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A B S T R A C T   

The objective of this work was to evaluate the potential use of a new polymer (PAMgA) in the development 
sustained release matrix tablets for the treatment of bowel inflammatory diseases. For this purpose, budesonide, 
a highly lipophilic compound, was used as model drug. Tablets with two reticulation grades of PAMgA (PAMgA 5 
and 40) and with 9 mg of budesonide were developed and characterized. All the studies were carried out using 
biorelevant media (FaSSGF and FaSSIF). 

Swelling and erosion of PAMgA tablets was influenced by the reticulation grade of the polymer and the 
biorelevant media assayed, being water uptake higher for PAMgA 40 tablets in intestinal fluid, whereas PAMgA 5 
showed more intense erosion in this biorelevant medium. Budesonide was released slowly from PAMgA tablets, 
both in gastric and intestinal environment, following Super case II transport kinetics (relaxation-controlled de-
livery), with a lag time of around 1–2 h. When the dissolution medium was changed sequentially throughout the 
trial, 75% of the budesonide dose was released in a sustained manner between 4 and 20 h of testing from PAMgA 
tablets, showing a more controlled budesonide release than Entocort® and Budenofalk® (commercially available 
sustained release formulations of budesonide). In conclusion, PAMgA polymer allows controlling the release of 
highly lipophilic drugs as budesonide, being an useful excipient for the development of sustained release matrix 
tablets.   

1. Introduction 

The term of inflammatory bowel diseases is used to refer to a series of 
chronic inflammatory processes of autoimmune origin that predomi-
nantly affect the intestine. It groups several diseases, but the most 
frequent are Crohn’s disease and ulcerative colitis. Although both are 
intestinal inflammatory processes, in ulcerative colitis the colon is 
affected while Crohn’s disease can affect any part of the digestive tract, 
showing a higher incidence at level of colon and ileum (Sairenji et al., 
2017; Chang, 2020). Corticosteroids are used for the treatment of 
moderate and severe flare-ups but, in general, they are not recom-
mended as maintenance therapy due to the important systemic side 

effects that occur due to their oral absorption (Magro et al., 2020). 
However, budesonide, a potent second-generation glucocorticoid, 

shows an extensive first pass hepatic metabolism, that significantly re-
duces its systemic toxicity, making it a good candidate for treating in-
flammatory bowel diseases; although its high absorption in the first 
portions of the small intestine limits its access to inflamed areas of the 
distal small intestine and the colon (no more than 30% of the dose 
reaches these areas) and, therefore, its efficacy in the treatment, mainly, 
of ulcerative colitis. Thus, compared to other glucocorticoids, budeso-
nide has good local anti-inflammatory and less systemic action, reducing 
considerably adverse effects (Yan et al., 2019). For this, it is considered 
by The European Crohńs and Colitis Organisation (ECCO) as first line 
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treatment for mild to moderate active ileo-colonic Crohńs disease at 
daily doses from 3 to 9 mg (Gareb et al., 2019). 

The development of modified delivery systems for budesonide oral 
administration looking for a selective and sustained drug release at 
distal intestine and colon level are a good approach to increase its effi-
cacy in the treatment of inflammatory bowel diseases (Gareb et al., 
2016). There are three commercially available formulations of budeso-
nide for controlled oral administration: Entocort® (capsules containing 
gastro-resistant granules with 3 mg of budesonide), Budenofalk® (cap-
sules containing gastro-resistant granules with 3 or 9 mg of budesonide) 
and Cortioment® (sustained release tablets with a gastro-resistant 
coating containing 9 mg of budesonide) (Gareb et al., 2019). All these 
formulations are based on a pH dependent release, and although are 
advantageous compared to conventional formulations of budesonide, 
they are not optimal. It should be also noted that formulations based on 
both pH dependent and microbiota-trigger release have been recently 
developed with other agents as 5-aminosalicylic acid, and have showed 
promising results for the treatment of inflammatory bowel diseases 
(Varum et al., 2020a; Varum et al., 2020b). 

Hydrogels are three dimensional hydrophilic polymer networks that 
show high capacity to retain in their structure large amounts of water or 
biological fluids, introducing an elastic modulus and swelling, main-
taining the shape (Peppas et al., 2000). Several excipients, as hydrox-
ypropylmethylcellulose (HPMC) and poly (acrylic acid) derivates, that 
form hydrogels are used for the elaboration sustained release matrix 
tablets administered orally, mainly the formulations with hydrophilic 
drugs, where drug release is controlled by hydrogel swelling and drug 
diffusion through the gel layer (Li and Mooney, 2016; Mašková et al. 
2020; Vasile et al., 2020). As for hydrophobic drugs, such as budesonide, 
one of the main limitations of hydrogels in the development of matrix 
tablets is their low loading and drug release capacity, due to the high 
hydrophilicity of the three-dimensional structure (Knoos et al., 2015; 
McKenzie et al., 2015). For these drugs, the erosion is the main mech-
anism for drug release from the hydrogel matrix. 

One of the most representative hydrogels, are the ones composed of 
poly (acrylic acid) (pAA) or its derivates. These polymers present 
polymeric backbones with ionic groups that provide pH responsible 
behaviour as well as the ability to adhere to biological tissues. These 
properties, along with its good biocompatibility with biological tissues, 
make poly (acrylic acid) hydrogels and its derivates, a good excipient for 
sustained release of widely pharmaceutical forms (Alghamdi et al., 
2018; Chuah et al., 2018; Kutyła et al., 2013). 

Considering the requirements of good compressibility, mechanical 
strength, sensitivity to pH and drug released control, we have synthe-
sized a poly (magnesium acrylate) hydrogel, PAMgA, derived from pAA, 
for its used as novel excipient for oral sustained release pharmaceutical 
forms (Fig. 1). PAMgA polymer has been characterised in previous 
works, showing very low oral toxicity, even at high doses, and an 

excellent capacity to control the release of highly hydrophilic drugs 
when it is used as excipient of matrix tablets (Cheddadi et al., 2011; 
Simancas-Herbada et al., 2020). 

