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Abstract
Roller compaction is often utilized as the first step to improve flow properties and homogeneity of pharmaceutical mixtures. 
Since the dry granulation process is less complicated than its counterparts in the industry, it is possible to perform screening 
experiments readily to investigate granulate quality for further operations. In this study, the aim of the investigation focused 
on the effect of roller compaction on the dissolution of granules and tablets of two pharmaceutical formulations that contain 
APIs of different biopharmaceutical classification. This study underscores the benefits of granule dissolution testing as a 
crucial early-stage technique for optimizing granulate quality and facilitating progression through formulation manufactur-
ing operations. For active pharmaceutical ingredients characterized by poor dissolution properties, this approach provides 
valuable insights during the initial development phases. By integrating granule dissolution testing into the development 
process, product manufacturability can be enhanced and optimal product performance can be ensured.

Keywords  Disintegration kinetics · Dissolution behavior · Dissolution rate · Dry granulation · Flow-through cell · 
Granule dissolution · Granule properties · Paddle dissolution · Porosity · Process engineering · Process parameters · Poller 
compaction · Tablet dissolution · USP2 dissolution · USP4 dissolution

Introduction

Pharmaceutical formulation development relies heavily 
on granulation techniques to enhance the physicochemical 
properties of raw materials, aiding their processing and per-
formance in final dosage forms. Among these, roller com-
paction (RC), a dry granulation method, maintains signifi-
cant importance for processing heat- and moisture-sensitive 

active pharmaceutical ingredients (APIs) by preserving their 
stability. RC involves densifying powders into ribbons under 
high pressure, followed by milling these ribbons into gran-
ules. The operation of dry granulation also leverages scal-
ability, cost and time efficiency, and aligns well with the 
continuous manufacturing paradigm. Despite its advantages, 
RC presents challenges, including granule hardening and 
porosity reduction, which may compromise the final product 
quality [1–9].

The relationship between granule properties and tablet 
performance has been extensively explored, with a clear 
understanding that attributes such as granule porosity, size, 
and hardness play critical roles in determining the mechani-
cal strength and dissolution performance of the final dosage 
form. The process parameters of RC induce these structural 
and mechanical granule characteristics [2, 6, 10–12]. High 
compaction pressures often yield dense and poorly disinte-
grating granules with reduced porosity, impeding water pen-
etration and API release during dissolution. This phenom-
enon is further exacerbated by granule hardening, a factor 
that limits the fragmentation mechanism during tableting, 
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which compromises tablet tensile strength. Additionally, the 
occurrence of large granule sizes, often a byproduct of high 
roller speeds or excessive compaction force, further restricts 
dissolution due to a reduction in the surface area available 
for drug release [1, 5, 13–18]. When this occurs in the gran-
ules, it often requires redesigning the parameters of the pro-
cess or additional modifications to achieve the desired dis-
solution profile, such as fines recycling or post-compaction 
treatments, adding complexity to the manufacturing process 
[2, 19–22]. Therefore, the dissolution behaviour of granules 
is affected by mechanical factors, mainly compaction pres-
sure, but also by formulation composition, granule morphol-
ogy and fines content. These factors necessitate a more 
detailed investigation into how studying intermediate gran-
ules can serve as an early indicator of formulation success. 
Matji et al. (2019) demonstrated that increased compaction 
pressure during tableting of RC granules significantly 
delayed disintegration and reduced the quantity of early drug 
release (5 min) in high-drug-load ibuprofen tablets. These 
effects were directly linked to reductions in granule and tab-
let porosity, as quantified by mercury intrusion porosimetry 
[23]. The impact of excipient selection is equally evident; 
Chang et al. (2008) observed that lactose-based RC granules 
formed hydrophobic pellicles under accelerated stability 
testing, impeding dissolution, whereas mannitol-based coun-
terparts preserved rapid-release characteristics, underscoring 
the importance of matrix hydration and solid-state stability 
in dissolution performance [24]. Inghelbrecht and Remon 
(1998) investigated dry granulation of microcrystalline cel-
lulose and ibuprofen blends, showing that while high ibu-
profen levels improved tablet mechanical strength through 
fragmentation, they also impaired granule quality. The study 
highlighted that the interaction between deformable and 
fragmenting excipients introduces complex behaviour in RC, 
with MCC influencing dissolution more than particle size 
[25]. While Dular Vovko et al. (2022) conducted a compre-
hensive multivariate analysis of 25 carvedilol matrix tablet 
batches prepared via roller compaction, revealing that gran-
ule-level particle size distribution (d50 and d90) and roll 
speed exerted a stronger impact on drug release than 
hypromellose content or tablet hardness. Unexpectedly, 
higher d90 values increased release, while higher d50 values 
decreased it, reflecting complex densification-fragmentation 
interactions during compression. Granules with smaller d90 
(fewer large particles) allowed tighter packing and reduced 
porosity, thus slowing release, while granules with high d50 
were softer and fragmented easily, also resulting in lower 
porosity and slower release. These effects were confirmed 
through friability analysis, compactibility testing, and com-
pressibility plots, highlighting that tablet porosity—not just 
matrix composition—drives early release behaviour in 
hypromellose-based systems [26]. From this, we draw the 
argument that intermediate dissolution performance is 

dictated not only by excipient ratios, but also by microstruc-
tural properties modulated by RC settings, and underscores 
the need for PSD monitoring. Moreover, Anuschek et al. 
(2023) used terahertz time-domain spectroscopy (THz-TDS) 
as a process analytical tool to non-destructively measure 
granule internal structure. Their findings confirmed that 
granule densification signatures obtained via THz-TDS 
could be used to predict disintegration performance in real-
time monitoring of compaction effects across granulation 
platforms [27]. In parallel, Matji et al. (2019) showed that 
manipulating the fines content in RC ibuprofen formulations 
had a dual impact: while some fines improved compactibility 
and mechanical strength, excess fines (> 20%) reduced 
flowability and disrupted dissolution, indicating the need for 
tightly controlled fines levels during post-compaction siev-
ing [23]. While in erlotinib formulations, Hwang et  al. 
(2019) showed that fines recycling during RC improved flow 
and maintained tensile strength, yet excessive compaction 
reduced early dissolution, underlining the balance between 
densification and performance [28]. Several modeling stud-
ies and alternative granulation routes also support the rele-
vance of intermediate granule-level evaluation. Comparative 
studies focused on the process parameters and the intermedi-
ate granules. Matsunami et al. (2023) developed surrogate 
models to forecast dissolution behaviour from granule-level 
input parameters such as bulk density, porosity, and water 
uptake, revealing that dry-granulated formulations, particu-
larly those of BCS Class II drugs, exhibited slower and more 
variable dissolution compared to their wet-granulated ana-
logs. These differences were attributed to more extensive 
granule densification and poorer wetting properties in RC 
systems [29]. Kim et al. (2022) used a QbD framework to 
map how roller force and screen size propagated through the 
process chain to affect dissolution variability, validating 
Monte Carlo-based risk modeling for roller compaction [30]. 
Mitchell et al. (2003) explored dry granulation using poly-
meric carriers like HPMC and found that matrix hydration 
and swelling kinetics could override densification effects and 
enhance dissolution of poorly soluble APIs [31]. These stud-
ies converge in realizing that granule-level structural and 
compositional properties shaped by RC parameters and for-
mulation design govern disintegration and dissolution out-
comes. Despite extensive research into granule attributes and 
their impact on tablet performance, the role of intermediate 
granule dissolution remains underutilized. These insights 
support the inclusion of granule-level dissolution testing for 
anticipating formulation behaviour prior to tableting. Cur-
rent methodologies primarily assess tablet disintegration or 
dissolution rates, overlooking the diagnostic potential of 
granule dissolution profiles [32]. Quality by Design (QbD) 
underscores the significance of process understanding and 
CQA monitoring, with increasing interest in its application 
for formulation development. This framework naturally 
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extends to encompass granule attributes and, by extension, 
granule dissolution analysis, though this is not always the 
case. As critical intermediates in these pharmaceutical pro-
duction processes, granules offer an opportunity to screen 
formulations early in the development cycle. Establishing 
correlations between granule dissolution behaviour and final 
product performance could streamline formulation develop-
ment, reduce experiment-intensive tablet testing, and pro-
vide earlier insights into formulation suitability [3, 33–39]. 
The USP4 flow-through cell method adequately provides a 
dynamic and reproducible platform for studying dissolution 
behaviour, particularly beneficial for poorly soluble com-
pounds. It simulates physiological conditions with controlled 
fluid flow, offering distinct advantages over traditional meth-
ods like the USP2 paddle method by producing more 
detailed data and better replicating in vivo conditions. This 
method has shown promise in predicting the dissolution 
behaviour of final dosage forms based on their precursors, 
saving time and reducing experimental effort during formu-
lation development. By allowing early-stage evaluation of 
formulations, USP4 helps optimize processing parameters 
and excipient combinations while ensuring reliable perfor-
mance in the final dosage form [7, 33, 40–44].

