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ABSTRACT

Direct compression (DC) is the simplest and most economical way to produce pharmaceutical tablets.
Ideally, it consists of only two steps: dry blending of a drug substance(s) with excipients followed by com-
pressing the powder mixture into tablets. In this study, immediate-release film-coated tablets containing
either Sitagliptin phosphate or Sitagliptin hydrochloride were developed using DC technique. After estab-
lishing the optimum ratio of ductile and brittle excipients, five formulations were compressed into tablets
using a rotary press and finally film coated. Both powders and tablets were examined by standard
pharmacopoeial methods. It has been shown that the simultaneous use of excipients with different phys-
ical properties, i.e. ductile microcrystalline cellulose and brittle anhydrous dibasic calcium phosphate, pro-
duces a synergistic effect, allowing preparation of Sitagliptin DC tablets with good mechanical strength
(tensile strength over 2N/mm?), rapid disintegration (shorter than 2min), and fast release of the drug
substance (85% of the drug is dissolved within 15 min). It was found that the type of calcium phosphate
excipient used had a large effect on the properties of the sitagliptin tablets. All formulations developed
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showed good chemical stability, even when stored under stress conditions (50°C/80% RH).

Introduction

The oral route of drug administration is the most preferred by
patients due to its high comfort and safety of the use (Kumar
et al. 2012; Viswanathan et al. 2017). Despite the development of
many modern pharmaceutical oral solid dosage forms (OSDF),
tablets are still the most commonly used due to the highest
patient compliance and relatively low production costs.
Compressed tablets comprise the majority of OSDF, however,
their manufacturing can be a complex process requiring lots of
formulation expertise (Natoli et al. 2017).

There are many different technologies to produce compressed
tablets including wet granulation (e.g. high-shear or fluid-bed
granulation), dry granulation (roller compaction or slugging), and
direct compression (DC) (see Figure 1) (Meeus 2011). All these
processing technologies offer many benefits, but they are not free
of certain disadvantages, which must be taken into account with
respect to the properties of active substances and excipients
used. Wet granulation techniques are probably the most widely
used since they can enhance flowability and increase compress-
ibility/compatibility of powder blends, ensure uniform distribution
of the drug substance(s) within the powder mixtures as well as
obtain controllable drug release. On the other hand, the processes
are long-lasting and consist of many different stages during which
substances are exposed to heat and moisture which can trigger
their physical transformation or/and chemical degradation
(Kristensen and Schaefer 1987; Shanmugam 2015). DC is so far
the shortest, the most efficient and the least complex way of
pharmaceutical tablets production. Ideally, it consists of only two

consecutive unit processes: mixing of one or more drug substan-
ces with excipients followed by compression of the powder blend
into tablets (Figure 1). Such technological process allows saving
of time, reduction of the energy consumption and consequently
cutting down the cost of production (Mirani et al. 2011).
Moreover, during the process, powders are not exposed to heat
or moisture so drug substances sensitive to temperature (e.g. val-
sartan, proteins, enzymes) or to moisture (e.g. acetylsalicylic acid,
vitamins) can be safely processed without the risk of triggering
chemical degradation. What should be kept in mind, are chal-
lenges connected with poor flowability and/or compressibility of
powders, which can lead to poor physical properties of the result-
ing tablets. Moreover, differences in particle size or density of
ingredients can cause segregation during processing, which in
turn can lead to inhomogeneity and lack of uniformity of the final
dosage units.

The DC process requires a very critical selection of excipients
exhibiting multifunctional properties. Their flowability, compacti-
bility, dilution potential must sufficiently compensate for the
potentially adverse properties of drug substances as well as other
ingredients present in a formulation (Rojas et al. 2012; Mangal
et al. 2015; Rojas 2015). There is a variety of high functional DC
excipients available on the market including lactose (Munoz-Ruiz
et al. 1993; lli¢ et al. 2009) microcrystalline cellulose (Albers et al.
2006; Thoorens et al. 2014), calcium phosphates (Schmidt and
Herzog 1993; Landin et al. 1994), starch (Lawal 2019) as well as
co-processed materials comprising two or more substances, e.g.
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Figure 1. Different ways of manufacturing of oral solid dosage forms.

lactose and cellulose or microcrystalline cellulose and silicon diox-
ide (Nachaegari and Bansal 2004; Saha and Shahiwala 2009).

The present study focuses on the simultaneous use of two
common excipients, microcrystalline cellulose (MCC) and anhyd-
rous dibasic calcium phosphate (DCPA), in the development and
manufacturing of compressed tablets. MCC is a ductile substance
which undergoes plastic deformation during compression. After
exceeding the yield stress, its particles change shape irreversibly,
which causes an increase in their surface area and a strengthen-
ing of the interparticle bonds. Therefore, MCC offers excellent
compactibility and thus the possibility of producing tablets with
very good mechanical strength. Nevertheless, MCC is known to
have a high sensitivity to lubricants and high tabletting speed.
Tablets based on it may exhibit extended disintegration time (lli¢
et al. 2013; Thoorens et al. 2014; Chaerunisaa et al. 2020). DCPA is
a brittle, inorganic compound, which during tabletting undergoes
brittle fracture. Under compaction pressure, DCPA particles break
up into many small fragments. This increases their specific surface
area and the number of potential binding sites, as well as elimi-
nates their lubricant sensitivity. Directly compressible DCPA
grades exhibit very good flow and tabletting properties.
Moreover, they can measurably facilitate the penetration of liquids
into the tablet interior and accelerate the disintegration time.
They dissolve in the acid environment of the stomach, which may
further facilitate the release of drug substances from immediate-
release tablets (Almaya and Aburub 2008; Zakowiecki et al. 2019;
Wagner et al. 2022).

