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Abstract
Mesoporous silica offers an easy way to transform liquids into solids, due to their high loading capacity for liquid or dissolved 
active ingredients and the resulting enhanced dissolution properties. However, the compression of both unloaded and loaded 
mesoporous silica bulk material into tablets is challenging, due to poor/non-existing binding capacity. This becomes critical 
when high drug loads are to be achieved and the fraction of additional excipients in the final tablet formulation needs to be 
kept at a minimum. Our study aimed to investigate the mechanism of compression and tabletability dependent on the Liquid 
Load Level of the silica and type of filler/binder in binary tabletting mixtures. To this end, Vivapur® 101, FlowLac® 90, 
Pearlitol® 200 SD and tricalcium citrate tetrahydrate were selected and mixed with Syloid® XDP 3050 at various Liquid 
Load Levels. Compaction characteristics were analysed using the StylOne® Classic 105 ML compaction simulator. Addi-
tionally, the Overall Liquid Load (OLL) was defined as a new critical quality attribute for liquisolid tablets. The Overall 
Liquid Load allows straightforward, formulation-relevant comparisons between various fillers/binders, liquid components, 
and silica types. Results indicate strong binding capacity and high plasticity of the fillers/binders as key components for 
successful high liquid load silica tablet formulation. A volumetric combination of 30% Vivapur® 101 and 70% 0.75 mL/g 
loaded Syloid® XDP 3050 proved to be the most effective mixture, achieving an Overall Liquid Load of 36–41% [v/v] and 
maintaining a tensile strength of 1.5 N/mm2 with various liquid vehicles.
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Introduction

Silica is a versatile material extensively used in the phar-
maceutical industry for various applications. Primarily, it is 
used as a glidant, but it can also be utilised as a desiccant or 
serve as a carrier for actives in solid or liquid form [1, 2]. 
Silica can be classified into two types, non-porous fumed sil-
ica (such as Aerosil® or Carb-O-Sil®) and mesoporous sil-
ica, with a pore size ranging from 2–50 nm [3]. Mesoporous 
silica can be further categorised into ordered and disordered 
types based on their pore structure [4].

“Liquisolid systems” were developed in the 1990s by 
Spireas et al., [1, 5] and have shown promising results in 
increasing the solubility of drugs exhibiting poor aqueous 
solubility. This is especially important since with the advent 

of high throughput screening methods, more new chemical 
entities are poorly water-soluble [6]. In literature, increased 
in vitro solubility has been described for cannabidiol [7], 
naproxen [8], furosemide [9], carbamazepine [10], and sev-
eral other active pharmaceutical ingredients (APIs) [11–13]. 
Additionally, some authors also report successful in vivo 
trials with both beagle dogs [14] and healthy human vol-
unteers [15].

Liquid components such as hydrophobic vitamins [16], 
N,N-dimethylacetamide [17], propylene carbonate [18], pol-
yethylene glycol 400 [19], polysorbate 80 [20] or propylene 
glycol [21] can be successfully incorporated into liquisolid 
systems. The successful loading of these chemically diverse 
liquid components shows that, utilising liquisolid technolo-
gies, both lipo- and hydrophilic solvents and APIs can suc-
cessfully be transformed into liquisolid systems.

According to Spireas et al. , [1, 5], “liquisolid systems” 
are apparently dry, non-adherent and readily compressible 
powdered forms of liquid medications. Such a liquisolid sys-
tem is based on a relatively large porous carrier material, 
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such as microcrystalline cellulose, in which pores are filled 
with a drug solution up to the level, that a thin film forms 
on the outer surface. The latter drastically reduces the car-
rier’s flowability. Subsequently, this excess drug solution is 
absorbed by a very fine (d = 10–5000 nm) coating material, 
such as various types of fumed silica, which are adsorbed in 
mono- or multilayers on the surface of the carrier material 
to bind the excess liquid and thus restore flowability. The 
carrier-to-coating ratio is recommended to be around 20:1 
[1, 5].

In a liquisolid system, maximising total liquid load is cru-
cial, because the maximum achievable dose within a reason-
able volume depends on both the solubility of the API in the 
liquid and the maximum liquid loading into the carrier. This 
limiting factor has been identified as a major drawback for 
liquisolid technologies [22], even as the use of newer car-
rier materials enabled higher liquid loads [16]. However, it 
is problematic to accurately compare the currently achieved 
total liquid loads, as the information on loading quantities is 
usually only given on a mass basis. Due to the different den-
sities of drug solutions and excipients, these values are not 
accurately comparable. Therefore, further optimisation was 
needed to enable liquisolids as a viable formulation principle 
from a key performance indicator as well as a formulation 
standpoint.

Mesoporous silica generally has a high maximum load-
ing capacity, which can increase the total possible liquid 
loading [23]. However, mesoporous silica also poses some 
challenges. It has poor tabletting properties [3], which neces-
sitates the addition of a filler/binder. Certain silica grades 
such as Syloid® 244FP also exhibit very low bulk density, 
thus limiting direct tabletting. Others, like Silsol® 6035, 
are restricted as their maximum loading capacity is below 
0.75 mL/g. Syloid® XDP 3050 on the other hand provides 
a high bulk density and retains excellent flow properties up 
to its maximum absorption capacity of 1.6 mL/g. Up to this 
value no coating material to maintain good flow properties 
is required [23]. Recent debates have arisen regarding the 
definition of liquisolid systems in literature, particularly con-
cering whether wet, non-flowable forms of liquisolids are 
nonetheless considered a “liquisolid system” [24, 25]. Due 
to the lack of coating material, the liquid-loaded Syloid® 
XDP 3050 presented in this study is technically not a “liqui-
solid system” by the original patent [5]. However, ever since 
the original patent had been published, most authors define a 
“liquisolid” as an apparently dry, non-adherent, free-flowing 
and compressible powder. Therefore, the blends presented 
in this study are considered liquisolids by common defini-
tion [16, 26].

Our study aimed to investigate the binding properties 
of Syloid® XDP 3050 at different Liquid Load Levels 
[v/m]. Our first objective involved finding an optimal filler/
binder. Initial investigations revealed that compacts of pure 

silica violently tare themselves apart upon exiting the die 
when silica is not loaded, while no bonds are formed at 
the maximum Liquid Load Level. Our second objective is 
two-fold: to optimise the maximum liquid loading using 
patient- and formulation-relevant parameters, while simul-
taneously achieving a tensile strength of 1.5 ± 0.1 N/mm2 
for the resulting tablets.