With this in mind, the aim is to highlight the utility of 
the USP4 flow-through cell method for evaluating the dis-
solution behaviour of roller-compacted granules from two 
real pharmaceutical formulations during development. This 
approach will be assessed against conventional USP2 pad-
dle dissolution testing of tablets prepared from the same 
granules. Using USP4 to study granule dissolution specifi-
cally addresses the industry's demand for early-stage testing 
aligned with the expanding QbD principles. The ability to 
evaluate process variables early enables the identification 
of potential formulation issues, optimizing workflows and 
supporting more informed decision-making in formulation 
development.

Materials and Methods

In this work, we utilized two real pharmaceutical formula-
tions (designed for pharmaceutical products). One of the 
formulations contained a well soluble (BCS3 type) API 
Dapagliflozin and the other contained a poorly soluble 
(BCS2 type) API Simvastatin. Both active ingredients were 
provided by the industrial partner Zentiva k.s. (the compo-
sition of these mixtures is further specified only qualita-
tively, per request of the industrial partner). Compressibility 
of mixtures was studied using uniaxial tablet compression 
on an instrumented tablet press. Various equipment was 
used for dry granulation. Reynolds model was employed 
to obtain peak pressure and to calculate density in roller 
compaction experiments. To study dissolution behaviour, the 

flow-through dissolution cell (USP4) and paddle dissolution 
(USP2) were used. Disintegration kinetics were determined 
using static light scattering.

Pharmaceutical Mixtures

Both pharmaceutical mixtures comprise an intragranular 
part and an extragranular part. The intragranular blend is 
processed in a dry granulation stage into granules. After-
wards, the granules are admixed with the extragranular com-
ponents to form a material premix ready for compression 
(MRC) before the tableting stage. Both mixtures were simi-
larly prepared by the following procedure. The active ingre-
dient was pre-conditioned with microcrystalline cellulose by 
manually shaking and kneading the blend in a plastic bag. 
The rest of the intragranular components except the lubri-
cant were weighed into a container, and this mixture was 
blended using a 3D mixer Turbula T2F (Willy A Bachofen 
AG, Switzerland) for 5 min at 45 RPM setting. The premix 
containing the active ingredient was then triturated through 
a 1 mm sieve to the rest of the ingredients. The container 
was then further mixed using the Turbula for another 10 min. 
Lubricants were incorporated into the mixture and homog-
enized for an additional 3 min using the Turbula mixer. After 
dry granulation, the extragranular components were added 
and mixed with the granules for 5 min using the Turbula 
shortly before compression into tablets. The pharmaceuti-
cal composition of the Dapagliflozin mixture is specified 
for all components qualitatively in Table I. The particle 
size of Dapagliflozin used for majority of experiments was 
a d90 of 154 µm (regular particles). Two granule samples 
were also prepared with micronized Dapagliflozin particles, 
with d90 of 24 µm. Particle size distribution was determined 
using Malvern Mastersizer 2000 (Malvern Instruments, UK) 
equipped with a Hydro SM dispersion unit.

Table I   Dapagliflozin Formulation Components (D-mixture)

Dapagliflozin mixture composition Function

Intragranular Components
  Dapagliflozin propanediol hydrate 12.3 mg (4.9%)
  (equivalent to Dapagliflozin 10 mg (4.0%)

API (BCS3)

  Avicel PH101 Microcrystalline cellulose Filler
  Lactose anhydrous Filler
  Crospovidone Dry Binder
  Aerosil 200 Glidant
  Magnesium stearate Lubricant

Extragranular components
  Crospovidone Tablet binder
  Aerosil 200 Glidant
  Magnesium stearate Lubricant

Tablet Weight 250 mg
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The pharmaceutical composition of the Simvastatin mix-
ture containing the poorly-soluble API is specified for all 
components qualitatively in Table II. The particle size of 
Simvastatin used in all samples that were used for experi-
ments had a d90 of 28 µm.

Powder Rheometry

Powder flow tests were carried out on an FT4 Powder 
Rheometer (Freeman Technology, UK). Using a 23.5 mm 
stainless-steel conditioning blade that was fitted for every 
initial conditioning cycle, and all samples were weighed 
using in-instrument analytical balance. The following three 
tests were performed: Shear properties (to obtain flow func-
tion and effective angle of friction) were done with a shear 
cell test. Approximately 6 g of powder was introduced into 
a 25 mm × 10 ml split vessel. After two blade-conditioning 
passes, the vented piston imposed the chosen 15 kPa pre-
consolidation stress, the vessel was split to the 10 ml mark 
and the piston replaced by the shear-cell head. The head 
reconsolidated the bed and then followed the standard FT4 
sequence of pre-shear and five descending normal-stress 
steps to generate a yield locus. Wall friction test was also 
done with approximately 6 g of powder and conditioned in 
the same 25 mm × 10 ml split vessel. Following pre-consol-
idation with the vented piston, the vessel was left open and 
the piston exchanged for the wall-friction head fitted with 
a 316 stainless steel disc of 1.2 µm arithmetic roughness. 
Steady-state shear stress was recorded at a series of reduc-
ing normal stresses to construct the locus. Basic Flowability 
Energy test was done to obtain conditioned bulk density and 
flow rate index. For this test, 15 g of powder was conditioned 
in a 25 mm × 25 ml split vessel, then the vessel was split to 
25 ml. Without changing the blade, the standard program 
drove the blade downward through the bed at 100 mm s⁻1 in 

an anticlockwise direction to capture the work required to 
pass through the powder bed.

Compressibility of Pharmaceutical Mixtures

Compressibility was determined using an instrumented 
Gamlen Tablet Press GTP-1 (Gamlen Tableting, United 
Kingdom) equipped with a 5 mm round, flat-faced die. Prior 
to analysis, the powder was sieved through a 2 mm mesh 
to disaggregate clumps. For each measurement, a 105 mg 
sample was weighed and manually loaded into the die. The 
upper punch was set to operate at a constant speed of 60 mm/
min with zero hold time at the target load. Six replicate com-
pacts were prepared for each load condition and tableting 
was performed in a force controlled regime to provide more 
uniform densification of compacts [45–47]. A series of seven 
compressive loads (25 kg, 50 kg, 100 kg, 200 kg, 300 kg, 
400 kg, and 500 kg) were applied to the powder. These loads 
correspond to peak pressures from 12.5 to 250 MPa. The 
peak pressure (Pmax) is calculated from the applied load (L), 
the acceleration due to gravity (g), and the punch radius (r) 
using the equation:

After ejection, compacts were allowed to relax before 
their dimensions and weight were measured with MT50 
Multitest (Sotax, Switzerland) and analytical balance to 
determine the out-of-die apparent density (ρ). Densifica-
tion profiles were charted using compact apparent density 
against the peak pressure used to form them. The out-of-die 
compressibility factor, K, was determined from the slope 
between the relationship of natural logarithm of the com-
pact apparent density against the natural logarithm of the 
peak pressure. This relationship is based on the power-law 
equation of the Reynolds model, which can be expressed in 
its linear form (Eq. 2) where C is material-dependent and 
encompasses initial density state (ρ0) at feeding pressure Po 
[48–50].

