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Abstract

The viability of probiotic microorganisms is essential for their health-promoting effects and 
15 must be preserved in the best possible way during the production of the final dosage form, 

such as tablets. This applies to both drying and tableting. Saccharomyces cerevisiae is spray-
dried with suitable protective additives, which were identified in a previous study in which also 
the influence of the formulation during tableting was investigated. One aspect that has not yet 
been addressed is the effect of multiple compression, as it is typical with pre- and main 

20 compression when using rotary tablet presses. To investigate this, tablets are compressed up 
to five times. It is shown that when tablet strength and survival are considered together, the 
application of a pre- and main pressure does not have a significant effect. This facilitates the 
transferability of findings of compaction studies with a single compression phase. In addition, 
the data allow to consolidate the mechanism of inactivation of microorganisms during tableting 

25 found in previous studies by the same authors. This is based on the porosity reduction, 
whereby it is shown in the present study that it is irrelevant how this reduction is achieved 
(change in compression stress or the number of compression cycles).

Keywords

Probiotics

30 Viability

Spray drying

Compaction

Porosity

Tensile strength

35



3

1. Introduction

The processing of viable microorganisms into tablets is of particular importance in the context 
of probiotic microorganisms (Klayraung et al., 2009). These microorganisms provide the 
patient with health benefits when taken in viable form and in sufficient doses (Joint FAO/WHO 

40 Working Group, 2002). Dry formulations are preferred due to their better storage stability in 
unrefrigerated storage and handling (Santivarangkna, 2016). However, the further processing 
of dried microorganisms into tablets is a challenging process step due to the compressive and 
shear stresses involved (Vorländer et al., 2020). Nevertheless, it is usually favored over the 
administration of loose powders or powders filled into capsules, as microorganisms in loose 

45 powders are more exposed to the harsh conditions in the stomach (Klayraung et al., 2009) and 
the production of capsules is more cost-intensive than tableting.

Gentle processes and suitable formulations are required to dry microorganisms in a life-
preserving manner, typically by freeze drying, fluidized bed drying or spray drying (Broeckx et 
al., 2016). Despite process parameters that are as gentle as possible (especially low 

50 temperatures), high losses in the viability of microorganisms are sometimes observed since 
water molecules enable the correct conformation of various biological structures (Ananta et 
al., 2005; Crowe et al., 1987; Oliver et al., 1998). To counteract this, protective additives are 
added to the cell suspension before drying. These stabilize essential biological structures 
(theories of vitrification, water replacement and preferential hydration), whose conformational 

55 change would otherwise be accompanied by irreversible inactivation of the microorganisms, in 
particular through the loss of the integrity of the cell membrane (Belton and Gil, 1994; Broeckx 
et al., 2016; Cordone et al., 2007; Wolkers and Oldenhof, 2021). Numerous studies have dealt 
with the identification of effective protective additive formulations in the drying of 
microorganisms (Broeckx et al., 2016). A universal formulation does not yet exist. However, 

60 studies have shown that a combination of trehalose and skimmed milk powder can protect 
Saccharomyces cerevisiae cells from lethal damage during freeze drying, fluidized bed spray 
granulation and spray drying (Vorländer et al., 2023a; Vorländer et al., 2023d; Vorländer et al., 
2020).

The further processing of dried microorganisms into tablets has also already been investigated 
65 in numerous studies. In some cases, aspects such as protection against bile juices or storage 

stability have already been addressed (Klayraung et al., 2009). However, it is first necessary 
to know the damage mechanisms during densification in order to be able to counteract these 
in a targeted manner (Vorländer et al., 2023b). Survival during tablet production has already 
been investigated in several studies. Various aspects have been brought into focus. These 

70 include, in particular, the formulation and its deformation behavior (Ayorinde et al., 2011; Blair 
et al., 1991; Byl et al., 2018; Fassihi and Parker, 1987; Plumpton et al., 1986a), but also kinetic 
factors of compression such as dwell time and consolidation time (Fassihi and Parker, 1987; 
Vorländer et al., 2023c) or the geometry of the tablets produced. The damage to the 
microorganisms can be of a thermal or mechanical nature (Chesworth et al., 1977). Studies 

75 with cells of different sizes indicate that the mechanical component is predominant, as larger 
microorganisms show lower survival (Plumpton et al., 1986b). Earlier studies by the authors of 
the present publication have recently shown that tablet porosity is essentially decisive for the 
inactivation of microorganisms, with the change in tablet porosity showing a correlation across 
formulations (Vorländer et al., 2023d; Vorländer et al., 2023b).

