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A B S T R A C T   

Odoribacter (O.) splanchnicus is an anaerobic member of the human intestinal microbiota. Its decrease in abun-
dance has been associated with inflammatory bowel disease (IBD), non-alcoholic fatty liver, and cystic fibrosis. 
Considering the anti-inflammatory properties of O. splanchnicus and its possible use for IBD, intestinal isolate 
O. splanchnicus 57 was here formulated for oral colonic release based on a time-dependent strategy. Freeze- 
drying protocol was determined to ensure O. splanchnicus 57 viability during the process. Disintegrating tab-
lets, containing the freeze-dried O. splanchnicus 57, were manufactured by direct compression and coated by 
powder-layering technique with hydroxypropyl methylcellulose (Methocel™ E50) in a tangential-spray fluid 
bed. Eudragit® L was then applied by spray-coating in a top-spray fluid bed. Double-coated tablets were tested 
for release, showing gastric resistance properties and, as desired, lag phases of reproducible duration prior to 
release in phosphate buffer pH 6.8. The cell viability and anti-inflammatory activity of the strain were assessed 
after the main manufacturing steps. While freeze-drying did not affect bacterial viability, the tableting and 
coating processes were more stressful. Nonetheless, O. splanchnicus 57 cells survived manufacturing and the final 
formulations had 106-107 CFU/g of viable cells. The strain kept its anti-inflammatory properties after tableting 
and coating, reducing Escherichia coli lipopolysaccharide-induced interleukin-8 cytokine release from HT-29 
cells. Overall, O. splanchnicus 57 strain was formulated successfully for oral colon delivery, opening new ways 
to formulate pure cultures of single anaerobic strains or mixtures for oral delivery.   

1. Introduction 

Odoribacter (O.) splanchnicus is a gram-negative, mesophilic, anaer-
obic member of the human intestinal microbiota and short-chain fatty 
acid (SCFA) producer, belonging to the order Bacteroidales within the 
family ‘Porphyromonadaceae’ [1,2]. It was formerly named Bacteroides 
splanchnicus due to the similarities with the members of the Bacteroides 
genus, but it was reclassified in 2008 by Hardham et al. to a new genus, 
Odoribacter, based on its biochemical, morphological, and molecular 
phylogenetic characteristics [3]. Although it shares a significant number 
of characteristics with the genus Bacteroides, several biochemical fea-
tures differ from other Bacteroides species [4]. Regardless of being 

classified as a potential opportunistic pathogen when found in extra-
intestinal locations, its beneficial properties and commensal role derived 
from SCFAs production have weighted O. splanchnicus to be considered a 
key component of the gut microbiota [5,6]. Its beneficial functions 
include promoting healing during colitis, modulating regulatory T-cell 
responses, and contributing to overall gut health [7]. 

O. splanchnicus is considered to establish a beneficial interaction with 
the human host, and a decrease in its abundance is related to a wide 
range of pathologies, such as inflammatory bowel disease (IBD), non- 
alcoholic fatty liver (NAFL), and cystic fibrosis [8–10]. A decrease in 
SCFA levels in the gut together with a lower presence of their dominant 
bacterial producers were related to active IBD compared with healthy 
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controls [11]. As an SCFA-producing organism, O. splanchnicus con-
tributes to the production of butyrate, which is absorbed and metabo-
lized by the epithelium leading to the consumption of (local) O2 and 
stabilization of the hypoxia-inducible factor [11]. A drop in butyrate 
levels and an increase in O2 levels in the gut epithelium may favour 
facultatively anaerobic, pro-inflammatory species such as Escherichia 
coli and Salmonella spp. [12]. Also, butyrate reduces gut hyper-
permeability by increasing expression of tight-junction proteins, thereby 
decreasing inflammation and endotoxemia derived from leaky gut syn-
drome [6]. 

O. splanchnicus has been described to be part of the immune-reactive 
bacterial core strains that are transferred during fecal microbiota 
transplantation (FMT) from donor to recipient [5]. The study identified 
O. splanchnicus as species that correlated with the clinical response of 
ulcerative colitis (UC) patients to FMT therapy. Furthermore, in UC mice 
model, O. splanchnicus shaped mucosal immunity, increased Foxp3+/ 
ROR γ t+ regulatory T cells, and induced interleukin 10 (IL-10) [5]. 

