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ABSTRACT

The main objective of the present paper has been the development and study of two
new biodegradable polyurethanes, PU(dithiodiethanol-DTDI) and PU[('Pr)Man-DTDI],
to be used as sustained matrix forming excipients. Furthermore, their capacity to act as
excipient for colon drug delivery systems has been evaluated. Thus, SeDeM diagrams
have been obtained to investigate their suitability to be processed through a direct
compression process. Matrices containing 10-30% w/w of the polymers and
theophylline anhydrous as model drug have been manufactured. Release studies have
been carried out using a modified dissolution assay simulating pH and redox conditions
for the gastro intestinal tract, including colon. Drug dissolution data have been
analyzed according to the main kinetic models and their Excipient Efficiencies for
prolonged release have been calculated. The principal parameters of the SeDeM
Expert system, such as the parametric profile (mean radius) and the good compression
index obtained for the polymers are above the values considered as adequate for direct
compression even without addition of flow agents. The obtained values for Excipient
Efficiency show good ability of the polymer to control the drug release. Finally, 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.
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Excipient efficiency; matrix systems; polyurethanes; SeDeM; Sustained release; Site-

especific drug delivery.



1. INTRODUCTION

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
(Nair and Laurencin, 2007).

Among the synthetic materials used in biomedicine, polyurethanes (PUs) are being
widely investigated due to their low toxicity, potential biodegradability, biocompatibility,
and versatile structures (Ferris et al., 2010; Galbis et al., 2016; Weisenberg and
Mooradian, 2002). Numerous articles and reviews have reported exhaustive studies on
degradability of polyurethanes, mainly processes involving hydrolytic, enzymatic, and
oxidative pathways (Blackwell and Gardner, 1979; Blackwell and Lee, 1984; Loredo-
Trevifio et al., 2012; Lundberg et al., 2010; Lyman, 1960; Santerre et al., 2005; Storey
et al., 1994a; Tang et al., 2009). Furthermore, the introduction of hydrolysable linkages
besides the urethane bonds leaded to an improvement in the degradation rates of the
materials (Agag, 2006; Vardareli et al., 2006). 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 (y-
glutamylcysteinylglycine, GSH) (Paz et al., 2010; Rechichi et al., 2008; Storey et al.,
1994b).

In the latest years, thanks to the collaborative work between our research teams, new
polyurethanes have been synthesized and studied to be employed as matrix forming
excipients for oral sustained drug delivery (Campifiez et al., 2015, 2013; Ferris et al.,
2014). The results showed a noticeable reduction of the drug release rate just
employing 20% w/w (or even 10% w/w) (Campifiez et al., 2015, 2013). This fact is very
important in order to design a controlled release system because these dosage forms
usually contain a high drug load. Besides, reduction of the total amount of excipient

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



Therefore, in order to combine the good properties of PUs with the introduction of
disulfide bonds into their skeletons to increase the biodegradability rate in a reductive
environment, in this work we have developed new functionalized materials as
sustained release excipients. Thus, the incorporation of D-mannitol as sugar monomer
into the polymer backbone will enhance properties as biodegradability as well as
biocompatibility (Galbis et al. 2016). These polymers have been tested considering
both, conventional oral route and colon drug delivery.

Oral sustained release drug delivery systems are pharmaceutical formulations that
provide a slow release rate of the drug, being this factor the limiting step in controlling
the arrival of the drug to the systemic circulation (Costa et al., 2004; Nokhodchi et al.,
2012). Therefore, these systems lead to a lower fluctuation of the drug concentration in
plasma. As a consequence, the peak plasma levels of the drug will be reduced and the
valley plasma levels will be increased, with respect to a conventional dosage form.
Moreover, the therapeutic concentration of drug is maintained over a longer period of
time and the time between doses is increased. This fact improves patient compliance,
which is one of the main factors affecting the success of a treatment.

Among the different oral sustained release dosage forms, matrix tablets are the most
widely employed because of their low cost and ease of manufacture. Our research
group has a wide experience in the design of these systems (Campifiez et al., 2016;
Casas et al.,, 2015; Mason et al.,, 2015). Novel formulation tools as percolation
thresholds, Excipient Efficiency or in silico methods have been employed to study the
internal structure of these systems. We have studied critical points of drugs and
polymers, including both hydrophilic and inert matrices (Goncgalves-Aradjo et al., 2008;
Miranda et al., 2006) in order to obtain information for a science-based development of
the pharmaceutical formulations that allows to “design the quality” instead of testing it,
hence reducing time and cost in drug development.

On the other hand, colon-specific drug delivery is an emerging field in pharmaceutical
technology. Targeted drug delivery into the colon is highly desirable for local treatment
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of a variety of bowel diseases such as ulcerative colitis, Crohn’s disease, amebiosis,
colonic cancer, local treatment of colonic pathologies. Another potential benefit could
be the increase in bioavailability of certain drugs (Philip and Philip, 2010). Therefore,
the development of a delivery system with the ability of releasing the drug in the colon
at a sustained rate would be highly beneficial.

The main objective of the present paper has been the synthesis and characterization of
new biodegradable polymers and the study of their ability to be used as sustained
release excipients. Furthermore, the capacity of these excipients to be used as
vehicles in colon-specific delivery systems has been evaluated carrying out a modified
dissolution assay simulating gastro intestinal and colonic drug release.

