to ensure successful 

compression.

Eq. 1𝐶𝑃 = 100 ‒ (𝑅𝐸 ‒ 𝑅)
(𝑅𝐸 ‒ 𝑅𝑃) × 100

where CP is the percentage of corrective excipient; RE is the mean-incidence radius value of the 

corrective excipient; R is the mean-incidence radius value to be obtained in the blend and RP is 

the mean-incidence radius value of the API to be corrected.

The higher difference in the rheological behavior between the API and the excipient studied was 

found for flowability, where theophylline had a radius value of 1.97, while lactose showed 6.09. 

Eq. (1) was applied using these values, in order to obtain R = 5, as the minimum value to 

achieve good compression. The obtained result indicates that the percentage of lactose needed to 



correct this API was 74% w/w, which means a maximum content of 26% of theophylline. 

However, based on percolation theory, below the percolation threshold of drug at 33% w/w 

theophylline, this component cannot percolate the system, exerting a lower influence in the 

blend. In fact, good flow results were found for blends with 33 % w/w of drug. Therefore, there 

is a d of about 7% w/w of excipient that would be added in excess, following the SeDeM 

equation. So, calculations based on percolation theory have shown to be more accurate.

In conclusion, there is a general agreement between the solutions proposed by the SeDeM 

method and the Percolation theory, which in this case has provided a more accurate estimation 

of the Design Space.

4. Design Space in matrix systems: 

4.1. Inert matrices

As it was stated before, when a component of a dosage form reaches its percolation threshold it 

starts percolating the system and, consequently, this component will have a higher influence on 

the general behaviour of the system when it is formulated at this or higher concentrations. 

From the point of view of the drug content, which can be described as a Critical Quality 

Attribute (CQA) according to the ICH Q8 [4], to assure the complete release of the drug dose it 

is necessary that the drug plus the initial pores percolate the system. Otherwise, isolated drug 

clusters remain encapsulated inside the dosage form, leading to a therapeutic failure, since only 

the drug fraction contained in the clusters that connect with the surface is released. On the other 

hand, it is also required that the inert polymer percolates the matrix, forming a skeleton 

controlling the drug release and avoiding a quick release of the drug as a consequence of matrix 

disintegration. For these reasons inert matrices must be formulated as bicoherent systems to 

achieve an optimal release profile, i.e., both the drug and the inert polymer must percolate the 

matrix. This type of system can be obtained in solid dosage forms as the percolation threshold 

of their components is typically around 25-35% v/v, so more than one component can reach this 

concentration [27]. Profuse research has been made in order to investigate the percolation 



ranges for drug and excipient in inert matrices [28][29][30][31][32]. The knowledge of these 

ranges and the related critical points leads to an important decrease in the costs of the 

optimization process and in the time to market [1]. 

From a science-based approach, it is important to know the different factors that influence 

critical points in inert matrices. Several studies have been carried out in order to address this 

issue, applying the concepts of percolation theory. The main factors studied have been:

a) Mechanical properties of polymers 

This factor seems not to have influence in the critical points of inert matrices. Soriano et al. [33] 

revealed that in spite of the different mechanical behaviour showed by Eudragit RS-PM®, a 

rigid polymer, and Ethocel® 100, a much more plastic excipient, inert matrices prepared with 

both excipients did not show significant differences in their drug percolation threshold.

b) Drug and excipient particle size

The influence of the particle size in the critical points has been discussed in a previous section. 

Therefore, it has to be taken into account that an increase in the drug particle size leads to an 

increase in the drug percolation threshold. Moreover, in a binary system, the effect of an 

increase in the drug particle size is equivalent to a reduction in the excipient particle size, 

resulting in a decrease in the excipient percolation threshold. 

c) Solubility of the filler

The influence of the presence of an hydrophilic filler such as lactose in the release behaviour of 

poor soluble drugs in inert matrices prepared with Ethocel® 7 FP and carbamazepine was 

studied by Cifuentes et al. [34]. An important change in the release behaviour of carbamazepine 

between batches below and above the lactose percolation thr[8]eshold is appreciated in this 

study, indicating that the percolating cluster of lactose favours water penetration into the matrix, 

increasing as a result the carbamazepine release rate, but keeping unchanged its percolation 

threshold.

d) Tablet porosity



The influence of the percentage of initial porosity was also studied in Ethocel® 7 FP / 

carbamazepine inert matrices by Cifuentes et al. [34]. A percolation threshold of the pores 

around 16% was observed. This result is in agreement with the obtained by Caraballo et al. in 

ultrasound compacted tablets [35].