Given the anti-inflammatory properties of O. splanchnicus and its 
possible therapeutic use for IBD, colon delivery would be highly bene-
ficial to protect the bacteria from the hostile upper gastrointestinal 
environment [13]. Nowadays, encapsulation of anaerobic bacteria is the 
most used technique to formulate anaerobic bacteria, such as Bifido-
bacterium spp. for oral delivery [14]. The challenge is ensuring that 
probiotic bacteria reach the colon in viable, active form after being 
exposed to a wide range of pH (from pH 1–3 in the stomach and 
increasing above pH 7 in the intestine), enzymes, metabolites, and 
presence of food or drugs. Some bacteria like Bifidobacterium spp. can 
resist the acidic environment of the stomach and other harsh upper 
gastrointestinal conditions [15], however, most of the anaerobic species 
that are considered as next-generation probiotics cannot survive transit 
through the upper gastrointestinal tract, due to the lack of cell protective 
systems [16]. Therefore, new oral formulation technologies need to be 
employed to deliver these bacteria to the desired site with the maximum 
number of active cells [17]. 

The colonic region is a highly favourable environment for anaerobic 
bacteria, and it harbours the densest population of the gut microbiome, 
especially anaerobes [18]. The delivery of viable anaerobic bacteria to 
the colon by oral route is a challenge since there is a need to protect the 
bacterial cells from O2 during manufacture, storage, and from the hostile 
conditions of the upper intestinal tract. 

Several formulation strategies have been proposed for colon delivery 
purposes, including exploitation of small intestinal transit time [19]. 
Swellable/erodible hydrophilic polymer layers have been applied when 
a time-controlled delivery is sought [20]. Particularly, a coated system 
was developed having a low-viscosity hydroxypropyl methylcellulose 
(HPMC) coating to delay the onset of release from a drug-containing 
core [21]. Additionally, an outer enteric coating was needed to protect 
the system from aqueous fluids during unpredictable residence in the 
stomach, so that time-based colon delivery could be achieved. Eudra-
git® L-30 D55 was used to this end. Spray-coating was mainly employed 
to apply the HPMC layer to tablets and capsules. However, it was 
recently reported that powder-layering, allowing powdered drugs to be 
layered onto inert seeds, may involve lower working temperatures and 
shorter processing times, which would presumably be advantageous to 
preserve the viability of bacteria [22]. 

Based on these premises, the present work aimed to formulate a 
suitable oral system of pure culture of O. splanchnicus 57 for bacter-
iotherapy according to a time-dependent colonic delivery strategy. The 
strain used in this study was previously isolated from a healthy fecal 
donor, thoroughly characterized, and whole genome sequenced [1]. The 
use of a novel coating technique, powder-layering, was explored to 
apply the functional HPMC coating to reduce exposure of the bacteria to 
possibly harmful operating conditions. The in vitro release performance 
of the resulting delivery system was studied through assay of an 
analytical tracer, purposely incorporated in the tablet core along with 
the bacterial powder. The bacterial viability was assessed after the main 

steps involved in the manufacturing process. Furthermore, the anti- 
inflammatory properties of O. splanchnicus 57 were evaluated before 
and after formulation development. 

2. Materials and methods 

2.1. O. splanchnicus strain, human enterocyte cell line, and their growth 
conditions 

O. splanchnicus 57 strain was isolated from a healthy fecal donor, 
purified, and characterized in our previous study [1]. Frozen stocks were 
made in skim milk (Tammer BioLab, FI) and kept at − 80 ◦C for further 
cultivation. The strain was grown in Gifu Anaerobic Medium (GAM, 
Nissui Pharmaceutical, JP) at 37 ◦C in the anaerobic chamber (Don 
Whitley A85 anaerobic workstation, UK; 10% H2, 10% CO2, and 80% 
N2) for 2–3 days. 

The HT-29 human enterocyte cell line (ACC 299) was obtained from 
the German Collection of Microorganisms and Cell Cultures (DSMZ, DE). 
The cells were grown at 37 ◦C, under an oxic atmosphere with 5% of 
CO2. Cells were passaged every 3–4 days when 80% of confluence was 
reached by using TryplExpress (Lonza, US-MD) to detach the cells. HT- 
29 cells were cultivated in McCoy 5A (Lonza) medium supplemented 
with 100 U/ml Penicillin-Streptomycin (PEST; Lonza) and 10% of heat- 
inactivated fetal bovine serum (FBS, Gibco, US-MA). 