Dry Granulation Methods

The methods utilized for dry granulation in this work are 
roller compaction and slugging via uniaxial compression. 
To obtain granules, both methods were followed by crushing 
the prepared ribbons/slugs through a 1 mm sieve. Compress-
ibility of mixtures was determined using uniaxial test data 
on instrumented tablet press.

(1)Pmax[MPa] =
(L ⋅ g)

(�r2) ⋅ 10−6

(2)ln (ρ) = (
1

K
) ⋅ ln(Pmax) + C

Table II   Simvastatin Formulation Components (S-mixture)

Simvastatin mixture composition Function

Intragranular Components
Simvastatin 20 mg (10.0%) Active ingredient
Lactose Anhydrous Filler
Avicel PH101 Microcrystalline cellulose Filler
Pregelatinized maize starch Dry binder
Talc Glidant
Magnesium stearate Lubricant
Butylhydroxyanisolum micro Anti-microbial
Extragranular components
Avicel PH 101 Filler
Talc Glidant
Magnesium stearate Lubricant
Tablet Weight 200 mg
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Due to the case study nature of this work, the dry granula-
tion method flow for sample preparation was not unified for 
both mixtures. This approach arose from the need to develop 
two pharmaceutical products, each undergoing its own early 
phase of formulation development. Each case addressed var-
ious experimental design aspects beyond those highlighted 
in this study (e.g., composition optimization, compressibil-
ity, and scale-up), with the underlying aim to complete the 
pharmaceutical formulation.

Slugging

Slugging in both cases was done with a hydraulic press 
Specac (Portman instruments, Switzerland) with a round 
flat-faced 10 mm diameter die. Average slug weight was 
300 mg and slugs were pushed through 1 mm sieve manu-
ally to acquire granules. Peak pressure (Pmax) for slugging 
process was calculated from load and die geometry used in 
Specac press as shown in Eq. 1. Densification of slugs was 
calculated using Eq. 2 where Pmax was substituted with the 
value obtained from Eq. 1 for the Specac press.

Roller Compaction

For roller compaction, each mixture was processed on a dif-
ferently scaled roller compactor to prepare roller compacted 
ribbons that would then be milled through a 1 mm sieve in 
the roller compactor. The roller compactors differ in set-
tings of the compaction force parameter: The D-mixture 
was processed on the Mini-Pactor and this machine operates 
with specific compaction force (SCF) as a process param-
eter. The S-mixture was processed on the RCC 100 × 20 and 
this machine operates using hydraulic pressure (HP) as a 
process parameter. To convert between SCF and HP where 
applicable, in-house calibrated linear regression relationship 
( SCF = a ⋅ HP + b ) was used, which was based on both 
roller compactor manufacturers’ data. Further specifications 
regarding instruments are listed in Table III.

For all samples, the collection of processed material 
began only after reaching steady state once feeding of mate-
rial remained constant, which occurred under 5 min from 
start of the process. The variability of process parameters 
was monitored on the control panel and the fluctuation of 
process parameters was negligible relative to the set points.

Ribbon Envelope Density Measurement

Solid displacement method was used to measure enve-
lope density of ribbons [51]. Using a tap density analyzer 
(JV1000, Pharmatron AG, Switzerland), the measurements 
were conducted in a 25 ml glass volumetric cylinder with 
a 1.82 cm inner diameter, fitted with a custom 3D printed 
plunger. Glass microspheres (Glass Sphere s.r.o., Czech 
Republic) served as the displacement medium. The tapped 
density of the glass microspheres was calibrated prior to 
sample measurement, with an error margin of less than 2%. 
To measure a sample, approximately 1.0 g of ribbons were 
placed in the cylinder with the calibrated microspheres and 
subjected to 750 taps. A digital caliper was used to measure 
the final height of the consolidated material to calculate the 
displaced volume.

Peak Pressure and Densification in Roller Compaction

Reynolds model principles [48–50] were used to convert 
applied SCF, process parameters and roller specific dimen-
sions to Pmax in the interface of gProms Formulated Products 
software (Siemens AG, Germany) using Eq. 3, where D is 
the roll diameter, S is gap between the rolls, K is compress-
ibility of the powder, θ is any given angle and the integral 
is calculated for dimensionless force from zero angle (β) 
to nip angle (α). Required flow characteristics were meas-
ured with powder rheometer and compressibility determined 
by method in Section "Compressibility of Pharmaceutical 
Mixtures"was used in this calculating peak pressure. The 
densification of granules prepared by roller compaction was 
calculated using Eq. 2., but for Pmax the value was substi-
tuted with the value obtained from Eq. 3 (specific to the 
roller compactor).

Dapagliflozin Mixture Granulation and Tableting

The first sample set with Dapagliflozin mixture (D-mixture) 
was processed at laboratory scale with 30 g of intragranular 
mixture using slugging to prepare granules (Table IV).

(3)
Pmax,RC =

2 SCF

D∫
αnip

β

[

S∕D

(1+S∕D−cos �) cos �

]K

cos �d�

Table III   Specifications of the 
Roller Compactors that were 
Utilized for Ribbon Production 
from Prepared Mixtures

Apparatus Mixture processed Roll 
diameter 
(mm)

Roll 
width 
(mm)

Roll texture Max 
Throughput 
(kg/h)

Compaction 
force parameter

Mini-Pactor® Dapagliflozin formulation 25 2.5 Gridded 100 SCF (kN/cm)
RCC 100 × 20 Simvastatin formulation 10 2 Gridded 5 HP (bar)
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The process was then scaled-up to roller compaction on 
the Mini-Pactor® (Gerteis Maschinen, Switzerland) using 
4 kg of the intragranular mixture to provide the granule sam-
ples. The exact process parameters are listed in Table V. The 
granule sample naming was chosen as the first letter of the 
API used and the first letter of the granulation method that 
was used for preparation.

All granules were subsequently compressed into tablets. 
These granules were compressed using 12 × 6 mm oblong 
punches on a Killian T100 tableting machine (Romaco, Ger-
many). These granules were compressed into 250 mg tab-
lets to achieve varying compression level with low and high 
force parameters specified in Table VI to provide tablets 
with differences in densification. Tablet samples are distin-
guished from their granules batch by the abbreviation “LFT” 
(low force tablet) and “HFT” (high-force tablet). Fluctua-
tions in tableting process parameters were not observed, and 
tablets were collected in steady state. Tablet hardness was 
measured with MT50 Multitest.

Simvastatin Mixture Granulation and Tableting

The Simvastatin mixture (S-mixture) was processed using 
the laboratory scale roller compactor RCC 100 × 20 (POW-
TEC Maschinen und Engineering GmbH, Germany). Prepa-
ration of granule samples by RC was done with 1 kg of 
the intragranular mixture. A scale-down of this process was 
performed by slugging with 30 g of intragranular mixture 
to provide various granules to be used in tablet compac-
tion. Exact process parameters for each prepared granules 
are listed in Tables VII and VIII. The granule sample naming 
was chosen as the first letter of the API used and the first let-
ter of the granulation method that was used for preparation. 
The process parameters to prepare first samples of Simv-
astatin granules on the RCC 100 × 20 by applying variable 
pressure are detailed in Table VII.