Materials and Methods

Materials

Syloid® XDP 3050 was used as the mesoporous silica, and 
propylene carbonate as the liquid component for the prepa-
ration of liquisolids during the investigation. The silica was 
provided by Grace GmbH (Germany), and the propylene 
carbonate was purchased from VWR International S.A.S. 
(France). The fillers/binders Vivapur® 101, FlowLac® 90, 
tricalcium citrate tetrahydrate and Pearlitol® 200SD were 
kindly provided by JRS Pharma GmbH & Co. KG (Germany), 
Meggle GmbH & Co. KG (Germany), Jungbunzlauer GmbH 
(Germany) and Roquette Frères S.A. (France), respectively. 
The die was lubricated using Ligamed MF-2 V magnesium 
stearate kindly donated by Peter Greven GmbH & Co. KG 
(Germany). Propylene carbonate was dyed using methyl-
ene blue by Merck (Germany). Polyethyleneglycol  400 
(PEG400) was purchased from Carl Roth GmbH (Germany), 
propylene glycol (PG) from Fagron GmbH & Co. KG  
(Germany) and polysorbate 80 (PS80) from Caesar & Loretz 
GmbH (Germany).

Methods

Preparation of Liquisolids

The incipient wetness method was utilised to create liquisol-
ids with Liquid Load Levels of 0 mL/g, 0.5 mL/g, 1.0 mL/g, 
and 1.5 mL/g of propylene carbonate. The process involved 
adding the liquid component to pre-dried Syloid® XDP 
3050, which had subsequently been stirred with a spatula 
until no lumps were visible [27]. Finally, to ensure a homo-
geneous distribution, the powder was mixed at 50 rpm for 
10 min in a turbula mixer (Willi A. Bachofen AG, Switzer-
land). For other liquids than propylene carbonate, the same 
procedure was utilized.

Filler/Binder Selection

Preliminary experiments have shown that pure Syloid® 
XDP 3050 and liquisolids cannot form tablets without add-
ing further excipients while operating at realistic tabletting 
speeds. Vivapur® 101, FlowLac® 90, Pearlitol® 200SD, 
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and tricalcium citrate tetrahydrate were selected as fillers/
binders for this study, as all of them tend to form tablets of 
adequate tensile strength (TS) but also differ in their defor-
mation and bonding behaviour.

Bulk, Tapped and Helium Pycnometer Density

Bulk (VBulk) and tapped densities (VTapped) of all liquisolids 
and our chosen fillers/binders were determined. Therefore, 
50 mL of powder was filled into a graduated cylinder and 
weighed accurately. The cylinder containing the powder 
was transferred to a tapped density tester, and the test was 
performed according to the regulations of the Ph. Eur. 10.0, 
2.9.34, method one [28], with reduced volume. All measure-
ments were performed in triplicate. The Hausner ratio (HR) 
was calculated to assess the flow character according to Ph. 
Eur. 10, Table 2.9.36–2.

The helium pycnometer densities of the unmixed pow-
ders were measured using a Belpycno L (Microtrac Retsch 
GmbH, Germany) helium pycnometer. The chamber of the 
pycnometer was purged five cycles before analysis. A fill 
pressure of 200 kPa and an equilibration rate of 0.08 kPa/
min were employed. Measurements were repeated until five 
subsequent cycles had a standard deviation below 0.1%. 
Before analysis, the excipients were dried at 75  °C for 
30 min. All measurements were performed in triplicate. The 
helium pycnometer densities of the liquisolids were calcu-
lated from the values of the unloaded silica and the density 
of the liquid component. That is because solvent vapours 
could damage the device.

where ρHP (l) is the helium pycnometer density of the liq-
uisolid, Vl/g the volume of liquid per gram of silica, ρL the 
density of the loaded liquid and ρHP (s) the helium pycnom-
eter density of the pure, dry silica.

Using the values obtained from equation 2, the helium 
pycnometer densities of the binary mixtures (ρHP (m)) could 
be calculated according to Eq. 3.

where ϕl and ϕb are the volume parts based on bulk volume, 
ρBulk (l) and ρBulk (b) the bulk densities, and ρHP (l) and ρHP (b) 
the helium pycnometer densities of liquisolid and filler/
binder respectively.

(1)HR =
VBulk

VTapped

(2)�HP(l) =

(

Vl∕g ∗ �L

)

+ 1

Vl∕g + (1 ÷ �HP(s))

(3)

�HP(m) =

(

�l ∗ �Bulk(l)

)

+ (�b ∗ �Bulk(b))
(

(�l ∗ �Bulk(l)) ÷ �HP(l)

)

+ ((�b ∗ �Bulk(b)) ÷ �HP(b))

Design of Experiments (DOE)

A Full Factorial Design of Experiments with three centre 
points was created for each filler/binder using MODDE® 13 
(Sartorius Stedim Biotech GmbH, Germany) with the com-
paction pressure (250 MPa, 350 MPa, 450 MPa), silica con-
tent (0%, 70%) and Liquid Load Level (0 mL/g, 1.5 mL/g) of 
propylene carbonate as factors. Tensile strength and Overall 
Liquid Load (OLL) were chosen as responses. The latter 
represents the percentage of liquid volume to the overall 
tablet volume and therefore signifies a new critical quality 
attribute for liquisolid tablets, as the amount of liquid per 
unit determines the possible drug load for a given liquid 
API or saturated drug solution. Multi-linear regression was 
used to fit the models. The DOE software optimiser enabled 
maximisation of the Overall Liquid Load while maintaining 
a tensile strength of 1.5 ± 0.1 N/mm2.

Preparation of Binary Mixtures

To ensure a consistent silica surface as a contact area for 
bonding, the binary mixtures were formulated using bulk 
volume ratios rather than mass ratios. This was necessary 
due to the significant increase in bulk density observed with 
increasing Liquid Load Level of the liquisolids. In total, 
30 mL of each mixture was prepared. All ingredients were 
mixed in a turbula mixer (Willi A. Bachofen AG, Switzer-
land) for 10 min with a rotation of 50 rpm.

