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Abstract

Fecal microbiota transplantation (FMT) effectively treats recurrent Clostridioides difficile infection (rCDI), typically
administered as a fresh or frozen stool suspension through colonoscopy, nasojejunal tube, or oral capsules. Lyophilized
fecal microbiota (LFM) are an alternative to frozen FM products. We aimed to assess whether lyophilization affects
bacterial viability and metabolite levels and to develop LFM capsules for clinical use in Germany. Fecal donations from
pre-screened volunteers were aliquoted and analyzed through microbial cell counting, bacterial culture, 16S rRNA gene
amplicon sequencing, and bile acid assays. Results showed higher counts of viable bacterial cells and cultured anaerobes
in unprocessed stool compared to freshly processed stool (p=0.012 and p<0.001, respectively). No significant differ-
ence in viable bacterial counts was found between freshly processed (day 0), lyophilized (day 3) and frozen FM (day
3) (p=0.15), nor between freshly processed (day 0), lyophilized (days 30 and 90) and frozen FM (day 30) (p=0.07).
lyophilization did not significantly impact bile acid and 16S rRNA profiling. Encapsulation of lyophilized powder required
fewer capsules (10—14) than frozen capsules (30). LFM products are a practical, viable alternative to frozen and fresh FM
products, potentially improving storage and patient acceptance.
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Introduction

Clostridioides difficile (C. diff), previously known as Clos-
tridium difficile, is the most common cause of healthcare-
associated infectious diarrhea (Elliott et al. 2017; Czepiel
et al. 2021). While most initial episodes can be treated suc-
cessfully with fidaxomicin or vancomycin, recurrent disease
affecting a total of 15-20% of Clostridioides difficile infec-
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FMT on a broad range of diseases beyond rCDI, including
metabolic, malignant, autoimmune, and neuro-psychiatric
diseases is being assessed in clinical trials (Halaweish et al.
2022).

After the first randomized controlled clinical trial on
the use of FMT was published in 2013 (van Nood et al.
2013), FMT was typically delivered as a freshly pro-
cessed suspension via colonoscopy, enemas, a nasogas-
tric or a nasoduodenal tube (Kim and Gluck 2019). The
introduction of frozen products substantially facilitated
the logistics of FMT and thus broadened patient access.
FMT products stored at -80 °C are now routinely used,
and multiple randomized controlled trials have proven
that it is as effective as fresh suspensions in terms of
rCDI cure rates (Youngster et al. 2014; Lee et al. 2016;
Gangwani et al. 2023). Successful encapsulation of FM
represents another important procedural improvement
with respect to patient acceptance, associated procedural
risks, as well as expenses (Kao et al. 2017; Ramai et al.
2021; Halaweish et al. 2022).

While frozen encapsulated fecal microbiota (FM) offers
substantial logistic advantages compared to fresh FMT
products, storage, stability and transportation of these prod-
ucts still relies on an expensive infrastructure. More stable
formulations are needed to optimize usability for physicians
and patients alike. Lyophilization or freeze-drying repre-
sents the optimal method for preservation in this context
(Khoruts et al. 2021).

Lyophilization is a two-stage process that involves
rapid deep-freezing of the stool suspension followed by
the sublimation of water under reduced pressure. As a
result, the fecal suspension turns into a lyophilized cake
that is ground into a powder with reduced volume, which
in turn may reduce the number of capsules, required for
one treatment unit; moreover, storage and transport costs
can be reduced and the powder has a less offensive smell,
improving patient acceptance (Staley et al. 2017; Reyg-
ner et al. 2020; Varga et al. 2021; Zain et al. 2022). These
benefits are, however, potentially offset by concerns that
the processing might threaten microbial viability. In
many countries, FM products are regulated as medicinal
products and are therefore subject to Good Manufactur-
ing Practice (GMP) requirements, if to be used in clinical
trials. In this context, a complete validation of the manu-
facturing process is needed. Such a plan would also have
to address the above-mentioned viability issues. With this
work, we want to present a complete approach to a GMP-
compatible validation of LFM products in comparison to
fresh and frozen products as the current gold standard
with a special focus on bacterial viability.
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Materials and methods
General concept

The overall validation approach is shown in Fig. 1. Eight
healthy pre-screened donors (Supplementary material,
Table S1) were chosen using the Cologne Microbiota Bank
(CMB) questionnaire, and in accordance with the stan-
dardised model for stool banking for FM products (Keller
et al. 2021). Each individual provided one stool donation
with a minimum weight of 120 g that was processed within
half an hour after donation in the GMP facility of the CMB.

From each donation, we examined the bacterial viabil-
ity of four formulations, i.e. fresh unprocessed stool, fresh
processed stool suspension, frozen stool suspension and
lyophilized stool suspension at designated time points. We
used the QUANTOM Tx™ microbial cell counter and bac-
terial culture (for aerobes, anaerobes and spores) to analyze
microbial viability. Bacterial 16S rRNA gene profiling and
bile acids analysis were used to further specify potential
changes in the content of the LFM product. Residual water
content was determined using the volumetric Karl-Fischer
Titration.

Fecal processing
Initial processing and aliquoting

Of every donation, 5 g of stool were used for the analysis
of fresh unprocessed stool. Then, we homogenized 112 g of
stool from the remaining donation with 500 ml of NaCl 0.9%
under aerobic conditions directly in a stomacher bag equipped
with a filter, allowing for removal of large food particles and
fibrous material. We split the filtrate into twelve falcon tubes
(50 mL, each), that were centrifuged at 400xg for 5 min
for further separation of undesirable suspended matter. The
resulting pellet was discarded. The supernatant was submit-
ted to a second centrifugation step at 6000xg for 10 min. After
the second centrifugation, the resulting supernatants from the
falcon tubes were discarded and the pellets were combined
to produce a fecal slurry (40 mL). A total of 6 mL was used
for analysis of the fresh stool suspension (without cryopro-
tectants, Fig. 1). Half of the remaining fecal slurry was uti-
lised for the preparation of a frozen aliquot by the addition
of glycerol 85% (Ph. Eur. 250 ml, Otto Fischer GmbH & Co.
KG, 27310) as a cryoprotectant before freezing to achieve a
final concentration of 10% v/v. For the lyophilized product,
we added D-(+)-trehalose dihdrate powder (Sigma-Aldrich,
90210, Germany) to the other half as a lyoprotectant before
lyophilization to achieve a final concentration of 5% w/v.
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Each sample type was split into several aliquots for micro-
biological analysis, all originating from the same amount
of starting material (the same concentration of stool/ml).
We divided the lyophilized sample into multiple aliquots;
the weight of each was measured separately for each donor
batch directly after lyophilization. The fresh stool suspen-
sions (unprocessed and processed) were analyzed on day 0,
while the frozen and lyophilized suspensions were analyzed
twice: on day 3 and day 30, after freezing and lyophilization,
respectively. We additionally studied bacterial viability of
the lyophilized suspension of a subset of 5 stool donors on
day 90 using the QUANTOM Tx™ microbial cell counter.