To acquire tablet samples, another batch of Simvastatin 
granules were prepared in scale-down using slugging. Gran-
ules prepared this way were then immediately pressed into 

Table IV   Slugging Parameters for Preparation of Granules from Dapagliflozin Mixture

Sample type Method Load (kg) Slugging Peak 
Pressure (MPa)

Geometry Die Diameter (mm)

DS1 Slugging
using hydraulic press and sieve crushing

400 50 Round die with flat faced punch 10
DS2 2000 250

Table V   Roller Compaction 
Parameters for Preparation of 
Granules from Dapagliflozin 
Mixture

*DR1m and DR3m granule samples contained micronized Dapagliflozin API

Sample type Method SCF (kN/cm) RC Peak 
Pressure 
(MPa)

Gap Size
(mm)

Roll speed 
(RPM)

Throughput 
(kg/h)

DR1 Roller compaction on
Mini-Pactor®

3 52 1.5 3 6
DR2 5 87 1.5 3 6
DR3 7 122 1.5 3 6
DR1m (*) 3 53 1.5 3 6
DR3m (*) 7 124 1.5 3 6

Table VI   Tablet Preparation Parameters for Dapagliflozin Mixture Granules

Sample type Granules origin RC Peak Pressure 
(MPa)

Tablet Punches Tableting Precompression 
Force (kN)

Tableting Main compression 
Force (kN)

DR1-LFT Roller compaction on
Mini-Pactor®

52 12 × 6 mm oblong punch 1.8 7.5
DR1-HFT 52 1.8 11.5
DR2-LFT 87 1.8 7.5
DR2-HFT 87 1.8 11.5
DR3-LFT 122 1.8 7.5
DR3-HFT 122 1.8 11.5
DR1m-LFT 53 1.8 7.5
DR3m-LFT 124 1.8 7.5
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200 mg tablets right away at only one compression force 
using the Specac hydraulic press in a 10 mm die with flat 
faced punches and the details are specified in Table VIII. 
The tablet samples are abbreviated with “T” relative to their 
respective granules batch. Fluctuations in load application 
were not observed because slugging was done in force-con-
trolled regime. Tablet hardness was measured with MT50 
Multitest (Sotax, Switzerland).

Dissolution Methods

Methods for dissolution of granules and tablets were devel-
oped. The dissolution properties of select granules were 
investigated using the flow-through dissolution cell USP4 
CE7 (Sotax, Switzerland). For the USP4 method, a powder 
cell assembly as recommended by Sotax was used for the 
granules testing. The active ingredients in the formulations 
required different test conditions and dissolution media, 
and because of that, each method is described further in 
the following subsections. For tablets, the dissolution prop-
erties were examined using the USP2 paddle dissolution 
test with the AT7 (Sotax, Switzerland). Samples were col-
lected at different intervals, and methods for content analysis 
were developed on HPLC equipment. Blank samples were 
acquired from blank cells in the dissolution. Similarity to 
reference powder was statistically examined by the f2 simi-
larity factor defined as:

(4)f2 = 50 ⋅ log10

�

100
√

(1 + (1∕n) ⋅
∑n

t=1

�

Rt − Tt
�2

�

Dapagliflozin Granules Dissolution Experiments

The ribbons containing the Dapagliflozin formulation were 
processed through a 1 mm sieve to produce granule samples 
for testing. Each powder cell was loaded with 100 mg of 
granule sample. The dissolution medium was plain distilled, 
deaerated water tempered at 37 °C. Since Dapagliflozin is 
a well-soluble drug, the dissolution tests were carried out 
with 8 ml/min flow rate. Samples were collected 7 times 
in intervals of [2.5; 2.5; 2.5; 7.5; 10; 15; 20 min] over the 
course of 60 min. Dissolution was done in open-loop mode, 
and samples were collected in triplicates.

Dapagliflozin Tablet Dissolution Method

The dissolution tests for Dapagliflozin tablets were done 
accordingly. The dissolution test was performed in a medium 
containing 500 mL of phosphate buffer of pH 6.8 (prepared 
from 6.81 g/l KH2PO4 and 0.9 g/l NaOH) at 75 RPM (lower 
paddle speed of 50 RPM exhibited coning of the powder). 
Sample collection occurred at [2; 3; 5; 5; 5; 5; 5; 15] minute 
intervals over the course of 45 min, followed by an increase 
in paddle stirring to 150 RPM and extra sample collection at 
[5; 10] minute intervals for a total of 60 min. The replaced 
volume was equal to sampling volume, which was 5 ml. The 
blank was taken from prepared dissolution medium.

Dapagliflozin Content Analysis

The chromatographic analyses of all experiments were done 
by High Performance Liquid Chromatography (HPLC) with 

Table VII   Roller Compaction 
Parameters for Preparation of 
Granules from Simvastatin 
Mixture

Sample type Method HP
(bar)

RC Peak 
Pressure 
(MPa)

Gap size 
(mm)

Roll 
speed 
(RPM)

Throughput 
(kg/h)

SR1 Roller compaction on RCC 100 × 20 50 96 2 5 1.5
SR2 250 480 2 5 1.5

Table VIII   Slugging and Tablet Preparation Parameters for Simvastatin Mixture

Sample type Granules origin Slugging 
Load (kg)

Slugging 
Peak Pressure 
(MPa)

Tableting method Tableting Load (kg) Tableting Pressure
(MPa)

SS1T Slugging
using hydraulic press and sieve crush-

ing

400 50 Hydraulic press 1400 175
SS2T 800 100
SS3T 1200 150
SS4T 1600 200
SS5T 2000 250
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the setup of ACQUITY UPLC M-class system (Massachu-
setts, USA). The used column was a C18 column (Gemini 3u 
C18  110 A 150 × 4.6 mm, Phenomenex, USA). The elution 
was isocratic with a mobile phase of 60:40 (V/V) of Ace-
tonitrile: Phosphate buffer (0.25% (w/V) KH2PO4 adjusted 
to 3.5 pH with Phosphoric acid). A flow rate of 1 ml/min was 
chosen and the absorption was measured at 227 nm wave-
length. To quantify Dapagliflozin, a calibration curve was 
plotted by preparing a dilution series with a measuring range 
from 0 to 0.1 mg/ml. For this, Dapagliflozin was dissolved 
in 40:60 (V/V) ACN:H2O.

Simvastatin Granules Dissolution Method

The ribbons containing Simvastatin formulation were pro-
cessed through a 1 mm sieve to produce granules for testing. 
When using a general approach with the testing conditions 
of a 30 mg sample at 16 mL/min flow rate in pH 6.8 phos-
phate buffer (0.68% (w/V) KH2PO4 and 0.09% (w/V) NaOH) 
insufficient resolution of the dissolution data was observed. 
Therefore, a method was developed to obtain better disso-
lution resolution. Per the suggestion made by Singla et al. 
[52] and in-house verification the most effective dissolution 
medium was chosen to be pH 6.9 phosphate buffer (0.09% 
(w/V) NaOH and 0.8% (w/V) Na2HPO4*2H2O) with a wet-
ting agent of 0.1% (w/V) Sodium dodecyl sulfate (SDS). 
With this method, samples were collected 9 times in [2; 2; 2; 
4; 4; 4; 6; 9; 10] minute intervals over the course of 45 min.