2. MATERIALS AND METHODS

2.1. Materials

Theophylline anhydrous and the new polymers PU(dithiodiethanol-DTDI) (PU4) and
PU[('Pr)Man-DTDI] (synthesized with two different molecular weights 40000 Da (PU5)
and 90000 Da (PU5’)) were used in the manufacture of the matrix tablets. The APl was
purchased from Acofarma (Barcelona,Spain) and the polymers were synthesized as
described in method section.

Commercial reagents were purchased from Sigma-Aldrich Chemical Co. (Madrid,
Spain) and used as received. Solvents of high purity grade were dried by appropriate
standard procedures when necessary.

2.2. Methods

2.2.1. Preparation of PU(dithiodiethanol-DTDI) (PU4) and PU[(Pr)Man-DTDI]
(PU5)

A round-bottom flask was loaded with 3 mmol of the monomer 2,2’-dithiodiethanol (1)
or 3,4-O-isopropylidene-D-mannitol (2) (Wiggins, 1946) and the system was treated
with three cycles of vacuum-argon before the addition of dried THF (3 mL). The mixture
was stirred to get a solution, then 2,2’-ditiodiethyldiisocyanate (3) (3 mmol) (Teramura
et al., 2007) was added under an argon atmosphere, followed by one drop of the
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catalyst [dibutyltin (Il) dilaurate]. Stirring was continued at room temperature for 24
hours. Finally, the reaction mixture was treated with tert-butyl alcohol (0.6 mL) for 30
minutes, and added dropwise into cold diethyl ether (200 mL). The precipitated polymer
was filtered, washed with diethyl ether and dried under vacuum at 40°C for 24 h. The
polyurethanes PU(dithiodiethanol-DTDI) and PU[(Pr)Man-DTDI] were isolated as white
solids in 86 and 90% yields, respectively.

2.2.2. Characterization of the new polyurethanes

The characterization of the two polyurethanes was carried out in the Microanalysis
Laboratories of the CITIUS Service, at University of Seville, Spain. Elemental analyses
were performed using an Analyzer LECO CHNS 932 (Saint Joseph, MI, USA) and a
Sartorius Micro Balance M2P (Madrid, Spain). IR spectra were recorded on a JASCO
FT/IR-4200 spectrometer (Easton, MD, USA). *H and *C NMR spectra were recorded
using a Bruker Advance AV-500 spectrometer (Francfort, Germany) at 300°K.
Chemical shifts (6) were reported as parts per million downfield from Me,Si. Two-
dimensional spectra (2D) as *H-"H homonuclear (COSY) and **C-'H heteronuclear shift
correlation (HETCOR) were also recorded. Molecular weights were determined by gel
permeation chromatography (GPC) using a Waters equipment (Milford, MA, USA)
provided with a refractive-index detector 2414. N,N-dimethylformamide (DMF)
containing LiBr (5.8 mM solution) was the mobile phase. 100 pyL of 0.1% (w/v) sample
solution were injected and chromatographed with a flow of 1 mL min™. HR3 and HR4
Waters Styragel columns (7.8 x 300 mm) linked in series and protected with a guard
column, thermostated at 60 °C were used. Molar mass averages and their distributions
were calculated against polystyrene standards.

The thermal behavior of the polyurethanes was examined by differential scanning
calorimetry (DSC) using a TA DSC Q200 Instrument (Milford, MA, USA) calibrated with
indium. DSC data were obtained from samples of 4-6 mg at heating/cooling rates of 10
°C min™ under a nitrogen flow of 20 mL min™. The melting temperature (T,,) was taken

as the maximum of the endothermic peak appearing on heating traces recorded at 10
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°C min, and the glass transition temperature (T,) was taken as the temperature for the
inflection point seen on heating traces recorded at 20 °C min™ from samples quenched
from the melt.

Themogravimetric analyses (TGA) were performed on a TA SDT Q600 thermobalance
(Milford, MA, USA). Polymer samples with a weight around 3-4 mg were heated at a
rate of 10 °C min™® within the temperature range of 30-600 °C under an inert
atmosphere.

The polymerization reaction assays were performed in the absence of humidity, under
an inert atmosphere. All glassware was heated overnight at 80 °C before used. The
pure monomers were dried under vacuum and stored under an inert atmosphere until
required.

2.2.3. Characterization of PU(dithiodiethanol-DTDI) (PU4)

GPC data: M,, 17458; M, 15382; M,/M, 1.13. IR: v (cm™) 3341 (N-H, O-H), 1682
(C=0), 1529 (N-H and N-CO).

'H NMR (DMSO-dg, 500 MHz): & (ppm) 2.76-2.84 (m, 4H, SCH,CH,O and terminal
SCH,CH,0H), 2.93-2.99 (m, 4H, SCH,CH,NH), 3.28 (c, 4H, J= 6.3 Hz, CH,NH), 3.64
(c, J= 6.2 Hz, terminal CH,OH), 4.20 (t, 4H, J= 6.0 Hz, CH,0), 4.86 (t, J= 5.4 Hz,
terminal CH,OH), 7.35 (bs, 2H, NH).