Tabletting

Binary mixtures were compressed into tablets using 8 mm 
flat tooling on a StylOne® classic 105ML single punch tab-
let press (Medelpharm, France, Romaco Kilian, Germany). 
The press was equipped with external displacement sensors 
calibrated to ± 5 µm as well as internal pressure sensors. All 
tablets were produced using the default compression cycle 
at 10% speed, resulting in a 30 ms dwell time and an overall 
compression cycle of 650 ms. The die was manually filled 
and externally lubricated with magnesium stearate. In total, 
five tablets per binary mixture were produced. A binary mix-
ture was considered defective if more than one tablet showed 
capping or delamination, or if the tablets were too fragile to 
be picked up with tweezers after compression. In this case, 
concerning the DOE, the silica content of the mixture was 
lowered by 10% until a stable mixture had been achieved. 
Afterwards, the respective MODDE® values were adjusted 
accordingly.

Out‑of‑Die Analysis

The height (Mitutoyo Absolute ID C125B, Mitutoyo 
Corp., Japan) and weight (AG 204, Mettler Toledo GmbH, 
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Germany) of the tablets were determined immediately 
after compression. Additionally, after 24 h of storage at 
20 °C and ambient humidity, the height of the tablets was 
measured again before proceeding to crushing force testing 
(Erweka TBH 200, Erweka GmbH, Germany). Using this 
data, the tensile strength, solid fraction, and Overall Liq-
uid Load of each tablet were calculated. Tensile strength 
is a normalisation of a tablets crushing force and therefore 
is independent of its geometry for biplanar round tablets 
[29].

where F is the crushing force, d the diameter and h the height 
of the tablet.

Solid fraction (SF) represents the apparent density (ρApp) 
of the compact with respect to its true density. In our case, 
the helium pycnometer density was used as a close approxi-
mation of the true density. SF can be calculated from the 
helium pycnometer density of the binary mixture (ρHP (m)) 
used, the tablet weight (mTab), height (hTab), volume (VTab) 
and radius (r).

As described above, the Overall Liquid Load (OLL) is 
the percentage of liquid volume to the overall tablet volume.

where ωs is the mass fraction of the loaded silica of the 
tablet, VBulk (l) is the bulk volume fraction of the liquisolid, 
ρBulk (l) is the bulk density of the liquisolid, VBulk (b) is the 
bulk volume fraction of the filler/binder, and ρBulk (b) is the 
bulk density of the filler/binder. VBulk (n) and ρBulk (n) repre-
sent the volume fraction and bulk density of all other addi-
tional components of the blend, if present. ωl is the mass 
fraction of the liquid in the loaded silica, Vl/g the Liquid 
Load Level and ρl the density of the liquid.

(4)TS =
2 ∗ F

� ∗ d ∗ h

(5)SF =
�App

�HP (m)

(6)�App =
mTab

VTab

(7)VTab = � ∗ r2 ∗ h

(8)

�S =
(VBulk(l) ∗ �Bulk(l))

�

VBulk(l) ∗ �Bulk(l)

�

+
�

VBulk(b) ∗ �Bulk(b)

�

+
∑

(VBulk(n) ∗ �Bulk(n))

(9)�l =
Vl∕g ∗ �l

(

Vl∕g ∗ �l

)

+ 1

(10)OLL =
((mTab ∗ �s ∗ �l) ÷ �l)

VTab

Full‑Screening

In addition to the DOE, further binary mixtures (Electronic 
supplementary material A-1) were prepared for all fillers/
binders using propylene carbonate as the liquid component. 
Mixtures were produced as described above and compressed 
into tablets at 250 MPa, 350 MPa and 450 MPa using the 
same compression cycle as the DOE.

After completing the out-of-die measurements, the result-
ing data were analysed using a custom Python script featur-
ing the matplotlib library [30]. A contour plot was created to 
visualise both the tensile strength and Overall Liquid Load 
data for each filler/binder/compaction pressure combination, 
plotted against the silica content of the binary mixture and 
the Liquid Load Level. This allowed for the accurate iden-
tification of all blends with a certain tensile strength from 
the respective contour plot using Python by varying the con-
tour levels. This contour line can subsequently be transferred 
onto the Overall Liquid Load contour plot, as they share the 
same X and Y axis, to optimise the Overall Liquid Load for 
a specific tensile strength.

Optimised Formulations

The optimal Liquid Load Level, silica content, filler/binder, 
and pressure combination predicted via the full-screening 
method for each filler/binder were produced and tested using 
the methods described above. Apart from propylene car-
bonate, propylene glycol, PEG400 and polysorbate 80 were 
tested as liquid components with the most suitable filler/
binder found during previous experiments to determine if 
results can be reproduced using various liquids at the same 
mixing ratio. If tensile strength results were below the tar-
get of 1.5 ± 0.1 N/mm2, filler/binder content was increased 
by 5% [v/v] until sufficient tensile strength was reached for 
each liquid. As the higher filler/binder content might allow 
for higher compression pressures, the compression pressure 
was also adjusted in the case of a formulation adjustment.

Compaction Behaviour of Silica and Liquisolids 
without Binder/Filler

Syloid® XDP 3050 was loaded with 0, 0.5, 1.0 and 1.5 mL/g 
of methylene blue-dyed propylene carbonate. These liq-
uisolids were subsequently compressed with 200 MPa of 
pressure using the same tooling, tablet press, sensors and 
compression cycle described in Sect. "Tabletting". Prelimi-
nary experiments had shown that stable compacts could not 
be achieved at all tested Liquid Load Levels. To obtain the 
desired tablet weight, the powder was weighed before com-
pression. If possible, the resulting tablet or its fragments 
were collected after compression and weighed again. Meas-
urements were performed in triplicate.
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Tab-Fox Analyser (Mathias Hucke Software, Germany) was 
used to calculate the reference energy of compaction from the 
external displacement data. This reference energy (ERef) can 
be divided into reorganisation energy (E1), compaction energy 
(E2), elastic recovery energy (E3) and plastic flow energy (E4).

where FH is the fill height, dmin is the minimal distance and 
Fmax is the average maximum force of the upper and lower 
punch achieved during compaction.