Simvastatin Tablet Dissolution Method

The dissolution tests for simvastatin tablets were studied in 
two different dissolution media. One was done as a standard 
dissolution test containing 900 mL of phosphate buffer of 
pH 6.8 (prepared from 6.81 g/l KH2PO4 and 0.9 g/l NaOH) 
at 75 RPM with sample collection at [5; 15; 15; 15; 15; 
15; 15] minute intervals over the course of 90 min. Since 
this also provided insufficient evidentiary power, the second 
experiment setup utilized 900 mL of the same phosphate 
buffer that also contained 0.1% of sodium dodecyl sulfate as 
a solubilizer. The second experiment was done at 75 RPM 
with sample collection at [1; 1; 2; 2; 4; 5; 5] minute intervals 
over the course of 20 min. The replaced volume was equal 
to sampling volume, which was 5 ml. The blank was taken 
from prepared dissolution medium.

Simvastatin Content Analysis

The chromatographic analyses of all experiments were done 
by High Performance Liquid Chromatography (HPLC) with 
the setup of Shimadzu LC-20 HPLC system (Shimadzu, 
Japan). The column used was a C18 column (Kinetex 5u 
C18  100 A 150 × 4.6 mm, Phenomenex, United States of 

America). The elution was isocratic with a mobile phase 
of 30:70 (V/V) of double distilled water(ddH2O):ACN. A 
flow rate of 1 mL/min was chosen, and the absorption was 
measured at 238 nm wavelength. To quantify Simvastatin, a 
calibration curve was plotted by preparing a dilution series 
with a measuring range from 0 to 0.150 mg/mL. For this, 
Simvastatin was dissolved in 30:70 (V/V) ddH2O:ACN.

Methodology of Studying Disintegration Kinetics

The disintegration mechanics of tablets were studied by in-
situ real-time monitoring using static light scattering (SLS) 
of sampled materials by utilizing a Mie-theory scattering 
model. The SLS was done using a Mastersizer 3000 laser 
diffractometer machine with the Hydro MV dispersion unit 
(Malvern Panalytical Ltd., UK). The dispersion unit was 
filled with 500 mL of distilled water at lab temperature, and 
the stirrer was set to 2000 RPM (to prevent particle sedimen-
tation). Because microcrystalline cellulose was the major 
excipient in both formulations and is insoluble in water, it 
was chosen as the calibration material for laser obscuration. 
The particle type was classified as non-spherical, with a 
refractive index of 1.468 and an absorption index of 0.010. 
The dispersant medium (water) refractive index was set to 
1.330. Sample duration measurement was set to 10 s, and 
the delay between measurements to 9 s. Calibration curves 
for laser obscuration for both mixtures were captured by 
the addition of 50 mg samples up to 250 mg. The obtained 
laser obscuration and particle size distribution values were 
employed to compare the tablet disintegration kinetics. The 
results are presented either in a chart of cumulative weight 
fraction of each size class over time or as a weight distri-
bution at specific time point. The specific size classes are 
specified in each example [53].

Results and Discussion

Granules and tablets prepared from the pharmaceutical 
mixtures were examined for their densification, dissolution 
and disintegration behaviour. Densification was studied 
with instrumented tablet press to find compressibility of the 
formulations. Dissolution was done using the flow-through 
dissolution cell (USP4) and paddle dissolution (USP2) and 
disintegration studies were done with SLS method.

Compressibility of Dapagliflozin Formulation

The densification measurement was done with the instru-
mented tablet press method for D-mixture containing regular 
and micronized particles of Dapagliflozin. The relationship 
between peak pressure and the resulting out-of-die envelope 
density for both samples are presented in Fig. 1. Out-of-die 
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apparent density increased steadily with peak pressure, ris-
ing from 0.79 g/cm3 at 12.5 MPa to 1.37 g/cm3 at 250 MPa. 
To quantitatively compare the two profiles, a paired t-test 
was performed on the density values. The paired t-test across 
the seven pressures indicated no significant overall density 
difference (Δ = 0.0045 g/cm3; t = 1.54, df = 6, p = 0.17). 
Therefore, the initial API particle size did not significantly 
influence the overall compressibility of the powder mixture. 
Afterwards, to obtain compressibility values K, this data was 

log–log transformed and fitted by linear regression accord-
ing to Eq. 2 and the result is presented in Table IX. Both size 
classes of the API used in the mixtures have very similar 
compressibility constants, indicating that particle size of 
the API does not affect the densification of the formulation 
within the studied pressure range.

Table  X compares the envelope densities predicted 
from the Reynolds model Eq. 2 with direct measurements 
for five samples. Deviations range from –0.03 to + 0.08 g/
cm3, with an average bias of + 0.037 g/cm3. A paired t-test 
shows the difference is not statistically significant (p = 0.12), 
and the calculated and measured values correlate strongly 
(R2 = 0.93). These results show that the model calculations 
provide a good estimate of envelope density within experi-
mental uncertainty for the compared samples.

Dissolution Behaviour of Dapagliflozin Formulation 
Granules and Tablets

All Dapagliflozin formulation granules were examined for 
their dissolution behaviour using the USP4 flow-through 
method, and the dissolution profiles are shown on Fig. 2. The 
rather anticipated difference is seen in the faster dissolution 

Fig. 1   Densification profile of 
D-mixture with regular particles 
(circle, d90 = 154 µm) and 
micronized particles (triangle, 
d90 = 24 µm). Dapagliflozin 
PSD does not affect densifica-
tion of the formulation

Table IX   Log–log Pressure-density Regression Details to Determine 
Compressibility K of D-mixture

Sample Slope 
k

p-value 
(zero 
slope)

Material 
Constant 
C

R2 Compressibility 
K (1/k)

D-mixture 
(Micro-
nized 
Particles)

0.187 1.2 × 10–5 −0.683 0.983 5.35

D-mixture 
(Regular 
Particles)

0.190 1.8 × 10–5 −0.703 0.981 5.25

Table X   Comparison of 
D-mixture Samples Calculated 
and Measured Envelope Density 
at Respective Peak Pressure

Sample RC Peak Pressure 
(MPa)

Slugging Peak Pressure 
(MPa)

Calculated
Envelope Density 
(g/cm3)

Measured 
Envelope Density
(g/cm3)

DS1 - 50 1.040 1.070 ± 0.003
DS2 - 250 1.417 1.353 ± 0.007
DR1 52 - 1.030 0.954 ± 0.030
DR2 87 - 1.135 1.110 ± 0.045
DR3 122 - 1.211 1.160 ± 0.054
DR1m (*) 53 - 1.018 -
DR3m (*) 124 - 1.192 -
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rate of samples DR1m and DR3m when compared to the 
other samples. This effect is due to the micronization of API 
particles. These results also collectively indicate that the 
granule samples prepared by the slugging method are equally 
suitable for generating dry granulation samples intended for 
screening experiments. While roller compaction is often pre-
ferred for scale-up, Mitchell et al. (2003) and Dehont et al. 
(1989) also successfully employed slugging, supporting our 
observation that for simple screening of highly soluble drugs 
like Dapagliflozin, slugging can provide comparable inter-
mediate materials [31, 54]. Overall, the results of all tested 
granule samples, that did not contain micronized API, show 
a similar dissolution rate. Moreover, the level of densifica-
tion between samples DS1 and DS2 (Table X) is the largest 
but their dissolution profile is nearly identical. This is indica-
tive of an insignificant effect of compaction pressure on the 
dissolution rate of Dapagliflozin from granules.

The granules that were prepared with roller compac-
tion were further pressed into tablets and their dissolution 
behaviour was studied using the USP2 paddle method. Fig-
ure 3 illustrates a consistent dissolution rate across all tablet 
samples, irrespective of granule density inside the samples 
(Table X), tableting pressure and tablet hardness of the sam-
ples (Table XI).