3C NMR (DMSO-ds, 125 MHZz): & (ppm) 37.0 (SCH,CH,NH), 37.4 (SCH,CH,0), 39.7
(CH2NH), 41.1 (terminal SCH,CH,OH), 59.4 (terminal CH,OH), 61.8 (CH,0), 155.9
(CO).

Anal. calcd. for (C1oH1sN20,4S,4-0.5H,0): C, 32.68; H, 5.21; N, 7.62; S, 34.89. Found: C,
32.82; H, 4.93; N, 7.34; S, 33.77.

TGA data: T4 239 °C (Decomposition temperature associated to 10% weight loss) and
Tgs: 249 °C (Maximum decomposition temperature associated to 87% weight loss).
DSC data: Tp,: 109 °C; AH,: 41 J g™* (Melting enthalpy); T4 -0.8 °C.

2.2.4. Characterization of PU[(Pr)Man-DTDI] (PU5 and PU5’)



GPC data: M,, 52845; M, 45075; M,/M, 1.17 (PU5); M,, 97103; M, 62256; M,/M, 1.56
(PU5).

IR: v (cm™) 3320 (N-H, O-H), 1693 (C=0), 1525 (N-H and N-CO), 1250 [C(CHa)2].

'H NMR (DMSO-dg, 500 MHz): & (ppm) 1.29 (s, 6H, CHs), 2.72-2.81 (m, 4H, CH,S),
3.20-3.31 (m, 4H, CH,NH), 3.43-3.63 (m, 2H, H-3, H-4), 3.64-3.74 (m, 2H, H-1,, H-6,),
3.81-3.96 (m, 2H, H-2, H-5), 4.09-4.18 (m, 2H, H-1,, H-6), 4.40-5.30 (several m, OH,
cross H-2, cross H-5), 7.26 (bs, 2H, NH).

3C NMR (DMSO-ds, 125 MHz): & (ppm) 27.2 (CHj), 27.3 (cross CHs), 31.3 (CH,S),
37.4 (CH,;NH), 64.9 (cross C-1, cross C-6), 65.8 (C-1, C-6), 70.0 (C-2, C-5), 72.8 (cross
C-2, cross C-5), 78.9 (cross C-3, cross C-4), 79.2 (C-3, C-4), 108.6 {cross [C(CHz),]},
108.9 [C(CHg),], 155.8 (cross CO), 156.3 (CO).

Anal. calcd. for (CisHysN20gS,-H,0): C, 40.53; H, 6.35; N, 6.30; S, 14.42. Found: C,
40.28; H, 6.20; N, 6.31; S, 14.51.

TGA data: T4: 243 °C (Decomposition temperature associated to 10% weight loss) and
Tgs: 258 °C (Maximum decomposition temperature associated to 90% weight loss).
DSC data: T4: 61 °C.

2.2.5. Preformulation studies of PU4 and PU5 using the SeDeM method

An expert system called SeDeM method, which was developed by Sufié Negré et al. at
the University of Barcelona, Spain, (Sufié Negré et al., 2013) was used to carry out the
preformulation studies of the polymers employed. This method is based on the
experimental measurement of a number of rheological parameters of the powder
followed by normalization of their values and division in different groups depending on
the property that they are measuring (as dimension, compressibility, flowability/powder
flow, lubricity/stability and lubricity/dosage).

Rheological studies were carried out for the polymers applying the techniques indicated
in the SeDeM Method (Sufié Negré et al., 2013).

Bulk density (pp,) and tapped density (p;qppeq) WEre measured in accordance with

the method described in European Pharmacopoeia (European pharmacopoeia, 7th
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edition). Both parameters were determined in triplicate using 9.9 g of the polymer PU4
and 6.2 g of PU5.

The bulk density was obtained according to the Equation 1.

_m
Pbuik = /Vbulk 1)

Where py, is the bulk density (g/mL), m is the mass (g) and Vi is the apparent
volume (mL).

The tapped density was determined from the tapped volume (Vzppeq) OCCupied by the
powder after repeated taps until the difference between successive measures was less
than 2 ml. The volume taken is the value obtained after 1250 taps.

The tapped density was obtained according to Equation 2.
Ptappea = m/ Viappea (2)

Where prappea IS the tapped density (g/mL), m is mass (g) and Vigppea iS the volume
after tapping (mL).
Carr index (IC%) (Equation 3) and Hausner’s index (IH) (Equation 4) were calculated

from the results of py,;x and pieppeqa @nd can be used to predict the compressibility and

flowability of the powders. Sponginess index (IS) has been calculated according to

Equation 5.

IC% = ((ptapped 1 pbulk)/ptapped) * 100 (3)
IH = ptapped/pbulk (4)
IS = (ptapped - pbulk)/(ptapped * Ppuik) (5)

The flowability was measured using a funnel type described in European
Pharmacopoeia (European pharmacopoeia, 7th edition). This funnel had a height of 9.5
cm, an external diameter of 7.2 cm, an internal diameter of 1.8 cm and an angle of 45°

with respect to the vertical.



The rest angle is an indirect method that indicates the cohesivity of a powder and is
used to estimate its flow properties (European pharmacopoeia, 7th edition). This is the
angle of the cone formed when the product is dropped through a funnel placed at 2 cm
of height with respect to the horizontal. This parameter is calculated according to the

Equation 6.

tg () = h/r (6)

Where h is the height of the cone and r is the radius of the cone, the assay was carried
out in six replicates.

