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3D Printing is an innovative technology within the pharma and food industries that allows the design and
manufacturing of novel delivery systems. Orally safe delivery of probiotics to the gastrointestinal tract faces
several challenges regarding bacterial viability, in addition to comply with commercial and regulatory stand-
points. Lactobacillus rhamnosus CNCM 1-4036 (Lr) was microencapsulated in generally recognised as safe (GRAS)
proteins, and then assessed for robocasting 3D printing. Microparticles (MP-Lr) were developed and charac-
terised, prior to being 3D printed with pharmaceutical excipients. MP-Lr showed a size of 12.3 + 4.1 ym and a
non-uniform wrinkled surface determined by Scanning Electron Microscopy (SEM). Bacterial quantification by
plate counting accounted for 8.68 + 0.6 CFU/g of live bacteria encapsulated within. Formulations were able to
keep the bacterial dose constant upon contact with gastric and intestinal pH. Printlets consisted in oval-shape
formulations (15 mm x 8 mm x 3.2 mm) of ca. 370 mg of total weight, with a uniform surface. After the 3D
printing process, bacterial viability remained even as MP-Lr protected bacteria alongside the process (log
reduction of 0.52, p > 0.05) in comparison with non-encapsulated probiotic (log reduction of 3.05). Moreover,
microparticle size was not altered during the 3D printing process. We confirmed the success of this technology for
developing an orally safe formulation, GRAS category, of microencapsulated Lr for gastrointestinal vehiculation.

1. Introduction physiological needs and treatment dosage (Arafat et al., 2018; Awad

etal., 2019; Goyanes et al., 2019; Kadry et al., 2018; Martin et al., 2021;

3D Printing is becoming an emerging technology in diverse indus-
trial areas, including pharmaceutical and food industries (Baiano, 2022;
Varghese et al., 2022). This process generates 3D objects layer-by-layer
with the help of digitalized tools. It comprehends the geometry and
morphology design of printlets, automatizing their manufacturing and
minimising human error, thus booming both versatility and quality of
formulations generated (Martinez et al., 2018; Picco et al., 2023; Zheng
et al., 2020). Technological aspects such as rheology, texture and vol-
ume can be adjusted and modified, as well as dosing and drug distri-
bution within the different layers (Garcia-Segovia et al., 2020; Liu et al.,
2019; Robles-Martinez et al., 2019). This technology enables the use of
diverse matrixes and excipients, or the simultaneous incorporation of
different active ingredients, increasing their stability and bioavailability
(Giiltekin et al., 2021; Kollamaram et al., 2018). As a result, 3D printing
allows to develop personalized treatments, fitting different
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Silva et al., 2022; Stewart et al., 2020). Therefore, specific populations
could benefit from these products, such as paediatric or elderly patients
with age-related dysphagia, patients with dose-adjustment treatments,
as well as chronic dose-dependent pathologies (Goyanes et al., 2017;
Kadry et al., 2018; Kouzani et al., 2017; Malebari et al., 2022; Pant et al.,
2021).

Probiotics can be defined as “live microorganisms which, when
administered in adequate amounts, confer a health benefit on the host”
(Hill et al., 2014). Following oral intake, live probiotics colonize the
large intestine and help normalize the human microbiota, exerting
several health-promoting and disease-prevention effects (Maldonado
Galdeano et al., 2019; Peng et al., 2022; Sohn et al., 2023; Yamanbaeva
et al., 2023). Diverse items are commercialized upon the probiotic label,
such as probiotics in food or dietary supplements, probiotic drugs,
medical foods, non-oral probiotics (e.g., vaginal), probiotic for animal
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feed and probiotic added to infant formulas. They cover a wide variety of
products with different means of administration, target populations,
target sites and regulatory categories (Hill et al., 2014).

In 2022 probiotic market size was estimated to account for more than
USD $2.5 billion. With an annual growth of 8%, the probiotic market
share is expected to grow and surpass the number of USD $5 billion in
the following years (Kunal Ahuja and Sarita Bayas, n.d.). Nevertheless,
industrial development of orally safe and viable probiotic formulations
faces multiple challenges, including the loss of viability during industrial
manufacturing process, during long-time storage, and throughout bac-
terial passage along the intestinal tract after oral administration.
Therefore, multiple techniques for probiotic vehiculation have been
developed with the aim to protect them (Terpou et al., 2019). Micro-
encapsulation in organic particles with Generally Recognized As Safe
(GRAS) category comes up as an innovative solution to fulfil the needs of
the nutraceutical industry.

Previous works have tried to develop probiotic products based on 3D
printing technology. Liu et al. (2020) 3D printed Bifidobacterium animalis
subsp. Lactis in mashed potatoes, while Dodoo and collaborators (Dodoo
et al., 2020) ink-jetted a Streptococcus salivarius strain in oro-dispersible
films with xylitol. In another interesting work, Lactobacillus plantarum
were incorporated in a hydrogel, prior to be printed within a symbiotic-
composite flour construct (Yoha et al., 2021). In a similar way, a 3D
printed hydrogel formulation with Bifidobacterium lactis and Lactoba-
cillus acidophilus was also developed by Kuo et al. (2022), while Xu et al.
(2023) 3D printed B. lactis in a gel stabilized by tea protein/xanthan
gum. Most of them observed a protective effect upon bacterial viability
after the 3D printing process, which could be attributed to the matrix
where probiotics were embedded and/or encapsulated within, reaching
>log 6 CFU/g in the final product. Nevertheless, no previous work with
microencapsulated probiotics generated by desolvation, GRAS protein-
based, has been developed so far.