The parameter Excipient Efficiency (EE), proposed by Caraballo to calculate the capability of an 

excipient to control the drug release, correcting the influence of the porosity, has been recently 

reformulated adding two correction factors for the excipient particle size and for the drug 

solubility, so that EE can be applied to systems with different drugs and varying granulometry. 

Equation 2 shows the current formula of EE [36]. 

                              Eq. 2𝐸𝐸 =  
Ɛ
𝑏 ∗

1
1.43 ‒ 0.00244𝑑 ∗

1
1.963 ‒ 0.246𝑙𝑛𝐶𝑠

Where Ɛ is the total porosity of the matrices, b is the Higuchi’s release rate constant, d is the 

mean particle size of excipient (µm) and Cs is the drug solubility in mg/ml.

EE provides a rational basis to compare and select the more adequate excipients for the 

development of a controlled release formulation, moving one step further in the application of 

the “quality by design concept”. Nevertheless, it has to be taken into account that for a correct 

comparisson both, drug and excipient must be above their critical points in the system [36].

4.2. Hydrophilic matrices

Hydrophilic matrices are one of the most employed sustained drug delivery systems, which 

consist of a dispersion of drug particles in one or more hydrophilic excipients, which swell after 

contact with water, generating a gel or a high viscosity colloid. Among the advantages of these 

systems, their low cost and simple manufacture, flexibility to obtain a desirable drug release 

profile and the existence of a wide variety of excipients with low toxicity can be highlighted.

Drug release kinetics from these systems depend on several factors such as rate of polymer 

swelling, rate of penetration of water through the matrix, rate of dissolution of the drug in the 

medium, rate of diffusion of the drug through the swelled polymer and erosion of the swelled 



matrix. Due to the complexity of mechanisms involved in the release process from these 

systems, there is a high number of publications that investigate drug release from hydrophilic 

matrices [37–39]. Factors such as polymer concentration, polymer properties, drug content, drug 

and excipient relative particle size, and compression pressure, have been demonstrated to 

influence drug release [27].

The percolation theory has been applied to the study of swellable matrices, being critical points 

in hydrophilic matrices reported for the first time by Caraballo and Leuenberger in 2004 [40]. 

Since then, an important number of papers dealing with the application of the percolation theory 

to the study of the release and the water uptake behavior of these systems have been published. 

Percolation thresholds have been estimated in hydrophilic HPMC matrices, plotting the kinetic 

parameters (Higuchi’s slope ‘b’; normalized Higuchi’s slope ‘b/% (v/v) of HPMC’; relaxation 

constant of  Peppas-Sahlin ‘kr’) as a function of the volumetric fraction of each component [41–

43].

 The presence of critical points is related to a discontinuity of the system due to the geometrical 

phase transition that takes place. This leads to a different distribution of the components of the 

system. In the case of swellable matrices, critical points can be expected for each one of the 

components of the formulation. Nevertheless, it has been found that the polymer critical point 

plays the most important role in these systems. Therefore, the knowledge of the polymer 

percolation threshold is essential in order to formulate controlled release hydrophilic matrix 

systems employing the quality by design approach, since above the polymer percolation 

threshold this excipient, in contact with the biological fluids, forms a coherent gel layer that 

controls the drug release rate. On the contrary, below the polymer percolation threshold, 

polymer is distributed in isolated clusters which do not produce a continuous gel layer. This 

leads to the erosion of the polymer and in the majority of the cases to the disintegration of the 

matrix, with the subsequent abrupt release of the drug in a similar way as a conventional dosage 

form [21].

With respect to the drug percolation threshold, this critical point shows much less influence on 

the behavior of hydrophilic matrices when compare to inert matrix tablets. This is attributed to 



the fact that in swellable matrices the existence of an infinite cluster of drug is not necessary to 

obtain its complete release. In these systems the polymer swells and enables the water 

penetration through the whole systems without the need of a percolating cluster of soluble 

substances. As a result, little differences have been found between matrices formulated below 

and above the drug percolation threshold.

The influence of factors such as drug solubility, relative particle size, tablet initial porosity and 

polymer viscosity on the critical points has also been studied in hydrophilic matrices, 

concluding that the percolation threshold only shows a clear dependency on the relative particle 

size [44][8][17] .

