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Most of biopharmaceuticals, in their liquid form, are prone to instabilities during storage. In order to improve
their stability, lyophilization is the most commonly used drying technique in the pharmaceutical industry, In
addition, certain applications of biopharmaceutical products can be considered by oral administration and
tablets are the most frequent solid pharmaceutical dosage form used for oral route. Thus, the tableting properties
of freeze-dried products used as cryo and lyoprotectant could be a key element for future pharmaceutical de-
velopments and applications. In this study, we investigated the properties that might play a particular role in the
specific compaction behavior of freeze-dried excipients. The tableting properties of freeze-dried trehalose, lactose
and mannitol were investigated and compared to other forms of these excipients (spray-dried, commercial
crystalline and commercial crystalline milled powders). The obtained results showed a specific behavior in terms
of compressibility, tabletability and brittleness for the amorphous powders obtained after freeze-drying. The
comparison with the other powders showed that this specific tableting behavior is linked to both the specific
texture and the physical state (amorphization) of these freeze-dried powders.

1. Introduction

The pharmaceutical industry is witnessing a growing interest in
developing tablets containing biopharmaceutical molecules, including
monoclonal antibodies, proteins, and RNA. Since the discovery of in-
sulin in 1921 (Vecchio et al., 2018), therapeutic peptides and proteins
have become a major focus of research, leading to significant thera-
peutic innovations (Haddadzadegan et al., 2022). Traditionally admin-
istered through parenteral routes, biomolecules face stability challenges
in liquid form, often requiring low-temperature storage. Alternative
administration routes like oral or buccal are gaining attention due to
advantages such as better patient compliance and improved drug de-
livery. Tablets, the most common oral dosage form, are preferred despite
biomolecules being initially in liquid form. Various drying techniques,
such as freeze-drying, are explored to obtain solid forms for tablet
production.

In order to stabilize the biomolecules during the drying processes,
formulations should contain cryo and lyoprotectants like sucrose and
trehalose (non-reducing sugars) or lactose (a reducing sugar);
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surfactants like polysorbate 20 and polysorbate 80; bulking agents like
mannitol (a polyol) or glycine (an amino acid) and buffer salts to adjust
the pH and the tonicity (Bjelosevic et al., 2020). Currently, tableting
properties of such freeze-dried (FD) excipients have not been extensively
described in the literature. Since development of oral route for bio-
pharmaceutics could be the goal of many studies, it is important to
investigate the behavior of these products, during and after compaction.
The mechanical properties of a powder can be changed depending on
many factors. For example, Persson et al. have demonstrated that the
compaction end point parameters, the compactibility and tabletability
rate parameters increased with the decrease in particle size of a-lactose
monohydrate (Persson et al, 2022). Tomar et al. have found that
moisture content may affects the physical and chemical properties of the
product during compaction, and their results showed that in order to
obtain satisfactory hardness for tablets, temperature and humidity must
be maintained in a specific limit (Tomar et al., 2017). Since FD excipi-
ents have a particular particle size and shape, a specific residual mois-
ture and could be amorphous or crystalline, it is important to consider
those aspects in a study on their tableting and mechanical properties.



Hsein et al. investigated the physico-chemical and mechanical tab-
leting properties of freeze-dried trehalose and showed that the latter
presents very specific properties in terms of compressibility and tablet-
ability in comparison with crystalline trehalose (Hsein et al, 2023).
Compressibility profiles highlighted that FD trehalose is less compress-
ible than crystalline trehalose at low pressures, and more compressible
when pressure increases. On tablettabilty profiles of FD trehalose, it was
observed that tablets with high tensile strength (1.5 MPa) could be ob-
tained under very low pressures (25 MPa). The authors also demon-
strated that FD trehalose has a high propensity to brittle fracture and
that its brittleness was among the highest when compared to classical
pharmaceutical excipients found in the literature (Hiestand et al., 1977;
Hsein et al., 2023; Meynard et al,, 2022). Therefore, our study aims to
identify the critical factors influencing these behaviors. Following the
changes observed in physical structure and texture of FD trehalose
compared to native crystalline trehalose powder, we conducted exper-
iments with other FD and crystalline excipients, including lactose
(amorphous after freeze-drying) and mannitol (crystalline even after
freeze-drying). By comparing these excipients, we sought to understand
the impact of physical structure on the tableting properties of FD pow-
ders. Additionally, spray-drying was performed on all three excipients to
create amorphous trehalose and lactose, as well as crystalline mannitol,
with distinct spherical particle textures. These differences in texture
aimed to elucidate the effect of powder texture on tableting properties
while keeping the physical structure constant. Lastly, we ground the
crystalline powders to assess the influence of texture on tableting
properties.

2. Material and methods

Three excipients were used for freeze-drying, spray-drying, milling
and for direct compression. Trehalose dihydrate (Biohale) and lactose
(Supertab 30 Gr) were obtained from DFE Pharma (Goch, Germany),
mannitol from Cooper (Melun, France) and magnesium stearate
(Ligamed MF-2-V) from Peter Greven (Bad Miinstereifel, Nordrhein-
Westafalen, Germany).