The aim of this study was to develop a microencapsulated probiotic
formulation based on robocasting 3D-printing technology, for oral de-
livery, ensuring the delivery of a specific dose of live bacteria in the large
intestine to achieve the desired biological effect. For this purpose, a
strain of L. rhamnosus CNCM 1-4036 (Lr) was cultured and then micro-
encapsulated in casein based microparticles. Physicochemical charac-
terization of probiotic loaded microparticles (MP-Lr) such as size and
morphology were studied. Encapsulation efficiency and gastrointestinal
resistance were performed as well. Afterwards, printlets were generated
with a 3D printing method based on extrusion. The probiotic printlets
(3D-MP-Lr) obtained were assessed for morphology, thermal and
infrared analysis, mechanical strength and weight variation, disinte-
gration time and, finally, for bacterial quantification and viability.

2. Materials and methods
2.1. Materials

MRS Broth and Agar were supplied by Condalab (Spain). Sodium
caseinate was provided by ACROS Organics (France). Chitosan and
mannitol were obtained from Guinama (Spain). Dipotassium phosphate
(KH2PO4), pepsin, pancreatin, and trypsin were provided by Sigma-
Aldrich (USA). HCl 37 %, NaCl, NaOH and sucrose were supplied by
PanReac AppliChem ITW Reagents (Spain). Plasdone™ K-29/32 (poly
(vinylpyrrolidone), PVP, Mw 58 kDa) was purchased from Ashland
(USA). Glycerol (reagent grade >99.5%) was provided by AnalaR
NORMAPUR® ACS (VWR Chemicals BDH®, USA). PBS (pH 7.4 + 0.05;
0.14 M NacCl, 0.003 M KCl, 0.01 M PO%’) and PBS-Tween (pH 7.4 + 0.05;
0.14 M NacCl, 0.0027 M KCl, 0.01 M PO?{, 0.05% Tween™ 20) were
supplied by Medicago (Sweden).

International Journal of Pharmaceutics 641 (2023) 123058
2.2. Preparation of microparticles

2.2.1. Bacterial culture

Lr was kindly provided by Biopolis S.L.-ADM (Spain). A sub-culture
was grown in MRS Broth (Condalab, Spain) at 37 °C for 24 h under
microaerophilia, with constant shaking (100 rpm). Then, a 1% v/v was
inoculated in a bioreactor (Infors HT, Switzerland) and monitored with
the bioprocess control software Eve® (Infors HT, Switzerland).

2.2.2. Microencapsulation

Empty (MP) and probiotic loaded (MP-Lr) microparticles were pre-
pared based on the principle of desolvation. The matrix solution was
prepared as described in the W020140062621 patent, property of
Nucaps Nanotechnology S.L (Agiieros et al., 2013).

Bacterial cells were collected by centrifugation at 10,000g for 15 min
and washed twice with a sucrose solution (2% w/v). About 1.5 mL of the
bacterial suspension were added to a 25 mL of an aqueous solution of
sodium caseinate (10 mg / mL). Subsequently, on the mixture, 10 mL of
a chitosan solution of concentration 1.6 mg / mL prepared in aqueous
medium with pH 5.5-6 was added (pH adjustment with 0.1 N HCI). After
five minutes of incubation, 1 mL mannitol (100 mg/mL) was added to
the mixture above. MP preparations were prepared following the same
methodology, but for the addition of bacteria.

Microparticles were collected by spray-drying in a Biichi Mini Spray
Drier B-290 apparatus (Biichi Labortechnik AG, Switzerland). The pa-
rameters selected were the following: inlet temperature of 100 °C, spray-
flow of 600 mL/h, and aspiration rate at 100% of the maximum
capacity.

2.3. Characterization of microparticles

2.3.1. Size & distribution

Particle size and size distribution of MP and MP-Lr were determined
by laser diffractometry. Samples were diluted in deionized water, at
25 °C, and then measured with a Mastersizer-S® (Malvern Instruments,
UK). Size is indicated as the surface area mean (Sauter Mean Diameter;
Dy3,27) (Kowalczuk and Drzymala, 2016).

2.3.2. Morphology

Shape and surface of MP-Lr were examined by scanning electron
microscopy (SEM). For this purpose, samples were prepared as described
in Section 2.2.2., mounted on SEM grids (glass plates adhered with a
double-sided adhesive tape onto metal stubs and dried) and left over-
night to dry. Then, samples were coated with a gold layer using a
Quorum Technologies Q150R S sputter-coated (QuorumTech, Canada),
and analysed using a Sigma 300 VP microscope equipped with a GE-
MINI® Field-Effect SEM column (ZEISS, Germany) operating between 1
and 3 kV.