Lyophilization

To build our lyophilization methodology, we performed
a pilot study at Martin Christ GmbH, Osterode am Harz,
Germany, where lyophilization of fecal suspensions with
trehalose of 3 samples was performed using the EPSILON
2-4 LSC plus pilot freeze-dryer (Martin Christ GmbH,
Germany). Primary and secondary drying lasted 50 h and
8 h, respectively, using a shelf temperature of -23 °C and
under 0.180 mbar vacuum and of +20 °C and under 0.05
mbar vacuum, respectively. The lyophilized samples were
aliquoted, vacuum-sealed and stored at 4 °C. Based on the

\
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glycerol stored in -80 °C freezer (C)
(Day 3 & 30 analysis)
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results of the pilot study (microbial cell counter and bac-
terial culture), we adapted our lyophilization approach and
set up a less intensive lyophilization protocol at the CMB,
Cologne, Germany using the same freeze-dryer model for
the processing of the 5 remaining samples. Primary and sec-
ondary drying was set at 35 h and 2 h, respectively. All other
parameters remained unchanged.

After lyophilization, we determined the volume of sub-
limated water for each lyophilized stool patch (weight of
stool suspension before lyophilization - weight of lyophi-
lized stool cake after lyophilization), in order to allow for
subsequent resuspension, which is necessary to allow for
microbiological analysis.

Microbiological analyses
Evaluation of bacterial viability

We assessed the total and viable bacterial cell count of each
sample preparation using the QUANTOM Tx™ microbial
cell counter (Logos Biosystems, Ltd., Korea, Q10001),
which is a novel image-based, automated cell counter, that
can quantitively measure fluorescence-stained bacterial
cells in a solution in a few minutes (Bainbridge-Sedivy et
al. 2023), unlike flow cytometers, which are faster and more
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accurate, but more expensive and technically demanding.
Ten images of fluorescence-stained cells are captured and
analyzed automatically for rapid and accurate bacterial cell
counts, in even the tightest clusters, and an example of a
cell count report is provided in the supplementary material.

Each sample was serially diluted in duplicates (1:200,
1:400, 1:800 and 1:1600); for each dilution, we examined
the total bacterial count by mixing a 10 pL sample with 1 pL
of QUANTOM™ total cell staining dye (Q13101) and 1 pL
of QUANTOM™ Total Cell Staining Enhancer (Q13002)
and then incubated for 10 min at room temperature. For the
viable cell count, a 10 pL sample was mixed with 2 pL of
QUANTOM™ viable cell staining dye (Q13201) and then
incubated for 30 min at 37°C. The stained bacterial cells
(either total or viable dye) were then mixed with 8 pL
QUANTOM™ Cell Loading Buffer  (Q13001), loaded onto
QUANTOM™ M350 Cell Counting Slides, and centrifuged
at 300xg for 10 min in the QUANTOMTx™ Centrifuge.
The slides were thereafter inserted into the QUANTOM
Tx™ glide port, and results of the bacterial cell counts were
expressed as bacterial cells/ml and recalculated as bacterial
cells/g initial stool. The samples were analyzed using the
QUANTOM Tx microbial cell counter using the follow-
ing parameters: size gating 0.3 to 50 um; roundness 30%;
declustering level 7; detection sensitivity 4. In both total and
viable cell counts, we used the average of the results of the
following dilutions (1:400, 1:800 and sometimes 1:1600),
and the bacterial count in each dilution was measured twice.

Subsequently, we wanted to determine the viability of the
bacteria within the lyophilized stool suspensions after dif-
ferent stages of lyophilization to assess, if secondary drying
may impact bacterial viability. To that aim, we utilized 6
other different stool donations. The viability in each dona-
tion was measured in triplicates at different points during the
lyophilization process, including at the end of primary dry-
ing and at the end of secondary drying. We also used those
6 preparations to measure the amount of residual water after
primary and secondary drying.

Bacterial culture

One aliquot of each preparation was serially diluted (1:200,
1:400, 1:800 and 1:1600) with saline solution (NaCl 0.9%)
in duplicates. From each dilution, 50 uL were inoculated on
5% sheep blood agar using an Eddy Jet 2 W automatic spiral
plater (IUL, Cat. 90003800, Barcelona, Spain). The cultures
were incubated for 24 h at 37 °C under aerobic conditions.
For anaerobes, Schaedler agar plates were used. After
inoculation, the plates were placed in anaerobic jars (the
Anoxomat ® III anaerobic Jar system) and incubated for
48 h at 37 °C. Anaerobic conditions were confirmed by an
indicator. For culturing spores, 15 pL stool suspension was
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diluted (1:10 and 1:100) with ethanol 99% and then plated
on Schaedler agar plates and incubated for 48 h at 37 °C
under anaerobic conditions. The amount of colony form-
ing units (CFU/ml) was counted using the SphereFlash®
automatic colony counter (IUL, Cat. 90007000, Barcelona,
Spain) and expressed as CFU/g initial stool.

Bile acid analysis

This analysis was conducted at the CECAD Lipidomics/
Metabolomics Facility in Cologne using the AbsoluteIDQ®
Bile Acids kit (Biocrates, Innsbruck, Austria) for quantifica-
tion of primary and secondary bile acids by liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) (Pham et
al. 2016). The kit includes external and internal calibration
standards and quality control samples (QC). Bile acids are
quantified using seven levels of external calibration stan-
dards (umol/L) and 10 stable isotope-labeled internal stan-
dards. By correcting matrix effects and evaporation during
sample preparation, the internal standards are added to the
external calibration standards and the samples to guarantee
the quality of the measurements. The quality control sam-
ples (QC) are based on human serum and consist of three
different spike levels: low (QC1), medium (QC2), and high
(QC3). The acceptable variation range of measured con-
centrations in QC2 and QC3 is +/- 30%, in QC1 +/- 45%.
We used the MultiQuant 3.0.3 software (AB SCIEX) to
integrate the peaks of the isotope-labeled and non-labeled
(endogenous) bile acids in the LC-chromatograms, com-
pute calibration curves, and quantify the endogenous bile
acids based on the calibration curves (Pham et al. 2016). We
always used 200 mg of the unprocessed stool and 200 ul of
the stool suspension or the reconstituted lyophilized stool
suspension in addition to 600 pl extraction buffer for bile
acids extraction. Since the aliquots were frozen at -80 °C
until the moment of bile acid extraction, this measurement
was not performed on fresh stool. We measured six primary/
conjugated primary bile acids (cholic acid, taurocholic acid,
glycocholic acid, chenodeoxycholic acid, taurochenode-
oxycholic acid, and glycochenodeoxycholic acid), as well
as eight secondary or conjugated secondary bile acids (urso-
deoxycholic acid, glycoursodeoxycholic acid, deoxycholic
acid, taurodeoxycholic acid, glycodeoxycholic acid, litho-
cholic acid, taurolithocholic acid, and glycolithocholic acid)
in aliquots of four stool donations in duplicates; results were
expressed as pmol/g.