2.2. Freeze-drying of bacterial cells 

O. splanchnicus 57 cultures were grown by plating frozen stock bac-
teria on GAM agar as described above. Afterwards, single colonies were 
inoculated into 4 ml of GAM broth and cultivated under the same con-
ditions. After 48 h of cultivation, bacterial cells were harvested by 
centrifugation (4,000 rpm, 15 min, +4◦C), washed with phosphate- 
buffered saline (PBS), and suspended into cryoprotectant media. 

Two cryoprotectant solutions were tested. Medium 1 is described 
below and medium 2, which was not finally used in the formulation, is 
described in the supplementary material. Cryoprotectant solution was 
based on peptone-buffered water (Neogen, US-MI), skim-milk (Tammer 
BioLab, FI; 5% w/v), maltodextrin (Sigma-Aldrich, US-MO; 5% w/v), 
glycerol (Sigma-Aldrich; 5% v/v) and L-cysteine hydrochloride mono-
hydrate (Sigma-Aldrich; 0.6 g/L), acting as an oxygen scavenger. Stock 
solutions of the different components of the cryoprotectant solution 
were first sterilized by autoclaving or filter sterilization and then com-
bined to reach the final concentrations. 1 ml of bacterial suspension in 
cryoprotectant medium was aliquoted to Greiner Bio-one 2-vent tubes 
for freeze-drying. The vials were frozen overnight at − 80 ◦C and freeze- 
dried the day after in a CoolSafe 110–4 Pro freeze-drier (Labogene, DK) 
at − 105 ◦C and under 0.05 Pa for 24 h. 

2.3. Manufacturing of the colon delivery system 

Convex cylindrical tablets (250 mg) for immediate release contain-
ing the freeze-dried powder (40% w/w), microcrystalline cellulose 
(MCC, Avicel® pH 102, FMC Co., IT; 50.5% w/w), paracetamol (Mal-
linckrodt™, UK; 4% w/w) as a release marker, sodium starch glycolate 
(Explotab® CLV, JRS Rettenmaier Italia, IT; 4.5% w/w), colloidal silica 
(Giusto Faravelli S.p.A, IT; 0.5% w/w) and magnesium stearate (Carlo 
Erba reagents, IT; 0.5% w/w) were manufactured by mixing in a mortar 
and direct compression (rotary tablet press AM-8S, Officine Ronchi, IT, 
equipped with concave punches of 8 mm in diameter and 8 mm in 
curvature radius) under a compaction force of 8 kN. 

The tablets were then coated by powder-layering in a tangential- 
spray fluid bed (GPCG1.1, Glatt, DE) with hydroxypropyl methylcellu-
lose (HPMC, Methocel™ E50, Colorcon Ltd, UK) up to a nominal value of 
40% weight gain after sealing with a 5% w/w Methocel™ E50 solution 
that was also used as the powder-layering binder [22]. The process 
parameters were: 1.2 mm nozzle port size, 0.8 bar atomizing air 
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pressure, 55–65 m3/h drying air volume, 50 ◦C inlet air temperature, 
31–36 ◦C product temperature, 9–10 g/min/kg spray rate. Eudragit® L- 
30 D55 (Evonik Degussa Italia, IT), in aqueous dispersion (17 % w/w as 
a solid) with triethyl citrate (TEC, Honeywell International Inc, US-NC; 
10 % w/w on dry polymer), glyceryl monostearate (GMS, Gattefossé SA, 
FR; 5% w/w on dry polymer) and polysorbate 80 (Tween® 80; ACEF S.p. 
A., IT; 6% w/w on dry polymer) was finally applied onto HPMC-coated 
tablets using a top-spray fluid bed (Mini-Glatt, Glatt, DE) up to nominal 
10% weight gain. The process parameters were: 0.5 mm nozzle port size, 
1.0 bar atomizing air pressure, 40–45 m3/h drying air volume, 35 ◦C 
inlet air temperature, 30–33 ◦C product temperature, 65–70 g/min/kg 
spray rate. Curing was performed after coating with Eudragit® L-30 
D55. The chosen conditions were 35 ◦C for 2 h. 

All intermediates and final double-coated tablets were stored in 
vacuum-sealed plastic bags at − 10 ◦C. 