The compaction energy (E2) can be calculated from the 
force height data collected during the compression cycle. 
The work done by both punches over the compression stroke 
represents the upper limit of energy available for bond for-
mation during the compaction process, with some energy 
being lost by die-wall friction.

FUp and FLp are the upper and lower punch forces meas-
ured during compression. To comply with the common 
graphical representation, x = 0 is the filling depth, and x the 
travel distance of the punches, representing the compression 
of the powder bed plotted in the positive direction.

To compare different compaction energies, they can be 
normalised by the reference energy to calculate the compac-
tion ratio:

Additionally, the tabletting behaviour of Syloid® XDP 
3050 was analysed at the four chosen Liquid Load Levels 
using the model equation by Kawakita [31]. It describes the 
volume reduction of a powder in linearised form, where a 
and b are the model parameters, P is the applied pressure and 
C is the relative volume decrease.

The relative volume decrease at pressure P can be calcu-
lated from the bulk density ρBulk (L) and the apparent density 
ρP at pressure P [32].

The parameter a represents the degree of compression 
at infinite pressure. The parameter b−1 mathematically 

(11)ERef = E
1
+ E

2
+ E

3
+ E

4

(12)ERef =

(

FH − dmin
)

∗ Fmax

2

(13)E
2
=

xmaxd

∫
x=0

[(FUp + FLp) ÷ 2] ∗ dxd

(14)Compaction Ratio =
E
2

ERef

(15)
P

C
=

P

a
+

1

ab

(16)C = 1 − (
�Bulk(l)

�P

)

represents the pressure required to reach a/2. Therefore, 
b−1 may reflect the initial compressibility (or deformation 
capacity) of a powder [33].

The bulk modulus (K) can be determined via the pres-
sure difference (Δp) and the volume change (ΔV) after 
exceeding the pycnometer density, as well as the tablet 
volume (V).

Extended Dwell Time Measurements

Syloid®  XDP 3050 was loaded with 0, 0.5, 1.0 and 
1.5 mL/g of methlyene blue-dyed propylene carbonate. 
These liquisolids were compressed at 200 MPa using a 
StylOne® classic 105ML (Medelpharm, France) single 
punch tablet press with 8 mm round flat face tooling and 
external displacement sensors calibrated to ± 5 µm. The 
compaction cycle was modified to a dwell time of 30 s. 
The compaction simulator stops any further compression 
upon reaching the set compaction pressure for the first 
time. During compression, the top of the die and the viable 
part of the upper punch were visually monitored for any 
external liquid leakage. The force-height data, force–time 
data, and plastic flow energy (E4) were analysed using 
Tab-Fox Analyser (Mathias Hucke Software, Germany). 
The plastic flow energy is delivered to the tablet by the 
tensioned machine over the dwell time after the maxi-
mum force has been reached. It represents the capacity of 
a material for further compression under sustained load.

where E4 is the plastic flow energy, FUp and FLp are the upper 
and lower punch forces measured during compression and x 
is the distance between both punches.

Results

Bulk, Tapped and Helium Pycnometer Density

An overview of the measured densities and flow character-
istics for all tested powders is presented in Table I. Silica 
flowability progressively improved with an increase in 
Liquid Load Level. All compounds and binary mixtures 
exhibited sufficient flowability for the manual die-filling 
process during tabletting.

(17)K = −V
Δp

ΔV

(18)E
4
=

xmind

∫
xmaxF

[(

FUP + FLP

)

÷ 2
]

∗ dxd
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DOE and Full‑Screening Results

The DOE models generally display acceptable R2 and Q2 
values. Measured tensile strength for optimised mixtures 
predicted by the DOE, however, showed that tensile strength 
was severely overestimated by the model (Electronic sup-
plementary information A-2).

To reliably predict tensile strength, the experimen-
tal matrix was extended using the same methods already 
applied in the DOE. Employing the matplotlib library [30] 
in Python, contour plots (Fig. 1., Electronic supplementary 
material A3-5) were generated. This approach allowed for 
the identification of the optimal filler/binder concentration 
and the optimal compaction pressure for each formula-
tion. Independent of the filler/binder used, all formulations 
showed some tablet defects, especially at both high and low 
Liquid Load Levels (Fig. 1, Electronic supplementary mate-
rial A3-5). With increasing silica content these tablet defects 
already occurred at lower compaction pressures. At low Liq-
uid Load Levels, delamination was the dominant mode of 
failure, while at high Liquid Load Levels, most defective 
tablets had too little mechanical strength to be handled using 
tweezers.

After analysing all fillers/binders, Vivapur® 101 showed 
the best performance. It exhibited good tensile strength and 
high Overall Liquid Load at all tested compaction pressures. 
Fillers/binders tested, except tricalclium citrate tetrahy-
drate, had an ideal Liquid Load Level in the range between 
0.5 mL/g and 0.8 mL/g (Fig. 2).

Optimised Formulations

According to the full-screening model, the optimal blend to 
produce liquisolid propylene carbonate tablets was a Liquid 

Load Level of 0.75 mL/g, an 80% [v/v] silica content, and 
Vivapur® 101 as the filler/binder (Fig. 2). After tabletting 
and adjusting the formulation to reach the tensile strength 
target, the final optimized mixtures can be found in Table II.

Furthermore, optimised mixtures were created for 
the other fillers/binders with propylene carbonate. For 
the specific ratios of mixing and compaction pressures 
refer to Fig. 2. FlowLac® 90 yielded a tensile strength 
of 1.58(± 0.11) N/mm2 and an Overall Liquid Load of 
22.9(± 0.1)%. Pearlitol® 200SD resulted in tablets with a 
tensile strength of 1.72(± 0.02) N/mm2 and an Overall Liq-
uid Load of 28.5(± 0.1)%. Similarly, tricalcium citrate tet-
rahydrate achieved a tensile strength of 2.21(± 0.23) N/mm2 
and an Overall Liquid Load of 18.6(± 0.2)%.