Microbiota profiling by 16S rRNA gene amplicon
sequencing

The genomic DNA from each sample was extracted using
the FastDNA™ SPIN Kit for soil (MP Biomedicals, Solon,
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OH, USA) and used for taxonomic profiling by amplicon
sequencing of the V3-V4 region of the bacterial 16S rRNA
gene on the Illumina MiSeq (illumina 2013; Klindworth
et al. 2013). Sequencing data were processed using the
DADAZ2 pipeline and QIIME version 2 (release 2021.8)
(Caporaso et al. 2010; Callahan et al. 2016). Taxonomic
classification was performed using a Naive Bayes classi-
fier (sklearn v0.24.1) (Pedregosa et al. 2011), trained on
SILVA database release 138 (Quast et al. 2012). Micro-
biota analyses were carried out using R for Statistical
Computing (version 4.2.0, R Foundation for Statistical
Computing, Vienna, Austria) (R Core Team 2018). Alpha
diversity and beta diversity metrics of the different sample
preparation methods were calculated using the R package
phyloseq (1.48.0) (McMurdie and Holmes 2013). The beta
diversity, in this case the Bray-Curtis distances between
the samples, were visualized using principal coordinate
analysis (PCoA) and a hierarchical cluster analysis; the
effect of the preparations on the beta diversity was tested
by a permutational multivariate analysis of variance
(PERMANOVA).

Residual water measurement

We measured the residual water of six lyophilized prepa-
rations. Each donation was measured in triplicates. The
residual water was measured at two time points (at the end
of primary and secondary drying) according to the manufac-
turer’s instructions (Honeywell, United States, Charlotte).
Initially, the water content of Solvent E was assessed. Then
10 ml of Solvent E were added to each of the lyophilized
aliquots after primary and secondary drying. Titrant SE was
added using a 1 ml Hamilton syringe. The titrant solution
was added gradually, and the suspension was continuously
stirred by a magnetic stirring rod.

A yellow colour shift indicated the point at which all
water contained in the sample had been consumed by the
reaction. The consumption of titrant was read of the syringe,
and the water content was calculated from the amount of
titrant used. The previously calculated water content of Sol-
vent E was subtracted from the total water content. For each
donation, a triple determination was carried out for both the
primary drying and the secondary drying step.

Statistical analysis

Statistical analysis of the results from the QUANTOM Tx™
microbial cell counter, the bacterial culture, and bile acid
assay was done using GraphPad Prism 8.0.1, for Windows
(GraphPad Software, San Diego, California USA). Data
were assessed for normality of distribution using the Shap-
iro-Wilk and Kolmogorov-Smirnov tests.

For normally distributed data, results were presented as
mean and standard deviation (SD); Paired sample t-test was
used to compare the mean of two samples; and repeated mea-
sures one-way ANOVA with post-hoc Tukey HSD test was
used to compare the mean of three or more groups. For non-
normally distributed data, results were presented as median
and range; Wilcoxon signed rank test was used to compare
the mean of two samples; and Friedman test with Dunn’s
multiple comparisons was used for three or more groups.
All statistical tests were two-tailed, and a p-value <0.05 was
considered statistically significant.

Results

Data from the pilot study are summarized in the supplemen-
tary material together with data from the main study (Tables
S2-S6). Data from the main study (5 donor stool samples) is
presented in detail here.

Total and viable bacterial cell counts using the
QUANTOM Tx™ microbial cell counter

Total bacterial cell count

In the fresh unprocessed stool, the total bacterial cell concen-
tration (both living and dead cells) was 5.02x 10" cells/g,
and it reached 8.23 x 10! cells/g in the freshly prepared sus-
pension, which corresponds to a recovery yield of 16,4%. The
mean of the total cell concentration in the resuspended lyoph-
ilized samples on day 3 was 8.05 x 10'° cells/g. There were no
significant differences in cell concentrations for all follow-up
samples (Fig. 2a). Furthermore, there was no significant dif-
ference in cell counts after secondary drying and primary dry-
ing (Supplementary material, Table S7 and Fig. S1).

Viable bacterial cell count

In the fresh unprocessed stool, the viable bacterial cell concen-
tration was 3.5 10!! cells/g and reached 6.07x 10'° cells/g
in the freshly prepared suspension, which corresponds to a
recovery yield of 17.33%. The mean of the viable bacterial
cell concentration in the resuspended lyophilized samples on
day 3 was 4.62x 10'° cells/g. There were no significant dif-
ferences in the viable cell counts of all follow-up samples
(Fig. 2b, c and d). After one month at -80 °C, the percent
of viable bacterial cells in the frozen suspensions was 69%,
while after one month at 4 °C, the percent of viable cells in
the lyophilized stool suspensions was 57% (Supplementary
material, Table S8). When investigating the viable cell count
during lyophilization stages, differences between different
time points were statistically not significant (Supplementary
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material, Table S9 and Fig. S1). The viable cell concentra-
tion was approximately 60% at the start of lyophilization and
remained above 55%, suggesting at least 55% of the total
cells remained intact throughout the process.

Total and viable bacterial cell concentration measure-
ments (cells/g) of the different microbiota preparations are
shown in the supplementary material (Table S2 and S3).

Bacterial culture

Stool preparations were cultured for anaerobes, aerobes and
spores (Fig. 3). No statistically significant differences were
observed between the lyophilized stool suspension on day 3
and 30 and between the frozen suspension on day 3 and 30
(Supplementary material, Fig. S2).

Bacterial culture results of the different microbiota prep-
arations (CFU/g) are shown in the supplementary material
(Table S4-S6).

Bile acids analysis

Bile acid analyses were carried out in four out of the five
stool donors’ FM preparations in duplicates (unprocessed
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stool, processed stool suspension without glycerol, pro-
cessed stool suspension with glycerol and lyophilized stool
suspension), as shown in Table S10.

Five of the measured secondary bile acids were identi-
fied in all donors’ aliquots, but taurolithocholic acid and gly-
coursodeoxycholic acid were detected in only two donors’
samples, while glycolithocholic acid was detectable in only
one donor’s sample. Therefore, we excluded them from the
analysis.

We observed a notable difference in the total bile acid
concentrations among various FM preparations (Fried-
man test, p<<0.0001). Post hoc analysis revealed that the
levels were significantly higher in the unprocessed stool
(254,472+£531,042 pmol/g) compared to both the lyophi-
lized samples (10,601+24,191 pmol/g; p<0.0001) and the
processed stool suspension with glycerol (12,394+28,266
pmol/g; p=0.005). Furthermore, in the processed stool sus-
pension without glycerol, the total bile acids were elevated
at 12,673+29,026 pmol/g compared to the lyophilized
samples (p=0.005). Regarding the primary bile acids, we
found a significant difference in their total concentrations
across different preparations (Friedman test, p<0.0001).
Dunn’s post-hoc analysis revealed higher levels in the
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Fig. 4 Measurement of bile acid levels in four stool samples from
donors: A, unprocessed stool; B, stool suspension without glycerol, C;
stool suspension with glycerol 10% and D; lyophilized stool suspen-
sion. (a) Primary bile acids, (b) Secondary bile acids. LCA, Litho-
cholic acid; DCA, Deoxycholic acid; UDCA, Ursodeoxycholic acid,

unprocessed stool (21562419687 pmol/g) compared to
the lyophilized samples (106.8+139.3 pmol/g; p=0.0003),
while compared to the suspensions preparations (with
glycerol: 151.4+222.3 pmol/g, p=0.083; without glycerol:
167.3+217.2 pmol/g, p=0.705) no significant differences
were observed (Fig. 4).
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TDCA, Taurodeoxycholic acid; GDCA, Glycodeoxycholic acid; CA,
Cholic acid; GCA, Glycocholic acid; TCA, Taurocholic acid; GCDCA,
Glycochenodeoxycholic acid; TCDCA, Taurochenodeoxycholic acid;
CDCA, Chenodeoxycholic acid. Bile acid concentrations are reported
in pmol/g