Recently, a work performed in collaboration between our group at the University of Seville, and 

the group of Colin Melia, at the University of Nottingham, has studied the pattern of polymer 

hydration and gel layer growth during early gel layer formation in hydrophilic matrices by 

confocal laser scanning fluorescence microscopy (CLSM) [9]. The study examined how early 

gel layer formation depends on polymer content, with the aim to provide direct physical 

evidence of the influence of the percolation threshold in the control of the drug release. The 

correlation between percolation thresholds estimated from dissolution and imaging techniques 

suggests that confocal imaging may provide a fast method to predict and confirm critical points 

and provides new insights into existing technologies, facilitating the rational design of 

hydrophilic matrices at lower polymer contents with minimal risk of dose dumping.

As a conclusion it can be stated that the application of the percolation theory to the design of 

hydrophilic matrices has shown to be an essential tool to establish the design space of the 

formulation according to the current regulatory environment.

5. SR-systems obtained with new biopolymers 

The rational design of polymers for the development of novel biomedical applications is being a 

hot topic in the synthesis of new materials. In the last years, a wide range of natural and 

synthetic polymers with particular biomedical applications, capable of undergoing degradation 

by hydrolytic or enzymatic mechanism, have been synthesized [45].



Among the synthetic materials used in biomedicine, polyurethanes (PUs) are being widely 

investigated due to their low toxicity, potential biodegradability, biocompatibility, and versatile 

structures [46–48]. Numerous articles and reviews have reported exhaustive studies on 

degradability of polyurethanes, mainly processes involving hydrolytic, enzymatic, and oxidative 

pathways [49–53]. Furthermore, the introduction of hydrolysable linkages besides the urethane 

bonds leaded to an improvement in the degradation rates of the materials [54,55]. For instance, 

the introduction of disulfide bonds into polyurethane skeletons makes these linkages prone to a 

rapid cleavage in a reductive environment by the action of the natural tripeptide glutathione (-

glutamylcysteinylglycine, GSH) [52,56,57].

In the latest years, thanks to the collaborative work between a research group of the Department 

of Organic and Pharmaceutical Chemistry of the University of Seville leaded by J.A Galbis and 

our research team, new polyurethanes have been synthesized and studied to be employed as 

matrix forming excipients for oral sustained drug delivery [58–60]. The results have shown a 

noticeable reduction of the drug release rate just employing 20% w/w (or even 10% w/w of 

polymer) [58,59]. This fact is very important in order to design a controlled release system 

because these dosage forms usually contain a high drug load. Furthermore, reduction of the total 

amount of excipient administered to the body reduces the potential risk of negative effects.

In addition, new functionalized polyurethanes for site-specific drug release in the 

gastrointestinal tract have been developed and characterized [61]. The results obtained have 

shown a good ability of the polymers to control the drug release. Even, in the case of 

PU(dithiodiethanol-DTDI), a clear increase in the release rate has been observed when the 

formulation is subjected to colon simulating conditions.

5.1. In silico modelization, image analysis and release mechanism

A study of the drug release mechanism from sustained release matrices prepared with two new 

polyurethanes have been carried out thanks to a collaborative research work between the 

University of Basel, Switzerland, the University of Applied Sciences Northwestern Switzerland, 



Muttenz, Switzerland and the University of Seville, Spain [62] in order to explain the 

surprisingly high ability of these polymers to control the drug release. 

For this purpose, F-CAD software, which is an innovative formulation tool based on cellular 

automata, was used to simulate in silico the drug release profile of binary matrix tablets of 

theophylline and the polyurethanes and to compare it with the experimental results. A good 

agreement was found between in silico and in vitro release profiles.

 Additionally, polymer distributions in the tablets were imaged by scanning electron microscopy 

(SEM) and the tortuosity was quantified using experimental data. 

A particular behavior of the polymers with no swelling or erosion was deducted from the in 

silico simulation. Moreover, an increase in the tortuosity was detected, which could explain the 

high ability of the polymers to control the drug release according to classical theories. However, 

it was found that the drug release was controlled thanks to a special geometrical arrangement of 

the excipient particles, creating an almost continuous barrier surrounding the drug particles in a 

very effective way, comparable to lipid or waxy excipients, decreasing the percolation threshold 

and the corresponding critical point likewise a continuous system from the point of view of 

percolation theory.