Compaction Behaviour of Silica and Liquisolids 
Without Binder/Filler

The force–time (Fig. 3a) and pressure-solid fraction data 
(Fig.  3b) revealed significant changes in the compac-
tion properties of silica at varying Liquid Load Levels. 
The 0 mL/g and 0.5 mL/g Liquid Load Level silica never 
exceeded their pycnometric density, while 1.0 ml/g and 
1.5 mL/g loaded silica exceeded their helium pycnom-
eter density at low pressure levels of 55 MPa and 25 MPa, 
respectively. When this limit was surpassed, any additional 
compression resulted in a swift increase in pressure. The 
bulk modulus was calculated to be 2.33(± 0.08) GPa for 
1 mL/g silica and 2.44(± 0.08) GPa for 1.5 mL/g.

At the investigated tabletting speed (30 ms dwell time, 
650 ms overall compression time), Syloid® XDP 3050 
tablets without binder/filler were found to be defective at 
all Liquid Load Levels. Silica at a low Liquid Load Level 
tended to burst upon leaving the die (Fig. 4), while those 

Table I   Bulk, tapped and 
helium pycnometer densities 
(ρHP), Hausner ratio (HR) and 
Ph. Eur. 10.0 flow character of 
Liquisolids and fillers/binders 
used.

1 Mathematically calculated values, see equation 2

Excipient ρBulk
[g/mL]

 + - ρTapped
[g/mL]

 + - ΡHP
[g/mL]

 + - HR Ph. Eur. 
flow char-
acter

Syloid® XDP 3050 0.225 0.002 0.287 0.011 2.144 0.004 1.272 Passable
PC on XDP 3050 0.5 mL/g 0.381 0.007 0.460 0.014 1.6611 1.210 Fair
PC on XDP 3050 0.75 ml/g 0.461 0.001 0.553 0.006 1.5681 1.198 Fair
PC on XDP 3050 1 mL/g 0.540 0.012 0.642 0.014 1.5081 1.190 Fair
PC on XDP 3050 1.5 mL/g 0.701 0.005 0.822 0.016 1.4321 1.172 Good
PG on XDP 3050 0.75 mL/g 0.417 0.001 0.511 0.016 1.4631 1.226 Fair
PEG400 on XDP 3050 0.75 mL/g 0.458 0.005 0.550 0.006 1.5191 1.200 Fair
PS80 on XDP 3050 0.75 mL/g 0.436 0.004 0.519 0.005 1.4761 1.190 Fair
Tricalcium citrate tetrahydrate 0.623 0.009 0.682 0.009 1.964 0.001 1.095 Excellent
Pearlitol® 200SD 0.547 0.008 0.595 0.009 1.461 0.002 1.087 Excellent
Vivapur® 101 0.324 0.004 0.467 0.008 1.542 0.001 1.442 Poor
FlowLac® 90 0.572 0.007 0.655 0.003 1.539 0.001 1.145 Good
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with a high Liquid Load Level failed to form any bonds 
and were too fragile to be handled with tweezers after 
compression. No external liquid leakage was observed 
during compression or upon inspection of the tooling 

afterwards. Careful transfer and weighing of the very 
fragile high Liquid Load Level confirmed this, as <1% of 
the original mass was lost during compression.

Fig. 1   Python-based presentation and optimisation of tensile strength 
(TS) and Overall Liquid Load (OLL) for Vivapur® 101/silica mix-
tures using Matplotlib. White spaces in the graphs represent mixtures 
producing defective tablets. Each binary mixture is marked with an 
x. Black TS-target lines are identified in a (250 MPa), c (350 MPa) 

and e (450 MPa), respectively and then transferred into OLL-contour 
plots b (250 MPa), d (350 MPa) and f (450 MPa) for the correspond-
ing pressures. Graphs for other fillers/binders can be found in the 
electronic supplementary material
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Fig. 2   Predicted maximum 
Overall Liquid Load for a tablet 
with a predicted tensile strength 
of 1.5 MPa for all fillers/bind-
ers and compaction pressures 
obtained from Fig. 1. and 
Figure A3-A5 in the electronic 
supplementary material. Liquid 
Load Level and silica content 
(Sc) for each mixture are given 
in text under the represented bar
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Table II   Further optimization of the best combinations, as deter-
mined by the Full Screening, with regards to tensile strength (TS) and 
Overall Liquid Load (OLL). The sample liquids used were propyl-

ene carbonate (PC), propylene glycol (PG), polyethylene glycol 400 
(PEG400), and polysorbate 80 (PS 80)

Silica content 80% Silica 70% Silica 65% Silica

TS [N/mm2] OLL [%] TS [N/mm2] OLL [%] TS [N/mm2] OLL [%]

PC 1.04 ± 0.05 44.8 ± 0.1 1.42 ± 0.05 41.5 ± 0.1 - -
PG 0.77 ± 0.04 43.8 ± 0.1 1.17 ± 0.05 37.8 ± 0.1 1.61 ± 0.03 35.9 ± 0.1
PEG400 0.96 ± 0.05 45.0 ± 0.1 1.40 ± 0.07 39.9 ± 0.1 - -
PS 80 1.28 ± 0.06 45.9 ± 0.1 1.50 ± 0.02 39.6 ± 0.1 - -

Fig. 3   Compaction behaviour of Syloid XDP 3050 without binder/
filler loaded at four Liquid Load Levels utilising the StylOne® default 
compression cycle at 10% speed; Silica exceeds helium pycnometer 
density at the dashed lines of their respective colour; 0  mL/g and 
0.5  mL/g significantly overlap (a); Solid fraction-compaction pres-

sure curves of Syloid XDP 3050 without binder/filler loaded at four 
Liquid Load Levels utilising the StylOne® default compression cycle 
at 10% speed during compression and decompression identifying if/
when compacts exceed helium pycnometer density (b)
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Extended Dwell Time Measurements

The 30  s dwell time compression cycle was utilised to 
explore the relaxation behaviour of silica without binder/
filler under pressure. Four Liquid Load Levels (0 mL/g, 
0.5 mL/g, 1.0 mL/g and 1.5 mL/g) were examined. The silica 
with Liquid Load Levels of 0 mL/g and 0.5 mL/g quickly 
experienced a minor pressure decrease of approximately 
40 MPa over the first 5 s but remained relatively stable after-
wards (Fig. 5a). No external liquid leakage was detected dur-
ing compression. The plastic flow energy was 198.2(± 1.6) 
mJ for 0 mL/g and 225.5(± 12.9) mJ for 0.5 mL/g. Con-
versely, silica with Liquid Load Levels of 1.0 mL/g and 
1.5 mL/g exhibited a higher pressure drop of 100 MPa and 
165 MPa and higher plastic flow energies of 563.5(± 23.2) 
mJ and 965.9(± 30.0) mJ, respectively (Fig. 5a). Significant 
external liquid leakage was observed during compression for 
1.0 mL/g and 1.5 mL/g, with liquid droplets slowly forming 
between the die and upper punch (Fig. 5b). Tablets with 0 
and 0.5 mL/g Liquid Load Level silica compressed at an 
extended dwell time did not display any defects, while both 
higher Liquid Load Level silica tablets were too fragile to 
be handled with tweezers.