2.1. Powder manufacturing processes

2.1.1. Freeze-drying

Freeze-dried samples were produced using a cryotec® pilot freeze-
dryer (Montpellier, France). 6 mL of aqueous solutions of trehalose
dihydrate, lactose or mannitol (5 % w/v in water) were put in a 20 mL
vial and transferred in the freeze-dryer. The volume of the solution
corresponds to a height of 15 mm. For each of the excipients, a total of
90 vials were freeze-dried at once. Thermocouples were used during
freeze-drying cycles to monitor the shelves and product temperatures
and all cycles (Fig. Al supplementary data) were carried out as follow:

Freezing step: the samples were frozen by a cooling ramp of —1°C/
min, from 25 °C to -~ 50 "C. The final temperature of - 50 “C was held for
1 h 30 min to make sure that all the samples were frozen.

Primary drying: at the end of the freezing step, the shelves tem-
perature was risen to 25 °C at a rate of +1 “C/min and the chamber
pressure was decreased to 0.1 mbar. This temperature setpoint was held
until the pressure values of capacitance and pirani manometers gauges
came together. Then, the primary drying time was dependent on the
number of vials placed in the chamber, The primary drying time for all
three excipients and the total cycle time were respectively always
around 21 h and 28 h.

Secondary drying: At the end of the primary drying step, a tem-
perature of 25 “C and a chamber pressure of 0.1 mbar were maintained
for 3 to 4 h. Afterwards samples were sealed under vacuum, and then
stored at ambient temperature. For all three excipients, cakes had the
same global aspect: a height of 1.5 cm with no sign of collapse (Fig. A2
supplementary data).

2.1.2. Spray-drying

Aqueous solutions of trehalose dihydrate, lactose or mannitol (10 %
w/v) were spray-dried (SD) on a Biichi laboratory spray dryer (Biichi
Mini Spray Dryer B-191, Buchegg, Switzerland). The liquid feed rate was
8.2 mL/min, the atomizing-air flow was 0.7 m°/h and the aspiration
vacuum was around 40 mbar. Ty was set on 110 °C based on the work
of Adler and Lee (Adler and Lee, 1999), where trehalose was spray-dried
in the presence of lactate dehydrogenase using different process condi-
tions (Tyyee of 110 °C was found to be the optimal process condition to
preserve enzymatic activity). During the spray-drying, Toue could not
be controlled but it could be measured. For a Ty, of 110 “C, Ty, was
around 60 “C for all the three excipients used. The yield obtained using
this process was dependent on the excipient used (powder present on the
wall surface of the cyclone was not considered as part of the yield), and
will be presented in the results section.

2.1.3. Milling

Crystalline trehalose, lactose and mannitol were ground using a vi-
bration mill (Restsch vibration mill MM 2000, Diisseldorf, Germany), in
dry conditions. 6 g of crystalline powder were introduced with one
grinding steel ball (20 mm @) in the steel grinding jar (nominal volume
of 25 mL) and ground for 8 min at a vibrational frequency of 26.6 Hz
(1600 RPM).

2.1.4. Tablet manufacturing

All tablets were manufactured on a compaction simulator Styl'One
Evolution (Medelpharm, Beynost, France) which is a single station press
equipped with displacement and force sensors associated with the upper
and lower punches (accuracy 10 N).

For each of the three excipients, FD, SD, commercial crystalline
powder (CCP) and commercial crystalline milled powder (CCMP) were
compressed. SD powders, CCP and CCMP were directly compressed
without prior preparation. FD cakes were gently ground using a mortar
and a pestle to obtain a powder (each FD vial was intended to form one
tablet and contained approximately 250 mg of powder) prior to
compression, in a room where relative humidity was maintained be-
tween 30 and 40 %,

The compactions were done in a room where the temperatures were
between 23 “C and 25 “C with a relative humidity between 30 % and 40
%. 250 mg of powder was weighted and then set manually in the die, as
fast as possible to limit water uptake. The default cycle of the machine
was used at the lowest speed possible (which corresponds to a cycle time
around 2 s). Furthermore, an external lubrification system using mag-
nesium stearate was used to lubricate the punches and the die.

Two types of euro B punches were used in this work. Except for the
determination of brittle fracture index, flat-faced round punches with a
10 mm diameter were used. As developed previously in (Mazel et al.,
2016), brittle fracture index was obtained from flattened disc geometry
tablets (punches with a flattened geometry, Fig. A3 in supplementary
data), The range of compaction pressure used for all experiments was
from 12.5 MPa to 250 MPa. Depending on the tensile strength obtained
with the different products, the lowest compaction pressure chosen was
the one giving a tablet with a sufficient cohesion to be handled.

2.2, Physico-chemical characterization of the powders

2.2.1. Karl fisher titration

The residual water content of FD and SD samples was measured by
the Karl Fisher titration method using a titrator compact 20S (Mettler
Toledo; Greinfensee, Switzerland). Anhydrous methanol (extra dry
methanol, 99 %, Acroseal®) was used to dissolve the samples. Before
titration, a blank measurement on methanol was done. FD cakes were
directly dispersed in 6 mL methanol in their original vials. 1 mL of the
mixture was added into the reaction vessel, and the water content of the
samples was obtained at the end of the titration after subtracting the
blank's water content. Since all the SD powder was collected in the same



vial, samples were weighted (10-20 mg), and directly added to the re-
action vessel, without dispersing in methanol. Water content was also
obtained at the end of the titration. Each experiment was carried out in
triplicate and water content was expressed in % w/w.