As in previous works, F-CAD has demonstrated to be a tool capable of replacing expensive 

laboratory work by performing in silico experiments for the exploration of the formulation 

design space according to ICH Q8 guideline [63] .

In summary, the theories derived from statistical physics provide a rational basis for the design 

of an increasing number of pharmaceutical formulations. The knowledge of the geometrical 

phase transitions occurring at the percolation thresholds and the related critical points, is 

essential to accomplish the pharmaceutical development according to the requirements of ICH 

Q8 guideline [4]. As it has been described in the different sections of this review, critical points 

are very important tools to properly define the design space of a formulation.



Acknowledgement

The authors would like to acknowledge the Spanish Ministry of Economy and Competitiveness 

for supporting the projects “MAT2012- 38044-C03-02”and “MAT2016-77345-C3-3-P” as well 

as the Regional Government of Andalusia for supporting the project “P12-FQM-1553”.

Financial support for this work was also provided by School of Life Sciences at the University 

of Applied Sciences and Arts (Muttenz, Switzerland) and the University of Seville (Seville, 

Spain).

References

[1] H. Leuenberger, M. Lanz, Pharmaceutical powder technology — from art to science: the 

challenge of the FDA’s Process Analytical Technology initiative, Adv. Powder Technol. 

16 (2005) 3–25. doi:10.1163/1568552053166683.

[2] J.M. Juran, Juran on quality by design : the new steps for planning quality into goods and 

services, Free Press, 1992.

[3] R. Peraman, K. Bhadraya, Y. Padmanabha Reddy, Analytical quality by design: a tool 

for regulatory flexibility and robust analytics., Int. J. Anal. Chem. 2015 (2015) 868727. 

doi:10.1155/2015/868727.

[4] ICH Expert Working Group, Pharmaceutical Development Q8, ICH Harmon. Tripart. 

Guidel. 8 (2009) 1–28.

[5] E. Galdón, M. Casas, M. Gayango, I. Caraballo, First study of the evolution of the 

SeDeM expert system parameters based on percolation theory: Monitoring of their 

critical behavior, Eur. J. Pharm. Biopharm. 109 (2016) 158–164. 

doi:10.1016/j.ejpb.2016.10.004.

[6] D. Stauffer, A. Aharony, Introduction to percolation theory, Taylor&Francis, London, 

1992.

https://investigacion.us.es/sisius/sis_proyecto.php?idproy=27608


[7] L. Contreras, L.M. Melgoza, R. Villalobos, I. Caraballo, Study of the critical points of 

experimental HPMC-NaCMC hydrophilic matrices., Int. J. Pharm. 386 (2010) 52–60. 

doi:10.1016/j.ijpharm.2009.10.048.

[8] Á. Aguilar-De-Leyva, C. Cifuentes, A.R. Rajabi-Siahboomi, I. Caraballo, Study of the 

critical points and the role of the pores and viscosity in carbamazepine hydrophilic 

matrix tablets, Eur. J. Pharm. Biopharm. 80 (2012) 136–142.

[9] L.M. Mason, M.D. Campiñez, S.R. Pygall, J.C. Burley, P. Gupta, D.E. Storey, et al., The 

influence of polymer content on early gel-layer formation in HPMC matrices: The use of 

CLSM visualisation to identify the percolation threshold., Eur. J. Pharm. Biopharm.  Off. 

J. Arbeitsgemeinschaft Für Pharm. Verfahrenstechnik e.V. 94 (2015) 485–92. 

doi:10.1016/j.ejpb.2015.06.019.

[10] I. Caraballo, M. Fernández-Arévalo, M.A. Holgado, A.M. Rabasco, Percolation theory: 

application to the study of the release behaviour from inert matrix systems, Int. J. Pharm. 

96 (1993) 175–181. doi:10.1016/0378-5173(93)90225-5.

[11] I. Caraballo, M. Millán, A.M. Rabasco, H. Leuenberger, Zero-order release periods in 

inert matrices. Influence of the distance to the percolation threshold, Pharm. Acta Helv. 

71 (1996) 335–339. doi:10.1016/S0031-6865(96)00023-4.

[12] I. Caraballo, J. Alvarez-Fuentes, L.. Melgoza, M. Millán, M.. Holgado, A.. Rabasco, et 

al., Validation study of the conductometrical analysis. Application to the drug release 

studies from controlled release systems, J. Pharm. Biomed. Anal. 18 (1998) 281–285. 

doi:10.1016/S0731-7085(98)00180-0.