2.4. In vitro release test 

The resulting double-coated tablets were tested in triplicate for 
release using a tracer drug, paracetamol. The release test was performed 
in an adapted USP 43 disintegration apparatus (Sotax DT3, Sotax S.r.l., 
IT; 31 cycles/min) to avoid impact on data reliability of the adhesion of 
swollen HPMC layer to the vessels [21,22]. The release medium (37 ±
0.5 ◦C) was firstly 0.1 N hydrochloric acid solution (Merk, DE), for 2 h, 
and then phosphate buffer (PB) pH 6.8 (VWR Int. S.r.l., IT). A volume of 
300 ml was used for both fluids to set up a testing procedure that could 
apply to bacterial cell count in the study follow-up. Sink conditions were 
ensured throughout the entire duration of the test. At predetermined 
time points, fluid samples were automatically collected. Paracetamol 
released was assayed spectrophotometrically at λ = 248 nm (Lambda 35, 
PerkinElmer® Italia, IT), and in vitro lag time, expressed as the time to 
10% release (t10%), was calculated by linear interpolation of the data 
before and after 10% of the drug was released in phosphate buffer pH 
6.8. 

2.5. Bacterial viability test 

The bacterial viability was assessed by viable cell count method 
plating on GAM and/or Fastidious Anaerobe Agar (FAA, Tammer Bio-
Lab, FI) agar using sterilized PBS for the serial dilutions and incubating 
the plates in an anaerobic chamber or jars with anaerobic gas generator 
(Oxoid™ AnaeroGen™, ThermoFisher Scientific, US-MA) at 37 ◦C for 
72 h. 

For the viable cell count method, a volume of 100 µl of cell sus-
pension dilution (103, 104, 105) was plated onto 90 mm petri agar plates. 
After incubation, each viable cell in the appropriately diluted sample 
forms a visible colony, which were counted. Based on the dilution and 
the number of colony-forming units (CFUs), an estimate of viable cells 
was obtained. 

Freeze-dried (FD) powders were kept at room temperature, +4 ◦C, 
− 20 ◦C, or − 80 ◦C, and the viability was tested in triplicates before FD, 
after FD, 1 month, and 3 months after FD. Additionally, one replicate of 
FD powders stored at − 10 ◦C was tested after FD and 3 months after FD. 
The bacterial viability in all manufacturing intermediates and the final 
double-coated tablets was assessed as described above for FD powders. 
The solid formulations were previously vortexed in sterilized PBS until 
mechanical disintegration and dispersion. 

2.6. Assay for anti-inflammatory activity on enterocytes 

Active culture of O. splanchnicus strain 57, freeze-dried powders, 
bacteria-loaded double-coated tablets, and the respective placebos, 
wherein the bacteria load was replaced with MCC, were tested for their 
capacity to attenuate Escherichia coli lipopolysaccharide (LPS, Sigma, 
US) induced interleukin-8 (IL-8) release in the HT-29 cell line. The assay 
was described in detail previously [23]. Briefly, HT-29 cells were seeded 

onto a Corning™ Falcon™ 96-well cell culture-treated, flat-bottom 
microplate (ThermoFisher Scientific, US-MA), 12.500 cells per well, and 
grown in Gibco™ McCoy 5A medium (ThermoFisher Scientific) with 
supplements under 95% air–5% of CO2 atmosphere at 37 ◦C for 8 days. 
The HT-29 growth medium was changed after 3–4 days and the day 
before the assay. 

McCoy 5A medium was used to wash O. splanchnicus 57 cells after 
harvest from the culture media and to disperse the FD powder and the 
double-coated tablets. Bacteria-loaded and placebo double-coated tab-
lets were suspended 1:10 (v/v) and vortexed together with glass beads to 
ensure mechanical disintegration and detachment of bacteria from the 
components of the drug core. Supernatants collected after glass bead 
vortexing were further used. The freshly cultured strain 57 as well as 
strain 57 grown from FD powder and double-coated tablets were 
adjusted to OD600nm 0.25 (Novaspec II, Pharmacia Biotech, SE) in 
McCoy 5A medium. 8-day-old HT-29 cells were co-incubated with 100 µl 
of the corresponding bacterial suspensions for 1 h under the cell 
culturing conditions followed by removing of bacterial suspensions, 
placebo, and controls from the monolayer and addition of McCoy 5A 
medium supplemented with 1 ng/ml of E. coli LPS. Only McCoy 5A 
medium supplemented with FBS 10% was used for the negative back-
ground controls. After incubating the plate for 4 h in the same conditions 
as before, IL-8 levels were measured from the supernatants by per-
forming an ELISA assay (BD OptEIA™ Set, BD Biosciences, US-NJ) ac-
cording to the kit manufacturerś instructions. 

2.7. Statistical analysis 

The statistical analyses were performed with GraphPad Prism 9 
software. The differences between two groups were calculated by an 
unpaired, two-tailed t-test, and p-values < 0.05 were considered sig-
nificant. The equality of variances was checked by carrying out F-test. 