2.3.3. Bacterial quantification

To estimate the viable bacteria within the microparticles, 40 mg of
the dried MP-Lr powder was accurately weighed in an analytical balance
(Mettler Toledo, Spain) and dispersed in 5 mL PBS. Then, 1 mL of a
trypsin solution (1 mg/mL) was added to the formulation and left
incubated at 37 °C for a 1 h under magnetic stirring. Decimal dilutions in
PBS-Tween 20 and seed were performed. After incubation at 37 °C under
microaerophilic conditions for 48 h in MRS Agar, CFU counts were
performed. Bacterial death cycles were determined using the following
equation:

Bacterial death cycles = Log (initial CFU/g) — Log (recovered CFU/g)

in which the Log (initial CFU/g) was the number of bacteria initially
included in the preparative process per gram of formulation, and Log
(recovered CFU/g) represented the counts of viable bacteria obtained at
the end of the preparative process of MP-Lr.
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2.3.4. Stability & storage

Bacterial viability during storage alongside time was studied. Free
atomized Lr and MPLr were kept under aerobic conditions at (i) room
temperature, (ii) at 4 °C and (iii) within a hermetic container at 4 °C
with a silica gel humidity-saturation indicator system (RS PRO, France).

Samples were kept under the above-mentioned conditions up to 12
months. Bacterial quantification was performed at several time points as
described in Section 2.3.3.

2.3.5. Gastrointestinal resistance

The gastrointestinal (GI) resistance of MP-Lr was tested as described
elsewhere (Vinderola and Reinheimer, 2003), with some minor modi-
fications. Simulated gastric (SGF) and simulated intestinal (SIF) fluids
were freshly prepared before each experiment, according to the Euro-
pean Pharmacopeia (Ph. Eur., 9th Ed). For SGF, 2 g NaCl and 3.2 g
pepsin from porcine gastric mucosa were dissolved in 7 mL HCI and a
sufficient volume of sterilized water to make 1 L. The pH of SGF was
fixed to 1.2 + 0.1, and the solution was filtered by 0.22 ym sterilized
filter (Millex-GV, Millipore, USA). For SIF, 6.8 g KH;PO4 and 10 g of
pancreatin from porcine pancreas were dissolved in water up to 1 L. The
solution was then adjusted to pH 6.8 + 0.1 and filtered by 0.22 pm
sterilized filter.

A specific amount of MP-Lr was weighed and incubated for 0.5, 1 or
2 h in gastric medium at 37 °C in an orbital shaker at 1,000 rpm in three
replicates. Non-encapsulated atomized bacteria were used as control.
Then, samples were extracted at each time point for viable count anal-
ysis. Samples were centrifuged at 10,000g for 10 min and the superna-
tant was removed, whereas the pellets were. washed twice with saline
solution, and viable bacteria count was performed by plate counting.

The fraction of surviving bacteria was calculated as follows:

Logsurvivor fraction = log N, — logN,.

where N; represents the total viable bacteria after each time of
treatment, and N, the initial number of inoculated bacteria.

For evaluating intestinal resistance, after being incubated 2 h in SGF,
samples were centrifuged at 10,000g for 10 min and the supernatant was
removed. The pellet was washed twice with saline solution, before
adding SIF. Samples underwent 0.5, 1 or 2 h with the SIF and under
constant shaking, prior to being analysed by plate counting as described
in Section 2.3.3.

2.4. Design and manufacture of 3D probiotic printlets

Blank (3D-MP) and probiotic printlets (3D-MP-Lr) formulations were
comprised of a specific mixture of PVP (55%), Glycerol (5%) and MP or
MP-Lr (40%), respectively. The formulation was mixed using a Speed-
Mixer™ DAC 150.1 FVZ-K (Hauschild GmbH & Co. KG, Germany) at
3,500 rpm for 2 min, to facilitate their printing. Then, mixtures were
loaded into a 10 mL plastic syringe with a 0.8 mm gauge tip which was
then attached to the 3D printer head as described elsewhere (Utomo
et al., 2023). Computer-aided design (CAD) software was used to pre-
pare the printlets. Each printlet took <3 min to be printed.

Then, formulations were printed at ambient lab conditions by
extrusion-based technology using a Bioscaffolder 3.2. (GeSiM, Germany)
robocasting 3D-printer and monitored with GeSiM Robotics software
(GeSiM, Germany). The printer was set with printing speed of 5 mm/s
and temperature of 24 °C. The strand distance was set at 0.6 mm and
nozzle pressure was 300-400 kPa. Upon printing completion, printlets
were dried in a fume hood under ambient lab conditions for 2 days. As a
bacteriological control, non-encapsulated Lr was printed following the
same procedure (3D-Lr), to assess the effect of 3D printing on bacterial
viability. Formulation was comprised of a mixture of PVP (90%), glyc-
erol (5%) and bacterial cells (5%), respectively.
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2.5. Characterization of printlets

2.5.1. Printlets morphology

Morphology, shape, and surface of printlets were examined by op-
tical microscopy and SEM. Optical microscopy was performed with a
Leica EZ4 D light microscope (Germany), and SEM with a Tabletop
Hitachi TM3030 microscope (Japan).

2.5.2. Printlets thermal analysis

The response of the different microparticles to temperature changes
was studied by differential scanning calorimetry (DSC). The variations
in the functional groups of the printlets were analysed with a Q20 Dif-
ferential Scanning Calorimeter (TA instruments, Bellingham, WA, USA).