A good tabletting mixture should provide, in addition to good
flowability, an appropriate balance between plasticity and brittle-
ness, which ensures its effective compression. Of course, the
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properties of a drug substance itself, such as poor flowability and/
or compactibility, may play a large role here. However, the avail-
ability of a drug substance, particularly in the early phase of for-
mulation development, may be limited, making it difficult to fully
assess and understand its mechanical properties. Therefore, the
unfavorable properties of the active component must be compen-
sated for by the right choice of the other inactive ingredients of
the pharmaceutical composition. Here, providing such a combin-
ation of ductile deformation and brittle fracture through the use
of excipients can prove to be extremely advantageous (Sun 2017).
The benefits of employing ductile and brittle substances simultan-
eously in pharmaceutical compositions have already been
reported. Examples of such combinations include alpha-lactose
monohydrate as a brittle component, and maize starch or MCC as
a ductile material (Gupta et al. 2006; Zheng and Ternik 2008; Saha
and Shahiwala 2009). The benefits of such a solution have also
been recognized by manufacturers of pharmaceutical excipients,
resulting in the development and commercialization of advanced
products that are particularly suitable for use in DC (Schwarz and
Fichtner 2016; Thoorens et al. 2018).

In the present study, DCPA and MCC were used to prepare
immediate-release (IR) film-coated tablets containing Sitagliptin by
DC method. Sitagliptin is an anti-diabetic drug used to treat type
2 diabetes and was first marketed as Januvia® tablets in 2006 by
Merck & Co. Januvia® is available as film-coated tablets containing
25mg, 50mg, or 100 mg of Sitagliptin as the phosphate monohy-
drate salt (Zerilli and Pyon 2007; MSD 2021). Generic drug prod-
ucts containing other salts, such as Sitagliptin hydrochloride
monohydrate or Sitagliptin fumarate, will soon be available on
the market (EMA 2021; Galenicum Health S.L. 2021).
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Figure 2. Example particle of (A) VIVAPUR® 102 (SEM micrograph, magnification of x1000), (B) DI-CAFOS® A150 (SEM micrograph, magnification of x1000),

(C) DI-CAFOS® A60 (SEM micrograph, magnification of x1000).

During the studies presented here, formulations for two com-
mercially available salts of Sitagliptin were developed, i.e. phos-
phate monohydrate and hydrochloride monohydrate. It was
intended that the compositions developed should enable a DC
and should therefore exhibit suitable functional properties in
terms of flowability and compactibility. Hence, a mixture of dir-
ectly compressible grades of MCC (VIVAPUR® 102) and DCPA was
employed as filler/diluent. VIVAPUR® 102 has an average particle
size of approximately 130 um, a bulk density ranging 280-330g/L
and specific surface area of around 0.41m?/g (Figure 2(A))
(Vehovec et al. 2012; JRS Pharma 2022). In the case of DCPA, two
products were tested:

e DI-CAFOS® A150 with an average particle size of approxi-
mately 150 um, a porous structure and a large specific sur-
face area of around 23 m?/g, which bulk and tapped density
are respectively 720g/L and 840 g/L (Figure 2(B)).

e very dense DI-CAFOS® A60 with a bulk and tapped density of
1330g/L and 1500g/L respectively, average particle size of
approximately 60 um and a very low specific surface area of
around 0.25 m?/g (Figure 2(C)) (Zakowiecki et al. 2019;
Wagner et al. 2022).

At the start, the study investigated the effect of the ratio of
brittle to ductile material on the flowability and tabletting proper-
ties of powder mixtures. The composition considered to be opti-
mal was used for the preparation of tablets. The developed
tablets were evaluated for the performance tests as described in
the USP/NF monograph for Sitagliptin Tablets as well as in terms
of their dissolution in liquids of various pH values. The stability of
the developed formulations was tested under stressed conditions
(50°C and 80% RH) according to ICH Q1A(R2) guideline (EMA
2003). Characteristics of the developed formulations and their dis-
solution behavior were compared to the reference product,
Januvia® 25 mg, 50 mg, and 100 mg film-coated tablets.

Materials and methods

Drug substances: Sitagliptin phosphate monohydrate (Moehs BCN,
S.L., Barcelona, Spain) and Sitagliptin hydrochloride monohydrate
(Amino Chemicals, Marsa, Malta).

Fillers/diluents: MCC VIVAPUR® 102 from JRS Pharma
(Rosenberg, Germany), DCPA DI-CAFOS® A60 and DI-CAFOS® A150
from Chemische Fabrik Budenheim KG (Budenheim, Germany).