2.2.2. Differential scanning calorimetry (DSC)

DSC measurements were performed on all powders (FD, SD, CCP and
CCMP) using a DSC3 instrument (Mettler Toledo, Switzerland) equipped
with a refrigerated cooling system (RCS). About 10 mg of powders were
weighted and sealed in a 100 pL aluminum pan in a hermetically sealed
glove box (relative humidity = 7 %, temperature = 25 "C) and were
heated from 10 “C to 230 “C at a heating rate of 10 “C/min. During all of
the experiments, an empty aluminum pan similar to those containing the
sample was used as a reference,

2.2.3. X-ray diffraction (XRD)

Diffractograms of all samples were assessed using a benchtop powder
X-ray diffractometer (MiniFlex2, Rigaku, Japan) with Cu Ka radiation
(30 kV, 15 mA). Each scan was performed in the 20 range from 0 to 60°
with a step size of 0.1° and a scan speed of 5°/min.

2.2.4. Scanning electron microscopy (SEM)

The morphology of all powders (FD powders, SD powders, CCP and
CCMP) and tablets were studied by SEM using a tabletop microscope
(Hitachi TM3000, Japan). A sharp blade was used to cut thin slices of the
FD samples. The cut FD samples, intact tablets, tablets broken diamet-
rically and all other powders (SD, CCP et CCMP) were then fixed to
aluminum stubs with double-sided carbon tapes in order to visualize
their morphology.

2.2.5. Particle sizing

The size distributions of SD powders, CCP and CCMP were measured
using a laser diffraction particle size analyzer (Mastersizer 3000, Mal-
vern Panalytical, United Kingdom). Air injection pressures were
adjusted from 2 to 3 bar depending on the analyzed powder.

2.2.6. Density measurements

Pycnometric density (ppyeno) of all powders was measured using a
helium pycnometer (AccuPyc II 1340, Micromeritics, Norcross, GA,
USA) in triplicates, with a 1 em® cell using ten purges followed by ten
measurements. Cycle and purge fill pressures were both set at 19.5 psig
and the end equilibration rate was set at 0.0050 psig/min.

2.2.7. Specific surface area (SSA) measurements

Five-point Brunauer, Emmett and Teller (BET) measurements were
done using a Surface Area and Porosity Analyzer instrument (ASAP
2020, Micromeritics, Norcross, USA). Sample outgazing was performed
at a temperature of 60 °C until a pressure of 10~% mmHg was reached.
The measurements were performed at a relative nitrogen pressure range
P/Py from 0.05 to 0.2 (5 values of P/Pg) and at a temperature of - 196 °C.
For all measurements, it was controlled that the R? value of the BET
linear fit was higher than 0.999 and the specific surface area was
calculated according to the BET equation. For FD samples, multiple
cakes were combined (6-8) to achieve total area >1 m? for accurate
measurements. For all other powders (SD powder, CCP and CCMP), a
sufficient quantity was weighted for accurate analysis. All samples were
rapidly prepared in a low relative humidity room (30 %). Each mea-
surement was carried out in triplicate.

2.3. Tablet characterization

2.3.1. Porosity and elastic recovery
In-die and out-of die porosities were calculated using Eq. (1):

P Pappare 0

Py

where popparene is the apparent density calculated using the tablet’s
volume.

For in-die porosity, papparens Was calculated using Vi, the minimal
volume under pressure measured directly with the compaction simu-
lator. In the case of out-of die porosity ppparenc Was calculated using Vy,
the final volume of the tablet, obtained from the tablet’s diameter and
thickness after ejection from the die. p,.y, refers to the material density
measured by helium pycnometry.

Elastic recovery (% ER) could then be determined using Eq. (2):

Vi~ Vi

Vo

%ER = (2)

2.3.2. Tablets strength properties
In order to draw tabletability profiles, diametral compression tests

were performed on 10 mm cylindrical tablets using a texture analyzer
equipped with a force sensor (500 4+ 0.1 N) (TA.HD, Stable micro-
systems, Surrey, United Kingdom). Speed and acquisition frequency
were respectively 0.1 mm-s ' and 500 Hz. Each kind of tablet was tested
in triplicate, the breaking force F (N) was measured and was then used to
calculate the tensile strength () using Eq. (3) (Fell and Newton, 1970):
2F
o= m (3)
where D and h are respectively the tablet diameter and thickness.
Tablet Brittle Fracture Index (BFI) of all the tablets produced was
also determined. BFI is used to assess the sensitivity to a stress concen-
tration of tablets and tablet brittleness (Hiestand et al., 1977; Mazel and
Tchoreloff, 2023), BFI determination requires two kinds of tablets, with
and without a center hole. The tests were performed by diametral
compression, using 11 mm tablets with a flattened geometry (Croquelois
et al., 2017). Holes of 1 mm diameter were drilled at the center of the
tablets as described by Croquelois et al (Croquelois et al., 2017). For
each excipient, the tests were performed in triplicate. BFI could then be
calculated using Eq. (4):

BFI=%(£— 1) )
2 \ay

where & and o, are the apparent tensile strengths of tablets without and
with a centered hole, respectively.