The objective of this work is to evaluate the potential use of a new 
polymer (PAMgA) in the development sustained release matrix tablets 
for the treatment of bowel inflammatory diseases. For this purpose, 
budesonide, a highly lipophilic compound, was used as model drug. 

2. Materials and methods 

2.1. Materials 

Budesonide was purchased from MP Biomedicals (Illkirch, France). 
Sodium taurocholate hydrate, acrylic acid, N,N,N′,N′-tetramethylethy-
lenediamine (TEMED), ammonium persulfate (PSA), magnesium hy-
droxide and pepsin from porcine gastric mucosa were provided from 
Sigma-Aldrich (Madrid, Spain). Lactose, Sodium Lauryl Sulphate 
(SLS), Lecithin soy refined from MP Biomedicals (Illkirch, France), So-
dium phosphate monobasic and Glacial acetic acid from Acros Organics 
(Barcelona, Spain). All other solvents and reagents (analytical grade) 
were purchased from Panreac (Barcelona, Spain) and used as supplied. 

2.2. Elaboration of matrix tablets 

The synthesis of PAMgA was carried out as follows. Firstly, magne-
sium acrylate monomer (AMgA) was synthesised via a neutralization 
reaction using acrylic acid (2 M) and magnesium hydroxide (1 M) at a 
controlled temperature of 18 ◦C in distilled water. Then, PAMgA poly-
mer was synthesised through the free radical polymerization method, 
using ammonium persulfate (PSA) as initiator and TEMED (N,N,N’,N’- 
tetramethylethylenediamine) as catalyst. Two different concentrations 
of PSA (5 and 40 mM) were used to obtain polymers with two different 
reticulation grades (PAMgA 5 and PAMgA 40 respectively) (Simancas- 
Herbada et al., 2020). 

Eight types of tablets (F1-F8) were prepared. F1 and F2 formulations 
were elaborated with budesonide and PAMgA at different reticulation 
grades, PAMgA 5 and PAMgA 40 respectively. All other formulations 
(F3-F8) were prepared by mixing the active ingredient, budesonide, the 
pulverized polymer, lactose and different proportions of SLS according 
to the composition described in Table 1. Tablets were obtained by direct 
compression with a single-punch eccentric tableting machine (J. Bonals 
30B, Barcelona, Spain) using 9 mm flat punches, maintaining constant 
the compression pressure in all formulations. Weight, thickness, diam-
eter, and hardness of matrix tablets were determined. 

2.3. In vitro drug release assays 

To determine the release profile of budesonide from tablets and 
select the most suitable formulation, in vitro drug release tests were 
performed using different biorelevant media: Fasted State Simulated 
Gastric Fluid (FaSSGF) pH 1.2, modified Fed State Simulated Intestinal 
Fluid (mFeSSIF) (the osmolarity of FeSSIF was modified by lowering the 
amount of Sodium Chloride but maintaining the pH 5.0) and Fasted 

Fig. 1. Structure of the magnesium acrylate monomer (AMgA) and poly-
mer (PAMgA). 

Table 1 
Composition of tablets F1 – F8. (SLS: sodium lauryl sulphate).  

Formulation composition (mg) 

Formulation code Budesonide PAMgA 5 PAMgA 40 Lactose SLS 

F1 9 191 – – – 
F2 9 – 191 – – 
F3 9 151 – 40 – 
F4 9 – 151 40 – 
F5 9 149 – 40 2 
F6 9 – 149 40 2 
F7 9 147 – 40 4 
F8 9 – 147 40 4  
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State Simulated Intestinal Fluid (FaSSIF) at pH 6.8. These media contain 
enzymes, bile salts and other electrolytes in order to simulate the com-
plex composition of the gastrointestinal tract (Klein, 2010; Vertzoni 
et al., 2005; Zoeller and Klein, 2007). The composition of the each 
medium FaSSGF, mFeSSIF and FaSSIF is shown in Table 2. 

Dissolution tests were carried out using USP dissolution apparatus 
type II (708-DS, Agilent Technologies, USA), regulated to 100 rpm and 
37 ± 0.1 ◦C. 900 mL of dissolution medium were used. Sodium lauryl 
sulphate (SLS) at a concentration of 0.5% (w/v) was added to each 
dissolution medium to guarantee that all the tests were carried out in 
sink conditions. 

Budesonide concentration in the release medium was determined by 
HPLC using an Agilent 1200 series Liquid Chromatography system 
(Agilent technologies, California, USA) equipped with a quaternary 
pump (G1311 Agilent 1200 series), a 1200 series Autosampler (G1329, 
Agilent 1200 series), a vacuum degasser, a thermostatted Column 
Compartment (G1316 Agilent 1200 series) and a DiodeArray Detector 
(G1315 Agilent 1200 series). The analytical column was a Medi-
terranea®-Sea C18 (150 × 4.6 mm i.d., 5 μm) (Teknokroma, Barcelona, 
Spain). The mobile phase consisted of 35:65 (v/v) buffer solution: 
acetonitrile. Buffer solution was prepared as follows: to 900 mL of 
distilled water, sodium hydrogen phosphate anhydrous (3.17 g) and 
ortho-phosphoric acid 85% (0.23 g) were added and stirred mechani-
cally until complete dissolution. pH was then adjusted to 3.2 ± 0.1 and 
the final volume was increased to 1 L. Subsequently, buffer solution was 
filtered through a Millipore® membrane filter (47 mm diameter, 0.45 
μm pore size, nylon) (Millex-LCR, Millipore) and degassed in an ultra-
sonic bath before use. The chromatographic conditions were as follows: 
λ = 254 nm; injection volume = 40 µL; flow rate = 1.4 mL/min; no 
column temperature control; run time = 4 min. The chromatographic 
peaks of budesonide are depicted in Supplementary material Fig. S1 and 
S2. 