80 Previous studies on the tableting of viable microorganisms have generally used hydraulic 
presses or compaction simulators, applying compression profiles with a single main pressure. 
An important aspect for the transfer of the results of these studies to an industrial scale has 
not yet been taken into account. The high production speeds when using rotary tablet presses 
usually require the use of a pre-pressure and a main pressure in order to prevent the formation 

85 of tablet defects in the best possible way (Hansen and Kleinebudde, 2021; Mazel and 
Tchoreloff, 2020; Patel et al., 2006). In the production of tablets with probiotic microorganisms, 
the microorganisms contained are subjected to multiple stresses in this case. The applied pre-
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compression pressure is typically significantly lower than the main pressure (Patel et al., 2006). 
With a low pre-compression stress, densification is significantly lower there. Nevertheless, the 

90 question remains to what extent this first densification is associated with additional damage to 
the microorganisms.

In order to answer this question, spray-dried yeast cells are mixed with various dry binding 
agents fillers in the present study. The mixtures are densified with a compaction simulator at 
different compression stresses. The same compression stress is applied once, twice or five 

95 times. This extremization compared to a low initial pressure and the actual main pressure in 
rotary tablet presses is intended to reveal influences that would otherwise remain undetected. 
At the same time, the findings should further strengthen the understanding of the physical 
damage mechanisms during tableting.
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2. Materials and methods

100 2.1. Spray drying

Baker's yeast Saccharomyces cerevisiae (Lallemand-DHW GmbH, Vienna, Austria) as a 
model organism was spray dried as established elsewhere (Vorländer et al., 2023d). In brief, 
a suspension with a cell dry weight concentration (CDW) of 50 g/L and a concentration of 
50 g/L trehalose dihydrate (FormMed HealthCare AG, Frankfurt am Main, Germany) and 

105 50 g/L skimmed milk powder (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was prepared 
and spray-dried after one hour of incubation at room temperature. Spray drying was conducted 
in co-current (ProCepT 4 M8-TriX, PROCEPT nv, Zele, Belgium). Before the cell suspension 
was sprayed, water was sprayed for at least 15 minutes to bring the entire system to a state 
of equilibrium (temperature and humidity). The flow rate was adjusted so that the same mass 

110 flow of vaporizable water was sprayed as during the spraying of the cell suspension. In order 
to limit the thermal stress on the product, the product was removed after every 60 minutes of 
drying time. The inlet temperature was 100 °C, the volume flow of the drying air 0.3 m3/min, 
the mass flow of the cell suspension 2 g/min, the nozzle diameter 1.2 mm and the nozzle 
pressure 1.5 bar. In addition, 0.12 m3/min air was supplied to the cyclone to reduce the 

115 separation limit.

2.2. Preparation of powder blends

The spray-dried product was mixed (3D shaker mixer TURBULA, Willi A. Bachofen AG at 
49 min-1, 5 min) in a mass ratio of 1:3 with the dry bindersfillers dicalcium phosphate (DCP, DI-
CAFOS A150, kindly provided by Chemische Fabrik Budenheim KG, Budenheim, Germany), 

120 isomalt (ISO, GalenIQ 721, kindly provided by BENEO GmbH, Mannheim, Germany), lactose 
(LAC, Granulac 70, kindly provided by MEGGLE GmbH & Co. KG, Wasserburg am Inn, 
Germany) or microcrystalline cellulose (MCC, Vivapur 102, kindly provided by J. Rettenmaier 
& Söhne GmbH + Co KG, Rosenberg, Germany). In the case of DCP, ISO and LAC, 1 wt.-% 
of magnesium stearate (MgSt, MAGNESIA GmbH, Lüneburg, Germany) was added as a 

125 lubricant and mixed for a further 2 min. MCC required no lubrication as ejection forces were 
low and tool wear is correspondingly low even without addition of MgSt, which is known to 
negatively affect the tensile strength of MCC tablets (Puckhaber et al., 2022).

2.3. Preparation of tablets

A compaction simulator (Styl’One evolution, Medelpharm, Beynost, France) was used to 
130 produce the tablets. This is instrumented with force and displacement sensors and enabling 

the calculation of in-die porosity data during compaction. It was equipped with flat, round 
punches with a diameter of 11.28 mm. The die was filled manually in order to keep mass 
fluctuations as low as possible. The target mass of the tablets was 450 mg. The compression 
was displacement-controlled with a generic, symmetrical trapezoidal compression profile with 

135 a constant punch speed of 45 mm s-1 of the upper and lower punch and dwell times between 
30 and 40 ms. The compression height was adjusted so that compression stresses in the range 
of 25 to 300 MPa were applied. Initially, tableting was carried out with a singular compression 
with and without pre-compression. The pre-compression stress was 10% of the main 
compression stress. For another batch, Compression compression was performed once in one 

140 test series and twice or five times in the two other test series. In the case of multiple 
compressions, the tablet remained in the die between the compression repetitions and was 
only ejected after the last compression. In order to achieve the respective target compression 
stress with an increasing number of compression repetitions, the compression height was 
reduced accordingly with each compression repetition. In contrast to multiple compression, the 

145 results of compaction with and without pre-compression show hardly any differences and are 
therefore not considered in more detail in this manuscript. For reference purposes, most 
diagrams from results and discussion section are shown in the appendix analogously for 
compaction with and without pre-compression (Suppl. 1 – Suppl. 6).
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2.4. Analysis of spray dried powder and blends

150 2.4.1. Residual moisture

The residual moisture of the spray-dried product was determined thermogravimetrically 
(120 °C, DBS 60-3, KERN & SOHN GmbH, Balingen-Frommern, Germany).