Disintegrant: Croscarmellose sodium Ac-Di-Sol® SD-711 from
FMC BioPolymer (Brussels, Belgium).

Lubricants: Magnesium stearate Ligamed® MF-2-V from Peter
Greven Fett-Chemi (Venlo, The Netherlands), sodium stearyl
fumarate ALUBRA® PG 100 from FMC BioPolymer (Newark, USA).

Film-coating system: AquaPolish® P pink 640.20 PVA produced
by Biogrund GmbH (Huenstetten, Germany).

Reference products: Januvia® 25mg, 50mg, and 100mg film-
coated tablets (Merck Sharp & Dohme B.V., Haarlem, The
Netherlands).

Determining the ratio of brittle to plastic material

Powder mixtures of 1kg each were prepared as per the composi-
tions given in Table 1. The substances were weighed on a
SARTORIUS LP3200D balance (Sartorius Lab Instruments GmbH &
Co. KG, Gottingen, Germany). DCPA (DI-CAFOS® A150), MCC and
croscarmellose sodium were mixed in a Turbula® mixer (Willy A.
Bachofen AG, Muttenz, Switzerland) at 32rpm for 15min, and
after the addition of the lubricant for another 5 min. The obtained
mixtures were analyzed in terms of their bulk and tapped density
as well as characterized for their flow characteristics using angle
of repose and Carr index according to description given in
Chapter 2.9.36. “Powder flow” of Ph.Eur. 10.0. Additionally, mois-
ture content was determined with the loss on drying (LoD) using
a moisture analyzer MX50 (A&D Company, Ltd. Tokyo, Japan) at
the temperature of 105°C and an endpoint of less than 0.03%
mass change in 1 min.

The powder mixtures were compressed into tablets under
three compaction forces of T0kN, 15kN, and 20 kN (equivalent to
200 MPa, 300 MPa, and 400 MPa respectively), with a Fette 102i
rotary tablet press (Fette Compacting GmbH, Schwarzenbek,
Germany) run at a 60rpm press speed, using flat faced punches
of 8mm in diameter (Natoli Engineering Co., Inc., Saint Charles,
MO). The target weight of the tablets was 250 mg.

Tablets hardness (expressed as tensile strength), weight and
thickness were analyzed using a Semi-Automatic Tablet Testing
System SmartTest 50 (Sotax AG, Aesch, Switzerland) and averages
calculated based on the analysis of 10 randomly selected tablets.

Friability was tested with a friability tester Friabilator (USP) EF-
2 (Electrolab, Mumbai, India). The number of tablets correspond-
ing to 6.5g were weighed and tested at a speed of 25rpm for
4 min. The tablets were weighed again, and the mass was com-
pared with their initial weight.

Disintegration test was carried out with an SDx-01 disintegra-
tion tester (Secom GmbH, Hamburg, Germany) in 900 ml of puri-
fied water at the temperature of 37°C. Disintegration times of 6
individual tablets were recorded.
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Table 1. Powder mixture compositions with different ratios of brittle and duc-
tile components.

Mixture 1 Mixture 2 Mixture 3 Mixture 4 Mixture 5
Ingredient % w/w
DCPA 96 72 48 24 0
MCC 0 24 48 72 96
Croscarmellose sodium 2
Magnesium stearate 2

Table 2. Compositions of Sitagliptin phosphate and Sitagliptin hydrochloride
tablet cores.

Fil. F2 F3  F4  F5

Ingredient % w/w

Sitagliptin phosphate monohydrate 32,120 32.190 32.190 - -
Sitagliptin hydrochloride monohydrate - - - 28.340 28.340
DI-CAFOS® A150 30.940 31.905 - 33.830 -
DI-CAFOS® A60 - - 31905 - 33830
VIVAPUR® 102 30.940 31.905 31.905 33.830 33.830
Ac-Di-Sol® SD-711 2.000 2.000

Ligamed® MF-2-V 1.000 2.000
ALUBRA® PG 100 3000 - - - -
Table 3. Tabletting data.

Tablet strength 25mg 50mg 100 mg
Tablet mass 100 mg 200 mg 400 mg
Tablet diameter 5mm 7 mm 9mm
Punch shape Round, concave

Radius R75 R 10.5 R8
Feeder type/speed Fill-O-Matic feeder/30 rpm
Compression force 6 kN 11.4kN 19kN
Compression pressure 300 MPa

Precompression no
Press speed 60 rpm (14,400 tablets/hour)

Preparation of Sitagliptin film-coated tablets

Five tableting mixtures (formulations) were prepared with the
compositions shown in Table 2. The mixtures labeled F1-F3 con-
tained sitagliptin phosphate monohydrate, and F4-F5 included
sitagliptin hydrochloride monohydrate. Formulation F1 was a
reproduction of the reference formulation (Januvia®), and
employed two lubricants, magnesium stearate and sodium stearyl
fumarate. Formulations F2 and F3 as well as F4 and F5 differed in
the type of anhydrous calcium phosphate used. All ingredients
were weighed on a SARTORIUS LP3200D balance (Sartorius Lab
Instruments GmbH & Co. KG, Gottingen, Germany). First, the drug
substance, DCPA, MCC and croscarmellose sodium were mixed in
a Turbula® mixer (Willy A. Bachofen AG, Muttenz, Switzerland) at
32rpm for 10 min, and after the addition of the lubricant(s) for
additional 5 min.