Furthermore, secondary bile acids were also signifi-
cantly different across different preparations (Friedman
test, p<<0.0001), with higher levels in unprocessed stool
(533,963+724,925 pmol/g) than in lyophilized samples
(23,195+33,159 pmol/g; p=0.001), while there were no
significant differences between the other preparations (with
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glycerol: 27,086+38,765 pmol/g, p=0.164; without glyc-
erol: 27,679+39,877 pmol/g, p=0.849) (Fig. 4). Lithocho-
lic acid (LCA) and deoxycholic acid (DCA) were the most
prevalent bile acids determined (Table S10), where their lev-
els were significantly higher in the unprocessed stool (LCA:
1,559,424+609,149 pmol/g; DCA: 1,045,361+427,066
pmol/g) than in lyophilized samples (LCA: 72,233+29,019
pmol/g, p=0.037, DCA: 43,246+17,939 pmol/g,
p=0.037), with no significant differences in their concen-
trations between the other FM preparations.

Results of 16S rRNA gene amplicon sequencing

The taxonomic compositions of all preparations (fresh
unprocessed stool, fresh processed stool suspension, fro-
zen stool suspension and lyophilized stool suspension) are
shown in Fig. 5. The taxonomic compositions of the donor
samples in the pilot study are shown in the supplementary
material, Fig. S3.

Freezing and lyophilization did not affect the alpha-
diversity of the donor samples (e.g., Shannon index in
frozen stool suspension on day 30 vs. lyophilized stool sus-
pension on day 30: 3.18+0.2 vs. 3.23+0.2, p=0.52; Fig. 6a
and Table S11).

Beta-diversity analyses, in this case the Bray-Curtis
Dissimilarity, indicated that the majority of the observed
dissimilarity between the samples was attributable to the
different donor IDs (Fig. 6b; PERMANOVA: 1*=0.92,
F=71.9, p=0.001). Importantly, this analysis highlights
that preparations from the same donor clustered, irrespec-
tive of whether they were fresh, frozen, or lyophilized

Fig. 5 Effect of stool processing, ()
freezing, and lyophilization on 100%
microbiota composition. Taxa =

C D
- 100% -
5% - 75% -
. . 50% - = 50% -
bar plot representing the relative seng SR
abundance of the fourteen most IR L5
. . 100% - 100% -
abundant bacterial taxa on family ki g
(a) and genus (b) level. No sig- 50% - g 50%-
nificant difference for any taxon el 4

depending on different prepara- 100% -
tions and storage conditions was
observed. A; fresh unprocessed 25%-
stool, B; fresh stool suspension,
C; frozen stool suspension with 75% -
glycerol, D; lyophilized stool
suspension. D4, D5, D6, D7, D8 ok
stands for different stool donors.
Note: The unprocessed, pro- 50%-
cessed, and frozen Day 3 samples 25
for donors D4 and D5 were lost
during laboratory processing

(PERMANOVA: 1?=0.02, F=2.6, p=0.011). Additionally,
the composition of the samples remained unaffected by
the storage duration (PERMANOVA: ?=0.002, F=0.56,
p=0.688, Fig. 6b and c).

These findings were further validated through analysis
of similarities (ANOSIM). The results from the ANOSIM
analysis also corroborated these findings, highlighting that
donor ID was the only significant factor for different sam-
ples clustering (R=1, p=0.001). Conversely, factors such
as the preparation (R = -0.118, p=1) or storage duration (R
= -0.055, p=0.98) did not exert a significantly impact the
composition of the samples. The results do not change sig-
nificantly using the generalized UniFrac distance (Supple-
mentary material, Fig. S4).

Preparation of LFM capsules

The average yield of lyophilized powder per standard stool
donation (50 g) was 2.48 g+0.38 g lyophilized cake that
was ground into a powder by use of a spatula (maximum
was 3 g, minimum was 1.84 g). Delayed-release hydrox-
propyl methylcellulose capsules size 0 (DRcaps®, Capsu-
gel, Lonza, Basel, Switzerland) were manually filled each
with 0.2 g of the lyophilized powder (Fig. 7). The mean
recovered viable bacterial cell concentration in the LFM
product of 5 stool donations on day 3 was 4.62 x 10'° cells/g
of initial donor stool and 8.05x 10! total cells/g, respec-
tively. Hence, a standard stool donation (50 g) would result
in 2.31 x 10'? viable cells and 4.02 x 10'? total bacterial cells
contained in 2.48+0.38 g lyophilized product. Given that
each capsule may hold 0.2 g of powder, one donation would
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Fig. 6 Comparison of the alpha and beta diversity of the different
fecal microbiota preparations. (a) The different preparations and stor-
age times did not affect the alpha diversity (i.e. the Shannon Index;
Kurskal-Wallis p=0.52). (b, ¢) Beta-diversity (Bray Curtis distance)
visualized by principal component analysis (PCoA) (b) and hierarchi-
cal clustering dendrogram (c¢). Permutational multivariate analysis of

result in 12.4+2 capsules (10.5-14 capsules); each contain-
ing about 1.86x 10! viable bacterial cells and 3.24x 10!
total bacterial cells.

Residual water measurement

The residual moisture levels varied greatly among the
donations, but also within the donations themselves. Water
content post primary drying was nearly two times higher
than after secondary drying (Supplementary material,
Table S12 and Fig. S5). Further, the measured water con-
tents after secondary drying were in a very narrow range
and did not show a high deviation from the median com-
pared to the measured water contents after primary dry-
ing. The mean residual moisture content was significantly
higher in samples after primary drying than after second-
ary drying (14% vs. 7%, respectively) (unpaired t-test
r=0.649, p=0.001).

variance using distance matrices (PERMANOVA) indicates that the
majority of the observed dissimilarity between the samples is attrib-
uted to the different donor IDs (12=0.92, p=0.001). A; fresh unpro-
cessed stool, B; fresh stool suspension, C; frozen stool suspension with
glycerol, D; lyophilized stool suspension

Discussion

Frozen oral FM capsules are well established for the treat-
ment of rCDI. Their practical application is, however,
constrained by difficulties in terms of aesthetics, storage,
transportation, and handling. To address these limitations,
the concept of lyophilization emerged as a solution. As the
process of lyophilization can impair bacterial viability by
impacting membrane integrity (Wagman 1960; Jiang et al.
2018), we developed a comprehensive in vitro validation
approach.