Discussion

As part of our study, the tensile strength was defined 
as a critical quality attribute and set to a target value 
of 1.5 ± 0.1 N/mm2. Unlike the crushing force, tensile 
strength is independent of the tablet dimensions [29] mak-
ing it a critical quality attribute for characterising general 
tablet strength needed for further processing, packaging 
and delivery to the customer. The selected target value 
generally lies between 1.0 and 1.7 N/mm2 and is dependent 
on specific process requirements [34]. However, specific 
requirements or large batches may require higher tensile 
strength [35]. Very high tensile strength increases disin-
tegration times and is thus undesired for our application 
[32].

With this study, a new parameter for the loading of 
a liquisolid—the Liquid Load Level [v/m] was intro-
duced. Unlike the Liquid Load Factor [m/m] introduced 
by Spireas et al. [1, 5], the Liquid Load Level is liquid 
density-independent. This approach allows quick assess-
ment of the total fill level of the silica’s pores, as the 
maximum pore volume is also commonly described on a 

Fig. 4   Syloid® XDP 3050 
without binder/filler explod-
ing upon leaving the die after 
compression at 250 MPa, 10% 
tabletting speed (30 ms dwell 
time, 650 ms overall compres-
sion time)

Fig. 5   Force–time data of 
liquisolids and unloaded silica 
wthout binder/filler using slow 
compression and extended 
dwell times (a);External liquid 
leakage of methylene blue-dyed 
propylene carbonate between 
the upper punch and die-wall 
(b)
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volume-per-mass basis [36]. Furthermore, a new critical 
quality attribute for liquisolid dosage forms—the Overall 
Liquid Load [v/v] was defined. This factor describes the 
liquid volume in a given tablet volume, which is highly 
relevant for formulation and process development but also 
from the patient’s point of view: The maximum liquid vol-
ume, combined with the solubility of the API, limits the 
maximum dose in a defined tablet volume [37]. As patient 
compliance decreases significantly with increasing tablet 
size [38], the reference to the total volume is more rel-
evant than the reference to the tablet mass. Additionally, 
this approach also enabled easier comparisons between the 
different fillers/binders used in this study. Otherwise, their 
differences in density would impact the result if the liquid 
volume referenced to the total weight of the compact. As 
such the OLL is not intended as a prediction parameter 
accessible from a solely mass-based formulation.

This work includes the investigation of binary mixtures 
which were blended based on bulk volume ratios rather than 
mass ratios. Syloid® XDP 3050 does not swell when loaded 
[39], which causes a significant increase in bulk density as 
the Liquid Load Level increases. If blended based on mass, 
the resulting mixture would contain fewer silica particles 
at high Liquid Load Levels despite possessing the same 
nominal silica content. This event is related to the increased 
weight of liquid-loaded silica particles. However, this issue 
can be resolved by bulk volume-based mixing, ensuring that 
all mixtures with the same nominal silica content contain 
the same number of particles and, thus, the same potential 
surface area available for bond formation. Since bonding 
area and strength are crucial factors in determining a tablet's 
tensile strength [40–42], the bulk volume ratio provides a 
more precise description of changes in bonding strength and 
area for compaction pressure, Liquid Load Level, and silica 
content than a mass-based approach.

To accurately observe the impact of Liquid Load Level, 
silica content, and filler/binder type on tensile strength, 
external lubrication was employed. That is because internal 
lubrication can affect the tensile strength of different fillers/
binders to varying degrees. The effects of internal lubrica-
tion on the optimised mixtures were beyond the scope of 
this investigation.

The compression behaviour of silica and its binary mix-
tures was highly affected by the Liquid Load Level (Figs. 1., 
3a and 5a). The pores of Syloid XDP 3050 have a volume 
of 1.6 mL/g [23]. The investigated Liquid Load Levels 
thus covered the entire range from nearly filled to empty 
pores. The 0 mL/g and 0.5 mL/g Liquid Load Level silica 
behaved similarly at both slow (30 s dwell time) and fast 
(0.03 s dwell time) compaction speeds (Fig. 3a, 5a). They 
only showed a small difference in compaction ratio and plas-
tic flow energy despite the difference in Liquid Load Level. 
Furthermore, neither showed any external liquid leakage and 

both exhibited very similar Kawakita parameters (0.81 and 
9.3 vs. 0.80 and 10.9). Both Liquid Load Levels had a high 
proportion of their pore volume filled with air, explaining 
the observed differences. The observation that these two 
Liquid Load Levels behaved similarly and did not show 
external liquid leakage evidenced that the remaining void 
space in the pores was preferably expelled during compres-
sion. Additionally, the silica with 0.5 mL/g loading was not 
compressed beyond its pycnometer density (Fig. 3b). This 
observation is consequential because as the pycnometer 
density was exceeded, the solid itself could be compressed 
[43]. With regular solid materials, this results in purely elas-
tic bulk deformation since the solid is immobile. However, 
in this case, the solid can respond to the densification by 
releasing the mobile, bound liquid through the gap between 
the die and the punch after a given lag time. In general, the 
air inside the pores can also be enclosed during fast com-
pression cycles and reach substantial pressures, which is 
released during the decompression phase and counteracts 
the achieved bonding, thus breaking the tablet apart (Fig. 4). 
Since compression speed is a significant factor for air entrap-
ment-based tablet defects, the effect was less impairing for 
0 mL/g and 0.5 mL/g Liquid Load Levels when a very slow 
compression speed was used [44].