Aliquots of 5 mL were withdrawn from dissolution medium at pre-
determined time intervals (15, 30 and 45 min, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 
24 h) and filtered through 0.45 µm membrane filter (Millex-LCR, Mil-
lipore). The tests were performed in triplicate for each formulation and 
the results were indicated as mean ± standard deviation. 

Two type of drug release assays were performed: 

2.3.1. Standard drug release tests 
The dissolution medium used in each test did not change during all 

the tests. Formulations F3 to F8 were analysed using FaSSGF and FaSSIF 
as biorelevant media. 

The dissolution data were fitted to the exponential equation of 
Korsmeyer Peppas release model (Equation (1)) (Peppas and Sahlin, 
1989), in order to investigate the mechanism involved in drug release 
from matrix tablets. 

Mt
M∞

= ktn (1) 

This equation is used for polymeric systems where the release 

mechanism is not well known, or more than one type of release 
behaviour is involved. Mt/M∞ is the fraction of drug released at time t, k 
is the kinetic constant, which depends on the geometrical properties of 
the tablet, and n is the diffusional release exponent for the drug. For a 
cylindrical matrix, n values of < 0.45 indicate Fickian release mecha-
nism (diffusional controlled release); 0.45 < n < 0.89 indicate an 
anomalous release (non-Fickian), n = 0.89 indicates Case II transport 
and n > 0.89 indicates Super case II transport kinetics (relaxation- 
controlled delivery). 

2.3.2. Sequential drug release tests 
To determine the effect of the change in pH along the digestive tract 

on the release of budesonide from the matrix tablets, dissolution tests 
were carried out in which the dissolution medium composition was 
changing throughout the test. This procedure resembles the pH change 
over the time in the gastro-intestinal track. For this purpose, the for-
mulations of matrix tablets selected after standard drug release tests 
were placed in the dissolution vessels with FaSSGF media at pH 1.2 for 2 
h, then transferred to another dissolution vessel containing mFeSSIF at 
pH 5.0 for 1 h, and finally placed in FaSSIF media until the end of the 
study (24 h). Aliquots of 5 mL were withdrawn at predetermined time 
intervals and budesonide concentration was determined as previously 
described. 

2.4. Swelling and erosion 

Swelling and erosion of tablets were studied after different time in-
tervals in contact with the biorelevant media FaSSGF and FaSSIF. Each 
tablet was weighed and introduced in dissolution apparatus USP type II 
with 250 mL of biorelevant media, at 100 rpm and a temperature of 37 
± 0.1 ◦C. This volume was selected as simulates the total available 
volume in stomach for oral dosage forms (Vertzoni et al., 2005). 

The tablets were withdrawn at different time intervals: 4, 8, 12, 16 
and 20 h, slightly blotted with a tissue paper to remove excess of me-
dium and re-weighed to calculate water uptake. Then tablets were dried 
in a hot-air oven at 50 ◦C until constant weight to calculate the erosion 
percentage. 

Swelling and matrix erosion (E) were estimated using equations (2) 
and (3) respectively, where Wo is the initial weight of the dry matrix; Wf 
is the final weight after the oven and Wi is weight of the swollen matrix 
after time, t. Results are reported as a mean of three determinations. 

Water uptake(%) =
Wi − Wf − Wo

Wo
⋅100 (2)  

E(%) =
Wo − Wf

Wo
⋅100 (3)  

2.5. Bioadhesion studies 

Bioadhesive capacity of PAMgA tablets was measured using TA-XT 
Plus texture analyser (TA Instruments, Newcastle, UK) using results of 
maximum detachment force and the bioadhesion work. Several sub-
strates were used for these assays: goat tanned leather, selected as model 
to determine bioadhesion (Blanco-Fuente et al., 1996a, 1996b; 
Campaña-Seoane et al., 2014); and porcine gastric and proximal duo-
denum mucosa for the ex vivo assays. Fort the ex vivo method, porcine 
samples were obtained from the local slaughterhouse (Compostelana de 
Carnes S.L., Santiago de Compostela, Spain) after the animal was 
sacrificed. 

Two experimental conditions were used with goat tanned leather:  

a) Direct contact between the tablet and the dry tanned leather, where 
the medium was limited. 

Table 2 
Composition of the biorelevant media used for dissolution tests.  

Components FaSSGF mFeSSIF FaSSIF 

Sodium taurocholate 80 µM 15 mM 3 mM 
Lecithin 20 µM 3.75 mM 0.75 mM 
Sodium dihydrogen phosphate – – 3.438 g 
Pepsin 0.1 mg/mL – – 
Sodium chloride 1.998 g 1.914 g 6.186 g 
Glacial acetic acid – 8.65 g – 
Hydrogen chloride qs ad pH 1.2 – – 
Sodium hydroxide qs ad – pH 5.0 pH 6.8 
Deionized water 1 L 1 L 1 L 
Osmolarity (mOsmol/Kg) 120.7 ± 2.5 ̴ 295 ̴ 270 
Surface tension (mN/m) 42.6 48 54 
pH 1.2 5.0 6.8  
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b) Excess of fluid, where there was no medium limitation: This method 
was derived from the previous one. The tanned leather was sub-
merged in the medium and then run the assay. 

For these assays FaSSGF at pH 1.2 and FaSSIF at pH 6.8 biorelevant 
media were used. Previously selected budesonide tablets (F7 and F8) 
were used for these experiments. The tablets were stuck in the above 
cylindrical probe of the texture analyser using a double-side adhesive 
tape. Tanned leather was attached on the centre of a Petri dish using a 
cyanoacrylate adhesive that was fixed to the lower support of the texture 
analyser using a clamp. 

For direct contact experiments between the tablets and the tanned 
leather, 0.25 µL of biorelevant medium at room temperature were added 
to the centre of the tanned leather. Then the upper probe with the tablet 
was lowered at a constant rate of 1 mm/s until contact between the 
tablet, the media and the tanned leather surface was established. A force 
of 50 N was applied for 60 s to assure contact, then the probe returned to 
its initial position at 1 mm/s, and the force vs. elongation results were 
recorded. 