The loss on drying (%HR) was measured according to the method proposed by the
European Pharmacopoeia (European pharmacopoeia, 7th edition). The samples were
dried in a heater at 105 £ 2 °C until a constant weight is obtained. This assay has been
carried out in three replicates.

The hygroscopicity was determined in three replicates as the increase in sample weight
after being kept in a humidifier at ambient relative humidity of 76% (£2%) and room
temperature for 24 h.

The percentage of particles measuring <45 pm was determined as the percentage of
particles that pass through a 45 um sieve subjected to vibration for 10 min at speed 60
(Retsch, model AS 200, Germany).

For the determination of the homogeneity index, a sieving test employing the following
sieve sizes: 0.710 mm, 0.500 mm, 0.355 mm, 0.180 mm, 0.090 mm, 0.045 mm was
carried out. Sieves were subjected to vibration during 10 min at speed 60 (Retsch,
model AS 200, Germany). The percentage of product that was retained in each sieve

was calculated. Equation 7 was applied to the data obtained.

1 = Fm (7)

100+(dm_dm—1)Fm—1+(dm+1_dm)Fm+1+(dm_dm—2)Fm—2+(dm+2_dm)Fm+2+"'+(dm_dm—n)Fm—n+(dm+n_dm)Fm+n

Where /6 is the relative homogeneity index, informing about the homogeneity of the

particle-size distribution in the range of the fractions under study. F,is the percentage
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of particles in the majority range; Fn.; is the percentage of particles in the range
immediately below the majority range; Fn.; is the percentage of particles in the range
immediately above the majority range; n is the order number of the fraction studied
under a series with respect to the majority fraction; d, is the mean diameter of the
particles in the majority fraction; d,-;is the mean diameter of the patrticles in the fraction
of the range immediately below the majority range; dn+:is the mean diameter of the
particles in the fraction of the range immediately above the majority range.

Once the parameters described were determined, they were normalised, in order to
situate their values in a scale from 0 to 10, in such a way that the maximum (10) and/or
minimum (0) value of every normalised parameter corresponds to the natural limit of
the parameter before normalisation. Table 1 and Table 2 show the limits before
normalisation and the factor applied to each parameter.

The normalised values, also called radius values (r), were then plotted in the SeDeM
Diagram. The radius values are connected with lineal segments. In this case, the
SeDeM Diagram was made with eleven parameters as previous studies for another
novel polyurethane (Campifiez et al., 2015).

To determine whether the product is suitable for direct compression using this
numerical method, the following indexes were calculated based on the SeDeM
Diagram.

Parametric index (IP) was calculated according to Equation 8.

_ No.p =25
IP = /No. pt (8)

Where No. p = 5 indicates the number of parameters whose values are equal to or
higher than 5 and No.Pt indicates the total number of parameters studied.

The acceptability limit would correspond to:

IP>0.5

Parametric profile index (IPP) corresponds to the mean r value of all parameters.

The acceptability limit corresponds to:
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IPP=meanr=5

Good compression index (IGC) was calculated following equation 9.
IGC=IPP *f (9)

Where f is a reliability factor and was calculated with the equation 10.

_ polygon area
f= /circle area (10)

The acceptability limit was calculated by equation 11.

IGC=IPP*f =5  (11)

2.2.6. Preparation of the matrix tablets

Table 3 shows the compositions of the different formulations and Figure 1 shows an
image of the tablets formulations as an example. Theophylline anhydrous and the
polymer were blended for 5 minutes in a Turbula mixer (Willy A. Bachofen, Basel,
Switzerland) employing different percentages. Batches were prepared by direct
compression in an eccentric tabletting machine (Bonals A-300, Barcelona, Spain) using
manual feeding and applying the maximum compression force accepted by the
formulation. The tablets were prepared using 9-mm diameter punches and the target
weight was 250 mg.

2.2.7. Drug dissolution tests

Gastro-intestinal dissolution tests were carried out employing a variation of the
pharmacopoeial paddle method in a Sotax AT7 Smart USP dissolution apparatus
(Allschwil, Switzerland). During the test, the formulation was exposed to four phases
simulating in subsequent order the stomach, jejunum, distal ileum, and proximal colon.
The method chosen was proposed by Ferris et al. 2014 and is a variation of the
formerly proposed by Schellekens et al.,, 2007. This method describes a gastro-
intestinal simulation system mimicking pH and transit times (see Table 4) through the
gastro-intestinal tract up to the proximal colon. At the end of each phase, a switch
solution was added to obtain the required composition of the next phase. The rotation

speed of the paddle was 50 rpm and the temperature of the dissolution medium was
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kept at 37 + 0.5 °C. In order to have a better simulation of the physicochemical
conditions in the colon, we modified the method reported by Schellekens et al.,
(Schellekens et al.,, 2007) creating a reductive environment during last phase,
corresponding to the colon. For this purpose, the experiments were carried out under
an argon atmosphere, and glutathione was added to the media up to a final
concentration of 5 mM. Several samples (5 mL each) were withdrawn at each period of
time during 12 hours and measured in an Agilent 8453 UV/VIS spectrophotometer
(California, USA). The theophylline content was calculated using a previously
determined calibration curve at 272 nm.