Each powder mixture shown in Table 2 was compressed into
tablets with a Fette 102i rotary tablet press (Fette Compacting
GmbH, Schwarzenbek, Germany) using concave punches manufac-
tured by Fette Compacting GmbH, Schwarzenbek, Germany. The
strength of the tablets was regulated by their weight. Thus, 25mg
tablets had a weight of 100 mg, 50 mg tablets had a weight of
200mg, and 100mg tablets had a weight of 400 mg. Detailed
information on tableting parameters and setup is given in
Table 3.

Tablet cores were coated with an PVA-based film coating,
AquaPoIish® P pink 640.20 PVA (Biogrund GmbH, Huenstetten,
Germany) in a Solidlab 1 drum coater (Huttlin GmbH,
Schopfheim, Germany). The coating system was dispersed in
water in a weight ratio of 15%: 85% and agitated gently for

45 min. The tablets were coated to 4% theoretical weight gain
using the following coating parameters: inlet air temperature of
60°C and air flow of 40 m3/h, which allowed the temperature of
the tablet bed to be maintained at approximately 46°C.
Atomizing air pressure of 1.0bar and a spray rate of 2g/min
were used during the process.

Analysis of film-coated tablets

The tablets produced were subjected to performance tests as
described in the USP/NF monograph for Sitagliptin tablets. The
developed formulations were compared to Januvia® 25 mg,
50mg, and 100 mg film-coated tablets (Merck Sharp & Dohme
B.V., Haarlem, Netherlands).

A disintegration test was performed for 6 individual tablets
using an SDx-01 disintegration tester (Secom GmbH, Hamburg,
Germany) in 900 ml of purified water at the temperature of 37°C.
The acceptance criterion as per the monograph: disintegration
time no longer than 5 min.

Uniformity of dosage unit was assessed with the weight vari-
ation (WV) method based on analysis of 10 individual tablets. The
content of the drug substance was determined by the UV/Vis
method at 267 nm detection wavelength using a T70 UV/VIS Split-
Beam Spectrophotometer equipped with flow-through quartz cuv-
ettes with 1mm path length (PharmaTest AG, Hainburg,
Germany). Sample solutions with a nominal concentration of the
drug substance of 0.5mg/mL were prepared by sonicating the
suitable amount of the tablets in water for 5min and filtering
through a 045um Minisart®RC syringe filter (Sartorius,
Goettingen, Germany). The applied analytical method was initially
checked for linearity and specificity as per ICH Q2(R2) guideline
(EMEA 1995) and was found to be sufficient for the intended pur-
pose of the analysis. The maximum acceptance value was
adopted in accordance with USP/NF Chapter <905> "Uniformity
of Dosage Units" and was (AV) L1=15.0.

Tablets hardness (expressed as tensile strength), weight and
thickness were analyzed using a Semi-Automatic Tablet Testing
System SmartTest 50 (Sotax AG, Aesch, Switzerland) and averages
calculated based on the analysis of 10 randomly selected tablets.

Dissolution of the drug substance from the tablets was eval-
uated using a USP apparatus | (baskets) PTWS 820D (Pharma
Test Apparatebau AG, Hainburg, Germany) by placing 1 tablet in
900 ml of dissolution medium at the temperature of 37°C and
mixing at 100 rpm for 30 min. The effect of the pH of the envir-
onment on the dissolution rate was evaluated in media of vari-
ous pH, i.e. 0.1 M hydrochloric acid (pH 1.0), phosphate buffer
pH 4.5, and phosphate buffer pH 7.2 prepared as per Ph.Eur.
10.0, Chapter 5.17.1. “Recommendations on dissolution testing”.
The analysis took 0.5h with sampling points at 5, 10, 20, and
30 min. The samples, after filtering through a 0.45 pm Minisart®-
RC syringe filter (Sartorius, Goettingen, Germany), were analyzed
using a T70 UV/VIS Split-Beam Spectrophotometer equipped
with flow-through quartz cuvettes with 1mm path length
(PharmaTest AG, Hainburg, Germany) at 267 nm detection wave-
length. The applied analytical method was initially checked for
linearity and specificity as per ICH Q2(R2) guideline (EMEA 1995)
and was found to be sufficient for the intended purpose of
the analysis.

The developed tablets as well as the reference product were
placed in low density polyethylene (LDPE) bags and stored in an
HPP 750 stability chamber (Memmert, Buchenbach, Germany)
under stress conditions (50 °C and 80% RH) for 3 months. Changes
in the amount of impurities were examined every month by an
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Figure 3. Effect of brittle to plastic material ratio on: (A) bulk and tapped density (means of n=3), (B) moisture content (LoD) and flowability of powder mixtures
(means of n=3), (C) tablet hardness (tensile strength) (means of n=10), (D) tablet friability (means of n=3), (E) tablet disintegration time (means of n=6), (F) tablet

thickness (means of n=10); SD is indicated by the error bars.