For excess of media assay, tanned leather was attached to a Petri dish 
using a cyanoacrylate adhesive and completely covered with biorelevant 
medium, FaSSGF or FaSSIF, at 37 ◦C, to simulate gastrointestinal con-
ditions, approximately 50 mL. The assay was run in the same conditions 
as explained above. 

For ex vivo studies, porcine gastric mucosa and proximal duodenum 
substrates were cleaned with simulated fluids, FaSSGF at pH 1.2 and 
mFeSSIF at pH 5.0 respectively, to eliminate food residues. These sub-
strates were submerged in FaSSGF and mFeSSIF respectively for 5 min at 
37 ◦C. Then, the substrates were attached to a Petri dish with cyano-
acrylate adhesive and 100 µL of biorelevant media were placed in the 
centre of the substrate. The upper probe with the tablets attaches was 
lowered at 1 mm/s and 50 N of force for 60 s were applied to get in 
contact the tablet with the mucosa. Force vs. elongation results were 
recorded until the complete detachment of the tablet at 1 mm/s. Bio-
adhesion work was calculated as the area under the force - elongation 
curve in all cases. 

2.6. Statistical analysys 

The data has been reported as a mean ± S.D (standard deviation) of 
at least three experiments (n = 3). The differences between two groups 
were determined using t-Student test. For statistical analysis Stat-
graphics centurion 19 software (Statgraphics Technologies, Virginia, 
USA) was used. Significant differences were reported as follows: * when 
0.01 > p value < 0.05 and ** when p value < 0.01. 

3. Results 

3.1. Elaboration of matrix tablets 

Eight types of flat cylindrical tablets, with an approximate weight of 
200 mg were elaborated, four of them with PAMgA 5 and the other four 
with PAMgA 40. All formulation contain at a dose of 9 mg of budesonide 
(Table 1). Table 3 shows the characteristics of all these tablets. 

Formulations F1 and F2, elaborated just with PAMgA as excipient 
(their superficial and internal SEM images are depicted in supplemen-
tary material Fig. S3) have slightly higher hardness values. This is due to 
the good compressibility characteristic of the polymer that enables its 
use as excipient for matrix tablets. The addition of lactose as excipient in 
a ratio of 20% (w/w) to the tablets (formulations F3 and F4) slightly 
reduced matrix tablet hardness. No significant difference in hardness 
was observed when sodium lauryl sulphate (SLS) was added to the 
tablets in a ratio of 1% (formulations F5 and F6) or 2% (formulations F7 
and F8). 

3.2. In vitro drug release assays 

The accumulative percentage of budesonide released versus time 
(hours) from the different batches of matrix tablets elaborated, is shown 
in Fig. 2 in all the media assayed, FaSSGF, mFESSIF and FaSSIF. 

In F1 and F2 formulations lag time was not appreciated. Both tablets 
exhibited a very slow budesonide release, with <40% of the drug release 
at the end of the study (data not shown). In all other formulations (F3- 
F8) a controlled drug release was observed, which started after a lag 
time of 1–2 h and lasted for at least 24 h. In both release media, the 
addition of SLS to tablet formulation slightly increased the release rate 
of budesonide. Drug release was seemingly also influenced by the pH of 
the media being slightly faster in FaSSIF than in acid medium. In all 
formulations, the release rate in FaSSGF (Fig. 2a) was lower in the first 9 
h, increasing slightly from this time. In fact, only a 20% of the drug was 

Table 3 
Characterization of the different batches of PAMgA matrix tablets.  

Formulations Weight (mg) Thickness 
(mm) 

Diameter 
(mm) 

Hardness 
(N) 

F1 198.75 ±
2.10 

3.58 ± 0.12 9.13 ± 0.01 71.35 ±
1.55 

F2 197.25 ±
3.30 

3.46 ± 0.10 9.11 ± 0.02 72.15 ±
1.89 

F3 198.45 ±
3.05 

3.61 ± 0.11 9.11 ± 0.02 65.66 ±
1.45 

F4 199.67 ±
2.23 

3.66 ± 0.09 9.11 ± 0.01 65.34 ±
1.23 

F5 198.96 ±
3.09 

3.79 ± 0.09 9.12 ± 0.01 66.55 ±
1.76 

F6 199.66 ±
3.59 

3.53 ± 0.09 9.11 ± 0.01 65.75 ±
1.54 

F7 199.87 ±
1.98 

3.41 ± 0.08 9.11 ± 0.01 64.87 ±
1.89 

F8 199.23 ±
2.23 

3.62 ± 0.09 9.11 ± 0.02 65.55 ±
1.44  

Fig. 2. Accumulative percentage of dissolved budesonide for formulations F3- 
F8 matrix tablets in a) FaSSGF at pH 1.2 and b) FaSSIF at pH 6.8 plotted as 
function of time (n = 3). 
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released from formulations F7 and F8 (with SLS 2%) in 9 h reaching 
approximately 90% of drug released at the end of the study (24 h). For 
formulations containing SLS 1% w/w (F5 with PAMgA 5 and F6 with 
PAMgA 40), the percentage of drug released after 9 h was almost 15%, 
reaching 75% (F5) and 85% (F6) after 24 h. In formulations without SLS 
(F3 and F4) only 62% and 32% of the drug was released at the end of the 
study, respectively. 

In FaSSIF (Fig. 2b), drug release followed a practically constant rate 
after lag time of around 1–2 h and until the end of the test (24 h). 
Formulation F8 released all the budesonide (9 mg) after 24 h of test, 
formulations F7 and F6 released more than 90% and formulations F5 
and F3 released around 86%. This percentage was even lower in 
formulation F4, with <80% of the budesonide released after 24 h. 

All the release data of the matrices fit well the Korsmeyer-Peppas 
model as the values of the correlation coefficient (r) were greater than 
0.97 in all formulations in FaSSIF, and over 0.96 for the formulations in 
FaSSGF. The values of the correlation coefficient (r), release rate con-
stant (k), and diffusional release exponent (n) are shown in Table 4. 