[13] E. Castellanos Gil, A. Iraizoz Colarte, B. Bataille, F. Brouillet, I. Caraballo, Estimation 

of the percolation thresholds in ternary lobenzarit disodium-dextran-HPMC hydrophilic 

matrices tablets: effects of initial porosity, Eur. J. Pharm. Sci. 38 (2009) 312–9. 

doi:10.1016/j.ejps.2009.07.013.



[14] M.D. Campiñez, Á. Aguilar-De-Leyva, C. Ferris, M. V De Paz, J.A. Galbis, I. Caraballo, 

Study of the properties of the new biodegradable polyurethane PU (TEG-HMDI) as 

matrix forming excipient for controlled drug delivery, Drug Dev. Ind. Pharm. 39 (2013) 

1758–1764.

[15] I. Caraballo, M. Millán, A.M. Rabasco, Relationship between drug percolation threshold 

and particle size in matrix tablets, Pharm Res. 13 (1996) 387–390.

[16] M. Millán, I. Caraballo, R. A.M., The role of the drug/excipient particle size ratio in the 

percolation model for tablets, Pharm Res. 15 (1998) 216–220.

[17] A. Miranda, M. Millán, I. Caraballo, Investigation of the influence of particle size on the 

excipient percolation thresholds of HPMC hydrophilic matrix tablets, J. Pharm. Sci. 96 

(2007) 2746–2756. doi:10.1002/jps.20912.

[18] S. Zuleger, B.C. Lippold, Polymer particle erosion controlling drug release. I. Factors 

influencing drug release and characterization of the release mechanism, Int. J. Pharm. 

217 (2001) 139–152. doi:10.1016/S0378-5173(01)00596-8.

[19] P.W.S. Heng, L.W. Chan, M.G. Easterbrook, X. Li, Investigation of the influence of 

mean HPMC particle size and number of polymer particles on the release of aspirin from 

swellable hydrophilic matrix tablets, J. Control. Release. 76 (2001) 39–49. doi:http://0-

dx.doi.org.fama.us.es/10.1016/S0168-3659(01)00410-2.

[20] I. Caraballo, Critical points in the formulation of pharmaceutical swellable controlled 

release dosage forms--Influence of particle size, Particuology. 7 (2009) 421–425. 

http://www.sciencedirect.com/science/article/B8JJD-4XR60PN-

2/2/1b533a1af77903bd8aedbb3da0079d8f.

[21] I. Caraballo, Factors affecting drug release from hydroxypropyl methyl cellulose matrix 

systems in the light of classical and percolation theories, Expert Opin Drug Deliv. 7 

(2010) 1291–1301.



[22] Á. Aguilar-de-Leyva, T. Sharkawi, B. Bataille, G. Baylac, I. Caraballo, Release 

behaviour of clozapine matrix pellets based on percolation theory, Int. J. Pharm. 404 

(2011) 133–141. http://www.sciencedirect.com/science/article/pii/S0378517310008732.

[23] S. Nam, H. Woo Cho, T. Kim, D. Kim, B. June Sung, S. Lim, et al., Effects of silica 

particles on the electrical percolation threshold and thermomechanical properties of 

epoxy/silver nanocomposites, Appl. Phys. Lett. 99 (2011). doi:10.1063/1.3615690.

[24] P. Pérez, J.M. Suñé-Negre, M. Miñarro, M. Roig, R. Fuster, E. García-Montoya, et al., A 

new expert systems (SeDeM diagram) for control batch powder formulation and 

preformulation drug products., Eur. J. Pharm. Biopharm. 64 (2006) 351–9. 

doi:10.1016/j.ejpb.2006.06.008.

[25] J.M. Suñé-Negre, P. Pérez-Lozano, M. Miñarro, M. Roig, R. Fuster, C. Hernández, et 

al., Application of the SeDeM Diagram and a new mathematical equation in the design 

of direct compression tablet formulation, Eur. J. Pharm. Biopharm. 69 (2008) 1029–

1039. doi:10.1016/j.ejpb.2008.01.020.

[26] I. Fuertes, A. Miranda, M. Millán, I. Caraballo, Estimation of the percolation thresholds 

in acyclovir hydrophilic matrix tablets, Eur. J. Pharm. Biopharm. 64 (2006) 336–42. 

doi:10.1016/j.ejpb.2006.05.009.