The DSC studies of the different samples were carried out by accu-
rately weighing a small portion (between 5 mg and 10 mg), followed by
placing and sealing the aluminium pans. A sealed, empty aluminium pan
was used as a reference. At a temperature range from 20 to 300 °C,
operated under a nitrogen flow rate of 50 mL/min and with a heating
rate of 10 °C/min.

2.5.3. Printlets infrared spectroscopy

The attenuated total reflectance (ATR) approach was performed with
Nicolet™ iS50 ATR (Thermo Scientific™, USA). The spectra were
collected with a resolution of 4 cm™* and spanned the range of 4,000
em ™! to 600 em ! at 32 scans.

2.5.4. Printlets mechanical strength

A hardness tester TBH 125 (Erweka, Germany) was used to deter-
mine the mechanical strength (breaking force) of the three randomly
picked printlets and the values were recorded in N (Newtons) units. The
printlets were placed in the hardness tester machine on their longest
axis.

2.5.5. Printlets weight variation

Up to ten 3D-MP and ten 3D-MP-Lr were individually weighed in an
analytical balance (Mettler Toledo, Spain). Their average weight and
standard deviation were estimated.

2.5.6. In vitro disintegration testing

Disintegration studies were carried out using the USP disintegration
apparatus. Six randomly picked printlets were placed in the basket of
DTG 1000 (Copley Scientific, UK) disintegration apparatus, and shaken
in an upward and downward direction (30 cycles/min) for an hour in 1L
of deionized water at 37 °C. The experiment was continued till the
printlets completely disintegrated, and the time was recorded.

2.5.7. Bacterial viability

Bacterial viability after 3D printing procedure was evaluated. For
this purpose, three 3D printlets (loaded with Lr or MP-Lr) were weighed
and dissolved in PBS, left for incubation at 37 °C at 250 rpm under
magnetic stirring until complete dissolution. Then, bacterial quantifi-
cation was performed as described above in Section 2.3.3.

2.6. Statistical analysis

All statistical analyses and graphical representations of the data were
performed using GraphPad Prism 8 software (Graphpad Software Inc.,
USA). Means and standard errors were calculated for every data set. The
physicochemical characteristics of microparticles and printlets, as well
as the in vitro studies were compared using the Students t-test.
3. Results and discussion

3.1. Microparticles characterization

Table 1 summarizes the physicochemical characteristics of MP and



P. Rosas-Val et al.

Table 1
Physicochemical characteristics of empty (MP) and probiotic loaded (MP-Lr)
microparticles. Data expressed as mean + SD (n > 3).

Size (um) CFU/g
MP 10.2+1.9 -
MP-Lr 12.3 + 4.1 8.68 + 0.6

MP-Lr. Encapsulation of probiotics barely affected particle size when
compared with empty microparticles (12 pm vs. 10 um, respectively) (p
> 0.05). Fig. 1 compares free and encapsulated bacteria, the latter
included within a spheric microparticle with a coarse, wrinkled and non-
uniform surface. The appearance of these microparticles is consistent
with previously reported casein microparticles for probiotic bacteria
encapsulation where the bacteria was disperse within the protein matrix
(Penalva et al., 2023).

Bacterial quantification showed a final concentration of 8.68 + 0.6
CFU/g of live bacteria in the MP-Lr powder (Table 1). These values are in
line with the values obtained for probiotic products available in the
market (Fiore et al., 2020; Stasiak-Rozanska et al., 2021; Zawistowska-
Rojek et al., 2022). Moreover, the doses are in line with the doses
assumed to exert a biological effect (Fonolld et al., 2019; Lundelin et al.,
2017; Sanchez et al., 2014; Slykerman et al., 2017).

Fig. 2 shows viability data of bacterial probiotic (initial concentra-
tion of log 9 CFU/g) alongside storage. When comparing free against
encapsulated bacteria, the encapsulation contributed to keep the dose
constant for a longer period of time in all testing conditions, protecting
bacteria within. Storage upon refrigerating conditions contributed to
extend viability alongside time, while the addition of a humidity-control
system resulted in a slightly increase of viability.

Fig. 3 shows the gastrointestinal resistance profile of MP-Lr and non-
encapsulated atomized Lr. The encapsulation protected bacteria from
the deleterious effect of gastric pH by keeping a constant dose of viable
bacteria after being 2 h in contact with pH 1.2. Non-encapsulated
atomized Lr experienced a complete reduction in viability after 0.5 h
in contact with pH of 1.2. Intestinal pH did not affect bacterial viability.