The value of the release constant, k, was low in all formulations, 
suggesting no burst release of budesonide from the matrices neither in 
FaSSGF or FaSSIF. For the six formulations assayed the diffusional 
exponent (n) was greater than 0.89, indicating that the release of the 
drug from the tablets follows a Super case II transport kinetics. 

Matrix tablets corresponding to F8 formulation were the most suit-
able, with the 100% of the budesonide released after 24 h in FaSSIF 
medium. Drug release percentages over 93% after 24 h in FaSSIF were 
observed in F6 and F7 formulations. Due to this budesonide release rate 
and with the aim of comparing the influence of PAMgA reticulation 
grade (PAMgA 5 and PAMgA 40), F7 and F8 formulations were selected 
for the following studies. 

The in vitro release of budesonide on sequential exposure to pH 1.2 
(2 h), pH 5 (1 h) and pH 6.8 (21 h) is shown in Fig. 3. This dissolution 
test simulates transit through all the gastrointestinal track: stomach, 
proximal and middle small intestine (duodenum and jejunum). 

Budesonide release from formulation F7 in the simulated fasted 
gastric state (FaSSGF) was negligible (3%). After this, the release rate 
was constant throughout all the entire simulated GI and all the drug was 
released at the end of the study (97.18 ± 2.58%), with a correlation 
coefficient (r) of 0.975 when data were fitted to Korsmeyer-Peppas 
model. Similar profile, without statistically significant differences (p 
value > 0.05), was obtained with F8 matrix tablets: budesonide release 
was negligible in FaSSGF and sustained and controlled until the end of 
the study, reaching complete release of budesonide (99.65 ± 0.31%). 
Correlation coefficient (r) for this formulation was of 0.9808. For both 
formulations, diffusional release exponent (n) was greater than 0.89, 
indicating that budesonide release from the tablets follows Super case II 
transport kinetics. 

3.3. Swelling and erosion 

In FASSG, similar profiles of swelling were obtained in budesonide 
matrix tablets F7 and F8 (Fig. 4a). At this pH value, the water uptake 
reached a relatively high percentage at the beginning of the assay, with 
values around 250% after 4 h, and then it was practically constant until 
the end of the assay. Statistically significant differences between the 
water uptake by F7 and F8 formulations were just detected at 20 h (p 
value < 0.05). Similar erosion profiles were also found (Fig. 4c) in both 
F7 and F8 formulations, observing a constant increase of the erosion 
percentage for 20 h. 

However, in FaSSIF medium, a different behavior can be clearly 
observed between F7 and F8 formulations in swelling and erosion 
studies. Water uptake for F8 at pH 6.8 took place rapidly as the medium 
moistened the tablets, reaching 1141.5 ± 68.8% in 8 h, and remained in 
the same range until the end of the assay (20 h). Formulation F7 uptook 
786.8 ± 40.3% of water after 8 h. Then, this value was decreasing as the 
trial progressed, with 407.1 ± 36.4% at 20 h (Fig. 4b). 

Regarding erosion studies, in FaSSIF medium F7 showed the 
maximum value at 16 h with an erosion percentage of 81.6 ± 3.5%, 
while in F8 formulation, the erosion percentage obtained at this time 
was significantly lower (p value < 0.01), with a value of 38.9 ± 6.7% 
(Fig. 4d). At the end of the study (20 h) F7 remained above the 80% of 
erosion while F8 reached 56.0 ± 16.1%. 

3.4. Bioadhesion tests 

For the bioadhesion study goat tanned leather and porcine stomach 
and intestine were used. The adhesion work budesonide tablets F7 and 
F8, using goat tanned leather as substrate is shown in Fig. 5. 

Table 4 
Fit to the Korsmeyer-Peppas model of budesonide release from F3-F8 formulations in FaSSGF and FaSSIF.  

FASSGF FASSIF  

Diffusional release 
exponent (n) 

Release rate 
constant (k) 

Correlation 
coefficient (r) 

Order release Diffusional release 
exponent (n) 

Release rate 
constant (k) 

Correlation 
coefficient (r) 

Order release 

F3  1.055  1.689  0.9643 Super case II 
transport kinetics  

1.305  1.311  0.9948 Super case II 
transport kinetics 

F4  1.315  0.411  0.9554 Super case II 
transport kinetics  

1.182  1.616  0.9809 Super case II 
transport kinetics 

F5  1.406  0.700  0.9715 Super case II 
transport kinetics  

1.313  1.347  0.9776 Super case II 
transport kinetics 

F6  1.236  1.280  0.9707 Super case II 
transport kinetics  

1.395  1.115  0.9895 Super case II 
transport kinetics 

F7  1.224  1.298  0.9738 Super case II 
transport kinetics  

1.243  1.958  0.9932 Super case II 
transport kinetics 

F8  1.176  2.001  0.9619 Super case II 
transport kinetics  

1.122  2.559  0.9882 Super case II 
transport kinetics  

Fig. 3. Accumulative percentage of dissolved budesonide versus time for F7 
and F8 matrix tablets in sequential dissolution tests (n = 3). pH change over 
time is depicted as well. 
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Results with formulation F7 were 0.95 ± 0.06 mJ and 0.88 ± 0.12 mJ 
in FaSSGF and FaSSIF media, respectively. Formulation F8, with PAMgA 
40, showed slightly lower bioadhesion work, especially in gastric me-
dium, with 0.72 ± 0.12 mJ in FaSSGF and 0.81 ± 0.05 mJ in FaSSIF. 
However, significant differences between F7 and F8 formulations where 
only detected at the gastric medium (p value < 0.05). 