HPLC method using a Dionex UltiMate™ 3000 HPLC System
equipped with a VWD-3400RS Variable Wavelength Detector
(Dionex Softron GmbH, Germering, Germany). Separation was car-
ried out using a Synergi™ 4u Hydro-RP 80A 150 x 4.6 mm LC
column (Phenomenex, Aschaffenburg, Germany) whose tempera-
ture was maintained at around 25°C. A linear gradient elution
with a flow rate of 1.5ml/min was used. The gradient program
starter from 85% v/v of dilute ortho-phosphoric acid (pH 2.0) and
15% v/v of acetonitrile. Within 7 min this ratio changed to 50:50%
v/v. Sample solutions with a nominal concentration of the drug
substance of 1 mg/mL were prepared by sonicating the suitable

amount of the tablets in water for 5min and filtering through a
045um  Minisart®RC  syringe filter (Sartorius, Goettingen,
Germany). About 5L of a sample solution was injected into the
chromatographic system and chromatograms were recorded at a
detection wavelength of 267 nm. The applied analytical method
was initially checked for linearity, specificity as per ICH Q2(R2)
guideline (EMEA 1995) as well as peak separation ability and
found to be sufficient for the intended purpose of the analysis.
Additionally, at the beginning and end of the study, tablets were
examined in term of hardness, disintegration time and dissolution
characteristic using the methods described earlier.
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Results
The effect of the ratio of brittle to plastic material

Figure 3(A,B) shows how varying the ratio between the content of
the ductile component (MCC) and the brittle component (DCPA)
affects the physical properties of powder mixtures such as bulk
and tapped density, moisture content as well as flow characteris-
tics (expressed here as Carr Index and Angle of Repose). The pow-
der mixtures listed in Table 1 were evaluated for their tabletability
at increasing compaction pressures, and the produced tablets
were analyzed for their physical properties. The results are shown
in Figure 3(C-F).

Comparison of physical properties of sitagliptin film-
coated tablets

Each of the formulations with the compositions given in Table 2
was compressed into tablets of three strengths, i.e. 25, 50, and
100mg as per information in Table 3. The film-coated tablets
were analyzed for their physical properties as described in the
Materials and Methods section. A comparison of the results with
those obtained for the reference products (labeled as RP) is
shown in Figure 4(A-D). The acceptance criteria for each investi-
gated parameter are marked with red lines on the graphs.

Reference product is not included in Figure 4(D) due to a dif-
ferent tablet diameter than that of tablets labeled as F1-F5. This
graphic primarily shows the effect of different types of DCPA (DI-
CAFOS® A150 or DI-CAFOS® A60) on tablet size.

Dissolution study of sitagliptin film-coated tablets in dissolution
media of various pH

The dissolution rate of the developed film-coated tablets as well
as the reference product (labeled as RP) was tested in dissolution

media of various pH in the range of 1.0-7.2 as per description
given in the Materials and Methods section. A comparison of dis-
solution profiles is shown in Figure 5(A-C). The acceptance criter-
ion is marked with a red dotted line and was based here on
various guidelines that suggest for rapidly dissolving IR tablets
more than 85% of the drug substance be dissolved within the
first 15min of testing in media of different pH (FDA 1997;
EMA 2017).

Stability study

A comparison of the chemical stability of the developed formula-
tions and the reference product during storage under stress con-
ditions (50°C/80% RH) is shown in Figure 6. It is expressed as the
sum of all impurities found in the tablets by HPLC analysis at
time zero (Ty), after 1, 2, and 3 months (subsequent columns) as
described in the Materials and Methods section. Table 4 shows
the comparison of selected physical properties of the tablets at
time zero (Tp) and after 3 months of storage under stress condi-
tions. For the dissolution test, the amount of drug released during
the first ten minutes of the test conducted in 0.1 M hydrochloric
acid was compared.

Discussion

The aim of this study was to develop directly compressible
pharmaceutical formulations containing a model drug substance,
sitagliptin, using a mixture of excipients commonly used as filler/
diluents, i.e. brittle DCPA and ductile MCC. Initially, the study
investigated the effect of the ratio of brittle to plastic material on
both the flowability and compaction properties of tableting mix-
tures. Several powder mixtures with different ratios of these two
substances were prepared as shown in Table 1. In addition to the
two fillers/diluents, the mixtures contained a disintegrant
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Figure 5. Comparison of the dissolution profiles of Sitagliptin film-coated tablets: (A) 25 mg strength, (B) 50 mg strength, (C) 100 mg strength, in media with pH 1.0,

4.5 and 7.2. Means of n=3, SD is indicated by the error bars.