3. Results and discussion
3.1. Powder's physico-chemical properties

3.1.1. FD powders

Cakes visual appearance for trehalose, lactose and mannitol was
elegant and no collapse nor cracks were detected even if the shelf tem-
perature used for primary drying during the freeze-drying cycles of all
three excipients was quite high (25 “C), in order to achieve fast cycles.

The residual moisture (RM) content was measured in all FD samples
using Karl Fisher titration method. Trehalose and lactose contained
respectively a RM of 1,00 + 0.02 % and 1.00 + 0.05 % which is coherent
for future applications since a RM neighboring 1 % is required for sta-
bilization of biopharmaceutics (Schneid et al., 2011). RM couldn’t be
determined for FD mannitol because of its poor solubility in methanol,
but it is expected that it has a low RM after freeze-drying because of its
low hygroscopicity (Vanhoorne et al., 2020). Characterization of FD
trehalose, lactose and mannitol was then carried out with XRD mea-
surements to analyze their physical structure (crystalline or amorphous)
after freeze-drying. XRD results showed that after freeze-drying, treha-
lose and lactose were totally amorphous (Fig. 1 A and C) since no peaks
were detected on the diffractogram, while mannitol remained crystal-
line (Fig. 1 E), and was essentially formed by the [ polymorph with a
minority of the « one. DSC consolidated the XRD results. FD trehalose
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Fig. 1. XRD patterns of (A) FD and SD trehalose, (B) CCP and CCMP trehalose, (C) FD and SD lactose, (D) CCP and CCMP lactose and (E) FD, SD, CCP and

CCMP mannitol.

and lactose are characterized by glass transitions, while FD mannitol
does not exhibit any T. Experimental T, values obtained for FD treha-
lose and lactose are given in Table 1. T; of dry amorphous trehalose and
lactose are given in the literature at values of 120 and 107 “C respec-
tively (Haque and Roos, 2006; Roe and Labuza, 2005). But it is well
known that T, values decrease with the increase of the RM (Haque and
Roos, 2006; Roe and Labuza, 2005). Then, the experimental Ty values
obtained are consistent with the corresponding RM content as described
in the literature (Haque and Roos, 2006; Roe and Labuza, 2005).

Cakes morphologies were assessed by SEM for each material to
visualize their internal and external morphologies. Viewed from above,
trehalose (Fig. 2A) and lactose (Fig. 2B) cakes surfaces presented similar
honeycomb structures and pore sizes, while mannitol presented a
different surface texture, more like a smooth surface with less pores
(Fig. 2 C). Cross sections imaging showed for trehalose and lactose the
same honeycomb structures constituted of very smooth leaflets (Fig. 2 D,
E). In the case of mannitol, a slight difference was seen with a texture
made up of rougher and more irregular leaflets (Fig. 2 F). These differ-
ences of appearance may be linked to the fact that trehalose and lactose
are amorphous after freeze-drying while mannitol crystallizes.

Finally, the SSA and pycnometric densities of FD powders were
measured and are presented in Table 1. Rambhalta et al. have demon-
strated that the SSA could change depending on freeze-drying cycle
parameters and especially depending on the nucleation temperature
during freezing (Rambhatla et al., 2004). They also demonstrated that
crystalline FD mannitol has a SSA much higher than amorphous FD
sucrose. For the conditions chosen for our freeze-drying cycle, FD
trehalose and lactose are characterized by quite similar SSA (respec-
tively 0.950 + 0.060 m2/g and 1.060 + 0.018 mz/g), while mannitol
presented a higher one (2.780 + 0.084 m?/g) (Table 1). Those results
are consistent with Rambhaltas’ work. The pycnometric density mea-
surements of FD trehalose and lactose gave relatively low values in re-
gard to the one obtained with their crystalline forms (Table 1). This is an
expected result since the true density of a material decreases after
amorphization, as observed in other studies (Bookwala et al., 2020;
Bourduche et al,, 2020). On the contrary, the pycnomeltric density was
practically the same for FD and CCP mannitol since FD mannitol
remained crystalline after freeze-drying.
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Fig. 2. SEM imaging of FD trehalose (A and D), FD lactose (B and E) and FD mannitol (C and F) (A, B and C are seen from above, D, E and F are cross sections).

3.1.2. SD powders

Exactly the same parameters were used for all three excipients during
the spray-drying cycles. When T, was set at 110 °C, Ty was always
measured between 58 and 60 “C. Trehalose and lactose powders gave a
yield of about 50 %, lower than mannitol which gave a yield of about 85
%%.