In the assay with excess of medium, where there was no fluid limi-
tation, the work of adhesion was significantly lower (p value < 0.01) 
compared to limited medium assay for both F7 and F8 formulations. 
Statistically significant differences were obtained between the values of 
bioadhesion work in FaSSGF and FaSSIF, being higher in gastric me-
dium. In FaSSGF, F8 (with PAMgA 40) showed statistically significant 
lower bioadhesion work (p value < 0.01) compared to F7 (with PAMgA 
5). 

Similar values to those obtained in the in vitro assay with excess of 
medium were obtained in the ex vivo tests, using porcine gastric mucosa 
and proximal duodenum as substrates (Fig. 6). Although no significant 
differences were detected (p value > 0.05), F8 showed again the lower 
bioadhesion work in gastric mucosa, with a value of 0.25 ± 0.07 mJ. 

4. Discussion 

We have elaborated budesonide matrix tablets using a new hydrogel 
derived from acrylic acid called PAMgA. As reported previously by our 
group (Cheddadi et al., 2011; Simancas-Herbada et al., 2020), PAMgA 
hydrogel is easy to synthetize, and shows good results regarding oral 
toxicity and physical characteristics to be used as excipient for the 
elaboration of extended release matrix tablets of highly hydrosoluble 
drugs. However, one of the main limitations of hydrogels in the devel-
opment of matrix tablets is their low loading and drug release capacity in 
the case of hydrophobic drugs. In the present study we have evaluated 
the potential of PAMgA hydrogel as excipient for extended-release ma-
trix tablets of budesonide, a poorly soluble drug used for the treatment 
of inflammatory bowel diseases such as ulcerative colitis and Crohn’s 
disease, where the medium-last portions of the intestinal tract are 
generally affected. Budesonide is a second-generation corticosteroid 
with a molecular weight of 430.5 g/mol, practically insoluble in water 
(National Center for Biotechnology Information, 2020) and with a ratio 
maximum dose/solubility of 450 mL. This drug has low systemic 
bioavailability after oral administration (9–21%), due to extensive first 
pass hepatic effect. This lower systemic bioavailability leads to fewer 
side effects when administered orally seeking a local effect, compared to 

Fig. 4. Accumulative % water uptake data for batches F7 and F8 matrix tablets of budesonide in a) FaSSGF and b) FaSSIF and accumulative % erosion data for 
batches F7 and F8 in c) FaSSGF and d) FaSSIF. 

Fig. 5. Bioadhesion work values expressed as milliJoule (mJ), obtained using 
goat tanned leather as bioadhesive substrate: with limited and with excess of 
fluid, using both biorelevant mediums FaSSGF at pH 1.2 and FaSSIF at pH 6.8. 

Fig. 6. Bioadhesion work values expressed as milliJoule (mJ), obtained in ex 
vivo studies using porcine gastric mucosa and FaSSGF medium at pH 1.2 and 
proximal duodenum and FeSSIF at pH 5.0. 
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other corticosteroids (Lichtenstein, 2016). Its anti-inflammatory local 
action for the treatment of ulcerative colitis is achieved with effective 
concentrations at the level of bowel and, in the case of Crohn’s disease; 
the most frequent is that the inflammatory process affects the ileum and 
colon, although jejunum and even distal duodenum can also be affected. 

In this work, PAMgA matrix tablets are designed for the extended 
release of budesonide along the distal duodenum, jejunum, ileum, and 
colon, reducing its release in the stomach and proximal duodenum, to 
avoid drug losses due to its absorption. 

Two PAMgA hydrogels were used, PAMgA 5 and PAMgA 40, which 
differ in their polymeric network, due to the interaction of Mg2+ ions 
and COO− groups of polymer chains (Wurm et al., 2020). PAMgA 5, 
synthetized with initiator (PSA) concentration of 5 mM will have mainly 
linear long chains, while polymer PAMgA 40 (with PSA 40 mM) will 
have a more cross-linked structure. 

Matrix tablets of PAMgA 5 and PAMgA 40, F1 and F2 containing a 
budesonide dose of 9 mg (4.7% of the total weight) were elaborated by 
direct compression, showed good mechanical resistance. Due to the low 
water solubility of budesonide, its release from the polymeric matrix is 
very slow. To favour the complete release of the budesonide from 
PAMgA tablets, lactose and sodium lauryl sulfate (SLS) were incorpo-
rated into the formulation. Lactose is a highly hydrosoluble excipient 
that would lead to the formation of pores in the matrix tablets, facili-
tating the penetration of the release medium (Bendgude et al., 2010). 
Moreover, lauryl sulphate, as surfactant, would also favour the pene-
tration of the medium and solubilization of budesonide. Therefore, six 
budesonide matrix tablets (F3 - F8) were elaborated adding these ex-
cipients according to Table 1. The addition of lactose and SLS only 
slightly decreased tablet hardness. Neither capping nor lamination was 
observed. 

To study, in vitro, the release profile of budesonide from PAMgA 
matrix tablets biorelevant media were used to better simulate physio-
logical conditions. GI fluids vary in pH, buffer species, buffer concen-
tration, osmolality, viscosity, and surface tension, as well as the 
concentration and type of bile components along the length of the in-
testine (Mudie et al., 2020). The presence of bile salts such as sodium 
taurocholate and phospholipids (lecithin) have been shown to enhance 
solubility of poorly water-soluble drugs, such as budesonide, by micelle 
formation (Klein, 2010). 

The selection of the most suitable budesonide tablet formulation was 
made considering, in a first instance, the dissolution profiles of the drug 
from tablets both in simulated gastric medium (FaSSGF) pH 1.2 and 
simulated intestinal medium (FaSSIF) at pH 6.8. In these assays the 
dissolution medium composition did not change during the test. 
Extended release of budesonide was achieved from all the six formula-
tions of matrix tablets prepared with PAMgA hydrogels. In both bio-
relevant media, a lag time of 1–2 h was detected. From this time on, the 
release of the drug was influenced by the pH of the media, being faster in 
FaSSIF than in FaSSGF (Fig. 3). In all formulations, the drug released in 
gastric fluid (FaSSGF) was <20% during the first 9 h. In both media, the 
accelerating effect of the release that the incorporation of lactose and 
SLS into the formulation was demonstrated, so that, with 20% lactose 
and 1% (formulation F6) or 2% SLS (formulations F7 and F8), more than 
90% of budesonide dose was released after 24 h. As reported Bendgude 
et al. (2010) lactose is a water-soluble and hydrophilic compound, that 
accelerates the penetration of the dissolution media into the matrix. This 
excipient rapidly dissolves in dissolution mediums and diffuses out-
wards, forming channels in the matrix tablets enabling the moistening of 
the tablets and increasing porosity. 