3.2. Probiotic printlets characterization

3D-printlets were successfully prepared using the formulations
described in the material and methods section. The first formulation that
was tested contained only PVP. However, printlets showed cracks during
the drying process (data not shown). Therefore, glycerol was added as a
plasticiser to avoid this issue. Printlets outer dimensions were 15 mm
length x 8 mm width x 3.2 mm height, with an oval shape (Fig. 4).
These dimensions are in line with previously described printlets for oral
drug administration (Khaled et al., 2018b, 2018a). The morphology of

Mag = 10.08 KX

WD = 3.1mm
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the printlets reveals a rough surface due to the combination of layer
height and nozzle size selected in this study. Using smaller nozzles and
increasing the layer height will render smoother printlets but this will
significantly increase the printing time. This is important to consider as
using the parameters described here each printlet takes 2-3 min to be
prepared. Besides macroscopically akin, weight average revealed that
3D-MP printlets were lighter than 3D-MP-Lr (292 mg vs. 371 mg,
respectively) (p < 0.05) (Table 2). These results suggest that the pres-
ence of the MP-Lr affects the printing process. The quantities of MP and
MP-Lr used to prepare the printlets were equivalent. Therefore, the
difference in printlet weight can be due to difference in viscosity or
density of the overall. Moreover, MP content and the probiotic bacteria
dose per printlet can be seen in Table 2.

Table 2 shows the hardness values obtained for 3D-MP and 3D-MP-
Lr. The equipment used to record hardness records fracture force of
tablets. 3D-MP were soft and they did not show a clear fracture force.
Therefore, no fracture force was recorded. These tablets were com-
pressed without breaking. On the other hand, 3D-MP-Lr showed a clear
fracture force of ca. 170 N.

Disintegration time is critical for oral tablets to release their cargo
within the gastrointestinal tract. The disintegration time of the printlets
prepared for this study is presented in Table 2. 3D-MP showed shorter
disintegration times than printlets containing Lactobacillus rhamnosus (p
< 0.05). Further imaging analysis by SEM showed slight differences
regarding shape, morphology and surface between 3D-MP and 3D-MP-
Lr, the former displaying a smoother surface (Fig. 5). It is important to
note that in all cases the printed layers were fused together and that no
accumulation of material or crystals were observed. These images sug-
gest that the excipient and MPs are well dispersed within the printlet.

Printlets were characterised by using FTIR and DSC (Fig. 6). FTIR
spectra of caseinate shows typical IR peaks reported previously for this
protein (Pan et al.,, 2013; Zhao et al., 2018). These peaks can be
attributed to the amine groups (1,600-1,700 and 1,510-1,530 em™ D).
These peaks can be found in MP and MP-Lr formulations as these for-
mulations contain sodium caseinate. Additionally, these formulations
contain mannitol and characteristic peaks (ca. 3,400 cm ' for OH
stretching and ca. 1,280 cm ™! for OH deformation) (Bruni et al., 2009).
These formulations contained chitosan but the amount of this compound
loaded into the MP formulations was too low to see any representative
peaks in the FTIR spectra of the MP formulations. It can be seen that the
FTIR spectra of MP and MP-Lr are a combination of the mannitol and
sodium caseinate.

On the other hand, printlets display these previously mentioned
peaks and PVP carbonyl peak at around 1650 cm ™! (Tekko et al., 2020).
Interestingly, as can be seen in Fig. 6B 3D-MP and 3D-MP-Lr displayed a
sharp peak at around 1650 cm ™! that does not match with the sodium

EHT= 3.00kV
WD= 30mm Mag= 1008 KX

Fig. 1. Scanning Electron Microscopy (SEM) of (A) free and (B) encapsulated Lr.
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Fig. 2. Viability of free and encapsulated Lr over time, upon different storage conditions. Bacterial viability data is summarized at different times (1, 3, 6 and 12
months), under aerobiosis storage and at different conditions: (A) room temperature, (B) 4 °C and (C) 4 °C with humidity control within a hermetic container. Data
expressed as mean + SD (n > 3). Lr: free atomized L. rhamnosus; MPLr: encapsulated L. rhamnosus in casein-chitosan microparticles.

12- @ L. rhamnosus CNCM 1-4036
. - MP-Lr
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Log CFU/g

0 05 1
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Intestinal Medium
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Fig. 3. In vitro comparison of gastrointestinal resistance of Lr non-encapsulated
vs. encapsulated. Reduction in bacterial concentration alongside time are
shown, upon contact with Simulated Gastric Fluid (SGF) (0.5, 1 or 2 h) and
Simulated Intestinal Fluid (SIF) (2.5, 3 or 4 h). Data are expressed as Mean +
SD (n > 3).

caseinate or PVP peak. Due to the larger quantity of PVP in the printlet
formulation this peak can be attributed to PVP carbonyl. Moreover, PVP
is interacting with the MP formulations as it shows a peak shift for the
carbonyl to lower wavenumbers indicating a potential hydrogen bond
(Kuo and Chang, 2001).

Fig. 6C shows the DSC curves for the formulations developed in this
work. It can be seen that PVP and casein shows water loss between 50
and 125 °C (Chan et al., 2015; Sun et al., 2016). On the other hand,
mannitol shows a fusion peak at around 170 °C (Munir et al., 2022).
Interestingly, mannitol fusion peak can be found in both MP formula-
tions. However, the peak is broader and has shifted to lower tempera-
tures. This indicates a lower degree of crystallinity for this compound.
Interestingly, this peak cannot be observed in the printlet formulations
for 3D-MP-Lr while a small mannitol fusion peak can be seen for 3D-MP.