The key difference introduced by tableting is the antici-
pated nominal slowdown of the dissolution rate across all 
samples. The dissolution of the tablets is equally balanced 
after around the 10-min mark, once the macro-disintegration 
of all tablet samples was finished and the dissolution profiles 
have achieved consistent release. In fact, this behaviour can 
also be supported by the tablet disintegration analysis in 

Fig. 4. When comparing the disintegration of the tablets 
with the most divergent compaction and tableting pressures, 
DR1-LFT and DR3-HFT, it is evident that the disintegration 
rates are rapid and with similar kinetics. Because of this, 
the disintegration profiles of these tablets over the course of 
8 min imply that similar starting conditions are present for 
the dissolution of the formulations, regardless of the pres-
sure used in compaction or tableting. Tablets containing 
micronized API are again seen with a faster dissolution rate, 
as anticipated. The tablet dissolution profiles are therefore 
also indicative of a minimal effect of compaction pressure on 
the rate of Dapagliflozin release from the samples. However, 
Fig. 3 also reveals incomplete release even after applying 
infinity spin (increase of paddle speed to 150 RPM). The 
released amount of Dapagliflozin in the dissolution profiles 
plateaus at ~ 91%. The rationale behind the infinity spin was 
to elucidate the effect of extragranular excipients and the 
incomplete release can be likely attributed to magnesium 
stearate [55, 56].

Overall, the primary trend observed in the API release 
across both testing methodologies indicates that the disso-
lution rate of a highly soluble API, such as Dapagliflozin, 
remains unaffected by the compaction pressure applied 
during dry granulation and the subsequent tableting pres-
sure applied to these granules. This finding suggests that 
the dissolution testing outcomes did not show significant 
improvement from an expanded design of experiments, as 
the dissolution rates were largely invariant to the density 
and compaction levels applied. Since this could be identi-
fied earlier in development using the USP 4 flow-through 
dissolution method on the granules, conclusions about the 

Fig. 2   USP4 flow-through 
dissolution profiles of Dapagli-
flozin granulates samples with 
regular API – DS1 (Square); 
DS2 (Triangle); DR1 (Asterisk); 
DR2 (Rhombus); DR3 (Cross) 
and of Dapagliflozin granulates 
with micronized API – DR1m 
(Circle); DR3m (Plus)

0

20

40

60

80

100

0 10 20 30 40 50 60

w
 D

ap
ag

lif
lo

zi
n 

[%
]

Time [min]



AAPS PharmSciTech (2025) 26:225	 Page 11 of 20  225

dissolution behaviour of the Dapagliflozin formulation can 
be drawn more efficiently based on these findings. Subse-
quent optimization efforts in the tableting phase can then 
be more targeted, focusing primarily on pharmaceutical 
engineering aspects such as the ease of tableting and the 
mechanical properties of the final tablets. This strategic 
focus is expected to improve overall development efficiency.

Compressibility of Simvastatin Formulation

The densification measurement was done with instrumented 
tablet press for S-mixture formulation. The relationship 
between peak pressure and the resulting out-of-die envelope 

density for prepared compacts is presented in Fig. 5. Out-
of-die envelope density increased with peak pressure from 
1.01 g/cm3 at 12.5 MPa and reaching 1.41 g/cm3 at 250 MPa. 
The density-pressure data were analysed individually by 
log–log regression (Eq. 2). The fitting yielded the corre-
sponding compressibility constant (Table XII), K = 9.62, 
indicating a slower densification rate than observed for the 
D-mixture.

Afterwards, the peak pressure corresponding densities 
were calculated for prepared granule samples; however, it 
was not possible to compare them against ribbon density 
for roller compacted samples (Table XIII). This was because 
the ribbon was not formed uniformly during the compaction 
process. Because of this, ribbon envelope density for S-mix-
ture ribbons was not determined by the solid displacement 
method, since the measured values would not be reproduc-
ible, as the sample variability of the non-uniform material 
would not meet the acceptance criteria of 5% RSD, as men-
tioned by Marinko et al. (2024) [51].

For the comparison of calculated and measured 
slug envelope densities, deviations range from –0.044 
to + 0.009 g/cm3, with an average bias of 0.004 g/cm3. A 
paired t-test shows the difference is not statistically sig-
nificant (p = 0.68), and the calculated and measured values 
correlate strongly (R2 = 0.97). This is in agreement with 

Fig. 3   USP2 paddle dissolu-
tion profiles of Dapagliflozin 
tablets – DR1-LFT (Asterisk); 
DR1-HFT (Circle); DR2-LFT 
(Plus); DR2-HFT (Square); 
DR3-LFT (Minus); DR3-HFT 
(Full Circle) and of Dapagli-
flozin tablets with micronized 
API—DR1m-LFT (Triangle); 
DR3m-LFT (Rhombus)

Table XI   Tablet Hardness for 
Samples of the Dapagliflozin 
Granules

Sample Hardness (N)

DR1-LFT 125 ± 10
DR1-HFT 155 ± 12
DR2-LFT 110 ± 9
DR2-HFT 140 ± 11
DR3-LFT 100 ± 9
DR3-HFT 130 ± 11
DR1m-LFT 120 ± 10
DR3m-LFT 95 ± 9
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findings presented by Reynolds et al. (2010) [48–50] when 
looking at the obtained slug data. In confidence with the 
previous results shown for D-mixture, the predicted ribbon 
density at 96 and 480 MPa (SR1, SR2) with roller peak 
pressure estimation fits well within the compressibility 

Fig. 4   Comparison of DR1-
LFT (Triangles) and DR3-HFT 
(Circles) tablet disintegration. 
Each curve represents settling 
of particles by mass percentage 
of a tablet in a size class

Fig. 5   Densification profile of 
S-mixture
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Table XII   Log–log Regression Details to Determine Powder Com-
pressibility K of S-mixture

Sample Slope 
k

p-value 
(zero slope)

Material 
Constant 
C

R2 Compressibil-
ity K (1/k)

S-mixture 0.104 5.6 × 10–5 −0.223 0.970 9.62

Table XIII   Comparison of S-mixture Samples Calculated and Meas-
ured Envelope Density at Respective Peak Pressure

Sample RC Peak 
Pressure 
(MPa)

Slugging 
Peak Pressure 
(MPa)

Calculated
Envelope 
Density (g/
cm3)

Measured 
Envelope 
Density
(g/cm3)

SR1 96 - 1.285 -
SR2 480 - 1.519 -
SS1 - 50 1.201 1.245 ± 0.003
SS2 - 100 1.291 1.291 ± 0.010
SS3 - 150 1.347 1.342 ± 0.007
SS4 - 200 1.388 1.380 ± 0.003
SS5 - 250 1.420 1.411 ± 0.005
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data. This supports claims that slug experiments can serve 
as a practical surrogate for powder compressibility [48, 
57–59].

Dissolution Behaviour of Simvastatin Formulation 
Granules and Tablets

Conventional dissolution method for Simvastatin release was 
not discriminative enough. This is shown in Fig. 6, where the 
dissolution profiles of the least and most compacted granule 
samples reached < 50% API release in 90 min. Using the gran-
ules prepared at 50 bar, we developed a method with a wetting 
agent. The optimal flow rate for this medium was chosen as 
4 mL/min (Fig. 7), as it provides discriminative resolution 
for sample analysis while also resulting in over 80% of API 
release after 15 min and full release by the 45-min mark.