[27] Á. Aguilar-De-Leyva, M.D. Campiñez, M. Casas, I. Caraballo, Critical Points and Phase 

Transitions in Polymeric Matrices for Controlled Drug Release., in: Handb. Polym. 

Pharm. Technol. Vol. 1, Struct. Chem., Wiley, 2015: pp. 101–142.

[28] J.D. Bonny, H. Leuenberger, Matrix type controlled release systems: I. Effect of 

percolation on drug dissolution kinetics, Pharm Acta Helv. 66 (1991) 160–164.

[29] J.D. Bonny, H. Leuenberger, Matrix type controlled release systems II. Percolation 

effects in non-swellable matrices, Pharm Acta Helv. 68 (1993) 25–33. 

http://www.sciencedirect.com/science/article/B6TBF-475JC4Y-



12/2/66ae5aa0f638d7ff459469a2ac4ec88d.

[30] L.M. Melgoza, I. Caraballo, J. Alvarez-Fuentes, M. Millán, A.M. Rabasco, Study of 

morphine hydrochloride percolation threshold in Eudragit® RS-PM matrices, Int J 

Pharm. 170 (1998) 169–177. http://www.sciencedirect.com/science/article/B6T7W-

3TGVJHC-4/2/10e040165690da350b88dc46e46db294.

[31] L.M. Melgoza, A.M. Rabasco, H. Sandoval, I. Caraballo, Estimation of the percolation 

thresholds in dextromethorphan hydrobromide matrices, Eur. J. Pharm. Sci. 12 (2001) 

453–459. http://www.sciencedirect.com/science/article/B6T25-42DP0M2-

F/2/d0534b81c163191dd343821ee4997d59.

[32] I. Caraballo, L.M. Melgoza, J. Alvarez-Fuentes, M.C. Soriano, A.M. Rabasco, Design of 

controlled release inert matrices of naltrexone hydrochloride based on percolation 

concepts, Int J Pharm. 181 (1999) 23–30. 

http://www.sciencedirect.com/science/article/B6T7W-3WD5B58-

3/2/0d9197a94cd88acf317066a204112279.

[33] M.C. Soriano, I. Caraballo, M. Millán, R.T. Piñero, L.M. Melgoza, A.M. Rabasco, 

Influence of two different types of excipient on drug percolation threshold, Int. J. Pharm. 

174 (1998) 63–69. 

http://www.sciencedirect.com/science/article/pii/S0378517398002555.

[34] C. Cifuentes, A. Aguilar-De-Leyva, A.R. Rajabi-Siahboomi, I. Caraballo, Critical points 

in ethylcellulose matrices: Influence of the polymer, drug and filler properties, Acta 

Pharm. 63 (2013) 115–129. http://www.scopus.com/inward/record.url?eid=2-s2.0-

84875438966&partnerID=40&md5=0ed7342f8aaa8f2b8ac690e216dc1227.

[35] I. Caraballo, M. Millán, A. Fini, L. Rodriguez, C. Cavallari, Percolation thresholds in 

ultrasound compacted tablets, J. Control. Release. 69 (2000) 345–355. 

http://www.sciencedirect.com/science/article/pii/S0168365900003072.



[36] M. Casas, Á. Aguilar-de-Leyva, I. Caraballo, Towards a rational basis for selection of 

excipients: Excipient Efficiency for controlled release, Int. J. Pharm. 494 (2015) 288–

295. doi:10.1016/j.ijpharm.2015.08.002.

[37] C. Ferrero, M.R. Jiménez-Castellanos, The influence of carbohydrate nature and drying 

methods on the compaction properties and pore structure of new methyl methacrylate 

copolymers, Int. J. Pharm. 248 (2002) 157–171. 

http://www.sciencedirect.com/science/article/pii/S0378517302004325.

[38] J. Blackwell, C.D. Lee, Hard-segment polymorphism in MDI/diol-based polyurethane 

elastomers, J. Polym. Sci. Part A-2, Polym. Phys. 22 (1984) 759–772. 

http://www.scopus.com/inward/record.url?eid=2-s2.0-

0021411912&partnerID=40&md5=3e5529df82a2b6df88d06393648511eb.