2.4.2. Viability and survival

The viability was determined by counting the number of colony forming units (CFU). Samples 
155 of the spray-dried product were suspended in a phosphate-buffered saline solution (PBS, 

1.6 g/L NaCl, 0.04 g/L KCl, 0.284 g/L Na2HPO4, 0.054 g/L KH2PO4, pH 7.4; Sigma-Aldrich 
Chemie GmbH, Munich, Germany) and serially diluted with PBS in the same way as samples 
of the sprayed cell suspension. Appropriate concentrations were spread on agar plates (10 g/L 
yeast extract, 20 g/L peptone ex casein, 22 g/L glucose monohydrate, 15 g/L Agar-Agar Kobe 

160 1; all from Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Colonies were counted 
automatically after 30 hours of incubation at 30 °C (ProtoCOL3 Plus, Synbiosis, Cambridge, 
United Kingdom). On this basis, the viability (Eq. 1) and survival rate (Eq. 2) were calculated. 
For further details, please refer to other publications (Vorländer et al., 2023a; Vorländer et al., 
2020)

165 viability [CFU/gCDW]=
count of colonies [CFU]

plated concentration [gCDW/L]∙plated volume [L] 
1

survival rate [%]=
viability after process step [CFU/gCDW]

viability before process step [CFU/gCDW] 2

The viability of the spray-dried product was (2.52 ± 0.7) ∙ 1010 CFU/gCDW, which corresponds 
to a survival rate of 65 % during spray drying. In the following, survival rates are given 

170 exclusively for the compaction step.

2.4.3. True density of powder blends

The true solid density 𝜌true of the powder mixtures was determined using a helium gas 
pycnometer (Ultrapyc 1200e, Quantachrome Instruments, Boynton Beach, FL, United States). 
The measurement was carried out at room temperature, with a single weighing and 10-fold 

175 measurement of the powder volume.
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2.5. Analysis of tablets

2.5.1. Storage

After production, the tablets were stored in polyethylene bags in the refrigerator at 4 °C until 
physical-mechanical and microbiological characterization. The analysis was carried out 24 to 

180 30 hours after tableting.

2.5.2. Tablet porosity

For every test, 10 tablets were weighed (𝑚t). In addition, the tablet height ℎ and the tablet 
diameter 𝑑 were determined using a breaking strength tester (MultiTest 50, Sotax AG, Aesch, 
Switzerland). Together with the true density 𝜌true, the porosity 𝜀 of the tablets can be 

185 calculated:

𝜀=1 ―
4∙𝑚t

𝜌true∙𝜋∙𝑑2∙ℎ 
3

In addition, the minimum in-die porosity 𝜀in-die  can be calculated based on the measurement 
of the punch distance during compaction, where ℎ𝑚𝑖𝑛 is the minimum punch distance and 𝑑𝑑𝑖𝑒 

190 is the inner diameter of the die:

𝜀𝑖𝑛―𝑑𝑖𝑒 = 1 ―
4∙𝑚𝑡

𝜌𝑡𝑟𝑢𝑒∙𝜋∙𝑑2
𝑑𝑖𝑒∙ℎ𝑚𝑖𝑛

 4

2.5.3. Tensile strength

The breaking strength tester was also used to determine the breaking force 𝐹 of the tablets by 
diametrical loading between two jaws until failure, analogous to the European Pharmacopoeia 

195 (Ph. Eur. 9.2 2.9.8). This and the dimensions of the tablets were used to calculate the tensile 
strength 𝜎t (Fell and Newton, 1970):

𝜎t = 2∙𝐹
𝜋∙𝑑∙ℎ 5

3. Results and discussion

3.1. Influence of compression stress on survival

200 Mixtures of spray-dried yeast cells with DCP, ISO, LAC or MCC were compacted into tablets 
using compression stresses 𝜎c in the range of 25 to 300 MPa. The compression was not only 
carried out once with the respective compression stress, but also twice or five times with the 
same compression stress. The compression stress of the up to five compression phases per 
tablet showed unavoidable slight fluctuations. In the following, the maximum applied 