The reason behind the low bonding potential of high 
Liquid Load Level silica is the fact that even at low 
compaction pressures of 25–55 MPa, the in-die-density 
exceeded the helium pycnometer density of the mixture. 
Upon exceeding the pycnometer density, further com-
pression led to elastic behaviour of the material. If elas-
tic bulk compression of the liquisolid occurred, it can be 
assumed that only the liquid component experienced rel-
evant bulk compression, while silica does not get mean-
ingfully compressed [45]. The bulk moduli calculated 
from the StylOne® default compression cycle at 10% 
speed (2.33(± 0.08) GPa for 1 mL/g; 2.44(± 0.08) GPa 
for 1.5 mL/g) closely match the bulk modulus of propyl-
ene carbonate found in literature (approx. 2.2 GPa [46]). 
Theoretically, exceeding the pycnometer density could 
also be the result of liquid getting squeezed out locally 
and subsequently being reabsorbed during decompression. 
A combination of both effects cannot be ruled out as well, 
emphasising the need for further research of this phenom-
enon. Exceeding the pycnometer density could lead to two 
outcomes, depending on the compression speed: Elastic 
behaviour with no external liquid leakage when com-
pressed quickly (Fig. 3b) or elastic behaviour, followed 
by external liquid leakage when compressed slowly with 
extended dwell time (Fig. 5a) [43]. The resulting Kawakita 
parameters and plastic flow energy values illustrate this 
effect. Upon exceeding the pycnometer density at lower 
compaction pressures with increasing Liquid Load Level, 
the maximum possible degree of compression represented 
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by the parameter a decreased (from 0 mL/g to 1.5 mL/g: 
0.81, 0.80. 0,68, 0,56). The parameter b−1, corresponding 
with the initial deformation capacity, also decreased sub-
stantially (from 0 mL/g to 1.5 mL/g: 9.3, 10.9, 7.54, 4.19). 
Meanwhile, the plastic flow energy increased, as more 
liquid got expelled during extended dwell time measure-
ments after the initial inertia was overcome (from 0 mL/g 
to 1.5 mL/g: 198.2 mJ, 225.5 mJ, 563.5 mJ, 965.9 mJ).

These observations may explain why in most cases tablets 
with a medium Liquid Load Level and a high silica content 
outperformed tablets with a high Liquid Load Level and 
lower silica content in terms of tensile strength and Overall 
Liquid Load. Medium Liquid Load Level silica represented 
an optimum at which sufficient air was present in the pores 
to allow compression without immediately exceeding the 
pycnometer density and thereby causing elastic behaviour 
of the material. At the same time the air content is reduced 
to an adequate level avoiding air entrapment-based tablet 
defects.

Comparing the DOE contour plots with the full-screening 
contour plots illustrates that the DOE consistently overesti-
mates the tensile strength at high Liquid Load Levels. At the 
same time, the DOE underestimated the tensile strength at 
medium Liquid Load Levels but high silica content (Fig. 6).

The DOE model's poor performance in predicting the ten-
sile strength of liquisolid tablets was likely directly linked to 
the rapid changes in the tabletting properties of their silica 
content at medium Liquid Load Level. As already explained, 
capping due to air entrapment [43, 44], is a problem for 
low Liquid Load Level silica. Likewise, non-existent bond-
ing capacity posed a significant problem at high Liquid 
Load Levels. Both effects are problematic during tabletting 
(Figs. 1, 4), and the transition between these did not seem 
to follow a linear pattern. This was illustrated by the similar 
compaction ratios and Kawakita parameters of 0 mL/g and 
0.5 mL/g Liquid Load Level silica on the one hand and the 
subsequent reduction of these parameters values as Liquid 
Load Level increased on the other (Table III). The amount 
of energy available for bond formation was limited by the 
compression energy, and therefore its normalized form, the 
compression ratio. Although no precise correlation between 
the compaction ratio and the actual energy converted into 
bonding that led to tensile strength could be established, 
a general relationship between these two parameters was 
described [47, 48]. In our case, since the compaction ratio 
dropped sharply, significant changes in bonding strength 
between 0.5 mL/g, 1.0 mL/g and 1.5 mL/g Liquid Load 
Level were observed, despite being relatively stable from 

Fig. 6   Comparison of tensile strength predictions by the full-screening model (a) and DOE model (b) with Vivapur® 101 at a compaction pres-
sure of 350 MPa

Table III   Kawakita parameters 
and compaction ratios of pure 
silica and Liquisolids with 
varying Liquid Load Levels

Liquid Load Level Kawakita parameter a Kawakita parameter 
b−1

Compaction ratio [%]

0 mL/g 0.81 ± 0.00 9.3 ± 0.2 16.76 ± 0.13
0.5 mL/g 0.80 ± 0.00 10.9 ± 0.1 16.32 ± 0.23
1.0 mL/g 0.68 ± 0.00 7.0 ± 0.4 7.54 ± 0.14
1.5 mL/g 0.56 ± 0.01 2.8 ± 0.5 4.19 ± 0.41
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0 mL/g to 0.5 mL/g (Table III). This change in bonding 
strength, alongside the already discussed air entrapment ten-
dencies, created a complex tensile strength function. The 
DOEs multilinear regression algorithm did not describe this 
function adequately, resulting in an incorrect prediction.

While the DOE approach had limitations in tensile 
strength prediction, the full-screening method yielded bet-
ter, but still imperfect results (Table IV). While DOEs build 
their model based on and for the entire dataset, matplotlib's 
contour prediction model works locally and considers only 
the nearest four measurement points to predict the contour 
in each region. This approach may be described as a seg-
mented multilinear model, thus, capturing fast, local changes 
if sufficient data points are provided. Yet, this process still 
assumes a linear relationship between these four measure-
ment points and therefore can only approximate a complex 
function [30, 49]. This approximation limits the accuracy of 
the segmented multilinear model due to the tensile strength 
function not being linear, as discussed above. This effect 
had likely been the reason for deviations observed in our 
full-screening.

The full-screening method and the DOE achieved good 
predictability for the Overall Liquid Load of optimised 
blends (Electronic supplementary material A-2, Table IV). 
This was not surprising, as the Overall Liquid Load was 
decisively influenced by the silica content and Liquid Load 
Level in the binary mixture. Our experiments were designed 
in a way that these factors increased linearly, allowing both 
the multilinear regression of the DOE and the segmented 
multilinear regression of the matplotlib library to accurately 
predict the Overall Liquid Load. Nonetheless, the solid frac-
tion of the tablets is a factor that may not follow a linear pat-
tern and influences the Overall Liquid Load. Consequently, 
the segmented multilinear system may offer slightly superior 
predictive performance compared to the DOEs multilinear 
system. Results confirmed this, as the Overall Liquid Load 

of the optimised propylene carbonate formulation had been 
predicted more accurately by the segmented multilinear 
regression.