2.2.8. Dissolution data analysis

Drug release data were analyzed according to Zero Order, Higuchi (Higuchi 1963),
Korsmeyer (Korsmeyer, et al. 1983), and Peppas&Sahlin (Peppas and Sahlin 1989)
dividing the release profiles in two phases. The first phase corresponds to the stomach
and jejunum and the second one to distal ileum and proximal colon, in order to study

the release mechanism in the different gastro-intestinal phases.

M/, = koxt (12)
Mf/M = kyt'/2 (13)
Mepy = kot (14)

Mejy = kat™+ kt?™  (15)

o)

Where M,/ M., is the fraction of drug released at time t (M,, corresponds to the amount
of drug released at time infinite), ko is the zero-order release constant eq (12), ki is the
Higuchi’s release rate constant on eq (13), ki is the Korsmeyer’s kinetic constant on eq
(14), t is the release time and n is the Korsmeyer’s time exponent that depends on the
release mechanism and the shape of the matrix tested (Ritger and Peppas 1987). kq is

the diffusional rate constant, k; is the erosion/relaxation rate constant on equation (15)
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and m is the purely Fickian diffusion exponent (which depends on the geometrical
shape of the delivery device through its aspect ratio).

2.2.9. Efficiency of the excipient

The Excipient Efficiency (EE) for controlling the drug release has been calculated with
the novel equation proposed by Casas et al. (Casas et al., 2015) for inert matrices
using the total porosity of the system and the slope of the Higuchi’s equation corrected
by the drug solubility (see equation 16).

EE = (¢/ky) * (1/(1.963 — 0.246InCs))  (16)

Where EE is the efficiency of the excipient, ¢ is the total porosity, ky is the Higuchi rate

constant and C; is the drug solubility.

3. RESULTS AND DISCUSSION

3.1. Preparation and characterization of the polyurethanes

The synthesis of the new polyurethanes PU4 and PU5 (Scheme 1) was carried out by
a procedure consisting of the treatment of the commercially available diol 2,2’-
dithiodiethanol (1) or 3,4-O-isopropylidene-D-mannitol (2) (Wiggins, 1946) in THF with
2,2’-ditiodiethyldiisocyanate (3) (Teramura et al., 2007) in the presence of dibutyltin (II)
dilaurate as catalyst for 24 h at room temperature. Compound 3 has been widely
employed as a crosslinking agent, and we now describe its use as a monomer to
prepare polyurethanes containing a high rate of disulfide bonds along the polymer
chains. The polyurethanes were isolated by precipitation in diethyl ether, followed by
filtration and washed with the same solvent. Finally, the products were dried under
vacuum to give white solid materials in high yields (86-90%). Other solvents such as
DMSO were also assayed but colored materials and lower yields were obtained.

The new polymers were characterized by GPC (Figure 2), FTIR-ATR (Figure 3) and
NMR spectroscopies, and thermal and elemental analyses. The latest were in full
agreement with those calculated for the expected compositions. The weight-average

molecular weights were in the range of 17500-97000 g mol®, and the low
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polydispersities values of 1.1 and 1.5 showed a good control of the polymerization
processes.

The chemical structures of polyurethanes were ascertained by FTIR-ATR and *H NMR
and **C NMR; all these data and assignments are detailed in the experimental section.
Characteristic IR absorption bands of the urethane group, and the sugar moieties in the
case of PU5, were observed at the predicted positions and with the expected
intensities.

In all cases, NMR spectra were in full concordance with the expected chemical
structures of the polyurethanes. The 'H NMR spectra of PU4 showed signals
corresponding to terminal OH groups, and their corresponding carbons were also
observed by *C NMR (Figure 4). NMR spectra of PU5 revealed certain degree of
crosslinking due to the reaction of the secondary hydroxyl groups of the D-mannitol
moiety with the diisocyanate 3. This crosslinking effect could be easily identified by
NMR, thus the *C NMR spectra showed two different signals for the carbonyl group
and additional signals for the expected carbons of the sugar chain (Figure 5). From the
'H NMR spectra, a 10% of crosslinking extension was estimated. Assignments of the
signals corresponding to crosslinking reactions are depicted in the experimental section
with the abbreviation “cross”.

The thermal properties of the synthesized polymers were studied by TGA and DS. TGA
studies (Figure 6) revealed that PU4 and PU5 were stable to thermal degradation
under inert atmosphere up to 220 °C with a decomposition onset temperature
associated to 10% weight loss around 240 °C. The degradation of PU4 and PU5
proceeded in one stage at 249 and 258 °C respectively, with a total associated weight
loss about 90%.

The DSC studies (Figure 7) showed that PU4 was semicrystalline with T,, 109 °C and a
melting enthalpy of 41 J g™ at the first heating. The second heating showed T, at-0.8
°C. In contrast PU5 showed an amorphous behavior without a thermal transition
associated to the fusion, indicating that the polymer has a certain grade of crosslinking
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as previously it had been observed. The second heating after a rapid cooling showed a
T, of 61 °C.