To assess the bacterial viability in different FM prod-
ucts, we utilized both the QUANTOM Tx™ microbial cell
counter and conventional culturing techniques. Based on
the cell counter results, we observed a 6-fold drop in total
cells and a 5.77-fold drop in viable cells between unpro-
cessed and freshly processed stool on day 0. As this loss
was not restricted to anaerobic bacteria, we hypothesize that

@ Springer
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(B)

Fig. 7 Photos of lyophilized fecal microbiota (LFM). (a) LFM cake after lyophilization (b, ¢) grinding of the LFM cake into powder form using a
spatula (d, e) Encapsulation of LFM into size 0 delayed-release hydroxpropyl methylcellulose capsules (DRcaps®™, Capsugel)

the mechanical effects of filtration and centrifugation may
have contributed to these changes. Alternatively, a consider-
able number of cells might have been lost due to inefficient
separation during centrifugation. Unfortunately, we did not
measure viable cells in the initial supernatant, such that this
issue will need to be clarified through future analyses.

The clinical relevance of these findings remains unclear,
as the majority of clinical trials have successfully treated
rCDI using stool processed in this same manner (Camma-
rota et al. 2017; Mullish et al. 2018; Minkoff et al. 2023). In
the present analysis, there is a non-significant reduction in
the viable cell concentration between the lyophilized stool
suspension and the frozen suspension after one month of
storage. The percentage of viable cells after one month of
storage at -80 °C was 69% in the frozen suspension and 57%
in the lyophilized stool suspension stored at 4 °C. It dropped
to 47% after three months of storage (Table S8). Our find-
ings were in line with those of Staley et al., who examined
membrane integrity using the BacLight live/dead membrane
integrity assay throughout a two-month storage period and
found 56% membrane integrity (Staley et al. 2017).

Our findings with respect to anaerobic and aerobic
recovery of CFU/g showed a drop between the unprocessed
stool sample and the stool suspension, as well as between
the frozen and lyophilized preparations on day 3 and 30.
These drops were more pronounced in anaerobic, than in

@ Springer

aerobic bacteria, as previously reported (Jiang et al. 2018)
and explained by exposure of the fecal samples to oxygen
during processing (Papanicolas et al. 2019). The observa-
tion that culture independent assessment of viable bacte-
rial cell counts did not differ significantly between fresh,
frozen and lyophilized preparations (Fig. 2b) supports the
hypothesis that the limited cultural recovery of anaerobes
may be attributed to our culture approach, rather than an
actual drop in anaerobic bacteria in the processed samples.
In this context, the duration of incubation we selected may
have played an important role. Our aerobic and anaerobic
cultures were incubated for 24 and 48 h, respectively, as
previously published by Bénard et al. (Bénard et al. 2023).
Other studies, however, favored longer incubation periods
(Reygner et al. 2020; Bilinski et al. 2022).

In a second step, we sought to ascertain whether sec-
ondary drying has a detrimental effect on bacterial viabil-
ity. Although there was no significant difference in viable
cell counts before and after secondary drying, one might
postulate a slight tendency towards a higher viability after
secondary drying (paired t-test, p=0.331) (Supplementary
material, Table S9 and Fig. S1). Possible reasons include a
lack of declustering by the QUANTOM Tx™ cell counter,
improper sample preparation or insufficient resuspension of
the lyophilized samples. The higher viable cell concentra-
tion after secondary drying may also have resulted from the
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decreased water content. Thus, we can conclude, that sec-
ondary drying did not have a negative impact on the viabil-
ity of bacterial cells.

One of the proposed mechanisms of action of FMT in
rCDI relies on the regulatory activity of primary and sec-
ondary bile acids. Primary bile acids promote C. difficile
germination, while secondary bile acids inhibit vegetative
growth and toxin production (Sorg and Sonenshein 2008,
2010; Khoruts and Sadowsky 2016). Farowski et al.
observed that the presence of the secondary bile acid litho-
cholic acid (LCA) within recipient stool samples is a good
predictor of FMT success, with its concentration being com-
parable to that in donor samples (Farowski et al. 2019). In
our study, the most abundant bile acids in the different FM
aliquots were LCA and DCA. In a previous analysis on the
detection of primary and secondary bile acids in lyophilized
stool samples, concentrations were not found to be altered
significantly after lyophilization (Hu et al. 2023). This find-
ing contrasts with our results, as the concentration of pri-
mary and secondary bile acids was significantly reduced in
the lyophilized samples. While we filtered and centrifuged
the baseline fecal samples prior to lyophilization, Hu et al.
performed the lyophilization directly without any further
manipulation of the samples. We therefore hypothesize
that our stool processing steps may have contributed to the
decline of bile acid concentrations in the lyophilized sam-
ples. The difference between the loss of primary and sec-
ondary bile acids may be explained by a higher solubility of
primary bile acids in the supernatant that is discarded after
centrifugation. This hypothesis will need to be validated in
follow-up analyses.

The study evaluated the impact of lyophilization on
gut microbiota diversity using next-generation sequenc-
ing. Results showed no effect on alpha diversity indices
after 1 month of storage at 4 °C. No significant changes in
intra-donor microbiome composition across different FMT
preparations were observed. Since this approach does not
distinguish viable from non-viable bacteria, we suggest a
follow-up study that combines next-generation sequenc-
ing with a pretreatment of samples with propidium monoa-
zide (PMA) dye that prevents amplification of dead cells
(Nocker et al. 2007).

One of the most important advantages of lyophilization
is the reduction in the number of required capsules due to
water sublimation. This was confirmed by our analysis, as
we could reduce the number of required capsules from 30
to 10.5—14 capsules size 0, which is within the range docu-
mented in other studies (Jiang et al. 2018; Reigadas et al.
2020).

The residual moisture content after primary drying was
expected to be 5-20% and 1-5% after the secondary dry-
ing (PharmTech 2018; Meirowitz 2019). In our study, the

residual moisture content after primary drying was within
the expected range (14%), the residual moisture content
for the secondary dried samples deviated from this in their
arithmetic mean (7%) (Pearson’s r=0.893, p=0.003),
(Supplementary material, Table S12 and Fig. S5). One pos-
sible source of error was the reliance on visual observation
to determine the color change. For this project, volumetric
Karl-Fischer titration was selected due to its cost-effec-
tiveness and ease of use. The endpoint, indicating that all
water had reacted, was marked by a color change to yellow-
ish-brown, when iodine was no longer reduced to iodide.
Since the stool sample suspension with the added Solvent E
already had a brown colour from the beginning, it was dif-
ficult to recognise the colour change, and it is possible that
the colour change was only recognised by the operator’s eye
when the colouring became more intense. To obtain more
precise results, a titration with an alternative method should
be carried out, e.g. a coulometric Karl Fischer titration.

The key strengths of our study were the multiple tech-
niques used to validate the viability and diversity of the
LFM after 1 and 3 months of storage, as well as the assess-
ment of the primary and secondary bile acids. Furthermore,
we investigated the viability of the raw stool prior to pro-
cessing and discovered that the majority of the decline in
viability and bile acids happened primarily during process-
ing and not during freezing or lyophilization. Based on the
determined concentration of viable cells, we conclude that
the secondary drying step can be integrated into the pro-
cess for lyophilization of donor stool suspension for FMT.
Our study has some limitations, such as the small sample
size of donors (n=5) that does not allow for generalizability
of our findings to a broader range of individual donations.
The incubation period for culturing aerobes was limited to
24 h and that of anaerobes to 48 h, and our viability study
was limited to a maximum of only 3 months. Likewise, we
did not assess the viability of the LFM capsules. To address
these constraints, studies with a larger sample size and lon-
ger follow-up periods of up to 1-2 years are necessary.