Table 3 gathers bacterial quantification results. 3D printing pro-
cedure did not affect bacterial viability when encapsulated. MP-Lr
protected bacteria alongside the process, and dose was kept even

before and after printing (p > 0.05). Non-encapsulated Lr was affected
by the process itself, resulting in a diminution of up to 3 logs (p < 0.05).
These results indicate that the encapsulation process is critical to ensure
bacterial viability during the printing process. Without encapsulation
bacterial viability is reduced during the printing and drying process.
Additionally, the particle size was measured after the printing process
for 3D-MP-Lr obtaining particle sizes of 15.5 + 1. These results indicate
that there was no significant difference between the particle size of the
initial formulation and the re-dispersed formulation after the 3D-print-
ing process (p > 0.05).

4. Discussion

Pharmaceutical, food and nutraceutical industry have experienced a
revolutionary spike in the research and development area. Multiple
patents and innovative products turn up in the market every year,
introducing new technologies. The current technological and scientific
milestone enables the development of new products that look after
consumers’ necessities and demands. In the health scene, multiple ap-
proaches have arisen to fulfil consumers’ health consciousness. Func-
tional foods cover a wide variety of products containing substances or
live microorganisms with a positive impact in human health and pre-
venting disease, at a suitable concentration (Temple, 2022).

This work evaluates the use of 3D-printing technologies for the
preparation of printlets containing Lr. The Lactobacillus genre has a wide
history within the food and nutraceutical industry (Dioso et al., 2020;
Patro et al., 2016; Ullah et al., 2019; Vecchione et al., 2018), due to the
multiple health effects they exert upon the gastrointestinal and immune
health (Dou et al., 2021; Mazziotta et al., 2023; Szajewska et al., 2013;
Wang et al., 2023). However, not every probiotic strain nor dosing can
exert a biological effect upon the host (Hill et al., 2014).

Isolated from faeces of exclusively breast-fed infants, the CNCM I-
4036 strain showed the ability to adhere to HT-29 cells and to inhibit the
growth of enteropathogens such as Escherichia coli, Listeria mono-
cytogenes, Salmonella and human rotavirus (Munoz-Quezada et al.,
2013a, 2013b). The strain also showed the ability to activate Toll-like
Receptor 2 and 4 in dendritic cells challenged with E. coli (Bermudez-
Brito et al., 2014). A clinical study performed by Plaza-Diaz et al. in
healthy volunteers confirmed the safety of the Lr, as well as its immu-
nomodulatory profile: daily administration of the strain increased the
percentage of regulatory T lymphocytes and decreased the TNF-a/IL-10
ratio, showing an anti-inflammatory effect (Plaza-Diaz et al., 2013).

In order to confer a health benefit, probiotics must remain unaltered
both during storage and during transit throughout the intestinal tract,
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Fig. 4. (A) Blank and (B) probiotic-loaded microparticle printlets visualized by optical microscopy, from different angles and sides.

Table 2
Main characteristics of blank (3D-MP) and Lr loaded microparticles (3D-MP-Lr)
printlets. Data expressed as mean + SD (n > 3).

Weight MP content Lr Hardness  Disintegration
(mg) (mg) content (N) time
(log CFU/ (min)
g)
3D-MP 292 + 112 +£18 - - 37+t6
21
3D- 371 + 148 + 33 7.86 + 172 £21 45+ 5
MP- 21 0.03

Lr

after oral administration (Hill et al., 2014; Terpou et al., 2019). As
mentioned before, many commercial probiotics fail to achieve the
aforementioned. For that reason, many manufacturers overfill their
products with additional microbial cells, reaching >10'" UFC/g of
product, with a significant increase in the costs of production (Fiore
et al., 2020). Moreover, commercialized probiotic products are mainly
freeze-dried. Freeze-drying presents several drawbacks, highlighting the
high cost in terms of time and energy, since it is a non-continuous pro-
cess. In addition, a second grinding stage is required to convert the
freeze-dried product into a loose, micronized powder, easy to handle or
incorporate into other matrices for easy storage, transport and con-
sumption (Santivarangkna et al., 2008). Likewise, cell viability is
conditioned by the process parameters: the freezing rate is crucial in
preventing cell damage caused by mechanical and osmotic stress.
Therefore, standardizing the criteria for probiotic freeze-drying is
difficult as the optimal freezing rate is strain-dependent (Sang et al.,
2023; Wang et al., 2020).

Naissinger da Silva et al. characterized the effect of gastric medium
on 11 commercial probiotic formulations: after contact with the simu-
lated gastric medium, only 6 formulations showed counts above log 6
CFU/g. It is worth mentioning that at the time of analysis, all of the
commercial formulations showed bacterial counts different from what
was stipulated in the labeling (Naissinger da Silva et al., 2021). Residual
probiotic counts may not be sufficient to exert beneficial health effects,
as the probiotic effect is strongly dose-related (FAO/WHO, 2006; Hill
et al., 2014).

We showed in the present work that viability of the probiotic strain

Lr decreased after a 12-months storage upon different conditions, such
as temperature and humidity (Fig. 2). Moreover, the strain could not
survive the harsh conditions of the gastrointestinal tract after 30 min in
contact with simulated gastric fluid (Fig. 3). To overcome these limita-
tions, Lr was encapsulated into casein-based microparticles. When
compared with free bacteria, microencapsulation kept probiotic dose
unaltered after storage up to 12 months, upon different conditions of
temperature and humidity. Moreover, dosing was even after probiotic-
loaded microparticles faced 2 h of contact with gastric and intestinal
simulated fluids, consecutively (Fig. 2). Long term stability was not
performed for the encapsulated bacteria loaded into the printlets as one
of the purposes of 3D-printing is to prepare on demand formulations
adapted to patient’s needs, so they do not require long-term storage.
However, stability of the encapsulated bacteria is critical so it can be
stored at the point-of-care for prolonged periods of time to production of
customised formulations for patients.