(croscarmellose sodium) and a lubricant (magnesium stearate).
The results of the analyses shown in Figure 3(A, B) indicate that
the changes in the properties of the powder mixtures, such as
density (both bulk and tapped), flow properties (expressed as Carr
Index or angle of repose) as well as moisture content (LoD), were
directly proportional to the changes in the ratio of DCPA to MCC.
The increase in the concentration of MCC resulted in a decrease
in the density of the powder blends, in other words, an increase
in the volume occupied by the powders. This is due to the differ-
ence in true density of the two fillers/diluents, which is 2.89 g/cm?®
for DCPA and 1.51-1.67 g/cm? for MCC (Rowe 2009). In addition,
the increase in the concentration of MCC in the powder mixtures
caused a deterioration of their powder flowability and an increase

in moisture content. All these factors suggest that the ratio of
brittle to plastic material can influence the process of tablet man-
ufacturing, as well as the properties of the final product. A larger
volume of powders, especially in combination with their poorer
flowability, can have a negative effect on powder filling in the
dies during tabletting. In addition, it can cause an increase in
size/volume of tablets. A higher moisture content can have a
negative impact on the stability of tablets containing moisture
sensitive drug substances.

The results of the analysis of the mechanical properties of the
tablets (hardness and friability) obtained by compressing the pow-
der blends described in Table 1 shown in Figure 3(C,D), indicate
that as the concentration of MCC increased, both the hardness
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Figure 6. Comparison of the changes in total impurities content within 3-months storage under stress condition (50°C/80% RH) of Sitagliptin film-coated tablets.

Means of n=3, SD is indicated by the error bars.

Table 4. Comparison of selected properties of Sitagliptin film-coated tablets after production (Ty) and stored under stress condition (50 °C/80% RH) for 3 months.

Tablet weight [mg]

Tensile strength [N/mm?]

Disintegration time [min] Dissolution after 10 min [%)]

To After 3 months To After 3 months To After 3 months To After 3 months
RP (25mg) 103.9+14 1054+14 2.965+0.078 1.013+£0.084 1.32+0.07 0.30£0.05 100.0+1.0 1023+2.2
RP (50 mg) 207.1+£1.8 210.4+0.3 2.795+£0.132 1.043 £ 0.087 1.42+0.03 0.64+0.10 100.4+0.2 98.7+£0.9
RP (100 mg) 415073 421511 2427 +0.120 0.918+0.038 1.63+0.11 0.99+£0.08 99.6+1.2 101.1£1.9
F1 (25mg) 103.5+0.6 1049+0.8 2.765+0.115 1.143 £ 0.036 0.92+£0.02 0.57+£0.06 96.1+£1.7 989+1.3
F1 (50 mg) 2053+0.4 209.2+1.1 2.693 +£0.047 1.073+£0.038 1.07 £0.07 0.74£0.06 94.0+0.7 986+ 1.5
F1 (100 mg) 409.3+4.6 414.4+9.2 2.770£0.128 1.031+0.055 1.09£0.02 1.11£0.10 97.7+£1.5 99.7+£24
F2 (25mg) 1043 +£0.6 106.2+1.3 2.733£0.160 1.157 £0.046 1.02+0.07 0.66£0.10 953+0.6 97.8+1.4
F2 (50 mg) 205.7+£0.8 209.0+2.2 2.552+£0.067 0.964 +0.040 1.12+£0.03 0.69 £ 0.05 97.1+£14 99.6+£0.9
F2 (100 mg) 4114132 416.8+4.2 2.595+0.065 0.920+0.033 1.14+0.10 0.95+0.10 98.6 +£0.4 99.1+1.4
F3 (25mg) 103.8+0.5 103.8+£0.3 3.481+£0.088 1.371+0.037 0.94 £0.08 0.78+£0.11 97.8+0.8 98.6+1.1
F3 (50 mg) 206.0+0.4 206.7+1.0 3.146 £0.093 1.309 £ 0.081 1.03+0.08 0.92 £0.06 97.7+£0.4 99.5+0.9
F3 (100mg) 406.4+1.9 4069+1.8 3.191 £0.054 1.412+0.035 1.42+£0.05 1.26 £0.15 96.9+0.7 100.5+0.4
F4 (25mg) 1023+£0.5 103.3+04 2.338+0.184 1.292 £0.201 1.03+0.12 0.40£0.08 99.1+£0.8 979+1.5
F4 (50 mg) 202.3+0.6 205.6+0.5 2.064 £0.050 1.022 £ 0.029 0.88+£0.03 0.43+£0.06 96.9+0.6 99.4+0.9
F4 (100 mg) 402.8+0.7 408.9+0.7 2.053+0.074 0.859+0.024 1.09+0.10 0.58£0.07 98.6+2.6 101117
F5 (25mg) 102.2+0.8 102.8+0.7 2.866 £0.160 1.577 £ 0.086 0.82£0.09 1.11+£0.34 101.1+£1.9 98.9+1.5
F5 (50 mg) 202.6 £0.5 204404 2.575+0.191 1.160 + 0.067 1.07 £0.08 0.84+0.15 983+1.4 99.6+1.8
F5 (100 mg) 404.1+£0.6 408.1+0.5 2.597 £0.203 1.152+0.143 1.14£0.12 1.34+£0.25 98.8+0.7 99.9+1.2

and the friability of the tablets produced improved. On the other
hand, it can be observed that as the concentration of DCPA in
the powder mixture increased, so did the susceptibility to applied
compression pressure, resulting in a substantial improvement of
the mechanical properties of the tablets produced. DCPA is a brit-
tle material that undergoes fragmentation during compression
and often requires higher compression forces to reach its full
potential. Even a small addition of a plastic component, such as
MCC, can effectively compensate for this property. As shown in
Figure 3(E), a higher concentration of MCC in the tabletting mix-
ture measurably increased the disintegration time of the tablets,
which to some extent is related to their higher hardness. It can be
noticed, however, that even a small addition of DCPA considerably
reduced the disintegration time of the tablets, which is due to the
increased porosity of the tablets and the easier penetration of
water into their interior (Zakowiecki et al. 2019). The disintegration
time of tablets containing mainly the plastic material was very sen-
sitive to the applied compression pressure. At the same time, the

presence of the brittle material mitigated the impact of the com-
pression pressure on the disintegration of tablets.