Conclusion

We provide a comprehensive in vitro concept for the vali-
dation of lyophilized GMP-produced FM capsules, with a
special focus on bacterial viability. The aim is to facilitate
FMT access to patients by reducing the number of capsules,
minimizing unpleasant odours, simplifying storage and
delivery, and lowering prices. Our research indicates that
the bacterial viability and bile acid composition of LFM,
stored at 4 °C (with 5% trehalose), remained stable without
significant loss when compared to freshly processed stool
suspension or frozen FM in 10% glycerol.
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supplementary material available at https://doi.org/10.1007/s11274-0
25-04291-0.

Acknowledgements We gratefully acknowledge the support of our
fecal donors. Without them, this project would not have been possible.
The authors would like to thank Dr. Lena Biehl, at the Department of
Internal Medicine I, University Hospital Cologne, Faculty of Medi-
cine, for designing Fig. 1 in this manuscript.

Author contributions S.A.S. performing the experimental work, sta-
tistical analysis, preparing the figures, and writing the original draft,
F.F. conceptualization, methodology, statistical analysis of the se-
quencing data, manuscript review and editing, S.Y. investigation,
statistical analysis, manuscript review and editing, A.T. laboratory
work organization, obtaining informed consent from the stool donors,
manuscript review and editing, S.B. experimental work (bile acids
assay), manuscript review and editing, M.M.E. manuscript writing,
review, and editing, M.O.A. manuscript writing, review, and editing,
M.J.G.T.V. conceptualization, funding, project administration, super-
vision, manuscript review, and editing.

Funding No external funding was obtained for this project. Sara A.
Sedeek had a 1-year scholarship from the Egyptian Ministry of Higher
Education and Scientific Research.

Data availability The sequencing data generated and analysed in this
study is available in the NCBI Sequence Read Archive under the Bio-
Project accession number PRINA1208555. Further inquiries can be
directed to the corresponding author.

Declarations

Ethics approval or informed consent Fecal donors provided informed
consent based on the ISI protocol (ISI Study, ethics committee No 08-
160).

Competing interests The authors declare no competing interests.

References

Bainbridge-Sedivy R, Naushad S, Firth I, Gymninova I, EI-Azouni M,
Edissi S et al (2023) A protocol to enumerate total and viable
bacterial cells using QUANTOM Tx™ Microbial Cell Counter. h
ttps://doi.org/10.21203/rs.3.pex-2210/v1

Baunwall SMD, Terveer EM, Dahlerup JF, Erikstrup C, Arkkila P, Veh-
reschild MJ et al (2021) The use of faecal microbiota transplanta-
tion (FMT) in Europe: a Europe-wide survey. Lancet Reg Health
Eur 9:100181. https://doi.org/10.1016/j.1anepe.2021.100181

Bénard MV, Arretxe I, Wortelboer K, Harmsen HJM, Davids M, De
Bruijn CMA et al (2023) Anaerobic Feces Processing for Fecal
Microbiota Transplantation Improves Viability of Obligate
Anaerobes. Microorganisms 11. https://doi.org/10.3390/microor
ganisms 11092238

Bilinski J, Dziurzynski M, Grzesiowski P, Podsiadly E, Stelmaszczyk-
Emmel A, Dzieciatkowski T et al (2022) Fresh Versus Frozen
Stool for Fecal Microbiota Transplantation-Assessment by Mul-
timethod Approach combining culturing, Flow Cytometry, and
Next-Generation sequencing. Front Microbiol 13:872735. https
://doi.org/10.3389/fmicb.2022.872735

Callahan BJ, Mcmurdie PJ, Rosen MJ, Han AW, Johnson AJA,
Holmes SP (2016) DADAZ2: high-resolution sample inference

@ Springer

from Illumina amplicon data. Nat Methods 13:581-583. https://d
oi.org/10.1038/nmeth.3869

Cammarota G, laniro G, Tilg H, Rajili¢-Stojanovi¢ M, Kump P, Sato-
kari R et al (2017) European consensus conference on faecal
microbiota transplantation in clinical practice. Gut 66:569-580.
https://doi.org/10.1136/gutjnl-2016-313017

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK et al (2010) QIIME allows analysis of high-through-
put community sequencing data. Nat Methods 7:335-336. https:/
/doi.org/10.1038/nmeth.f.303

R Core Team (2018) R: A language and environment for statistical
computing [Online]. Vienna, Austria: R Foundation for Statisti-
cal Computing. Available: https://www.r-project.org/ [Accessed
15 April, 2024]

Czepiel J, Krutova M, Mizrahi A, Khanafer N, Enoch DA, Patyi M et
al (2021) Mortality following Clostridioides difficile infection in
Europe: a retrospective Multicenter Case-Control Study. Antibiot
(Basel) 10. https://doi.org/10.3390/antibiotics 10030299

Elliott B, Androga GO, Knight DR, Riley TV (2017) Clostridium dif-
ficile infection: evolution, phylogeny and molecular epidemiol-
ogy. Infect Genet Evol 49:1-11. https://doi.org/10.1016/j.meegi
d.2016.12.018

Farowski F, Solbach P, Tsakmaklis A, Brodesser S, Cruz Aguilar MR,
Cornely OA et al (2019) Potential biomarkers to predict outcome
of faecal microbiota transfer for recurrent Clostridioides difficile
infection. Dig Liver Dis 51:944-951. https://doi.org/10.1016/j.dl
d.2019.01.012

Gangwani MK, Aziz M, Aziz A, Priyanka F, Weissman S, Phan K et al
(2023) Fresh Versus Frozen Versus Lyophilized Fecal Microbiota
Transplant for recurrent Clostridium Difficile infection: a sys-
tematic review and network Meta-analysis. J Clin Gastroenterol
57:239-245. https://doi.org/10.1097/MCG.0000000000001777

Halaweish HF, Boatman S, Staley C (2022) Encapsulated fecal micro-
biota transplantation: development, efficacy, and clinical applica-
tion. Front Cell Infect Microbiol 12. https://doi.org/10.3389/fcim
b.2022.826114

Hu C, Wang W, Garey KW (2023) Heterogeneity and lyophilization
comparison of stool processing for gastrointestinal bile acid
measurement by LC-MS/MS. J Chromatogr B Analyt Technol
Biomed Life Sci 1214:123569. https://doi.org/10.1016/j.jchrom
b.2022.123569

Ilumina (2013) 16S Metagenomic Sequencing Library Preparation,
Preparing 16S Ribosomal RNA Gene Amplicons for the Illumina
MiSeq System [Online]. Available: https://support.illumina.com/
downloads/16s_metagenomic_sequencing_library preparation.h
tml [Accessed 15 April, 2024]