3. Results 

3.1. Effect of freeze-drying and storage on O. splanchnicus viability 

The viability of freeze-dried bacterial cells is the basis for the 
formulation as biotherapeutic bacteria need to be delivered alive and in 
active form at the desired release location. Thus, it is essential to track 
the bacterial viability at each step to proceed with further formulation 
steps. The first step in formulating a dry bacterial product is freeze- 
drying, which is a stressful procedure for bacterial cells, and viability 
assessment during this crucial first step as well as during the following 
storage is basis for the successful formulation. 

We first tested two cryoprotectant media for freeze-drying of 
O. splanchnicus 57 and selected medium 1, which gave better results in 
bacterial viability after freeze-drying (see supplementary material), for 
further formulation studies. The final cryoprotectant medium for 
O. splanchnicus 57 contained peptone-buffered water, skim milk, 
maltodextrin, glycerol, and l-cysteine. 

To address the impact of storage temperature on the survival of 
freeze-dried O. splanchnicus 57, we evaluated the viability of freeze- 
dried cell powders by comparing multiple storage temperatures; room 
temperature, +4 ◦C, − 20 ◦C and − 80 ◦C (Fig. 1A). Freeze-drying of 
O. splanchnicus 57 lowered viable bacterial cells slightly, but not statis-
tically significantly. On the one hand, storage for 1 and 3 months at the 
lowest temperatures of − 20 ◦C and − 80 ◦C did not decrease bacterial 
viable counts statistically significantly. On the other hand, higher stor-
age temperatures of +4 ◦C and room temperature lead to a significant 
decrease in cell survival after 1 and 3 months. 

Furthermore, we addressed the viability of freeze-dried 
O. splanchnicus 57 at − 10 ◦C and found that, although viable cell 
counts decreased after 3 months of storage, the viable cell count was still 
above 107 CFU/ml (Fig. 1B). 
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3.2. Formulation and manufacturing of the oral delivery system 

For every manufacturing step and outcome formulation, we assessed 
the viability of O. splanchnicus 57 cells by plate counts, and the results 
showed viable counts of cells ranging from 106 to 107 CFU/g of freeze- 
dried powder. The tablets were manufactured from freeze-dried pow-
ders that were kept at − 10 ◦C, which was not optimal but still allowed 
good bacterial cell survival (Fig. 1B). First, we tested the effect of mixing 
O. splanchnicus 57 powders with the tablet core excipients, which did not 
affect the viable counts significantly (Fig. 2A). Next, a comparison be-
tween the successive tableting and mixing was done, and the differences 
were found to be non-significant (Fig. 2A), but statistically significant 
when comparing freeze-dried powder and tableting from another batch 
(Fig. 2B). Thus, the applied compaction force to manufacture the core 
matrix decreased the viable counts in the tablets, but overall freeze- 
dried O. splanchnicus 57 cells tolerated the process well. After tablet-
ing, the viable counts were still above 106 CFU/g. 

Next, we tracked bacterial viability also during the following 
formulation steps (Fig. 2B), where two coating processes, for application 

of HMPC and gastric-resistant layers (GR), respectively, were carried 
out. When analysing the manufacturing step-by-step, statistically sig-
nificant drops in viability were observed when the freeze-dried powders 
were tableted but not when the tablets were coated with HPMC by 
powder-layering and with Eudragit® L-30 D55 by spray-coating. The 
viable counts of O. splanchnicus 57 remained above 106 CFU/g (Fig. 2B). 
The bacterial viable counts in the coated tablets did not decrease after 1 
week of storage in vacuum-sealed bags at − 10 ◦C (Fig. 2B). 

3.3. Release test 

Double-coated tablets were evaluated in triplicate for in vitro per-
formance first in 0.1 N HCl and then in phosphate buffer pH 6.8 (Fig. 3). 
While in contact with the acidic medium, they showed gastric resistance 
properties since no drug release or signs of disintegration were observed. 
When the medium was changed, the tablets lost their gastric-resistant 
layer and HPMC got into contact with the aqueous fluid. Therefore, 
the polymer started to swell delaying the onset of release of the tracer 
drug. Reproducible lag times with an average duration of 55 min were 

Fig. 1. Cell viability after freeze-drying and storage of O. splanchnicus 57 strain (A) at room temperature, +4 ◦C, − 20 ◦C, and − 80 ◦C and (B) at − 10 ◦C. Columns 
indicate (A) the CFU/ml present in three replicates compared to after freeze-drying and suspension into the original volume and (B) the CFU/ml present in one 
replicate. An asterisk indicates a statistically significant difference (* = p < 0.05) in reduction of viable counts of O. splanchnicus 57 during storage. 