XRD measurements showed that SD trehalose was mostly amorphous
(Fig. 1 A). It could be noted the conservation of only one small peak at
26 = 23.8" which corresponds to the most intense peak seen on crys-
talline trehalose diffractogram (Megarry et al., 2011). The diffractogram
obtained with SD lactose showed that it was completely amorphous
immediately after spray-drying (Fig. 1 C). Finally, results showed that
mannitol was completely crystalline after spray-drying (Fig. 1 E), and
that the peaks profile was corresponding to those of f-mannitol poly-
morph (Cares-Pacheco et al., 2014). Water titration by Karl Fisher
technique showed that the SD powders presented higher RM than the FD
ones. SD trehalose presented a RM of 4 + 0.6 % and lactose of 5 + 0.3 %.
Crystalline mannitol is known to be non-hygroscopic, and because of its
non-solubility in methanol, its RM wasn’t measured. DSC measurements
showed no T, for SD mannitol, but showed lower T, values for SD
trehalose and lactose compared to those obtained for FD powders (re-
sults shown in Table 1). Here oo, since T, depends on the % RM, these

results are consistent with those found in the literature at the same RM
content as explained in the case of FD powders (Haque and Roos, 2006;
Roe and Labuza, 2005).

SD powder morphologies and size distributions were evaluated by
SEM (Fig. 2) and by laser diffraction particle size analyzer (Table 1). As
expected, all three SD excipients exhibit the same spherical morphology
with a particle diameter ranging between 1 pm and 10 pm with a pre-
dominance of a medium size particle at around 3-6 ym as shown in
Fig. 3. Particle size distribution confirmed these results. Table 1 shows
that 50 % of particles have a diameter smaller than 4.2, 5.2 and 3.5 pm
(Dsg) respectively for SD trehalose, lactose and mannitol.

Pycnometric densities were obtained, and higher values were noted
for SD trehalose and lactose, compared to the FD ones but lower when it
comes to compare SD mannitol to the FD one (Table 1). These results
could be somehow linked to the differences in the structure of the
powders.

SSA results for SD powders showed the same tendency as the FD
ones. Amorphous SD trehalose and lactose have also a similar SSA,
respectively 1.390 + 0.037 and 1.160 + 0.042 m?/g, which are much
lower than SD crystalline mannitol with a SSA of 2.370 + 0.074 m%/g.

Fig. 3. SEM imaging of SD trehalose (A), SD lactose (B) and SD mannitol (C).



Table 1
Physico-chemical characterization of all three excipients used in this study.

Excipient Experimental T, % RM Pycnometric density (g/cm®) SSA (m?/g) Physical structure (XRD) Particle size distribution D,(50) (um)
FD trehalose 100 +15°C 1+0.02% 1.45 + 0.02 0.95 + 0.060 Amorphous -
FD lactose 9 +09°C 1+0.05% 1.39 + 0,008 1.06 + 0.018 Amorphous -
FL Mannitol 1.49 + 0.01 2,78 + 0.084 Crystalline -
SD trehalose 65+ 27°C 4+06% 1.51 + 0,002 1.39 + 0.037 Amorphous 4.2
SD lactose 69+02°C 5+03% 1.51 + 0.006 1.16 + 0.042 Amorphous 5.2
SD Mannitol - - 1.43 + 0.011 2,37 + 0.074 Crystalline 35
Trehalose CCP - - 1.51 + 0.004 1.64 + 0.231 Crystalline 285
Lactose CCP - - 1.53 £ 0.0003 0.45 £ 0.099 Crystalline 100
Mannitol CCP - - 1.49 £ 0.001 0.23 + 0.058 Crystalline 69.6
Trehalose CCMP - - 1.53 + 0.0008 3.63 + 0.287 Crystalline 6.3
Lactose CCMP - - 1.55 + 0.001 3.39 £+ 0.090 Crystalline 6.8
Mannitol CCMP - - 1.50 + 0.0006 3,57 + 0.280 Crystalline 5.2

3.1.3. CCP and CCMP powders

Particle size distribution (Table 1), and SEM imaging (Fig. 4) showed
that as expected, milling reduced particle size and increased the SSA
(Table 1). Table 1 shows that the obtained CCMP powders exhibited the
highest SSA values regardless of the products.

Milling of raw powders was only done in the goal of changing their
texture, without amorphization, to evaluate the impact of the texture on
the tableting properties. All crystalline powders were analyzed by DSC
and XRD. DSC was done to prove that milling did not amorphize the raw
powders. As expected, all CCP and CCMP did not show any T, on DSC
graphs. XRD measurements were then performed to be sure that milling
did not result in a change of the basic polymorphic form of CCP. The
diffractograms of each of the ground and unground excipients showed
that no polymorphic changes occurred upon milling (Fig. 1 B, D, E),
which means that the grinding, in our experimental conditions, did not
lead to any change in the physical structure of the products.