Technologies for the microencapsulation of probiotics are wide and
diverse. However, many fail to surpass the legislative requirements for
their commercialisation and, therefore, access to consumers (Vivek
et al., 2023). There are few examples of commercialised products that
include microencapsulated probiotics, such as Probiocap® (Lallemand
Inc, 2023) or Duaolac® (Cell Biotech., 2023). Nevertheless, Lr is not
available in that form.

The FDA and EMA have prepared a regulatory framework for
microencapsulated probiotic bacteria. However, the use of 3D-printing
for food and pharmaceutical applications has been currently explored
and, therefore, there are still several unanswered regulatory questions,
such as quality assurance. However, studies have been conducted safely
in hospitals with patients treated with 3D-printed formulations
(Goyanes et al., 2019). These results suggest that this technology could
be translated into clinical setting soon after addressing some regulatory
challenges.

The formulation developed in the present work is composed of re-
agents with GRAS category and, thus, complies with the legislative re-
quirements for its commercialization for human consumption. In the
European Community, strains of the genus Lactobacillus spp. have a long
history of commercialization in the food and nutraceutical industry,
being considered safe for human consumption. Nowadays, products
marketed with the strain Lr can be found (Gasteel®, Gasteel Kids®,
Gasteel Plus®) by Laboratorios Heel Espana, S.A.U. (Heel Espana,
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Fig. 5. Scanning Electron Microscopy (SEM) of (A, B) blank and (C, D) Lr loaded-microparticles printlets, with a magnification comparison.

2023), demonstrating its safety for oral use. However, none of them are
encapsulated.

The microparticle formulations presented here comes up as an
innovative solution: it offers the ability to deliver an already tested
probiotic strain in the gastrointestinal tract, at the desired dose and up to
12 months, without the drawbacks and costs of overfilling with addi-
tional cells or freeze-drying. 3D printlets developed in the present work
can deliver a dose of ca. log 7 CFU. Probiotic effect is dose-related;
therefore, further studies should be carried to confirm that biological
effect derived from delivery of log 7 CFU/printlet is comparable to non-
encapsulated commercial alternatives (>log 10'° CFU/g of product).

Food proteins have been used extensively for encapsulation purposes
as they are safe and highly available (Can Karaca et al., 2015; Penalva
et al., 2019; Penalva et al., 2015; Quintero Quiroz et al., 2020). More-
over, the formulations developed in this work were formulated into
pastes containing pharmaceutical approved excipients. These formula-
tions were used to prepare printlets loaded with Lr using a robocasting-
based 3D-printing technique.

To the best of our knowledge this is the first report of a 3D-printing
method to produce printlets containing Lactobacillus rhamnosus. Robo-
casting was the type of 3D-printing selected for this study to prepare Lr-
loaded printlets. This technique is the ideal technique to prepare cell/
bacterial containing materials as it used concentrated formulations or
gels and do not require high temperature that can damage the cargo.
Other printing technologies such as fused deposition modelling or se-
lective laser sintering are not suitable for this purpose as they require
high temperature. On the other hand, stereolithography does not require
higher temperatures but it uses resins and potentially toxic photo-
initiators. On the other hand, all these techniques present higher reso-
lution than robocasting and the printing parameters are easier to
optimise.

As mentioned before, 3D-printing is proposed as an ideal method to

prepare probiotic bacteria loaded printlets at the point of care. Probiotic
bacteria have been used to treat and prevent different conditions such as
GI tract infections, atopic dermatitis, inflammatory bowel disease or
irritable bowel syndrome (Cukrowska et al., 2021; Segers and Lebeer,
2014). The use of 3D-printing can be used to automatically adjust the
dose as the dose of probiotics depends on specific disease (National
Institute of Helath, 2022). 3D-printing can be especially useful in hos-
pital pharmacies to prepare patient specific formulations in an auto-
mated way minimising human mistakes during preparation. This is even
more important considering that the potential patients treated with this
type of formulations include elderly and paediatric patients that could
require adapting not only the dose but the size and/or shape of the
printlet. The feasibility of this approach has been previously demon-
strated in a clinical trial by Goyanes et al. (2019). Finally, it is important
to mention that the advantages of 3D-printing dosage forms are com-
bined with the advantages of encapsulated probiotic bacteria that offer a
higher stability within the GI tract while modify the distribution max-
imising the targeting to distal small intestine and colon (Penalva et al.,
2023) where the main therapeutic site of action (Prakash, 2008).