3.2. Preformulation studies of PU4 and PU5 using the SeDeM method

SeDeM method provides information about the rheology of a powder, indicating its
ability for direct compression (Sufié Negré et al., 2013). Furthermore, this expert
system shows the strong and weak aspects of the powder, providing a rational basis
for the design of a direct compression formulation, contributing to build up a database
that improves the formulations (Campifiez et al.,, 2016b) and helping to correct the
weak points of a substance with other components of the formulation.

For this purpose a number of rheological parameters were measured, grouped and
normalized. After that, the results were graphically expressed in form of a SeDeM
diagram, providing unified results, which constitute a useful database for preformulation
and formulation. These values were normalized and represented as radii in a diagram,
making possible the comparison of the results of the different assays in order to detect
the properties that need to be improved. This way, the information provided allows
obtaining the final formulation of tablets by direct compression in an easy way.
Furthermore, the SeDeM expert system evaluates the attributes having an impact on
the quality of the final product, making possible the improvement of the formulation
from a science based perspective, in agreement with the principles of Quality by
Design (QbD), described in the guidelines of the International Conference on
Harmonisation (ICH Q8) (EMEA, 2004. Guideline on ICH Topic Q8, Note for Guidance
on Pharmaceutical Development)

Table 5 shows the results obtained for the characterization of the PU(dithiodiethanol-
DTDI)

(PU4) and PU[('Pr)Man-DTDI] (PU5) using the SeDeM method.

The obtained values were normalized and represented as radius values in the diagram

shown in Figure 8 for PU4 and Figure 9 for PU5. This provides intuitive and valuable
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information about the type of substances that would be adequate for obtaining a direct
compression powder blend containing these excipients.

The results of the Parametric Profile (mean radius) (5.31 for PU4 and 5.78 for PU5)
and the Good Compression Index (5.00 for PU4 and 5.45 for PU5), are higher than 5,
therefore they are considered as adequate for direct compression without adding a flow
agent. Being these values better than those reported for another new polyurethane
studied previously (Campifiez et al., 2015) and even higher than the value reported for
hydroxypropylmethyl cellulose (HPMC) (Sauri et al.,, 2014), one of the most used
excipient for controlled release.

In summary, the results of the SeDeM studies indicate that both polyurethanes can be
considered as direct compression excipients, which indicates that their rheological
properties are clearly above the average values for pharmaceutical excipients.

Using the SeDeM diagram, the goodness of these polymers to be used for direct
compression can be easily appreciated. Additionally, it is possible to see the strong
points and the weaknesses of the powders. For example, for PU4, one of its strong
aspects is the compressibility, having a mean incidence of this value higher than 7 over
10. However, one of the weak points in the rheological properties of this polymer is the
flowability, which can notably benefit from the use of a Flow Aid excipients or Direct
Compression fillers.

3.3. Drug dissolution tests

The dissolution profiles of the different batches are shown in Figure 10. The ability of
both polymers to control the drug release is reflected in the substantial decrease in the
drug release rate caused by the increase in the polymer concentration, much more
noticeable in the polymer PU4. For example batch 1, with 10% of PU4 releases around
95% wi/w of theophylline at 6 hours in comparison with batch 3, with 30% of polymer,
which releases about 55% of theophylline after 6 hours of assay. By the contrast,
batches prepared with PU5 show a decrease of the release rate less pronounced than
in the case of PU4.
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On the other hand, the influence of the molecular weight on the release rate has been
studied. For this purpose, the polymer PU5 was synthesized with two different
molecular weights (ca. 40000 Da and 90000 Da respectively). Batches with a
concentration of 10%, 20% and 30% of this polymer (PUS5’) were prepared (batches 7,
8 and 9, respectively) and were subjected to the dissolution tests, keeping the same
conditions than the previous assays. The obtained profiles are shown in Figure 10, in
comparison with the formulations prepared with PU5 (batches 4 to 6). Despite a higher
degree of polymerization of the excipient is typically related to a slower drug release,
the results exhibited in Figure 10, did not show a significant influence of the molecular
weight on the release profiles. This could be due to the fact that other formulation
factors, like for example rheological properties, compactibility, compressibility or
particle distribution inside the matrix, are masking this influence.

Concerning the capacity of these excipients to be used as vehicles for site-specific in
the gastro intestinal tract, both, PU4 and PU5 show a faster release when they are
subjected to the colon simulating phase, that can be attributed to an increase of the
biodegradability of the disulfide bonds of the polymers in the reductive environment.
This effect is more evident in the case of PU4. Nevertheless, it is interesting to note
that in formulations containing PUS5, the effect is more evident for the polymer with a
lower molecular weight (batches 4 to 6) in comparison with batches 7 to 9. This higher
susceptibility to degradation in reductive environment is interpreted as an easier
accessibility of dissolution medium to the disulfide bonds of the polymer chain, in case
of a lower degree of polymerization.

Based on the release profiles, and on the degree of variability shown by the studied
formulations, it can be concluded that the percolation threshold of both excipients is
located between 20 and 30% w/w of polymer. In this sense, it is interesting to note that
the formulations below the critical point of the polymers (10% and 20%) show a higher

susceptibility to the reductive conditions, which is attributed to the lower accessibility of
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the release medium to the drug, when the polymer forms a coherent insoluble network
throughout the system, i.e., for formulations containing 30% w/w of polymer.