3.2, Compaction properties of the tested powders

3.2.1. Compressibility
At first, all excipients compaction behaviors were assessed by the

study of their compressibility profiles. Knowing that moisture could
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influence compaction behavior (Flkhider et al., 2007) and since treha-
lose and lactose’s FD and SD powders are hygroscopic, compression was
performed rapidly after vials opening in a room with a relative humidity
around 35 %. CCP and CCMP powders were also compressed in the same
conditions. Compressibility profiles were evaluated by drawing the
evolution of in-die porosity as a function of the applied pressure (Fig. 5).
It can be noted that some of the profiles present apparent negative
porosities at high pressure. Two main phenomena can explain these
results. First, due to the compressibility of the solid itself, the particle
density of the powder in fact increases along with the applied pressure
(Wiinsch et al,, 2019), As generally done in the literature, this effect was
not considered in the porosity calculation made in this study. At high
pressure this underestimation of the particle density can lead to
apparent negative porosity, as seen at high pressures for FD amorphous
products (Fig. 5 A, B). Another phenomena could be related with the
amorphous nature of the FD products. As amorphous products don't
have a well-defined density (unlike crystalline powders), this density
can change (increase) during compression, and this can also lead to an
apparent negative porosity at high pressure when considering the
powder pycnometric density to calculate the porosity of the tablets.
FD trehalose and lactose in-die compressibility profiles seemed to
exhibit a quite similar evolution. As shown in Fig. 5 A and 5B, at low
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Fig. 4. SEM imaging of CCP trchalose, lactose, and mannitol (respectively A, B and C) and CCMP trehalose, lactose, and mannitol (respectively D, E and F).
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pressure (until 50-60 MPa) the in-die porosities of FD trehalose and
lactose are greater than those of SD, CCP and CCMP powders. But, at
pressure higher than 50 MPa, these FD powders give lower in-die
porosity than others, Mannitol seemed to have a different behavior
since the in-die porosity never became below than other powders and no
negative porosities were observed (Fiz. 5 C).

Considering the three SD compressibility profiles, the same shape
was observed that clearly differs from all other powders. Fig. 5 A, B and
C show that their porosity rapidly decreases at near zero pressure, until
reaching approximately 40 %, then suddenly the curve deviation
change. At maximum pressure, porosity of SD powders is higher than the
one of FD powders for trehalose and lactose, while it is not the case for
mannitol. It is known that SD powders morphology and mechanical
properties are outlet temperature dependent (Littringer et al., 2013).
When spray-dried at relatively low temperatures (67 “C) like in our
study, spherical, rough and hollow particles are formed (Littringer etal,,
2013) with entrapped gas inside. Furthermore, moisture content in SD
particles is higher than freeze-dried and crystalline powders. Then,
difference in texture and high percentage of RM (since water works as a
plasticizer) can explain why the mechanical properties during
compression are so different from the freeze-dried or crystalline
powders.

When comparing CCP and CCMP compressibility profiles, it appears
that CCP gives always lower in-die porosities than CCMP which is
coherent with the literature (Persson et al.,, 2022). This is a little less
marked in the case of lactose. These results could be explained by the
fact that smaller particles of CCMP have more interactions one to the
other and are thus more cohesive, and as such, the powder bed develops
greater resistance to the compression resulting in a higher in-die
porosity.

The results above show that compressibility profiles are impacted by
the powders texture, but that it is also linked to their physical structures.
Indeed, as expected, for all powders tested, when their texture changes,
their compressibility profiles are also modified. Furthermore, the ob-
tained results show that when FD and SD powders are amorphous,
particular compressibility profiles are obtained when compared with
crystalline powders even if these are obtained by different drying
process,

SEM imaging of tablets helped in understanding these results. At low
pressures (in a range of 12.5-75 MPa), SEM imaging of SD and FD tablet
surfaces showed that the particles morphologies observed in the pow-
ders, spherical particles and randomly oriented sheets respectively, were
conserved (Fig. 6 A, C, E and G) and high porosity was also observed.
When the pressure was further increased, particles started to lose their
shapes to form smoother surfaces with less porosity, until reaching the
maximum pressure, where close to no porosity was observed (Iig. 6 B, D,
F and H). The exact same feature was observed when CCP and CCMP
were compressed.

Moreover, as reported in the Hsein et al. work, FD trehalose presents
a specific compressibility profile different from the crystalline one
(Hsein et al., 2023). Tn this study, it is also shown that amorphous FD
lactose had the exact same behavior than FD trehalose while it is not the
case for crystalline FD mannitol, These results show that the particular

behavior of FD trehalose and lactose is tightly linked to the amorphous
properties of the powders, Furthermore, when excipients were FD, SD or
even milled, leading to a change of their physical structure, texture or
both, the compressibility profile of each excipient is altered, and this
phenomenon is clearly linked to both the texture and the physical
structure of the powders.

3.2.2. Elastic recovery (ER)

Elastic recovery is an important tablet property to be investigated.
Iig. 7 represents the ER profiles as a function of applied pressures for all
trehalose, lactose and mannitol powders. Hsein et al showed that FD
trehalose has a specific ER profile different from crystalline trehalose
(Hsein et al., 2023). Results for FD trehalose show that at low pressures,
ER is the highest, and when pressure starts to increase, ER decreases
gradually, until a pressure around 100 MPa, where it stabilizes to
become pressure independent. ER profiles were different when it comes
to crystalline trehalose (CCP and CCMP powders) since an increase in
pressure, results in an increase in the ER before to stabilize and to
become independent of pressure.

In addition, FD lactose, FD mannitol, and SD trehalose, SD lactose
and SD mannitol exhibited the same behavior than FD trehalose.
Nevertheless, the profile is a little less marked for FD and SD mannitol.
That means that whether amorphous or crystalline, it is the specific
texture of SD and FD powders that is responsible for such a behavior
(Fig. 7 A, B, C).