The results presented here suggest that this technique can be suc-
cessfully used to prepare well-formed printlets. The resulting printlets
were characterised by evaluating their weight, hardness and disinte-
gration kinetics. Finally, FTIR and DSC were performed. The results
suggested that each printlet contained an average of log 7 CFUs of
Lactobacillus rhamnosus. These results suggest that 1 printlets will be
required to achieve the recommended dose of the probiotic bacteria
(Fiore et al., 2020; Hill et al., 2014; Stasiak-Rozanska et al., 2021;
Zawistowska-Rojek et al., 2022). Previous works reporting 3D-printing
of probiotic bacteria have focused on printing hydrogels (Kuo et al.,
2022; Xuetal., 2023; Yoha et al., 2021) and not defined dosage forms. In
this way, the relevant dose of probiotic bacteria can be adjusted to pa-
tient’s needs in an easy and convenient dosage form.



P. Rosas-Val et al. International Journal of Pharmaceutics 641 (2023) 123058

A ——MP Powder B
——3D-MP
. ——MP-Lr Powder
Mannitol 3D-MP-Lr

—PVP
Casein

MW

3D-MP-Lr

w\}\w\/"w

3D-MP

T T
1000 1700 1680

T
1620 1600

T T T T
4000 3000 2000 1660 1640

Wavenumber (cm™) Wavenumber (cm™)
Mannitol C
Casein
PVP
3D-MP-Lr
MP-Lr
3D-MP
MP
T T T T T T T T T T
50 100 150 200 250 300

Temperature (°C)

Fig. 6. FTIR spectra of 3D-MP, 3D-MP-Lr, MP, MP-Lr and the excipients used to prepare the printlet formulations (A). Magnified carbonyl region for the FTIR spectra
(B). DSC curves of 3D-MP, 3D-MP-Lr, MP, MP-Lr and the excipients used to prepare the printlet formulations (C).

printed obtained using a similar approach (Khaled et al., 2018b,
2018a). As mentioned earlier, these tablets were formulated containing
high drug loading as opposed to the formulations described in this work.
However, in all cases disintegration time was lower than 2 h. This

Table 3
Bacterial quantification and viability of non-encapsulated and encapsulated Lr,
before and after being 3D printed. Data expressed as mean =+ SD (n > 3).

Initial log (CFU/g) Final log (CFU/g) Log reduction indicate that the printlets will disperse within the stomach after
3D-Lr 8.52 + 0.01 5.47 + 0.24 3.05 administration. Moreover, the encapsulation of the probiotic bacteria
3D-MP-Lr 786 + 0.03 7.34+0.38 0.52 will provide protection from the harsh conditions of the stomach as

reported previously.

In addition to the characterisation results, viability studies were
performed to ascertain if the probiotic bacteria were affected by the
printing process. The results suggested that the probiotic bacteria sur-
vived the printing process maintaining its viability (Table 3). Interest-
ingly, the encapsulation process is critical to ensure that, as when
printlets were prepared, bacterial viability is maintained. Free bacterial
showed a reduction of three CFU logs after the printing process. More-
over, particles did not show any significant aggregation during the
printing process as after desegregating the printlets, the obtained par-
ticle sizes were equivalent to the initial ones. This was achieved by using
a highly water soluble polymer such as PVP. This polymer has been used
previously in the formulation of 3D printed tablets as binder (Khaled

During the characterisation it was seen that the hardness of the
printlets developed here were higher than the one reported for similar
printlets (ca. 170 vs. 25-80 N) (Khaled et al., 2018b, 2018a). Interest-
ingly, the printlets described in the literature were obtained through a
similar robocasting 3D-printing using pastes loaded with pharmaceu-
tical excipients. In those cases printlets contained high drug loadings
and around 80% of the dry weight of the printlet was drug (paraceta-
mol). In the present work printlets are prepared using high amounts of
PVP plastisised with glycerol and therefore it is expected that they show
higher mechanical resistance. The mechanical resistance seems to be
related with relatively high disintegration times. These printlets
described in this work showed longer disintegration times than 3D-
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etal., 2018b). In that work the resulting printlets showed fast dissolution
kinetics (ca. 1 min). The results reported in this paper showed that PVP
yielded homogeneous materials and that it forms H-bonds with the
caseinate formulation. The presence of these interactions and the higher
PVP content than in previously reported works yielded longer disinte-
gration times. However, the disintegration times were under 2 h and
therefore the resulting printlets can be easily dispersed within the
stomach. Additionally, previous reports of casein-based microparticles
suggest that after dispersion casein-based microparticles tend to reach
distal areas of the intestine and colon as they are not mucoadhesive
(Penalva et al., 2023).

The present work offers advantages over previously published
methods for 3D-printing of probiotics, as the methods described previ-
ously required formulations containing several components (Kuo et al.,
2022; Yoha et al., 2021). The formulations described here only requires
PVP and a small amount of glycerol as a plastisiser. This excipient is
required as otherwise PVP-based printlets showed cracks during the
drying process.

These results are encouraging as they highlight the versatility of 3D-
printing as a tool to manufacture not only pharmaceutical formulations
but to prepare formulations loaded with live bacteria. Finally, it is
important to note that the technology developed here can be applied to
3D-printing of food adding probiotic bacteria. This is especially inter-
esting considering that the global market value for 3D-printed food is
projected to grow from 226.2 million of USD in 2021 up until 15.1
billion of USD by 2031 (Aniket K, n.d.; MBI Research, 2023; Polaris
Market Research, 2022; Tong et al., 2021).
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