The production of liquisolids was not limited to propylene 
carbonate only. There has been a wide use of other liquids, 
such as propylene glycol [5, 21], PEG400 [8, 19, 50, 51] 
or polysorbate 80 [20, 52]. It was, therefore, interesting to 
apply the optimum of 0.75 mL/g Liquid Load Level, 80% 
silica content and 350 MPa found for propylene carbon-
ate and Vivapur® 101 to these other liquids. The results of 
tensile strength tests showed differences between the four 
liquids tested, but these differences were minor in absolute 
values. There are also small differences between the four 
liquids regarding the Overall Liquid Load of the respec-
tive tablets. Our results indicate that the influence of liquid 
type was relatively minor compared to other factors, such as 
the Liquid Load Level or the silica content. This observa-
tion allows the discovered optimum to be easily adapted to 
other liquid formulations, as only a few modifications of 
the silica content were sufficient to optimise tensile strength 
and Overall Liquid Load for four chemically diverse liquid 
components.

In terms of filler/binder performance, Vivapur® 101 was 
ranked as the top-performing filler/binder, explained by its 
well-known tabletability and versatility [53]. Since its selec-
tion as a carrier material for liquids in many liquisolid sys-
tems, it has already shown its capacity to form bonds, even 
when directly used as a carrier for the liquid component [5]. 
Meanwhile, Pearlitol® 200SD, regarded a less plastic mate-
rial than Vivapur® 101 [54], outperformed the purely brit-
tle deforming tricalcium citrate tetrahydrate and FlowLac® 
90, even as tricalcium citrate tetrahydrate usually exhibits 
much higher tabletability. FlowLac® 90 likewise outper-
forms tricalcium citrate tetrahydrate, though it is generally 
inferior in tabletability [55]. FlowLac® 90 consists of brittle 
α-lactose monohydrate and plastic amorphous lactose. The 

Table IV   Comparison between optimised formulations with a speci-
fied Liquid Load Level (LLL), silica content (Sc), compaction pres-
sure (P), tensile strength (TS) and Overall Liquid Load (OLL) pre-

dicted by DOE and full-screening, as well as the actual values 
measured from these formulations

Method Material Model Prediction Actual Value

LLL [mL/g] Sc
[%]

P
[MPa]

TS [N/mm2] OLL
[%]

TS [N/mm2] OLL
[%]

DOE Vivapur® 101 1.5 30 350 1.5 33.5 0.31 30.8
FlowLac® 90 1.5 20 450 1.5 17.9 0.29 16.8
Pearlitol® 200SD 1.5 20 450 1.47 15.9 0.30 15.7
Tricalcium citrate tetrahydrate 1.5 20 450 1.49 19.9 1.21 19.5

Full- Screening Vivapur® 101 0.75 80 350 1.5 43 1.04 44.8
FlowLac® 90 0.68 50 450 1.5 24 1.58 22.9
Pearlitol® 200SD 0.60 70 250 1.5 28 1.72 28.5
Tricalcium citrate tetrahydrate 1.4 20 450 1.5 18 2.21 18.6
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deformation behaviour is mainly characterised by its brittle 
α-lactose monohydrate crystals, while the binding behav-
iour is mainly influenced by its plastic amorphous lactose 
content [56]. These observations imply the superiority of 
plastic deformable fillers/binders for this application, as 
the plastic fillers/binders outperformed the partially plastic 
FlowLac® 90 and brittle tricalcium citrate tetrahydrate.

The final optimum found by the full-screening and sub-
sequent further optimisation was a binary mixture of 70 
volume parts 0.75 mL/g Liquid Load Level Syloid® XDP 
3050 and 30 volume parts Vivapur® 101 compressed at 
450 MPa. Regarding the practical application of this mix-
ture, such as formulation of a liquid plant extract or new 
chemical entity as an alternative to soft encapsulation, some 
limitations of our study must be considered. To properly 
analyse the interaction between silica and binder, we used 
external lubrication and did not include any other additives 
such as disintegrants. Furthermore, although this study was 
conducted on a compression simulator, we did not analyse 
the influence of different compression profiles or speeds. All 
these factors should be analysed in the future to develop the 
found optimum into a platform technology that allows for a 
cheap, reliable and rapid formulation of high dose tablets, 
containing different liquid formulations or APIs.

Conclusion

Our research introduced a critical quality attribute for liq-
uisolids, the Overall Liquid Load. It describes the volume 
of liquid per tablet volume and is a patient and formulation-
relevant factor that enables simple comparison between dif-
ferent liquisolid formulation strategies and varying formu-
lation compositions. Furthermore, our study demonstrated 
Syloid® XDP 3050s challenging compression characteris-
tics and the need for adding a high plasticity filler/binder 
with strong binding capacity when formulated into tablets. 
The use of plastic fillers/binders in tablet formulation is 
recommended for both loaded and unloaded Syloid® XDP 
3050. To identify the most appropriate filler/binder, a sys-
tematic analysis by testing binary blends of various silica 
contents at various Liquid Loading Levels with four different 
fillers/binders using a DOE and a full-screening approach 
was conducted. The DOE approach was found to be inad-
equate due to non-linear tensile strength behaviour. The 
full-screening identified Vivapur® 101 as the optimal filler/
binder. It allowed for the highest possible Overall Liquid 
Load, while maintaining an acceptable tensile strength. The 
found optimum of 70% silica content at a Liquid Load Level 
of 0.75 mL/g and 30% Vivapur® 101, using 450 MPa of 
compaction pressure, allowed to produce tablets with > 40% 
Overall Liquid Load (propylene carbonate), while main-
taining a tensile strength of 1.5 N/mm2. This optimum is 

transferable to multiple other liquid components with mini-
mal adaptation and can thus serve as a general concept, pro-
ducing high drug-load liquisolid tablets.

Supplementary Information  The online version contains supplemen-
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