Jiang ZD, Jenq RR, Ajami NJ, Petrosino JF, Alexander AA, Ke S et
al (2018) Safety and preliminary efficacy of orally administered
lyophilized fecal microbiota product compared with frozen prod-
uct given by enema for recurrent Clostridium difficile infection: a
randomized clinical trial. PLoS ONE 13:¢0205064. https://doi.or
¢/10.1371/journal.pone.0205064

Kao D, Roach B, Silva M, Beck P, Rioux K, Kaplan GG et al (2017)
Effect of oral Capsule- vs colonoscopy-delivered fecal microbi-
ota transplantation on recurrent Clostridium difficile infection: a
Randomized Clinical Trial. JAMA 318:1985-1993. https://doi.or
2/10.1001/jama.2017.17077

Keller 1J, Ooijevaar RE, Hvas CL, Terveer EM, Lieberknecht SC,
Hogenauer C et al (2021) A standardised model for stool banking
for faecal microbiota transplantation: a consensus report from a
multidisciplinary UEG working group. United Eur Gastroenterol
J9:229-247. https://doi.org/10.1177/2050640620967898

Kelly CR, Fischer M, Allegretti JR, Laplante K, Stewart DB, Limket-
kai BN, Stollman NH (2021) ACG clinical guidelines: Prevention,
diagnosis, and treatment of Clostridioides difficile infections. Am


https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1136/gutjnl-2016-313017
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://www.r-project.org/
https://doi.org/10.3390/antibiotics10030299
https://doi.org/10.1016/j.meegid.2016.12.018
https://doi.org/10.1016/j.meegid.2016.12.018
https://doi.org/10.1016/j.dld.2019.01.012
https://doi.org/10.1016/j.dld.2019.01.012
https://doi.org/10.1097/MCG.0000000000001777
https://doi.org/10.3389/fcimb.2022.826114
https://doi.org/10.3389/fcimb.2022.826114
https://doi.org/10.1016/j.jchromb.2022.123569
https://doi.org/10.1016/j.jchromb.2022.123569
https://support.illumina.com/downloads/16s_metagenomic_sequencing_library_preparation.html
https://support.illumina.com/downloads/16s_metagenomic_sequencing_library_preparation.html
https://support.illumina.com/downloads/16s_metagenomic_sequencing_library_preparation.html
https://doi.org/10.1371/journal.pone.0205064
https://doi.org/10.1371/journal.pone.0205064
https://doi.org/10.1001/jama.2017.17077
https://doi.org/10.1001/jama.2017.17077
https://doi.org/10.1177/2050640620967898
https://doi.org/10.1007/s11274-025-04291-0
https://doi.org/10.1007/s11274-025-04291-0
https://doi.org/10.21203/rs.3.pex-2210/v1
https://doi.org/10.21203/rs.3.pex-2210/v1
https://doi.org/10.1016/j.lanepe.2021.100181
https://doi.org/10.3390/microorganisms11092238
https://doi.org/10.3390/microorganisms11092238
https://doi.org/10.3389/fmicb.2022.872735
https://doi.org/10.3389/fmicb.2022.872735

World Journal of Microbiology and Biotechnology (2025) 41:83

Page 13 0of 13 83

J Gastroenterol 116:1124—1147. https://doi.org/10.14309/ajg.000
0000000001278

Khoruts A, Sadowsky MJ (2016) Understanding the mechanisms of
faecal microbiota transplantation. Nat Rev Gastroenterol Hepatol
13:508-516. https://doi.org/10.1038/nrgastro.2016.98

Khoruts A, Staley C, Sadowsky MJ (2021) Faecal microbiota trans-
plantation for Clostridioides difficile: mechanisms and pharma-
cology. Nat Rev Gastroenterol Hepatol 18:67—80. https://doi.org/
10.1038/s41575-020-0350-4

Kim KO, Gluck M (2019) Fecal microbiota transplantation: an update
on clinical practice. Clin Endosc 52:137-143. https://doi.org/10.
5946/ce.2019.009

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M,
Glockner FO (2013) Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-
based diversity studies. Nucleic Acids Res 41:el. https://doi.org/
10.1093/nar/gks808

Lee CH, Steiner T, Petrof EO, Smieja M, Roscoe D, Nematallah A et al
(2016) Frozen vs fresh fecal microbiota transplantation and clini-
cal resolution of Diarrhea in patients with recurrent Clostridium
difficile infection: a Randomized Clinical Trial. JAMA 315:142—
149. https://doi.org/10.1001/jama.2015.18098

Mcmurdie PJ, Holmes S (2013) Phyloseq: an R Package for Reproduc-
ible Interactive Analysis and Graphics of Microbiome Census Data.
PLoS ONE 8:¢61217. https://doi.org/10.1371/journal.pone.0061217

Meirowitz R (2019) 5 - Microencapsulation technology for coating
and laminating. /n: SMITH, W. C. (ed.) Smart Textile Coatings
and Laminates (Second Edition). Woodhead Publishing, 117—
154. https://doi.org/10.1016/B978-0-08-102428-7.00005-5

Minkoff NZ, Aslam S, Medina M, Tanner-Smith EE, Zackular JP,
Acra S et al (2023) Fecal microbiota transplantation for the treat-
ment of recurrent Clostridioides difficile (Clostridium difficile).
Cochrane Database Syst Rev 4:Cd013871. https://doi.org/10.100
2/14651858.CD013871.pub2

Mullish BH, Quraishi MN, Segal JP, Mccune VL, Baxter M, Marsden
GL et al (2018) The use of faecal microbiota transplant as treat-
ment for recurrent or refractory Clostridium difficile infection and
other potential indications: joint British Society of Gastroenter-
ology (BSG) and Healthcare Infection Society (HIS) guidelines.
Gut 67:1920-1941. https://doi.org/10.1136/gutjnl-2018-316818

Nocker A, Sossa-Fernandez P, Burr MD, Camper AK (2007) Use of
propidium monoazide for live/dead distinction in microbial ecol-
ogy. Appl Environ Microbiol 73:5111-5117. https://doi.org/10.1
128/aem.02987-06

Papanicolas LE, Choo JM, Wang Y, Leong LEX, Costello SP, Gordon
DL et al (2019) Bacterial viability in faecal transplants: Which
bacteria survive? EBioMedicine 41:509-516. https://doi.org/10.1
016/j.ebiom.2019.02.023

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel
O et al (2011) Scikit-learn: machine learning in python. J Mach
Learn Res 12. https://doi.org/10.48550/arxiv.1201.0490

Pham HT, Arnhard K, Asad YJ, Deng L, Felder TK, St John-Williams
L et al (2016) Inter-laboratory robustness of next-generation bile
Acid Study in mice and humans: International Ring Trial Involv-
ing 12 Laboratories. J Appl Lab Med 1:129-142. https://doi.org/1
0.1373/jalm.2016.020537

Pharmtech (2018) Residual Moisture Testing Methods for Lyophilized
Drug Products [Online]. Available: https://www.pharmtech.com
/view/residual-moisture-testing-methods-lyophilized-drug-produ
cts [Accessed 15 April, 2024]

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P et al (2012)
The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Res 41:D590—
D596. https://doi.org/10.1093/nar/gks1219