Fig. 2. Cell viability after mixing and tableting of O. splanchnicus strain 57 (A) and during the different processing steps until double-coated tablets and after 1 week 
of storage in airtight bags at − 10 ◦C (B). Bars indicate the standard deviations from three replicates. An asterisk indicates a statistically significant difference (* = p <
0.05) in reduction of viable counts of O. splanchnicus 57 between the processing steps. 
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achieved. After release was started, coinciding with the breakup of the 
tablets, 80% of the drug was released within 20 min. Subsequently, the 
release of paracetamol was slowed down possibly because of collapse of 
the coating structure observed during the test. 

3.4. Anti-inflammatory capacity of O. splanchnicus after formulation 

The capacity of O. splanchnicus 57 strain to attenuate E. coli LPS- 
induced inflammatory interleukin IL-8 release from HT-29 cells was 
tested for active cultures, freeze-dried powders, and double-coated 
tablets. The assay was carried out with the already established proto-
col [1]. HT-29 cells pre-incubated with O. splanchnicus 57 cells that were 
sub-cultivated from the freeze-dried powders or the double-coated tab-
lets, showed a drop in IL-8 release of 70 % and 59 %, respectively, as 
compared to the LPS control without prior exposure to the bacterium 
(Fig. 4A). The result was comparable to that obtained with 
O. splanchnicus 57 cultivated from the regular − 80 ◦C stock (Fig. 4A). 
Thus, the capability of O. splanchnicus 57 to attenuate the release of pro- 
inflammatory IL-8 from enterocytes after E. coli LPS induction was not 
compromised by freeze-drying, tableting, powder-layering, or spray- 
coating. 

Next, we addressed the anti-inflammatory effect of O. splanchnicus 57 
double-coated tablets as compared to placebo ones (Fig. 4B). Overall, 
data from three experiments showed that O. splanchnicus 57 bacteria 
from double-coated tablets had an anti-inflammatory effect by reducing 

IL-8 cytokine release from HT-29 cells, which were induced with E. coli 
LPS. Placebo double-coated tablets did not statistically significantly 
attenuate the release of IL-8 cytokine, except for experiment 2 where 
they also reduced IL-8 release, but statistically significantly less than 
O. splanchnicus 57 double-coated tablets. Thus, the O. splanchnicus 57 
tablets exerted anti-inflammatory action also directly without the 
retrieval of bacterial viability and growth. 

4. Discussion 

In this study, we formulated double-coated tablets containing freeze- 
dried O. splanchnicus 57 powders for oral colon delivery. The system had 
a tablet core of freeze-dried powders from a pure culture of 
O. splanchnicus 57 coated by an inner layer of HPMC and an outer layer 
of Eudragit® L. Preservation and formulation of O. splanchnicus for site- 
selective release pave the way to treat inflammation in the colon 
epithelium by targeted delivery of bacteria that have anti-inflammatory 
properties. 

Freeze-drying technique is widely implemented to preserve bacterial 
strains that are used in diverse probiotic formulations. During the pro-
cess, a protective media is needed to support bacterial cells from the 
stressful procedures of freezing or freeze-drying [24]. First, we evalu-
ated two cryoprotectant media for O. splanchnicus 57 cells and continued 
with the better one to achieve stable survival and high viable counts of 
cells after freeze-drying. The composition of the cryoprotectant medium 
was designed based on the requirements of anaerobic bacteria for 
O. splanchnicus 57 strain. Optimally, selection of cryoprotectants is 
strain-specific, especially when freeze-drying is applied to strict anaer-
obic human gut microbes [25,26]. Our protectant medium was based on 
a mixture of skim milk (5%), maltodextrin (5%), and glycerol (5%) in 
peptone-buffered water. Skim milk interacts with the lipid bilayer 
structural proteins of bacterial cells forming biofilms and stabilizing cell 
membranes [27]. Polysaccharide maltodextrin was chosen amongst 
other disaccharide polyols or polysaccharides as it has been commonly 
used as a probiotic cryoprotectant [28]. Glycerol has proved to be a good 
supplement for freeze-drying butyrate-producing bacteria [29], 
enhancing the recovery of the cells by disrupting the hydrogen bonding 
between water molecules, and blocking the formation of ice crystals 
[30]. L-cysteine enhances energy production of anaerobic bacteria by 
reducing the oxidation–reduction potential and improves in that way 
cell growth and expression of their functional key genes encoding sub-
strate conversion and energy production [31]. 