205 compression stress 𝜎c, max is considered. This determines the survival of the yeast cells during 
tableting (Fig. 1). Regardless of what the spray-dried yeast cells are mixed with, after tableting 
a steady decrease in survival can be seen as the compression stress increases. This is 
consistent with the results of earlier studies by the same authors, when tableting the same 
spray-dried organism (Vorländer et al., 2023d). The same also applies to the tableting of 

210 freeze-dried yeast cells (Vorländer et al., 2020) and in the case of fluidized bed spray-
granulated yeast cells (Vorländer et al., 2023a; Vorländer et al., 2023c; Vorländer et al., 
2023b), but also to the tableting of various (probiotic) bacteria (Ayorinde et al., 2011; Blair et 
al., 1991; Chan and Zhang, 2002; e Silva et al., 2013; Fassihi and Parker, 1987; Muller et al., 
2014; Nagashima et al., 2013; Plumpton et al., 1986a, 1986b; Poulin et al., 2011; Stadler and 

215 Viernstein, 2001) and (probiotic) yeasts (Nagashima et al., 2013; Plumpton et al., 1986b). 
Nevertheless, the formulation also seems to influences the survival. In general, with the highest 
occurring in the case of LAC, followed by DCP, MCC and finally ISO. Tthe same ranking was 
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also observed as in an earlier study by the same authors, in which the mixing ratio was also 
varied (Vorländer et al., 2023d): The highest survival was observed with LAC, followed by 

220 DCP, MCC and finally ISO. In deviation from this, the curve for single compression of ISO 
shows an unexpected kink and survival rate is higher than for MCC at 150 MPa and higher 
than for MCC and DCP at 300 MPa. The present study also shows an influence of the number 
of compression repetitions on survival. Survival is essentially lower the more often 
compression is performed. An exception to this is the single and double compression in the 

225 case of DCP, where the same survival rate was obtained, and in the case of MCC, the curve 
for double compression is above the curve for single compression. In addition, the survival rate 
in the case of ISO at 150 MPa at 5-fold compression is slightly higher than at double 
compression, which is attributed to the great uncertainty of the data point at double 
compression. In order to explain this effectthe effect of multiple compression on survival, the 

230 porosity as a structural parameter of the tablets resulting from the compression must be 
considered.
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Fig. 1: Survival as a function of single, dual or quintuple applied compression stress on survival of spray 
dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively. Data points represent mean and 

235 standard deviation (𝒏 = 𝟑).

3.2. Compressibility

The porosity can be used as a structural parameter, as it is a measure of the densification of 
the material. The compressibility describes the porosity as a function of the applied 
compression stress (Fig. 2a). The higher the compression stress, the lower the tablet porosity. 

240 Compressibility also depends on the formulation and is lowest when DCP is used, followed by 
MCC, ISO and finally LAC. However, there is only a particularly clear difference at the lowest 
compression stress. At higher compression stresses, the compressibility profiles of MCC, ISO 
and LAC cross over, sometimes even several times, and are much closer to each other. This 
behavior was also shown in a previous study by the same authors (Vorländer et al., 2023d). In 

245 addition, an influence of the number of compressions can be observed over the entire 
compression stress range and for all formulations. The porosity is lower with multiple 
compressions. This effect increases with higher applied compression stresses. To illustrate 
this even more clearly, the experimental data were fitted according to the compressibility model 
of Gurnham and Reynolds (Gurnham and Masson, 1946; Reynolds et al., 2017; Zhao et al., 

250 2006):

Commented [KaV25]:  Reviewer 1: The comments on 
Figure 1 are an example of the superficial nature of 
some of the authors' interpretations. The authors state: 
"the formulation also influences the survival, with the 
highest occurring in the case of LAC, followed by DCP, 
MCC, and finally ISO." If this was previously proven in 
another publication, it is not clearly evident from the 
graph: for single compression, ISO is above MCC at 
150 and 300 MPa and is even above DCP at the last 
data point. Authors should describe what is actually 
shown in the figure, not what they want to see. They 
further state: "The present study also shows an 
influence of the number of compression repetitions on 
survival." The trends are far from clear for all products: 
for MCC, two compressions are above single 
compression; for DCP, 1 and 2 compressions are 
superimposed; for ISO, 2 and 5 compressions are 
superimposed; and for LAC, the survival rate 
decreases with the number of compressions. We 
understand that there is variability, but again, authors 
should describe what is shown in the figure, not what 
they want to see.

Commented [KaV26R25]:  As mentioned above, we 
understand that deviations from general trends should 
be named, even if they cannot be explained at this 
stage and are presumably a consequence of the 
variability of the data. Accordingly, we have made the 
indicated changes in the manuscript.