The faster release rate in the colon-simulating environment showed by the obtained
polymers, especially PU4, has a high importance in the field of site-specific release in
the Gl tract suggesting that the obtained polymers could be potential candidates for
excipients of colon targeted drug delivery systems.

3.4. Release kinetics analysis

Drug release data have been analyzed according to Zero order, Higuchi (Higuchi
1963), Korsmeyer (Korsmeyer, et al. 1983), and Peppas&Sahlin (Peppas and Sahlin
1989) kinetic models. Table 5 shows the fit of the data to these models.

In general, the release constant decreases as the concentration of excipient increases.
Furthermore, the release constants for the second phase are higher than the constants
for the first phase. This fact supports the biodegradability of the disulfide bonds of the
polymers in the reductive environment.

The time exponent, indicative of the release mechanism “n” was examined in the
Korsmeyer's equation. Values near 0.5 are indicative of a diffusion mechanism
whereas values higher to 1 indicate an erosion mechanism. According to Table 6, the
time exponents are closer to 0.5 for the Korsmeyer’s equation for both polymers in the
stomach/jejunum phase, whereas in the ileum/colon phase are higher than 1. This
indicates that the drug release follows predominantly the mechanism of diffusion in the
first phase, whereas the erosion is predominant in the second phase.

3.5. Excipient Efficiency for controlled release

The Excipient Efficiency is a parameter that provides an estimation of the capacity of
an excipient to reduce the drug release rate (Casas et al., 2015). This parameter has
been calculated for the new excipients developed in this work.

The values calculated for the Excipient Efficiency of the different batches prepared with

the polymers are shown in Table 6.
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This parameter should be calculated employing formulations in which both, the drug
and the excipient are percolating the system (i.e., they are above their critical points).
Therefore, in this case, the batches containing 30% of excipient have been selected.
The obtained values are clearly higher than the obtained for commercial excipients as
Eudragit RS PM (5.59 min'? mg™ ml), which is one of the most employed inert matrix
forming excipients.

4. CONCLUSIONS

The newly synthesized polymers PU(dithiodiethanol-DTDI) (PU4) and PU[(Pr)Man-
DTDI] (PU5) show a high ability to form matrix systems, and are able to act as
controlled release excipients.

According to the SeDeM method, these new biodegradable polymers show adequate
rheological properties to be used as matrix forming excipient by direct compression,
even without adding of flow agents.

Furthermore, the polymer PU4 shows the capacity to be used as vehicle in colon-
specific delivery systems.

These facts together with their biodegradability and biocompatibility make these
polymers excellent controlled release matrix forming excipients. Additionally, the
polyurethane PU4 is a potential candidate to be used in the development of new colon

targeting drug delivery systems.
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molecular weight of ca. 40000 Da, and with 10% (V¥), 20% (+), and 30% (m) w/w of

PU5’ with a molecular weight of ca. 90000 Da. Details about phases I-IV are described

in Table 4.
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Scheme 1. Synthesis of polyurethanes PU4 and PUS.
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Table 1. Limit values accepted for the SeDeM Diagram parameters and factor applied

to transform each parameter into radius values (r).

INCIDENCE PARAMETER LIMIT VALUES FACTOR APPLIED TO v
Dimension Bulk density 0-1 g/ml 10v
Tapped density 0-1 g/ml 10v
Compressibility Inter-particle porosity 0-1,2 10v/1,2
Carr index 0-50 (%) v/5
Flowability/ poder flow Hausner ratio 3-1 (30-10v)/2
Rest angle 50-0 (°) 10-(v/5)
Powder flow 20-0 (s) 10-(v/2)
Lubricity/ stability Loss on drying® 0-10 (%) 10-v*
Higroscopicity 20-0 (%) 10-(v/2)
Lubricity/ dosage Particles < 45 um 50-0 (%) 10-(v/5)
Homogeneity index 0-0,02 500v

4Calculated r for the “Loss on drying” parameter in accordance with Table 2.
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Table 2. Calculation of r, based on the loss on drying value.

Description Range (a) Range (b) Range (c)
Range of Range value interval Oto2 3to 10 2to 3
values
Radius (r) range to apply Oto 10 5t00 10to 0
Symbol Rmax Radius top value 10 5 10
Vimax Range top value 2 10 3
Vmin Range minimum value 0 3 2
\% Experimental value \ \% \%
Equations r = Radius value r = (RmaxV)/(Vmax) r = (Rmax(Vmax-V))/ r = (Rmax(Vmax-

calculated

(Vmax' Vmin)

V))/ (Vmax‘ Vmin)
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Table 3. Compositions of the prepared formulations.

Batch | Batch | Batch | Batch Batch Batch | Batch 7 | Batch 8 | Batch 9
1 2 3 4 5 6

PU4 10% 20% 30% - - - - - -
PUS - - - 10% 20% 30% - - -
PU5’ - - - - - - 10% 20% 30%
API 90% 80% 70% 90% 80% 70% 90% 80% 70%
Total 100% 100% | 100% 100% 100% 100% 100% 100% 100%
Mean weight 240.6 241.9 | 242.1 | 245.43 | 243.24 | 246.66 246.84 247.1 248
(mg)

1.52 1.7 0.36 0.51 1.07 0.73 1.57 0.97 0.65
SD (mg)
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Table 4. Specifications of the four phases of in vitro dissolution assays

Phase Gl- segment Time (min) pH
I Stomach 0-120 1.2
Il Jejunum 120-240 6.8
1 lleum (distal) 240-270 7.5
v Colon (proximal) 270-480 6
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Table 5. Results obtained for the characterization of the PU4 and PU5.