O. splanchnicus 57 cells did not suffer statistically significant viability 

Fig. 3. Release of paracetamol in HCl 0.1 N and PB pH 6.8 from the double- 
coated tablets containing O. splanchnicus strain 57. Tablets containing freeze- 
dried O. splanchnicus 57 powder, MCC, paracetamol, sodium starch glycolate, 
colloidal silica, and magnesium stearate, were firstly coated with HPMC and 
then with Eudragit® L. 

Fig. 4. Attenuation of E. coli LPS induced IL-8 release (%) from the human HT-29 cell line exposed to O. splanchnicus 57 from (A) O. splanchnicus 57 cells cultivated 
from stock culture (control), sub-cultivated from freeze-dried (FD) powder, and double-coated tablets (DC-T); (B) O. splanchnicus 57 and placebo supernatants from 
double-coated tablets. Bars indicate the standard deviations from three replicates. An asterisk indicates a statistically significant difference (* = p < 0.05) in 
reduction of IL-8 production by HT-29 cell line as compared to the control, or between the O. splanchnicus 57 and placebo double-coated tablets. 
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loss when undergoing the freeze-drying process, and subsequently 
stored for 1 or 3 months at either − 20 ◦C or − 80 ◦C. On the contrary, 
viable cell counts of O. splanchnicus 57 freeze-dried powder were 
significantly decreased when stored at +4 ◦C or room temperature. Our 
results are in line with previous studies showing that the recovery rate of 
anaerobic bacteria after freeze-drying declines as the storage tempera-
ture increases [32]. Major factors influencing the survival of bacterial 
cells, notably anaerobic strains, include exposure to oxygen and hu-
midity, and nutrient lack [33]. 

To ensure the delivery of freeze-dried O. splanchnicus 57 cells to the 
colon and to protect the cells from degradation by the hostile upper 
gastrointestinal tract, freeze-dried bacterial powder was tableted for oral 
dosing and subsequently double coated. The manufactured tablet con-
sisted of a mix of freeze-dried O. splanchnicus 57 strain and excipients. 
The tablet core was coated by an inner layer of HPMC to delay the onset 
of disintegration throughout the intestine, according to the time- 
dependent colonic release strategy, and an outer coating of Eudragit® 
L to protect the delivery system during gastric residence. 

In the core formulation, MCC was chosen since it was shown to 
remarkably improve the flow properties of the powder mixture and the 
relevant compaction ability compared to other diluents, such as the 
broadly used lactose monohydrate. Sodium starch glycolate (Explotab® 
CLV), a commonly employed super-disintegrant, was used to promote 
the disintegration of the dosage form by more effectively counteracting 
the possible matrix effect associated with the relatively high percentage 
amount of freeze-dried component. As this also tended to impair flow-
ability during processing, due to marked hygroscopicity characteristics, 
colloidal silica (Aerosil® 200) was needed as a glidant. Magnesium 
stearate was finally added as a lubricant to the pre-mixed tablet com-
ponents and subjected to a shorter mixing to avoid a negative impact on 
disintegration of the tablet core. 

We addressed the effect of mixing and tableting on O. splanchnicus 57 
cell survival and observed that mixing of the excipients did not show any 
significant effect. However, tableting appeared a more stressful step, 
decreasing the viable count by approximately one logarithmic unit. 
Survival rates in tableting can depend on the used excipients or me-
chanical stress from compression forces, lowering microorganism 
viability possibly due to an increase in temperature induced by inter- 
particle and particle-die wall frictions. However, when anaerobic pro-
biotic tablets need to be formulated, direct compression might protect 
the oxygen-sensitive strains when stored [34,35]. 