The granules of the Simvastatin formulation that were 
prepared by roller compaction were then tested with the 
optimized method for their dissolution behaviour against 
uncompacted powder mixture using the USP4 method. The 
recorded dissolution profiles are shown in Fig. 8. The gran-
ules display a trend of slower release profiles at the 10 and 
15 min mark. This trend is more profound depending on 
the level of densification in the granules when compared to 
the uncompacted mixture, with the largest difference dis-
played by SR2 formulation. Quantitative assessment with 
the similarity factor f2 showed that SR1 is similar (f2 = 70.1), 
while SR2 granules had the f2 = 48.8 below 50, therefore 
not similar. The SR2 profile lagged behind the reference by 
10–16% dissolved up to 20 min, and these early deviations 

affected the f₂ calculation, showing that for the poorly solu-
ble Simvastatin (BCS2), higher compaction pressure in the 
SR2 granules led to this slower release profile. The higher 
densification likely reduces intragranular porosity and the 
effective surface area available for solvent penetration and 
drug dissolution, consistent with principles outlined by Sun 
et al. (2006) and Zinchuk et al. (2004) [4, 60]. Therefore, 
the effect of compaction pressure in this experiment is 
established.

Because of this, additional investigation into how gran-
ules contribute to dissolution involved separating the 
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Fig. 6   Unsatisfactory resolution for Simvastatin release in USP4 
using conventional method (at 16 mL/min flow rate in pH 6.8 phos-
phate buffer (0.68% (w/V) KH2PO4 and 0.09% (w/V) NaOH)). Trian-
gle – Granulate SR1; Circle – Granulate SR2
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Fig. 7   Updated USP4 dissolution method with a wetting agent yields 
better dissolution profiles. Granulate SR1 tested with different flow 
rates: Circle – 16mL/min; Rhombus – 8mL/min; Triangle – 4mL/min
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ent densification in USP4 flow-through dissolution – SR1 (Rhom-
bus); SR2 (Square); Reference mixture (Triangle)
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granules by sieve analysis. The granules were separated into 
three size classes: 560–1000 µm, 560–250 µm and < 250 µm. 
The unsieved granules, each new granule size class, and the 
reference uncompacted powder were also examined for basic 
flow properties using a powder rheometer. The details of 
this analysis are shown in Table XIV. This analysis revealed 
that dry granulation of the reference mixture increased the 
bulk density of the powder, which is expected with increased 
granularity [61, 62]. To quantify this observation, bulk‐den-
sity means (n = 3) were compared with Welch two‐sample 
tests. The SR1 unsieved granules were 119 kg/m3 denser 
than the uncompacted blend (p = 0.037; Cohen’s d = 2.55, 
a 24% gain), while the SR2 unsieved material showed an 
increase of 122 kg/m3 (p = 0.039; Cohen’s d = 2.49, a 25% 
rise). The angle of internal friction remained similar in all 
cases, as that can be attributed to composition [63, 64]. 
However, each size class behaves differently in terms of 
flow function and flow rate index, where increasing granule 
size exhibits less cohesive and more free-flowing behav-
iour compared to the reference powder mixture [65, 66]. A 
Spearman rank-correlation applied to the ordered classes 
(Reference—S—M—L) supports this monotonic trend 
(ρ = 0.95, p = 2.3 × 10–6). Each separated size class is distin-
guished from the original sample by the abbreviations “L” 
for large, “M” for medium and “S” for small.

All of the sieved granule samples were also examined 
for dissolution behaviour. Firstly, we will generally com-
pare the samples at their densification levels. The dis-
solution profiles of different classes of SR1 againsts the 
unsieved counterpart and the reference powder mixture 
are shown in Fig. 9. In the amount released over time, a 
very slight slowdown depending on the size class across 
all curves from the reference powder is observed in the 
nominal means at the 10 and 15 min mark. If the same 
comparison for the dissolution profiles of the SR2 sieved 
and unsieved samples, and the reference powder mixture 
(Fig. 10) is made, we observe the differences between each 
sample from the reference powder to be more pronounced. 

The general trend of slowdown is attributed to the rate of 
disintegration which depends on densification and granule 
size [67, 68]. To elucidate the significance of the slow-
down from reference powder for all samples compared, 
dissolution curve similarity f2 factors were calculated and 
presented in Table XV. For SR1 granule samples, only the 
largest class failed the similarity criteria (below f2 = 50). 
The similarity for each size class and unsieved sample 
shows the slight trend observed in the dissolution profiles. 
It can be concluded that the densification of these samples 
by roller compaction produces granules with very similar 
dissolution profiles to the reference powder (except the 
largest class). With SR2 granule samples, the dissimilar-
ity to reference powder is more evident in the f2 factor 
values and only the smallest size fraction aligned in simi-
larity to the reference powder, which is also evident in the 

Table XIV   Sieve Analysis 
of SR1 and SR2 Granules 
Including Powder Rheometer 
Results

Sample type Size Class Weight 
fraction 
(%)

Flow Function Bulk Density
(kg/m3)

Flow Rate 
Index

Angle of internal 
friction (°)

Reference Unsieved 100 7.2 ± 0.4 489 ± 51 3.2 35.5 ± 1.3
SR1 Unsieved 100 13.1 ± 1.1 608 ± 42 2.3 34.3 ± 1.4
SR2 Unsieved 100 13.8 ± 1.5 611 ± 47 2.4 36.1 ± 1.6
SR1S  < 250 µm 13 9.0 ± 0.4 614 ± 53 2.9 33.4 ± 1.3
SR1M 250–560 µm 35 14.3 ± 1.2 598 ± 61 1.9 35.1 ± 1.2
SR1L 560–1000 µm 52 16.0 ± 0.7 620 ± 36 1.6 35.9 ± 1.3
SR2S  < 250 µm 12 9.2 ± 1.0 634 ± 57 2.7 34.8 ± 1.6
SR2M 250–560 µm 38 14.9 ± 1.3 598 ± 49 1.8 35.8 ± 1.7
SR2L 560–1000 µm 50 16.8 ± 1.1 593 ± 54 1.5 36.2 ± 1.4
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Fig. 9   USP4 flow-through dissolution profiles of Simvastatin gran-
ules  prepared at 96 MPa – SR1 (Square); SR1L (Cross); SR1M 
(Asterisk); SR1S (Rhombus); Reference mixture (Triangle)
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dissolution profile. Therefore, the densification of these 
granules show dissolution slow-down from the reference 
powder.

Interestingly in both cases, the SR1S and SR2S granules 
that contain the smallest particles exhibit very similar dis-
solution profile to the reference powder mixture. This behav-
iour is also explainable by contamination of the granules 
with uncompacted powder, which also shows a similar dis-
solution rate. Such contamination is documented to occur 
between material feeding and densification into ribbons 
(due to underfeeding of the rolls) [69]. Contamination may 

also occur during the roller compaction process itself, as the 
densification of ribbons can be imperfect and ribbon fail-
ures such as ribbon sticking or splitting is prone to happen 

Fig. 10   USP4 flow-through dis-
solution profiles of Simvastatin 
granules prepared at 480 MPa 
– SR2 (Square); SR2L (Cross); 
SR2M (Asterisk); SR2S 
(Rhombus); Reference mixture 
(Triangle)
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Table XV   Similarity f2 Factors of Granules Against Reference Pow-
der

Sample compared against 
Reference

Size Class f2 factor

SR1—bulk granules Unsieved 70.1
SR1S  < 250 µm 86.4
SR1M 250–560 µm 58.1
SR1L 560–1000 µm 49.6
SR2—bulk granules Unsieved 48.8
SR2S  < 250 µm 88.6
SR2M 250–560 µm 43.4
SR2L 560–1000 µm 31.5
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Fig. 11   Comparison of the USP4 flow-through dissolution profiles 
Simvastatin granules prepared at different compaction pressures – 
SR2 (Plus); SR2L (Minus); SR2M (Triangle); SR1 (Square); SR1L 
(Cross); SR1M (Asterisk)
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depending on composition of formulations as discussed by 
Marinko et al. (2024) [51].