[39] P. Colombo, R. Bettini, N.A. Peppas, Observation of swelling process and diffusion 

front position during swelling in hydroxypropyl methyl cellulose (HPMC) matrices 

containing a soluble drug, J. Control. Release. 61 (1999) 83–91. 

http://www.scopus.com/inward/record.url?eid=2-s2.0-

0032838893&partnerID=40&md5=8f59e3ace0364f0346a0e425389d671f.

[40] I.L. Caraballo H., Critical points in hydrophylic matrices, 145 (2004).

[41] A. Miranda, M. Millán, I. Caraballo, Study of the critical points in lobenzarit disodium 

hydrophilic matrices for controlled drug delivery, Chem Pharm Bull. 54 (2006) 598–602.

[42] I. Fuertes, A. Miranda, M. Millán, I. Caraballo, Estimation of the percolation thresholds 

in acyclovir hydrophilic matrix tablets, Eur J Pharm Biopharm. 64 (2006) 336–342. 

http://www.sciencedirect.com/science/article/B6T6C-4KHC349-

1/2/3405e03b9bf97f4dc29fe57a61e7a826.

[43] T. Gonçalves-Araújo, A.R. Rajabi-Siahboomi, I. Caraballo, Application of percolation 

theory in the study of an extended release Verapamil hydrochloride formulation, Int J 



Pharm. 361 (2008) 112–117. http://www.sciencedirect.com/science/article/B6T7W-

4SMF003-1/2/817c7fbc8f30632a7b21ec8f92f18c12.

[44] I. Fuertes, I. Caraballo, A. Miranda, M. Millán, Study of critical points of drugs with 

different solubilities in hydrophilic matrices, Int. J. Pharm. 383 (2010) 138–146.

[45] L.S. Nair, C.T. Laurencin, Biodegradable polymers as biomaterials, Prog. Polym. Sci. 32 

(2007) 762–798. doi:10.1016/j.progpolymsci.2007.05.017.

[46] C. Ferris, M. Violante de Paz, F. Zamora, J.A. Galbis, Dithiothreitol-based 

polyurethanes. Synthesis and degradation studies, Polym. Degrad. Stab. 95 (2010) 1480–

1487. doi:10.1016/j.polymdegradstab.2010.06.021.

[47] J.A. Galbis, M. de G. García-Martín, M.V. de Paz, E. Galbis, Synthetic Polymers from 

Sugar-Based Monomers., Chem. Rev. 116 (2016) 1600–36. 

doi:10.1021/acs.chemrev.5b00242.

[48] B.A. Weisenberg, D.L. Mooradian, Hemocompatibility of materials used in 

microelectromechanical systems: platelet adhesion and morphology in vitro., J. Biomed. 

Mater. Res. 60 (2002) 283–91. doi:10.1002/jbm.10076.

[49] A. Loredo-Treviño, G. Gutiérrez-Sánchez, R. Rodríguez-Herrera, C.N. Aguilar, 

Microbial Enzymes Involved in Polyurethane Biodegradation: A Review, J. Polym. 

Environ. 20 (2012) 258–265. doi:10.1007/s10924-011-0390-5.

[50] D.J. Lyman, Polyurethanes. I. The solution polymerization of diisocyanates with 

ethylene glycol, J. Polym. Sci. 45 (1960) 49–59. doi:10.1002/pol.1960.1204514505.

[51] J.P. Santerre, K. Woodhouse, R.S. Labow, Understanding the biodegradation of 

polyurethanes: From classical implants to tissue engineering materials, Biomaterials. 26 

(2005) 7457–7470. doi:10.1016/j.biomaterials.2005.05.079.

[52] R.F. Storey, J.S. Wiggins, A.D. Puckett, Hydrolyzable poly(ester-urethane) networks 



from L-lysine diisocyanate and D,L-lactide/ε-caprolactone homo- and copolyester triols, 

J. Polym. Sci. Part A Polym. Chem. 32 (1994) 2345–2363. 

doi:10.1002/pola.1994.080321216.

[53] H. Tang, W. Li, X. Fan, X. Chen, Z. Shen, Q. Zhou, Synthesis, preparation and 

properties of novel high-performance allyl–maleimide resins, Polymer (Guildf). 50 

(2009) 1414–1422. doi:10.1016/j.polymer.2009.01.037.

[54] T. Agag, Preparation and properties of some thermosets derived from allyl-functional 

naphthoxazines, J. Appl. Polym. Sci. 100 (2006) 3769–3777. doi:10.1002/app.23502.