For lactose and mannitol, CCP and CCMP exhibited similar profiles
than the one described above for trehalose. One interesting point is that,
after milling, all CCMP had lower ER than CCP for any given pressure.
That means that for these powders, the smaller the particle size, the
lower the ER.

3.2.3. Plastic energy

Plastic energy (PE) is the total energy given to the powder during the
compaction cycle, It can be normalized by the volume of solid com-
pacted to allow comparison of products with different material densities
(Wiinsch et al., 2021).

Hsein et al have shown that PE of FD trehalose is higher than those of
crystalline trehalose (Hsein et al., 2023). Here too, the same tendency
was found. FD trehalose, FD lactose and FD mannitol have all three a
higher PE, at any given pressure when compared to crystalline powders
(Fig. 8 A, B and C). In the case of mannitol, we observed an impact of
freeze-drying on the plastic energy (texture effect), but FD and SD
mannitol, which are both crystalline, have the same plastic energies.
However, in the case where FD and SD powders are amorphous
(trehalose and lactose), a higher plastic energy was found for the FD
powders compared to the SD ones, demonstrating a significant impact of
the texture of amorphous FD powders on plastic energy.

3.2.4. Tabletability

The diametral compression tests were done 24 h after compression,
in triplicate to evaluate the reproducibility. The tensile strength of
tablets was then calculated and the tabletability profiles were drawn for
all the tested products (Fig. 9 A, B, C). It is generally considered that a
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Fig. 6. SEM imaging of freeze-dried and spray dried tableted powders at different pressures.
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Fig. 9. Tabletability profiles of FD, SD, CCP and CCMP powders (A, B and C: test done 24 h after compression, D and E: test done immediately after compression).

tensile strength higher than 2 MPa is sufficient to ensure mechanical
resistance to maintain the physical integrity of tablets both during the
whole production process and till the delivery to the patient (Pitt and
Heasley, 2013).

As illustrated in Fig. 9A, B, and C for all three excipients, it was
consistently observed that the tensile strength and thus the tabletability
profile of CCMP is greater than that of CCP following the milling process.
Such a result was expected regarding the differences in particles size
distribution of the two kinds of products (Persson et al., 2022).

In the same manner, at low pressures for trehalose and lactose, and at
all the pressure range for mannitol, SD powder’s tabletability profiles
are similar to the CCMP (Fig. 9 A, B and C). That could be linked to the
fact that SD powders and CCMP have almost identical particle size.

More interestingly, at very low pressures, amorphous FD trehalose
and FD lactose exhibited high tensile strength since a value of more than
2 MPa is obtained from 50 MPa for FD lactose and even about 25 MPa for
FD trehalose. These values are significantly higher compared to those
observed with the SD, CCP and CCMP powders of trehalose and lactose.
Conversely, crystalline FD mannitol exhibited similar tensile strengths
compared to SD and CCMP mannitol. These results showed one more
time the effect of the amorphous FD texture compared to other forms of
the same products in terms of tablet's mechanical properties.

Another interesting behavior is seen when it comes to amorphous FD
and SD powders (trehalose and lactose). Fig. 9A and B show that when

pressure increases, measurements variability highly increased for FD
and SD trehalose and lactose and that we obtain a drastic decrease of the
tensile strength in the range 100-200 MPa. This behavior was not
detected in the case of crystalline FD and SD mannitol. This variability
could probably be explained by the fact that amorphous tablets develop
numerous cracks immediately after compression (Fig. 10 A), and during
storage (Fig. 10 B) when the pressure was increased. These defects make
the diametrical compression test unreliable and thus variability in the
tensile strength results increases. Interestingly, at higher pressures (250
MPa) it was possible to obtain tablets with high tensile strength for both
FD trehalose and lactose. Explanation of this phenomenon is compli-
cated with the present results. A more in-depth study of the mechanism
of development of the cracks in the tablets would be needed to better
understand this point, but this is beyond the scope of the present work.

Conversely, crystalline mannitol tablets showed no signs of cracking
even for FD mannitol.

It could be then concluded from these results that while the tablet-
ability effect is likely associated with the amorphous FD powders
(texture-structure), the effect on tensile strength variability when the
compaction pressure is increased appears to be more related to its
amorphous nature, independently from its texture. In fact, the range of
compression pressure of interest when considering amorphous FD
powders (trehalose and lactose) is at remarkably low-pressure levels
(25-75 MPa) and should not exceed a hundred of MPa to avoid the risk
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Fig. 10. SEM imaging of trehalose tablets obtained at a pressure of 150 MPa (A) after compression (B) 18 h after compression.

of occurrence of cracks.

3.2.5. Brittle fracture index (BFT)

The BFI is an indicator that makes it possible to assess the sensitivity
of a tablet to a stress concentration which is linked with its brittleness
(Hiestand et al., 1977; Mazel and Tchoreloff, 2023). It is well known that
the BFI values are pressure dependent and are more elevated when
pressure is high (Croquelois et al., 2020; Hiestand et al., 1977).