As previously described, the tablet cores used in our study, con-
taining freeze-dried powders of O. splanchnicus 57, underwent a sealing 
phase followed by powder-layering in a tangential-spray fluid bed with a 
low-viscosity swellable hydrophilic polymer, Methocel™ E50 [22]. The 
main goal of coating was to obtain oral dosage forms with a lag phase 
before the bacteria are released, to achieve a time-dependent colon 
delivery through swelling and erosion of the functional HPMC layer 
when in contact with the aqueous intestinal fluid [19–22]. Powder- 
layering, only recently introduced as a coating technique, was pur-
posely selected for this process given the highly sensitive nature of the 
bacteria conveyed in the tablet cores. Indeed, it allowed lower operating 
temperatures and, above all, smaller water volumes to be employed vs. 
spray-coating. On the other hand, the extent of mechanical stress was by 
far reduced as compared with compression-coating. Moreover, although 
the latter technique would have involved fully dry processing, it is 
known to bring about difficulties in achieving reproducible and fine- 
tuned lag times followed by prompt and quantitative release [36]. The 
coating process parameters were attentively set up in order to make their 
impact on the bacteria as mild as possible. Particularly, an adequate 
balance of the binder spray and powder addition rates was sought, 
which would enable powder adhesion while avoiding excessive wetting 
of the tablets and stickiness of the cores. After coating the tablets with 
HPMC, O. splanchnicus 57 cell viability was stable (106 CFU/g), and the 
viable counts remained unchanged when applying an enteric coating, 
also after storage for 1 week at − 10 ◦C. This may indicate that the HPMC 

coating would serve as a protective barrier during the subsequent spray- 
coating process with Eudragit® L. Given the early stage of the work, the 
usual probiotic dose ranges, and particularly the critical oxygen and 
humidity sensitivity characteristics of O. splanchnicus, the overall results 
could be considered successful pointing out the interesting potential of 
the chosen coating technique in this specific area and the suitability of 
the formulation design applied. However, more research needs to be 
conducted to increase the number of viable cells at the end of all the 
manufacturing steps. 

To evaluate the release performance of the colon delivery system 
proposed, paracetamol was included as a component of the tablet core, 
together with the bacterial freeze-dried powder, for use as an analytical 
tracer given its well-known solubility and solid-state properties as well 
as ease of UV detection [37–39]. In addition, a preliminary literature 
survey allowed any detrimental influence on bacteria to be ruled out, 
which is an aspect that also needs to be taken into account when dealing 
with microorganisms. The release started on average after 55 min of 
immersion in PB pH 6.8, and over 80% release was achieved in 20 min. 
This would confirm that, despite a porous structure associated with the 
nature of the coating technique employed, the applied HPMC layer 
would be effective in preventing drug release over a lag phase of pro-
grammable duration. The subsequent decrease in the release rate may 
have been due to a collapse of the coating structure that was noticed 
during the test, roughly coinciding with the final phases of release. 
Because of the high percentage of freeze-dried bacterial powder, the 
effect of core disintegration may have been less effective in aiding 
complete disruption of the coating. 

The O. splanchnicus strain 57 used in this study has previously shown 
anti-inflammatory properties in the human enterocyte model [1] and we 
assessed whether these properties were maintained during the 
manufacturing process of the double-coated tablets for colonic release. 
Anti-inflammatory tests were performed based on its attenuation ca-
pacity of cytokine IL-8 release from HT-29 human cell line upon E. coli 
LPS induction. O. splanchnicus 57 cells attenuated the IL-8 release from 
enterocytes induced by E. coli LPS when the bacteria were recultivated 
from freeze-dried powders or double-coated tablets. Thus, the strain 
kept its anti-inflammatory action after re-growth from freeze-dried 
formulation. Double-coated tablets conveying O. splanchnicus 57 also 
exerted an anti-inflammatory effect in the enterocyte model. Our results 
imply that the effector molecules of O. splanchnicus 57 were active in the 
described formulation and could exert anti-inflammatory action even 
before the bacterium retrieved its growth. 

5. Conclusions 

An oral colon delivery system was designed for targeted release of 
anaerobic O. splanchnicus 57, a potentially therapeutic bacterium. Tab-
leting and double coating of the freeze-dried O. splanchnicus 57 cells 
were attempted and viable cell counts, release tests, and bacterial anti- 
inflammatory assays were performed. The results showed the survival of 
O. splanchnicus 57 and a time-controlled release of the delivery system 
contents. O. splanchnicus 57 cells that had undergone the formulation 
steps were capable of attenuating E. coli LPS-induced IL-8 release from 
HT-29 cells, i.e., exerted anti-inflammatory action. Our study suggests 
that it is possible to include in oral double-coated tablets anaerobic 
bacteria and deliver them alive and in active form after a lag phase, 
which should help avoid degradation by hostile upper gastrointestinal 
tract conditions and allow selective release into the colon. Therefore, 
this opens new avenues to formulate pure cultures of single anaerobic 
strains or mixtures for oral delivery to become the so-called live bio-
therapeutic products. 
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