Commented [KaV27]:  Reviewer 1: L219-220 authors 
state: " the porosity is lower with multiple compression". 
Again, this is far from obvisous on figure 2 and 3 for all 
the products…

Commented [KaV28R27]:  Since the differences in the 
porosity are indeed small, we created a figure in Suppl. 
No. 1 (Suppl. No. 7 in the revision), where the 
systematic changes can be seen clearly. Only for one 
curve (DCP at 50 MPa), a slightly higher porosity at 2-
fold and 5-fold compression can be observed. 
Considering this, it can be seen that the statements 
made can be regarded as generally valid. In addition 
we have modified Figure 3 to better emphasize the 
formulation-specific common trend. It can now be seen 
more clearly that the data points for the most part follow 
a common trend and that, depending on the number of 
compressions, systematically different porosities and 
survival rates result for the same compression stress. 
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𝜀 = ― 1
𝐾 ⋅ ln 𝜎c, max

𝜎c, 𝜀=0
 6

The parameter 𝐾 is associated with the intrinsic resistance of the material to deformation. The 
compression stress 𝜎c, 𝜀=0 is the stress required to produce tablets with zero porosity. With 
these parameters, porosity values were calculated for defined compression stress values to 

255 improve comparability (Suppl. 7). The fit parameter 𝐾 is unaffected by the number of 
compressions (Suppl. 8) but the more often the tablets are compressed, the lower 𝜎c, 𝜀=0 (Fig. 
2b). The further densification of the tablets and thus reduction in tablet porosity is in line with 
expectations. As the number of compression repetitions increases, the tablet punches have to 
be moved closer together in order to achieve the target compression forcestress. The multiple 

260 application of force favors further densification through additional particle fragmentation and 
(visco)plastic deformation. At the same time, it is obvious that the microorganisms are also 
exposed to further stresses, which reduce survival accordingly. This is also shown by the plot 
of survival as a function of tablet porosity (Fig. 3). Although there are different curves 
depending on the formulation, it is also evident that it is largely irrelevant whether a lower 

265 porosity was achieved by a higher compression stress or by applying the same compression 
stress several times. The data points of the different curves of a formulation fall on a common 
line for the different compression repetitions (shown by exponential regression (𝑆𝑅(𝜀)
= 𝑎 + 𝑏 ∙ 𝑒―𝑘𝑆𝑅,𝜀∙𝜀 with 𝑘𝑆𝑅, 𝜀 as tablet porosity-related inactivation rate and 𝑎 and 𝑏 as 
empirical fit parameters) and confidence interval in Fig. 3). In earlier studies by the same 

270 authors, it was found analogously that the same porosity-related survival rates are obtained 
regardless of whether high compression stresses and short dwell times or vice versa have 
contributed to achieving this porosity state (Vorländer et al., 2023c). The survival of the 
microorganisms is therefore not determined by the applied compression stress itself, but the 
compression stress determines the porosity in the tablets in a formulation-specific process 

275 function, on which the survival of the microorganisms depends as a property function. The 
lower the porosity of a formulation, the greater the mechanical stress on the microorganisms 
due to compressive and shear stress and the lower their survival.
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Fig. 2: (a) Compressibility of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively. The 
280 compression was carried out 1, 2 or 5 times. Data points represent mean and standard deviation (𝒏 = 𝟏𝟎). 

(b) Fit parameter 𝝈c, 𝜺=𝟎 according to equation 5.

Commented [KaV29]:  Reviewer 1: L231 : Pleas 
emodify the expression "tablet punch"

Commented [KaV30R29]:  We have removed "tablet" 
to get the correct expression.
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Fig. 3: Survival of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively, as a function 
285 of tablet porosity. Data points represent mean and standard deviation (𝒏 = 𝟑). All data points of one 

formulation were fitted together using an exponential function. The 97% confidence interval is also shown.

The different positions of the curves were attributed to the different deformation mechanisms 
of the excipients DCP, LAC, ISO and MCC in earlier work by the same authors (Vorländer et 
al., 2023b). Formulations with DCP are generally characterized by high porosity, which is due 

290 to the high stiffness and associated brittle fragmentation during compression. In contrast to 
plastic deformation, more voids remain. If the formulation contains particles that have a lower 
mean yield pressure than DCP, this other material is more likely to undergo compression and 

0.0 0.1 0.2 0.3 0.4 0.5
0.1

1

10

100
200

su
rv

iv
al

 ra
te

 S
R

 [%
]

porosity  [-]

            1x      2x      5x
DCP  
LAC  
ISO  
MCC  

0.0 0.1 0.2 0.3 0.4 0.5
0.1

1

10

100
200

su
rv

iv
al

 ra
te

 S
R

 [%
]

porosity  [-]

            1x      2x      5x
DCP  
LAC  
ISO  
MCC  

 exponential fit
 97% confidence band



11

is compacted more than the DCP fraction, resulting in different porosity distributions. 
Therefore, the densification of the spray-dried yeast cells is greater than the global tablet 