The results of the tablet thickness measurements show that an
increase in DCPA content resulted in a substantial reduction in
tablet size (Figure 3(F)). Furthermore, the thickness of tablets con-
taining high concentration of DCPA decreased measurably with
increasing compression pressure. [t may even be noted that tab-
lets containing a high concentration of plastic material tended to
expand when compressed at higher compression pressures. It
should also be mentioned here that DCPA is less sensitive to
over-lubrication (Almaya and Aburub 2008; Kushner and Moore
2010) and therefore its use allows application of a higher concen-
tration of lubricant in the tabletting mixture without adversely
affecting its compression properties.

The studies have shown that the use in tabletting mixtures of
excipients exhibiting different deformation types i.e. brittle and
plastic, produced a synergistic effect which allowed maintaining
the advantageous qualities of these substances, while at the same
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Figure 7. Tablets containing 1% w/w of magnesium stearate showing picking problem (A) and these with 2% w/w of the lubricant (B).

time mitigating their unfavorable properties. In the case of tab-
letting mixtures containing MCC and DCPA, the tabletting mix-
tures exhibited very good tabletting properties, allowing the
production of tablets of high hardness and low friability, and, at
the same time, fast disintegration time and small size. Such mix-
tures give quite a lot of flexibility during formulation develop-
ment. Depending on the qualities of a drug substance, the
physical properties of the tablets may be customized easily only
by adjusting the ratio of plastic to brittle substances.

Based on the study conducted, a mixture containing MCC and
DCPA in a weight ratio of 1:1 compressed under a compression
pressure of around 300 MPa was selected as optimal for the fur-
ther development of sitagliptin formulations. Five compositions
shown in Table 2 were developed, each of which was compressed
into tablets of three strengths (i.e. 25mg, 50mg, and 100 mg) as
described in Table 3. In the course of the initial trials, it was
observed that in the case of sitagliptin, both phosphate monohy-
drate and hydrochloride monohydrate, it was necessary to use
relatively large amounts of lubricant compared to those com-
monly used. With insufficient lubrication, part of the material was
removed from the surface of the tablets by punches during tab-
leting (picking) resulting in the production of damaged tablets
(see Figure 7).

In the documents relating to the reference product, attention
is drawn to the fact that two different lubricants are listed in the
tablet composition, i.e. magnesium stearate and sodium stearyl
fumarate (EMA 2007; MSD 2021). The need to use two such exci-
pients may be related to the above-described problem of tablet
picking. In such case, this would justify the use of sodium stearyl
fumarate, which is less hydrophobic than magnesium stearate,
and would reduce adverse effects of a high concentration of lubri-
cant on a drug substance release. On the other hand, this could
indicate the use of dry granulation in the production process,
which also requires the use of a lubricant.

In the case of the formulations developed in this study, the
use of 2% w/w magnesium stearate has successfully eliminated
this problem (see Figure 7) and enabled effective coating of the
tablets produced.

The coated tablets were analyzed as described in the Materials
and Methods section and compared with the reference product.
The two performance tests as per the relevant pharmacopoeial
monograph for Sitagliptin Tablets dealt with disintegration time
and uniformity of dosage units. The results shown in Figure 4(A,B)

demonstrate that all analyzed tablets met the required accept-
ance criteria (which were marked with red lines). Disintegration
times were much shorter than the required 5min and did not
exceed 2min for all tested tablets. The slightly longer disintegra-
tion time of the reference product may be related to differences
in tablet geometry. Nevertheless, given such rapid disintegration,
minor differences between the tablets analyzed are rather non-
essential. Uniformity of dosage units, here demonstrated as
Weight Variation was in each case much below the required
Acceptance Value (AV) 15. It seems like formulations based on
sitagliptin hydrochloride monohydrate (F4 and F5) showed a
slightly better performance with this respect.

All tablets produced demonstrated adequate mechanical prop-
erties as presented in Figure 4(C). It is generally accepted that a
tensile strength greater than 1.7 N/mm? is sufficient for robust
tablets (Pitt and Heasley 2013; Leane et al. 2015). It may be noted
that sitagliptin phosphate monohydrate possesses better tablett-
ing properties than sitagliptin hydrochloride monohydrate and
allows producing harder tablets (compare respective formulations
F2 and F4 versus F3 and F5).