Ramai D, Zakhia K, Fields PJ, Ofosu A, Patel G, Shahnazarian V et al
(2021) Fecal microbiota transplantation (FMT) with colonoscopy

is Superior to Enema and Nasogastric Tube while comparable
to Capsule for the treatment of recurrent Clostridioides difficile
infection: a systematic review and Meta-analysis. Dig Dis Sci
66:369-380. https://doi.org/10.1007/s10620-020-06185-7

Reigadas E, Bouza E, Olmedo M, Vazquez-Cuesta S, Villar-Gomara L,
Alcala L et al (2020) Faecal microbiota transplantation for recur-
rent Clostridioides difficile infection: experience with lyophilized
oral capsules. J Hosp Infect 105:319-324. https://doi.org/10.101
6/j.jhin.2019.12.022

Reygner J, Charrueau C, Delannoy J, Mayeur C, Robert V, Cuinat C et
al (2020) Freeze-dried fecal samples are biologically active after
long-lasting storage and suited to fecal microbiota transplantation
in a preclinical murine model of Clostridioides difficile infection.
Gut Microbes 11:1405-1422. https://doi.org/10.1080/19490976.
2020.1759489

Sorg JA, Sonenshein AL (2008) Bile salts and glycine as cogerminants
for Clostridium difficile spores. J Bacteriol 190:2505-2512. https
://doi.org/10.1128/jb.01765-07

Sorg JA, Sonenshein AL (2010) Inhibiting the initiation of Clostridium
difficile spore germination using analogs of chenodeoxycholic
acid, a bile acid. J Bacteriol 192:4983-4990. https://doi.org/10.
1128/jb.00610-10

Staley C, Hamilton MJ, Vaughn BP, Graiziger CT, Newman KM,
Kabage AJ et al (2017) Successful resolution of recurrent Clos-
tridium difficile infection using Freeze-Dried, encapsulated fecal
microbiota; pragmatic cohort study. Am J Gastroenterol 112:940—
947. https://doi.org/10.1038/ajg.2017.6

Stallmach A, Von Miiller L, Storr M, Link A, Konturek PC, Solbach
PC et al (2023) Fakaler mikrobiota-transfer (FMT) in Deutsch-
land— Status Und Perspektive. Z Gastroenterol. https://doi.org/1
0.1055/a-2075-2725

Van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG,
De Vos WM et al (2013) Duodenal infusion of Donor feces for
RecurrentClostridium difficile. N Engl J Med 368:407—-415. https
://doi.org/10.1056/NEJMo0al205037

Van Prehn J, Reigadas E, Vogelzang EH, Bouza E, Hristea A, Guery B
et al (2021) European Society of Clinical Microbiology and Infec-
tious diseases: 2021 update on the treatment guidance document
for Clostridioides difficile infection in adults. Clin Microbiol Infect
27(Suppl 2):S1-S21. https://doi.org/10.1016/j.cmi.2021.09.038

Varga A, Kocsis B, Sipos D, Kasa P, Vigvari S, Pal S et al (2021)
How to apply FMT more effectively, conveniently and flexible
- A comparison of FMT methods. Front Cell Infect Microbiol
11:657320. https://doi.org/10.3389/fcimb.2021.657320

Wagman J (1960) Evidence of cytoplasmic membrane injury in the
drying of bacteria. J Bacteriol 80:558—-564. https://doi.org/10.112
8/jb.80.4.558-564.1960

Youngster I, Sauk J, Pindar C, Wilson RG, Kaplan JL, Smith MB et
al (2014) Fecal microbiota transplant for relapsing Clostridium
difficile infection using a frozen inoculum from unrelated donors:
a randomized, open-label, controlled pilot study. Clin Infect Dis
58:1515-1522. https://doi.org/10.1093/cid/ciul35

Zain NMM, Ter Linden D, Lilley AK, Royall PG, Tsoka S, Bruce KD
et al (2022) Design and manufacture of a lyophilised faecal micro-
biota capsule formulation to GMP standards. J Control Release
350:324-331. https://doi.org/10.1016/j.jconrel.2022.08.012

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1007/s10620-020-06185-7
https://doi.org/10.1016/j.jhin.2019.12.022
https://doi.org/10.1016/j.jhin.2019.12.022
https://doi.org/10.1080/19490976.2020.1759489
https://doi.org/10.1080/19490976.2020.1759489
https://doi.org/10.1128/jb.01765-07
https://doi.org/10.1128/jb.01765-07
https://doi.org/10.1128/jb.00610-10
https://doi.org/10.1128/jb.00610-10
https://doi.org/10.1038/ajg.2017.6
https://doi.org/10.1055/a-2075-2725
https://doi.org/10.1055/a-2075-2725
https://doi.org/10.1056/NEJMoa1205037
https://doi.org/10.1056/NEJMoa1205037
https://doi.org/10.1016/j.cmi.2021.09.038
https://doi.org/10.3389/fcimb.2021.657320
https://doi.org/10.1128/jb.80.4.558-564.1960
https://doi.org/10.1128/jb.80.4.558-564.1960
https://doi.org/10.1093/cid/ciu135
https://doi.org/10.1016/j.jconrel.2022.08.012
https://doi.org/10.14309/ajg.0000000000001278
https://doi.org/10.14309/ajg.0000000000001278
https://doi.org/10.1038/nrgastro.2016.98
https://doi.org/10.1038/s41575-020-0350-4
https://doi.org/10.1038/s41575-020-0350-4
https://doi.org/10.5946/ce.2019.009
https://doi.org/10.5946/ce.2019.009
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1001/jama.2015.18098
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/B978-0-08-102428-7.00005-5
https://doi.org/10.1002/14651858.CD013871.pub2
https://doi.org/10.1002/14651858.CD013871.pub2
https://doi.org/10.1136/gutjnl-2018-316818
https://doi.org/10.1128/aem.02987-06
https://doi.org/10.1128/aem.02987-06
https://doi.org/10.1016/j.ebiom.2019.02.023
https://doi.org/10.1016/j.ebiom.2019.02.023
https://doi.org/10.48550/arxiv.1201.0490
https://doi.org/10.1373/jalm.2016.020537
https://doi.org/10.1373/jalm.2016.020537
https://www.pharmtech.com/view/residual-moisture-testing-methods-lyophilized-drug-products
https://www.pharmtech.com/view/residual-moisture-testing-methods-lyophilized-drug-products
https://www.pharmtech.com/view/residual-moisture-testing-methods-lyophilized-drug-products
https://doi.org/10.1093/nar/gks1219

	﻿In vitro validation concept for lyophilized fecal microbiota products with a focus on bacterial viability
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿General concept
	﻿Fecal processing
	﻿Initial processing and aliquoting
	﻿Lyophilization


	﻿Microbiological analyses
	﻿Evaluation of bacterial viability
	﻿Bacterial culture
	﻿Bile acid analysis
	﻿Microbiota profiling by 16S rRNA﻿ gene amplicon sequencing
	﻿Residual water measurement

	﻿Statistical analysis
	﻿Results
	﻿Total and viable bacterial cell counts using the QUANTOM Tx™ microbial cell counter
	﻿Total bacterial cell count
	﻿Viable bacterial cell count