295 porosity would suggest. In previous studies, however, the change in tablet porosity was 
identified as a scaling variable across formulations (Vorländer et al., 2023d; Vorländer et al., 
2023b), with the porosity of tablets tableted with a compression stress of 25 MPa serving as a 
reference. The analogous observation of the survival as a function of the tablet porosity change 
also shows a better correlation across formulations in this study than the observation of the 

300 absolute porosity, even if there is a stronger scatter in the range of high porosity changes (Fig. 
4a). There is no systematic effect of the number of compression repetitions. In combination 
with the analogous calculation for the reduction of the minimum in-die porosity during 
compaction (Fig. 4b), it is also possible to interpret the significance of plastic and elastic 
deformation for the survival of the microorganisms during tableting. If not only the plastic 

305 deformation is considered (Fig. 4a), but the entirety of plastic and elastic deformation (Fig. 4b), 
a poorer correlation across formulations and the separation into 3 groups (DCP + LAC; ISO; 
MCC) can be seen. MCC shows the greatest deviation because this formulation shows the 
greatest proportion of elastic deformation. The elastic deformation of the formulation is mainly 
caused by the excipients. The data suggest that the elastic deformation of the excipient 

310 particles has a negligible influence on the survival of the microorganisms, even if this could be 
associated with shearing of the microorganisms (during both compaction and relaxation). 
However, the lack of energy for the plastic deformation of the yeast cells due to the elastic 
deformation of the excipients seems to outweigh this effect, which is why the consideration of 
the reduction of the out-die porosity and thus the plastic deformation enables a better 

315 correlation across formulations.
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Fig. 4: Survival of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively, as a function 
of tablet porosity reduction (a) and reduction of minimal in-die porosity (b). Data points represent mean 

320 and standard deviation (𝒏 = 𝟑).

3.3. Compactibility

In addition to the survival of the microorganisms during compression, the tablet strength 
achieved is crucial, as probiotic tablets must have sufficient strength to ensure safe handling 
in addition to the highest possible dose of viable microorganisms. The compactibility describes 

325 the relationship between the tablet porosity and the tensile strength of the tablets. In general, 
the strength of the tablets increases with decreasing porosity (Fig. 5). The compactibility is 
highest for the formulation with DCP, followed by MCC, ISO and finally LAC. This is consistent 
with findings in an earlier study by the same authors on the tableting of spray-dried 
microorganisms and reflects the ranking of the compactibility of the pure substances 

330 (Vorländer et al., 2023d). In this case, no influence of the compression repetitions can be 
determined, either. The tablet strength results exclusively from the tablet porosity and the 
resulting attractive interactions between the particles, whereby it is irrelevant whether 
densification is achieved by increasing the compression stress or multiple compressions. This 
is consistent with results from studies in which different tableting speeds were used and for the 

335 majority of the formulations tested, altered compressibilities but unaffected compactibilities 
were observed (Mizunaga et al., 2021; Tye et al., 2005).
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Commented [KaV31]:  Reviewer 2: Line 263 (Figure 
4): The y-axis is labeled relative survival. The survival 
rates in all graphs need to be consistently labeled 
unless relative survival is different to survival rate (as 
labeled in the other graphs). If there is a difference, 
then it needs to be explained.

Commented [KaV32R31]:  We apologize for the error. 
Both formulations refer to the same thing. In order to 
avoid confusion, we have standardized the naming on 
the axis.

Commented [KaV33]:  Reviewer 1: Figure 4 is 
impossible to describe as the survival rate go in one or 
the other direction with the number of compressions. 
Are the authors sure that: "The analogous observation 
of the survival as a function of the tablet porosity 
change also shows a better correlation in this study 
than the observation of the absolute porosity".

Commented [KaV34R33]:  It is absolutely correct that 
shifts and crossings of the curves occur here. However, 
we fear that we have formulated our statement here in 
a somewhat misleading way. In fact, we do not want to 
rule the multiple crossings and shifts out at all and 
wrote ourselves that there is no systematic effect of the 
number of compressions. Instead, our statement refers 
to the fact that the totality of all data points is 
significantly closer together than in Figure 3. To clarify 
this in the manuscript, we reiterate that the correlation 
is meant across formulations. It is obvious that the 
correlation of all data points in Figure 4 with a common 
fit function is higher than in Figure 3.

Commented [KaV35]:  Reviewer 1: L279-281: the 
reference cited is very recent for something known for 
years. Consider citing Tye et al JPS 94 2005

Commented [KaV36R35]:  We have followed the 
recommendation and also cite the publication by Tye et 
al. In view of the fit of the formulations and results 
used, we have not omitted the more recent publication.
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Fig. 5: Compactibility of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively. The 
compression was carried out 1, 2 or 5 times. Data points represent mean and standard deviation (𝒏 = 𝟏𝟎).