Incidence Parameter Symbol U Experimental Value (r) Mean incidence
PU4 SD PU5 SD PU4 PU5 PU4 PU5
Dimensions Bulk density Pouk o/ml 0.256 0.005 0.335 0.009 2.56 3.35 3.05 3.22
Tapped Prapped g/mi 0.354 0.001 0.448 0.009 3.54 4.48
density
Compressibility Inter-particle le - 1.077 0.061 0.753 0.123 8.97 6.27 7.24 5.23
porosity
Carr index IC % 27.57 1.09 25.16 3.44 5.51 5.03
Flowability/ Hausner ratio IH - 1.38 0.02 1.33 0.06 5.40 8.33 3.07 3.30
powderflow
Rest angle a ° 30.96 3.09 24.95 1.8 3.80 5.01
Powder flow t" S oo 0 oo 0 0 0
Lubrication/ Loss on drying %HR % 1.73 0.20 0.12 0.003 8.27 9.88 8.97 6.15
stability
Hygroscopicity %H % 0.63 0.115 6.49 0.004 9.68 6.75
Dosage/ Particles< %Pf um 0.052 0.05 1.35 0.94 9.99 9.73 5.35 7.20
lubrication 45um
Homogenity 16 - 0.001 0.005 0.009 0.004 0.72 4.8
Index
PU4 PU5
Parametricindex 0.54 0.54
Parametricprofile 5.31 5.78
(mean radius)
Goodcompressionindex 5.00 5.45

(IGC)
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Table 6. Kinetic parameters.

Zero Order Higuc Korsmeyer Peppas&Sahli
hi n

Stom r lleu R Stom R lleu R n k R n k R k1 k2 R k1 k2 R

ach/ m/ ach/ m/ (Stoma

jejunu col jejunu col (Stom (lleu ch/ (lleu

m on m on ach/ m/ jejunu m/
jejunu colo m) colo
m) n) n)
PU 0,252 0, - - 0,054 0, - - 0,711 0, 0, - - - 0,039 0, 0, - - -
4 9 9 0 9 00 9
10 8 9 1 9 o7 9
%/ 9 7 4 9 9
API
90
%
PU 0,245 0, | 019 | O, 0,052 0, | 0,06 | O, 0,655 0, | O 1,37 52 | 0, 0,048 0, 0, - 0, 1
4 9 3 8 9 3 8 0 9 5 3E 6 00 9 1,64 05
20 9 9 9 9 2 9 - 4 02 9 0 18
%/ 4 7 5 1 0 7 05 5 5
1
API
80
%
PU 0,114 0, | 012 | O, 0,024 0, | 0,04 | O, 0,543 0, | O, 3,98 13 | 0, 0,017 0, 1 0,16 - 0,
4 9 6 9 9 4 9 0 9 63 1E 9 00 3 0, 9
30 9 6 9 6 1 9 - 1 04 00 7
%/ 1 0 8 7 8 9 11 6 35 1
8

API
70
%
PU 0,277 0, - - 0,059 0, - - 0,645 0, | O - - - 0,076 - 0, - - -
5 9 9 0 9 0, 9
10 6 9 2 9 00 9
%/ 7 4 4 4 08 6
API
90
%
PU 0,271 0, | 0.28 - 0,056 0, | 0.08 - 0,569 0, | O 4.36 5. * 0,069 - 0, - - -
5 9 9 9 0 9 7 E- 0, 9
20 5 8 3 7 12 00 8
%/ 7 1 4 8 06 2
API
80
%
PU 0,238 0, | 023 | 0, 0,052 0, | 007 | O. 0,665 o, | 0 5.99 27 | 0, 0,106 - 0, - 0. 0.
5 9 6 9 9 7 9 0 8 7 E- 9 0, 9 1.79 05 9
30 2 4 7 4 2 4 16 7 00 9 3 7 9
%/ 3 7 4 3 2 3 1 25 1 9
API
70
%
PU 0,319 0, - - 0,069 0, - - 0,736 0, | O - - - 0,093 - 0, - - -
5' 9 9 0 9 0, 9
10 6 9 1 8 00 9
%/ 2 4 6 9 11 6
API
90
%
PU 0.277 0. 0.33 - 0,073 0, 0.10 - 0.685 0. 0. 8.09 3.3 - 0.088 - 0. - - -
5' 9 2 9 6 0 9 8 8E 0, 9
20 5 8 1 8 - 00 9
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%l 5 0 9 9 21 13 5

API

80

%

PU 0,262 0, 0.16 0. 0,079 0, 0.05 0. 0,660 0, 0, 4.06 14 0, 0,056 - 0, - 0. 0.
5' 9 5 9 9 4 9 0 9 2 3E 9 3 9 1.44 04 9
30 7 3 7 2 2 9 - 5 E- 9 6 6 9
%l 6 0 6 5 1 4 11 2 06 5 7
API

70

%
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