Secondly, we will compare the dissolution profiles 
between the samples of formulations SR1 and SR2 together 
in more detail. Dissolution profiles are shown in Fig. 11 
(excluding the reference powder and smallest size classes 
of the granules for clarity). The f2 similarity factors were 
calculated between for comparison of SR1-SR2 in each indi-
vidual size classes in Table XVI. The f2 similarity factors 
have also been calculated between unsieved granules and 
their sieved samples in Table XVI. We observe a difference 
in the dissolution profiles of bulk SR1 and SR2 released 
amount of simvastatin at 10 and 15 min of which is around 
10% from their means. However, the f2 factor comparison of 
SR1-SR2 bulk samples suggests dissolution similarity with 
the value 55.5 (slightly above f₂ ≥ 50). Next, we observe that 
the dissolution rate of the larger granules in the SR2L sam-
ple slowed down noticeably more from the unsieved gran-
ules of SR2 and that is supported by the dissimilar f2 factor 
as well. Interestingly SR2S shows dissimilarity to SR2 bulk 
granules, supporting the claim about contamination of fines 
in the smallest size class. In both cases, the medium granules 
show a dissolution similarity compared to their unsieved 
counterparts.

These data draw an interesting perspective on the possi-
ble optimization of the formulation. The sieve analysis and 
rheometer results (Table XIV) indicated that while increas-
ing granule size improved flow properties (higher flow 
function), this benefit came with a clear trade-off for the 
Simvastatin formulation, as larger granules (SR1L, SR2L) 
demonstrated slower dissolution rates (Figs. 9, 10) [1, 70, 
71]. This underscores the value of intermediate granule dis-
solution testing, as it allows for the early identification and 
balancing of competing properties like flowability and drug 
release during process optimization This balancing act is a 
recognized challenge in RC, where improving flowability, 
often achieved with larger granules, must be weighed against 
potential negative impacts on other critical attributes like 
tabletability or dissolution, as discussed by Smrcka et al. 
(2015) or Mansoor and Stepanek (2006) [72, 73]. Considera-
tion should be made that the flow properties of both samples 
are more advantageous with larger granule size, which is 
beneficial in the processing that follows after roller com-
paction (such as tableting). Analysis of the SR2 granules 
suggests utilizing a smaller mesh size in sieving to support 
dissolution. At the same time, both granules would benefit 
from repurposing the smallest size class for re-compaction 
to achieve granules with unified properties.

Table XVI   Similarity f2 Factors 
Between Each Individual Size 
Class (SR1-SR2 column), 
Between Bulk and Sieved 
Samples of SR1 (SR1-SR1 
column) and SR2 (SR2-SR2 
column)

Size Label SR1–SR2
f2

Compared SR1-SR1
f2

Compared SR2-SR2
f2

Compared

Bulk 55.5 SR1-SR2 100 SR1-SR1 100 SR2-SR2
S 78.6 SR1S-SR2S 77.6 SR1-SR1S 47.0 SR2-SR2S
M 56.9 SR1M-SR2M 64.4 SR1-SR1M 73.4 SR2-SR2M
L 42.2 SR1L-SR2L 55.4 SR1-SR1L 44.0 SR2-SR2L

Fig. 12   Comparison of SS1T 
(Triangles) and SS5T (Circles) 
tablet disintegration. Each curve 
represents settling of particles 
by mass percentage of a tablet 
in a size class

0

5

10

15

20

25

30

35

40

0 5 10 15 20

w
/w

%

Time (min)



AAPS PharmSciTech (2025) 26:225	 Page 17 of 20  225

The SS1T to SS5T tablet disintegration and dissolution 
behaviour was also studied. Figure 12 shows the disintegra-
tion kinetics of the tablets that contained granules prepared 
with the most divergent compaction pressures, SS1T and 
SS5T, we can see that the primary disintegration is very 
rapid (under 5 min) for both formulations. At the 10 min 
mark, both formulations exhibit a size class swap during 
secondary disintegration between the XL and M sizes. SS5T 
provides slightly more of the XL and L fragments vs M and 
S fragments in comparison to SS1T. Nevertheless, the dif-
ferences are small, and from these data, we can establish 
that the starting conditions for the tablet dissolutions are 
unaffected by differences in compaction pressure.

In the tablet dissolution experiment that included a wet-
ting agent (Fig. 11), we observe dissolution profiles for Sim-
vastatin release with a trend depending on the peak pres-
sure used in granulation. The tablet hardness for all tablets 
was similar and had a small spread, with combined mean 
of 114 ± 12 N. Therefore, the tablet hardness is unlikely to 
affect the interpretation. The most noticeable difference in 
the curves is observed for the dissolution of the SS1T and 
SS5T sample. The results of the tablet dissolution corre-
spond to the effect shown in the granule dissolution of the 
Simvastatin formulation, as was expected. Interestingly, 
while the tablet disintegration kinetics appeared rapid and 
broadly similar regardless of the granule compaction pres-
sure (Fig. 12), the subsequent dissolution profiles showed 
clear rank-order differences correlating with the densifica-
tion (Fig. 13). This highlights that for this poorly soluble 
formulation, the properties imparted to the granules during 
roller compaction, specifically their density, carry over onto 

the tablets and are the dominant factors controlling the drug 
release rate, rather than the speed at which the tablet breaks 
apart initially. This reinforces the conclusions drawn by Raj-
kumar et al., whose work examining the stresses involved in 
RC and subsequent tableting showed the significant impact 
of the initial granulation step on final tablet performance 
[32].

Conclusion

In this study, the effects of roller compaction on the dissolu-
tion behaviours of granules and tablets for two pharmaceuti-
cal formulations, containing Dapagliflozin (BCS3) and Sim-
vastatin (BCS2), were thoroughly investigated. The results 
demonstrate the role of compaction parameters and particle 
characteristics in influencing dissolution performance. For 
Dapagliflozin, a well-soluble API, the densification of gran-
ules had minimal impact on the dissolution and the dissolu-
tion profiles were consistent for both granules and tablets. 
When studying the Simvastatin formulation, containing a 
poorly soluble API, it was revealed that there is a depend-
ency on compaction pressure and granule size. Higher com-
paction pressures resulted in slower release, particularly 
for larger granule size fractions. The dissolution testing 
of granules served as an effective early-stage predictor of 
tablet performance. It reveals the importance of optimiz-
ing granulation parameters, including sieving and granule 
size distribution, to balance dissolution and other engineer-
ing properties, such as flow properties. When the results 
between granules and tablet dissolution are both considered, 
there is merit to both of these testing procedures. Granules 
dissolution testing uncovered a broader understanding of 
dissolution behaviour early on. The comparative analysis 
of USP4 and USP2 dissolution methods suggests that early 
granule dissolution studies are useful for process optimiza-
tion. USP4 provided detailed and discriminatory profiles, 
easing the identification of potential formulation challenges 
at an earlier stage. These findings suggest that granule dis-
solution testing can significantly reduce the reliance on 
extensive tablet-level testing, ultimately accelerating the 
development cycle and improving resource efficiency. While 
this study utilized specific formulations for Dapagliflozin 
and Simvastatin, the observed dependence on API solubility 
aligns with general principles of dissolution for BCS Class 
II and III compounds. However, the extent to which com-
paction affects dissolution can also be influenced by excipi-
ent properties (e.g., deformability, disintegration potential), 
which were not varied here. Further studies with different 
excipient combinations would be beneficial to confirm the 
broader applicability of using granule dissolution as an early 
predictor across different dry granulation formulations.
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Fig. 13   USP2 paddle dissolution profiles of tablets prepared from 
granulates of different densification (from 50 to 250 MPa) – SS1T 
(Square); SS2T (Triangle); SS3T (Cross); SS4T (Plus); SS5T (Rhom-
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If necessary to achieve a more insightful and generalized 
relationship between roller compaction and granule disso-
lution, employing a more discriminating design of experi-
ments (DoE) would be relevant.
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