340 3.4. Tabletability

Without porosity as a structural parameter, tabletability correlates the relationship between 
compression stress and tablet strength. Tabletability results as a direct consequence of 
combining compressibility as a process function and compactibility as a property function. 
Accordingly, the compressibility curves are not surprising: The formulation with MCC shows 

345 the best tabletability and is followed by ISO, DCP and finally LAC (Fig. 6). Multiple compression 
is associated with an improvement in tabletability in line with the additional densification and 
unchanged compactibility. Similarly, this mechanism is present when the dwell time is varied 
(Wünsch et al., 2020).

0 100 200 300 400
0

2

4

6

8

10

12

te
ns

ile
 s

tre
ng

th
 

t [
M

Pa
]

maximal compression stress c, max [MPa]

            1x      2x      5x
DCP  
LAC  
ISO  
MCC  

350 Fig. 6: Tabletability of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively. The 
compression was carried out 1, 2 or 5 times. Data points represent mean and standard deviation (𝒏 = 𝟏𝟎).
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However, the question now is to what extent increased tabletability and reduced survival during 
multiple compression affect the overall performance of the tablets. For this purpose, the 
survival is considered as a function of the tensile strength of the tablets. It can be seen that 

355 both effects largely compensate each other. Double compression tends to be slightly 
advantageous. In the typical target tensile strength range of 1 to 1.7 MPa (Pitt and Heasley, 
2013), the effect is less pronounced than at high compression stress and is therefore hardly 
relevant in the production of probiotic tablets.
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360 Fig. 7: Survival of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively, as a function 
of the tablet tensile strength. The compression was carried out 1, 2 or 5 times. Data points represent mean 
and standard deviation (𝒏 = 𝟑). The gray-colored area marks the typical target tensile strength range of 
pharmaceutical tablets.

4. Conclusions

365 The survival of yeast cells during tableting was shown to be dependent on the formulation and 
the compression stress, which is consistent with current knowledge. In addition, a negative 
effect of compression repetition on survival related to the applied compression stress was 
identified. This could be linked to the additional densification and thus lower porosity of the 
tablets associated with multiple compression. The additional densification exposes the 

370 microorganisms to further pressure and shear stresses, whereby further lethal damage 
reduces survival. It was found that it is irrelevant to the extent of damage whether lower 
porosity is achieved by increasing the compression stress or applying the same compression 
stress multiple times. The same applies to the tensile strength of the tablets, i.e., the 
compactibility is unaffected by the number of compression repetitions. With multiple 

375 compressions, survival is reduced, whereby the porosity reduction could be confirmed as a 
scaling variable across formulations. At the same time, however, tabletability is improved due 
to the greater densification with multiple compression. Essentially, both effects, the lower 
survival and the higher tensile strength, compensate each other in this conflict of objectives, 
especially in the target tensile strength range of probiotic tablets. The present study thus 

380 contributes to strengthening the previously propagated mechanism of damage to viable 
microorganisms during tableting by reducing porosity and the associated intensification of 
compressive and shear stresses. At the same time, it becomes clear that formulation studies 
can be carried out with simple compression profiles without pre-compression, as tablet porosity 
determines survival and tensile strength regardless of the method used to achieve this 

385 structure.

Commented [KaV37]:  Reviewer 1: Finally, the article 
misses the opportunity of discussing what really 
matters for the survival rate, in terms of plastic vs 
elastic deformations. Results seems to indicate that 
elastic deformation doesn't really matter as a change in 
porosity is necessary (i.e. plastic deformation) to see 
an impact on survival rate. This could be further 
discussed

Commented [KaV38R37]:  Thank you for pointing this 
out. We have looked at this again in more detail and 
shown the survival as a function of the reduction of the 
minimum in-die porosity in order to illustrate the 
difference between the plastic deformation and the total 
deformation (plastic + elastic). It becomes clear that the 
cross-formulation correlation is lower when considering 
the reduction of the in-die porosity than when 
considering the reduction of the out-die porosity. This 
applies in particular to the formulations with MCC, 
which have a pronounced proportion of elastic 
deformation. The elastic deformation of the formulation 
is essentially caused by the excipients. The elastic 
deformation of the excipient particles appears to have a 
negligible influence on the survival of the 
microorganisms, even if this could certainly be 
associated with shearing of the microorganisms. 
However, the lack of energy for the plastic deformation 
of the yeast cells due to the elastic deformation of the 
excipients seems to outweigh this effect, which is why 
the consideration of the reduction of the out-die 
porosity (and thus the plastic deformation) allows a 
better correlation. We now include this in the 
manuscript (see Section 3.2).

Commented [KaV39]:  Reviewer 2: Line 303 (Figure 
7): What does the grey area mean?

Commented [KaV40R39]:  The gray area marks the 
typical target tensile strength range. We had forgotten 
to mention this in the caption and have now added it.