Comparing formulations F2 with F3, and similarly F4 with F5,
which had in pairs the same composition, differing only in the
type of DCPA used (see Figure 2(B,C)), it may be noted that the
use of the dense one (DI-CAFOS® A60) makes it possible to pro-
duce tablets of greater hardness. In addition, tablets based on
this type of DCPA had a smaller size (see Figure 4(C,D)), which is
due to its very low volume (both bulk and tapped) in comparison
with other excipients.

Regardless of the differences in tablet size and hardness, all
tablets analyzed showed very rapid release rates of the drug sub-
stance in dissolution media of various pH from the physiological
range (Figure 5(A,C)). The dissolution profiles were very fast and
repetitive as indicated by relatively small standard devi-
ation values.

Sitagliptin is a BCS Class | compound showing high solubility
and complete absorption (EMA 2016; Charoo et al. 2022). The
EMA “Guideline on the Investigation of Bioequivalence” and the
FDA guidance “Waiver of in Vivo Bioavailability and
Bioequivalence Studies for Immediate-Release Solid Oral Dosage
Forms Based on a Biopharmaceutics Classification System” state
that in case of very rapidly dissolving dosage forms, where more
than 85% of the drug is dissolved within 15min in media of dif-
ferent pH, dissolution profiles may be assumed as similar without
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further mathematical evaluation (EMA 2010; FDA 2017). In view of
this, it can be considered that all the formulations developed in
this study showed similar dissolution profiles to the refer-
ence products.

The results of the chemical stability studies (see Figure 6)
clearly indicate that of the two sitagliptin salts under investiga-
tion, the hydrochloride one was more stable (formulations F4 and
F5), even when stored for 3months under stress conditions
(50°C/80% RH) in packaging that did not provide sufficient pro-
tection against the external conditions, i.e. LDPE bags (compare
formulations F2 and F3 with F4 and F5). The chemical stability of
different strengths of the same tablet formulation was not sub-
stantially different from each other. Furthermore, no measurable
differences with respect to the amount of impurities generated
were observed between formulations differing only in the type of
DCPA used (F2 and F3 or F4 and F5). Interestingly, when compar-
ing the reference product and the F1 formulation, which were
analogous in terms of the qualitative and quantitative compos-
ition, one can see a difference in the rate of impurities grow. This
may be attributed to the different source of the drug substance
and/or the different grades and origin of the same excipients
used in both preparations. An interesting observation can be
made when comparing F1 and F2 formulations, where the differ-
ence in composition related mainly to the amount of lubricant
used. The rest of the formulation components, i.e. the drug sub-
stance, grades and batches of excipients used, were exactly the
same. It can be assumed with high probability that due to the
hydrophobic nature of lubricants, their twice higher concentration
in the first formulation shielded particles of all ingredients more
effectively and clearly reduces the impact of external conditions
on the drug substance, contributing to a more effective chemical
stabilization of the tablets.

Table 4 summarizes the changes in selected physical proper-
ties of the tablets when stored under stress conditions for
3months. It can be clearly seen that all analyzed tablets softened
substantially, losing from about 45% to as much as 65% of their
initial hardness (tensile strength). This may be related to the
absorption of moisture by the tablets, as indicated by an increase
in their weight. Nevertheless, no clear correlation was observed
between the amount of moisture absorbed and the decrease in
tablet tensile strength. Tablets containing porous grade of DCPA
(DI-CAFOS® A150) i.e. formulations F1, F2, and F4 absorbed rela-
tively high amount of moisture (approximately 1.3-1.9% increase
in tablet weight) which is comparable to the moisture absorption
of the reference product. Tablets containing dense DCPA with
lower porosity (DI-CAFOS® A60) ie., formulations F3 and F5,
absorbed relatively less moisture (approximately 0.1-0.8% increase
in tablet weight), but even for these formulations the tablets
were vastly softer that at the initial ones than at the beginning of
the stability studies.

It is important to note here that in this study all the formula-
tions were deliberately exposed to very harsh environmental con-
ditions without sufficient protection from humidity and
temperature. The results show that although the tablets are film-
coated, they still need to be adequately protected from moisture
to retain their physical properties during storage. In this regard,
the formulations developed in this study responded to the stress
conditions in a manner analogous to the reference product.
Nonetheless, in terms of chemical stability, it can be seen that
sitagliptin hydrochloride monohydrate offers great advantages
over sitagliptin phosphate monohydrate, offering a safer option
when developing new generic formulations of this
drug substance.

Conclusions

The conducted studies have shown that proper adjustment of the
ratio of brittle to ductile fillers/diluent (DCPA and MCC, respect-
ively) in a tablet formulation allowed for successful development
of IR film-coated tablets of the model drug substance, sitagliptin
by DC technology. The synergistic action of both components
made it possible to prepare tablets with appropriate mechanical
strengths and required performance for both sitagliptin salts, i.e.
phosphate monohydrate and hydrochloride monohydrate, which
were comparable with the commercial reference product. It was
found that the type of DCPA used had a large effect on the prop-
erties of the sitagliptin tablets. The developed formulations stored
under stress conditions (50°C/80% RH) in packaging that does
not provide protection from the outside conditions (LDPE)
showed stability similar to or better than the reference formula-
tion. In this regard, the hydrochloride salt of sitagliptin appears to
be more stable.
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