The differences found on the budesonide release from the different 
tablets in gastric and intestinal simulated mediums seem to be directly 
related to the behavior of PAMgA in both media and not to the bude-
sonide dissolution rate. In fact, studies carried out with raw budesonide 
showed similar dissolution rates in both FaSSGF and FaSSIF media 
(supplementary material Fig. S4). 

It should be taken into that drug release can change in vivo, as for 

example it could be affected by the movements and contractions of the 
gastrointestinal tract producing an abrupt drug release. However, in 
PAMgA tablets, due to their matrix structure, it is expected that the 
polymer maintains the ability to control the drug release. This would not 
occur in tablets with a reservoir-type structure. 

To determine the mechanism responsible for drug release from the 
matrix tablets, dissolution data were fitted to Korsmeyer–Peppas equa-
tion (Equation (1)). This model is generally used to analyse the drug 
release from polymeric dosage forms when the release mechanism is not 
well known or when more than one type of release phenomenon could 
be involved (Figueiras et al., 2010). As it is detailed in Table 4, all for-
mulations showed a diffusional release exponent (n) over 1, indicating 
that the release of the drug followed Super case-II transport (Cascone, 
2017). This Super case-II transport supposes time-dependent drug 
release kinetics (with correlations higher than 0.95), driven by the 
macromolecular relaxation and erosion of the polymeric chains (Conti 
et al., 2007; Narayanaswamy and Torchilin, 2019). 

In fact, water uptake, swelling, and erosion are the processes 
involved in the release of a drug from hydrogel matrix tablets. 

Swelling and erosion studies were carried out in the two biorelevant 
media, FaSSGF (pH 1.2) and FaSSIF (pH 6.8). As the matrix tablets come 
into contact with the medium, water penetrates their structure giving 
way to swelling of the matrix and the formation of a gel layer. As time 
increases, the polymer chains begin to detach from the matrix, causing 
erosion of the tablet. Due to the similarity of F7 and F8 drug release 
profiles, and to compare the influence of the PAMgA reticulation grade 
on budesonide release mechanisms, both formulations, with the same 
composition but different PAMgA reticulation grades (Table 1) were 
selected. 

Regarding the influence of the medium and the degree of cross-
linking of the polymer on the swelling of the matrix, the swelling was 
more intense in the intestinal medium than in the gastric medium; and 
also, more intense in the tablets elaborated with PAMgA 40 (F8) than in 
those elaborated with PAMgA5 (F7), being this difference higher in 
FaSSIF. 

Regarding the effect of the degree of crosslinking of the polymer, as 
might be expected, the lower the degree of crosslinking the erosion is 
more intense, differences that were more marked in the intestinal 
environment, where 80% of erosion was reached in the case of formu-
lation F7 after 16 h in this medium. This higher erosion in the tablets 
prepared with PAMgA 5 (F7) can be directly related to the lower 
swelling of this formulation. PAMgA 5 loses higher mass and, the 
remained mass swells less. 

In general, in the FaSSIF the swelling was much more intense than in 
the FaSSGF where erosion predominated and started before. When the 
hydrogel gets in contact with FaSSIF (pH 6.8), the COOH groups are 
ionized into negatively charge species. The resulting electrostatic forces 
generated from COO− leads the hydrogel to expand and increase water 
uptake (Chuah et al., 2018; Lim et al., 2017; Mackiewicz et al., 2019). 

These differences in the swelling and erosion of the PAMgA matrix 
tablets as a function of the medium explain the differences found in 
terms of budesonide release profiles. Budesonide is entrapped within the 
polymeric network of the tablets. When the tablets get in contact with 
the release medium, begin to imbibe water and therefore begin to swell 
forming gel layer. A low degree of swelling is associated with a slower 
release of the drug, partly counteracted by the bioerosion of the 
polymer. 

Indeed, in FaSSIF, PAMgA 5 showed higher erosion values whereas 
PAMgA 40 showed greater swelling. These differences in behaviour of 
PAMgA hydrogels were not observed in acid pH, as results in erosion and 
water uptake could be considered similar. Therefore, at pH 6.8 drug 
released from PAMgA 40 is mainly consequence of its diffusion through 
the thick gel layer. 

However, in case of PAMgA 5 drug release in FaSSIF is mainly 
erosion dependant. Although this different behaviour of the polymeric 
matrices could lead to differences in drug release profiles, the fact is that 
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release of budesonide from formulations F7 and F8 show no significant 
differences. 

All these previous studies were done in FaSSGF or in FaSSIF, keeping 
the composition of the medium constant during the entire assay. How-
ever, in humans, the pH of the stomach is 1–2, and progressively in-
creases to 6.5–6.8 in the small bowel. Thus, sequential in vitro drug 
release tests, with changes in the composition of the medium along the 
assay, enable a better prediction of the in vivo release profile of a drug 
from an extended-release dosage form. Therefore, the selected formu-
lations, F7 and F8, were tested in a sequential releases test using FaSSGF- 
pH 1.2 (2 h), mFeSSIF-pH 5.0 (1 h) and FaSSIF-pH 6.8 (21 h). As 
depicted in Fig. 3, complete budesonide release was achieved from both 
formulations after 24 h. It is noteworthy that in the gastric medium the 
release was very low (<5% after 2 h), due to the lag time already 
detected in previous studies, and when the medium changed to pH 5.0, 
budesonide release rate increased and remained constant. Sequential 
dissolution data were also fitted to Korsmeyer–Peppas equation. The 
diffusional release exponents over 1 (n > 1) obtained with both for-
mulations, confirm that budesonide release from PAMgA matrix tablets 
follows Super case-II transport model where drug release is predomi-
nantly controlled by matrix swelling/erosion (Yehia et al., 2009) 
reaching zero order release rate over an interval of 19 h in pH 6.8. Be-
tween 4 and 20 h of the test, around 75% of budesonide dose was 
released in a sustained manner from both formulations (F7 and F8). 