Commented [KaV41]:  Reviewer 2: My main concern 
with the conclusions (shown in both the abstract and 
the conclusion sections) of the study is that the authors 
draw incorrect final conclusions about microorganism 
viability. Compression causes decrease survival (Fig 
1). Compression also causes a decrease in porosity 
which in turn increases bonding area and thus tensile 
strength (Fig 2 and Fig 5). The absolute value of 
porosity or tensile strength was not shown to be a 
causal factor for micro viability (see Fig 3 and Fig 7). 
The underlying cause for all changes in the tablet micro 
viability is repeatedly shown as the maximum 
compression pressure. 

Commented [KaV42R41]:  We understand the basic 
idea behind this criticism. Figure 1 gives the impression 
that survival is directly dependent on the maximum 
compression stress. However, the figure does not show 
that there is a causal relationship here. To demonstrate 
such relationships, the interaction between process, 
structure and property must be considered. It is true 
that the maximum compression stress has a significant 
influence on porosity (Figure 2). However, it also 
becomes clear that for the same maximum 
compression stress, the porosity is lower the more 
often the compression occurs (Figure 2 and 
Supplementary 1). Both the maximum compression 
stress and the frequency as a process function 
determine the absolute porosity as a structural 
parameter. The absolute porosity determines the 
survival as a product property in a formulation-specific 
way (Figure 3). To make this clearer, we have modified 
Figure 3. The data points of a formulation are now fitted 
together by an exponential function and the 97% 
confidence interval is also shown. It is clear that despite 
a certain variability of the experimental data, they 
essentially follow a common course, regardless of 
whether 1, 2 or 5-fold compaction was used. In the 
case of LAC in particular, it can be clearly seen that for 
each set of three data points, the single compression is 
characterized by the highest porosity and the highest 
survival, whereas with increasing number of 
compressions, porosity and survival (at the same 
compression stress) decrease systematically. The 
same applies to the tensile strength of the tablets: 
considering tensile strength as a function of the 
maximum compression stress applied (tabletability, 
Figure 6) shows a clear influence of the number of 
compressions. This can be attributed to the fact that the 
direct path is taken from the compression stress as a 
process function to the tensile strength as a product 
property, without considering the structure (porosity) as 
a link. Figure 5, on the other hand, clearly shows that 
the tablet strength is determined by the tablet porosity 
and that it is irrelevant whether this is achieved by 
changing the compression stress or the compression 
frequency. The data points of a formulation lie fairly 
perfectly on a single line for all materials. We tried to 
emphasize these relationships more strongly in the 
manuscript and hope that our explanation was able to 
convince Reviewer 2 of the basic idea of our research 
(process-structure-property relationships).
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of the conclusion supports our initial point: it is the 
same conclusion as in reference 2023d, which had 
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compression on microorganisms. Therefore, we would 
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even if the extend of this effect is admittedly limited. 
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curve for one formulation. However, for a higher 
number of compressions, the data points on the curve 
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and referenced the analog effect of varying 
compression stress and dwell time.
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540 Suppl. 1: Survival as a function applied compression stress on survival of spray dried yeast cells mixed 
with DCP, LAC, ISO and MCC, respectively. Compression was either without pre-compression or with pre-
compression of 10% of the main compression stress. Data points represent mean and standard deviation 
(𝒏 = 𝟑).
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545 Suppl. 2: Compressibility of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively. 
Compression was either without pre-compression or with pre-compression of 10% of the main 
compression stress. Data points represent mean and standard deviation (𝒏 = 𝟓).
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Suppl. 3: Survival of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively, as a function 
550 of tablet porosity. Compression was either without pre-compression or with pre-compression of 10% of the 

main compression stress. Data points represent mean and standard deviation (𝒏 = 𝟑).
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Suppl. 4: Compactibility of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively. 
Compression was either without pre-compression or with pre-compression of 10% of the main 

555 compression stress. Data points represent mean and standard deviation (𝒏 = 5).
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Suppl. 5: Tabletability of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively. 
Compression was either without pre-compression or with pre-compression of 10% of the main 
compression stress. Data points represent mean and standard deviation (𝒏 = 𝟓).
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Suppl. 6: Survival of spray dried yeast cells mixed with DCP, LAC, ISO and MCC, respectively, as a function 
of the tablet tensile strength. Compression was either without pre-compression or with pre-compression 
of 10% of the main compression stress. Data points represent mean and standard deviation (𝒏 = 𝟑).
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565 Suppl. 7: Porosity values calculated with fit parameters of compressibility model for defined compression 
stresses depend on the number of compressions. Error bars are not shown to ensure the clarity of the 
illustration.

0 1 2 3 4 5 6
0

5

10

15

K 
[-]

no of compressions [-]

DCP
LAC
ISO
MCC

Suppl. 8: Fit parameter 𝑲 of compressibility model dependent on the number of applied compression 
570 phases.