The test was done for each material and powder on tablets obtained
at a pressure where they were sufficiently resistant and where the tensile
strength results were mostly reproducible. All perforated tablets were
visualized with the SEM, before diametral compression to be sure that no
cracks were created because of the drilling. When cracks were seen
during imaging, BFI tests couldn’t be performed. CCMP trehalose,
whether compacted at 75 MPa or 150 MPa, showed cracks after perfo-
ration, which made it impossible to perform the BFI determinations.
Moreover, it wasn't possible to compress all SD powders at the same
pressure in order to compare them one to the other. Then, SD powders
for each excipient were compressed at the best as possible pressure in
terms of reproducibility and some CCMP excipients tablets were pro-
duced at those exact same pressures in order to compare SD and CCMP
powders (Table 2).

When it comes to compare the BFI values (Table 2) of SD lactose and
lactose CCMP (respectively 0.48 + 0.12 and 0.38 + 0.02) both com-
pressed at 50 MPa, there is no significant difference. The BFI values of
SD mannitol and mannitol CCMP compressed at 150 MPa (respectively
0.95 + 0.44 and 1.20 = 0.21) are also in the same order of magnitude.
Knowing that for both excipients the CCMP and SD powders have small
sized particles, and knowing that SD lactose is amorphous while SD

Table 2
Experimental BFI values of all three excipients.

Excipient Compaction pressure  Caleulated Brittle Fracture Index (BFI)
FD trehalose 25 MPa 1.90 + 0,17
FD lactose 25 MPa 1.60 + 0.49
FD mannitol 25 MPa 0.41 +0.18
SD trehalose 75 MPa 0.52 £ 017
SD lactose 50 MPa 0.48 £ 0.12
SD mannitol 150 MPa 0.95 + 0.44
CCP trehalose 250 MPa 0.83 + 0.01
CCP lactose 250 MPa 0.50 + 0.03
CCP mannitol 250 MpPa 0.34 + 0,02
CCMP lactose 50 MPa 0.38 + 0,02
CCMP mannitol 150 MPa 1.20 + 0,21

mannitol is crystalline, physical structure doesn’t seem to have an in-
fluence on the BFI in this case.

Hsein et al. results showed that FD trehalose has a much higher BFI
than crystalline trehalose (!Hsein et al., 2023). Our results are consistent
with this previous work since we obtained the exact same trend with FD
trehalose’s BFI of 1.90 + 0.17 at a 25 MPa compaction pressure while
CCP trehalose’s BFI is only 0.83 + 0.01 at a 250 MPa compaction
pressure (Table 2). The same behavior is observed when comparing FD
lactose (BFI of 1.60 + 0.49 at a pressure of 25 MPa) to lactose CCP (BFI
of 0.50 + 0.03 at a pressure of 250 MPa). Knowing that BFI values in-
crease with higher pressures, the fact that the BFI of FD lactose tablets
obtained at a 25 MPa pressure is higher than the one of CCP trehalose
compressed at 250 MPa, means that FD lactose as FD trehalose are much
more brittle than CCP lactose and trehalose. Whereas when comparing
the BFI of crystalline FD mannitol (0.41 = 0.18) compressed at 25 MPa
to the BFI of CCP mannitol compressed at 250 MPa (0.34 + 0.02), even if
it shows that FD mannitol is more brittle than CCP mannitol, the effect is
much less than in the case of trehalose and lactose.

Based on the results described above, one more time, the specific
texture of amorphous FD powders seems to play an important role when
it comes to tablet’s brittleness.

4. Conclusion

According to all the results described above, it was shown that the
texture and the physical structure, both have singular or combined im-
pacts on the tableting properties of the studied powders.

This study showed that FD trehalose has indeed the same particular
behavior in terms of tableting properties when compared to Hsein
et al.’s previous results. In addition, lactose, which was also amorphous
after freeze-drying behaved very similarly. It seems therefore that the
particular texture of amorphous FD powder is the main reason behind
those specific tableting properties and that this behavior is not limited to
the chemical structure of trehalose.

Furthermore, the only property obtained that was completely inde-
pendent from the texture, and that was only influenced by the physical
state of the powder (amorphous or crystalline) is the high variability of
tensile strength measurements at relatively high pressures. This is due to
cracks developed in the tablet after compression. This is a problem that
could be easily overcome when it comes to compress amorphous FD
powders since these powders have a high tensile strength at very low
pressures. It is thus possible to compress these powders using a very low
pressure (<50 MPa) since no signs of defects are seen but the tensile



strength is high enough and the test’s reproducibility is at 1 vesw.

If this work made it possible to better understand the behavior of
freeze-dried products during compaction, further is needed to under-
stand the mechanisms that can explain, at the microscopic level, the
trends demonstrated. In conclusion, these findings represent the initial
phase in the journey towards industrialization. As previously stated, the
ultimate objective of this research is to achieve the development of
tablets made of freeze-dried powders containing biomolecules. We
established that these powders can be compressed at a relatively low
pressure to yield tablets with sufficient cohesion. Nevertheless, manual
compression is currently employed due to the poor flow of the FD
powders. Next challenge would thus be to improve the processability of
the powder to make it suitable for industrial processes.
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