In an oral administration, matrix tablets not only could interact with 
the gastrointestinal fluids but also with the digestive mucosa. In this 
sense, acrylic acid-derived polymers tend to have bioadhesive proper-
ties. Bioadhesion is considered as the interaction between two materials, 
which causes them to be held together for long periods of time by 
interfacial forces. Bioadhesion is referred when interaction occurs be-
tween polymer and epithelial surface, whereas the term mucoadhesion 
is used when the interaction occurs with the mucus layer covering a 
tissue. 

It should be taken into that no real success in humans has been 
achieved so far with oral mucoadhesive systems. However, due to that a 
new acrylic acid-derived polymer was used, and also, due to the small 
size of developed tablets (9 mm) the evaluation of mucoadhesive 
properties can be interesting. 

The bioadhesion of formulations F7 and F8 in both FaSSGF and 
FaSSIF was studied, using tanned goat leather as a model. Tanned 
leather has been used as substrate for bioadhesion studies by different 
routes of administration, i.e., buccal mucosa (Blanco-Fuente et al., 
1996a), vaginal mucosa (Campaña-Seoane et al., 2014) or ocular tissues 
(Fernández-Ferreiro et al., 2014). 

In bioadhesion studies (using tanned goat leather as substrate) sta-
tistically significant differences between both formulations (F7 and F8) 
and between both media (FaSSGF and FaSSIF) were not detected (p 
value > 0.05) when the medium volume was limited. When the assay 
was performed using an excess of medium, a statistically significant 
lower bioadhesion were detected in both F7 and F9 tablets and in both 
media compared to the limited volume assay (p value < 0.01), probably 
due to the concurrence, under these conditions, of other phenomena 
such as swelling and bioerosion of the matrices. These differences in 
bioadhesion depending on the conditions of the assay in vitro were also 
detected by Campaña-Seoane et al., (2014). In that study, the in vivo 
assay with excess of medium provided, as in our case, bioadhesion 
values closer to those obtained in ex vivo tests. 

In excess of medium, bioadhesion was significantly greater (p-value 
< 0.05) in FaSSGF, with a pH of 1.2, than in FaSSIF, at pH 6.8. This is 
characteristic of anionic polymers which are protonated at pH values 
lower than their pKa, facilitating the formation of hydrogen bonds with 
the mucin chains. On the contrary, at pH 6.8 the ionization of the car-
boxylic groups of the polymer leads to repulsive interactions with the 
rests of sialic acid of mucin (Rodríguez et al., 2000). In the gastric me-
dium, the formulation with the lowest bioadhesion was F8. 

Bioadhesion is a mechanism that makes it possible to prolong the 

residence time of a formulation in the digestive tract, increasing the 
efficacy of the extended drug release formulations. However, in the case 
of budesonide, which seeks a local effect at the level of the distal small 
intestine and colon, the bioadhesion at the level of the gastric mucosa 
could increase the absorption of the drug diminishing its local effect. The 
low release of budesonide from PAMgA matrix tablets in gastric medium 
as aforementioned (<20% in 9 h), would avoid this loss of drug. 
Furthermore, the intense peristalsis and the high renewal rate of the 
gastric mucosa as well as tablet swelling, and erosion make bioadhesion 
at the gastric mucosa difficult in vivo. Only in distal colon, where the 
volume of intestinal fluids significantly decreases, the physical interac-
tion between polymer and mucin chains could be favoured. 

Currently, there are three commercially available controlled bude-
sonide delivery formulations: Entocort®, Budenofalk® and Cortio-
ment®. Studies undertaken in physiological bicarbonate buffers (pH 5.6 
to 7) showed that Entocort® and Budenofalk® control the release of 
budesonide for around 6 h, with almost 100% of the drug released by 
this time (Goyanes et al., 2015a). However, the developed PAMgA 
matrix tablets, demonstrated a more controlled budesonide release for 
around 22 h (Fig. 3) at pH values of 5.0 to 6.8, which is interesting in the 
treatment of inflammatory bowel diseases where an intestinal local ef-
fect if needed. Cortiment® also showed a more controlled budesonide 
delivery, only the 50% of the drug was released after 10 h (Goyanes 
et al., 2015b). At this time PAMgA tablets released around 25–35% of 
the budesonide, suggesting that they could control the release of this 
drug for a longer period than Cortiment®. However, this cannot be 
confirmed as the experiment with this commercial formulation lasted 
10 h. These results indicate that PAMgA polymer can be an excellent 
strategy to develop sustained matrix tablets for the treatment of bowel 
inflammatory diseases. 

5. Conclusions 

A matrix tablet formulation of a new poly (magnesium acrylate) 
hydrogel and the lipophilic drug budesonide has been developed. <5% 
of budesonide dose is released within the first two hours in simulated 
gastric fluid, but 75% of the drug is released in a sustained manner 
between 4 and 20 h in simulated intestinal medium, by a diffusion 
mechanism controlled fundamentally by the swelling and by the erosion 
of the polymeric matrix. This low budesonide release at the gastric 
environment and its sustained release at the intestine level, made these 
tablets, prepared with PAMgA 40, lactose 20% and sodium lauryl sul-
phate 2% (F8), suitable for the treatment of inflammatory bowel dis-
eases such as ulcerative colitis and Crohn’s disease. Therefore, PAMgA is 
a good excipient to develop matrix tablets of highly lipophilic drugs for 
the treatment of diseases that affect the intestine. 
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