[55] T.K. Vardareli, S. Keskin, A. Usanmaz, Thermal Degradation of Poly(Allyl 

Methacrylate) by Mass Spectroscopy and TGA, J. Macromol. Sci. Part A. 43 (2006) 

1569–1581. doi:10.1080/10601320600896900.

[56] M.V. de Paz, F. Zamora, B. Begines, C. Ferris, J.A. Galbis, Glutathione-Mediated 

Biodegradable Polyurethanes Derived from l-Arabinitol, Biomacromolecules. 11 (2010) 

269–276.

[57] A. Rechichi, G. Ciardelli, M. D’Acunto, G. Vozzi, P. Giusti, Degradable block 

polyurethanes from nontoxic building blocks as scaffold materials to support cell growth 

and proliferation, J. Biomed. Mater. Res. - Part A. 84 (2008) 847–855. 

doi:10.1002/jbm.a.31349.

[58] M.D. Campiñez, C. Ferris, M. V de Paz, A. Aguilar-de-Leyva, J. Galbis, I. Caraballo, A 

new biodegradable polythiourethane as controlled release matrix polymer., Int. J. Pharm. 

480 (2015) 63–72. doi:10.1016/j.ijpharm.2015.01.011.

[59] M.D. Campiñez, Á. Aguilar-de-Leyva, C. Ferris, M.V. de Paz, J.A. Galbis, I. Caraballo, 

Study of the properties of the new biodegradable polyurethane PU (TEG-HMDI) as 

matrix forming excipient for controlled drug delivery, Drug Dev. Ind. Pharm. 39 (2013) 

1758–1764. doi:10.3109/03639045.2012.736516.



[60] C. Ferris, M.V. de Paz, A. Aguilar-de-Leyva, I. Caraballo, J.A. Galbis, Reduction-

sensitive functionalized copolyurethanes for biomedical applications., Polym. Chem. 5 

(2014) 2370–2381. doi:10.1039/c3py01572f.

[61] M.D. Campiñez, E. Benito, L. Romero-Azogil, Á. Aguilar-de-Leyva, M. de Gracia 

García-Martín, J.A. Galbis, et al., Development and characterization of new 

functionalized polyurethanes for sustained and site-specific drug release in the 

gastrointestinal tract, Eur. J. Pharm. Sci. (2017). doi:10.1016/j.ejps.2017.01.017.

[62] M.D. Campiñez, I. Caraballo, M. Puchkov, M. Kuentz, Novel Polyurethane Matrix 

Systems Reveal a Particular Sustained Release Behavior Studied by Imaging and 

Computational Modeling, AAPS PharmSciTech. (2016) 0–9. doi:10.1208/s12249-016-

0613-0.

[63] G. Kimura, M. Puchkov, H. Leuenberger, An Attempt to Calculate In Silico 

Disintegration Time of Tablets Containing Mefenamic Acid, a Low Water-Soluble Drug, 

J. Pharm. Sci. 102 (2013) 2166–2178. doi:10.1002/jps.23541.



Figure captions

Fig. 1.a: Percentage of clozapine released versus time of batches A and B, contaning 20% of 

drug. Batch B contain the coarsest particles of clozapine.

Fig. 1.b: Percentage of clozapine released versus time of batches C and D, containing 30% of 

clozapine. Batches D contain the coarsest particles of clozapine.

Fig. 2a: Normalized values of rest angle for powder blends of lactose and theophylline 

expressed in %v/v.

Fig. 2b: Normalized values of rest angle for powder blends of lactose and theophylline 

expressed in %w/w.

Fig. 3: Confocal imaging of HPMC matrices swelling in aqueous Congo Red 0.008% w/v at 37 

C. Images are coded for fluorescent intensity (highest, white; lowest, black) in a continuous 

grayscale as above. White dashed line denotes the dry matrix boundary at t = 0. Ex 488/Em > 

510 nm. Scale bar = 500 lm. (from Mason et al. [10] with permission of Elsevier).

Fig. 4: Microphotograph of a tablet with 40% PTU (DTT-HMDI) and 60% theophylline. Darker 

particles correspond to theophylline and light gray indicates polymer (from Campiñez et al. [63] 

with permission of Elsevier).

Fig. 5: Intrinsic dissolution profiles. Experimental (filled figures) and simulated release profiles 

(open figures) (from Campiñez et al. [63] with permission of Elsevier).
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