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Abstract 

There is a growing interest in determining and improving the acceptability of solid oral 

dosage forms (SODF) in paediatric populations. Combination products can be an interesting 

solution to combine two active pharmaceutical ingredients. This study shows that binary 

mixture of paediatric SODF could enhance formulation swallowability and palatability.  

Using the Paediatric Soft Robotic Tongue (PSRT) – an in vitro device inspired by the 

anatomy and physiology of 2-year-old children – we investigated the oral phase of 

swallowing of multi-particulate formulations, i.e., pellets (350 and 700 µm particles), 

minitablets (MTs, 1.8 mm), and their binary mixtures (BM), by measuring the oral 

swallowing time, the fraction of particles swallowed, and the post-swallow residues. The 
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effects of the feeding method, bolus volume, type of carrier, particle size, and particle volume 

fraction on pellets swallowability were also systematically studied. 

The flowing ability of the carriers was affected by the addition of pellets: shear viscosity 

generally increased, yet little effect was observed on their shear thinning behaviour. Xanthan 

gum-based solutions achieved excellent swallowing levels for pellets (≥ 75 %), especially at 

high concentrations, i.e., 0.5 and 1%, favouring pellets transport without affecting post-

swallow residues. Particle swallowability does not appear to be influenced by pellet size but 

increasing particle volume fraction (v.f.) above 10% reduced the percentage of particles 

swallowed. At v.f. 0.4, pellets were easier to swallow (+ 13.1%) than MTs, being the 

administration method used strongly dependent of the characteristics of the multi-particulate 

formulation under study. To enhance MT swallowability, a novel approach involving MT-

pellets binary mixtures was explored, whereby the maximum solid packing fraction of the 

formulation was increased. Mixing MTs with only 24% of pellets improved particle 

swallowability, achieving swallowing levels similar to those of pellets alone. Therefore, a 

combination of SODF, i.e., MTs and pellets, improved particle swallowability, opening the 

door to new ways of modulating product palatability, particularly attractive for combination 

products.  

Keywords  

Soft robotics; swallowing; pellets; minitablet; binary mixture; flexible solid oral dosage form; 

combination products 

Acronyms 

SODF: solid oral dosage form 

PSRT: Paediatric Soft Robotic Tongue 
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MT: Minitablet 

BM: Binary mixture 

v.f.: Volume fraction 

IDDSI: International Dysphagia Diet Standardisation Initiative 

FDC: Fixed-dose combination  

API: active pharmaceutical ingredient 

1. Introduction 

Difficulty with swallowing solid pharmaceutical formulations is a barrier that must be 

overcome across a broad range of ages, including young children (VandenBerg et al., 2022). 

Developing drugs for paediatric use is a complex and tedious process but essential as children 

need age-appropriate dosage forms of high quality, ethically researched, and appropriately 

authorised (Mistry et al., 2017; Ternik et al., 2018; Wollmer et al., 2022). According to the 

European Medicines Agency (EMA), acceptability assessment must be part of the Paediatric 

Pharmaceutical Development Program of new formulations and described in the Paediatric 

Investigation Plan (PIP) (Committee for Medical Products for Human Use and Paediatric 

Committee, 2013). 

The use of liquid oral pharmaceutical formulations has been traditionally preferred for 

paediatric use, yet major limitations have been reported (e.g., stability issues, regular use of 

excipients that may be harmful to children, and high storage and transportation costs) (Orubu 

et al., 2018). The provision of flexible solid oral dosage forms (SODF) as an alternative has 

been proposed (WHO, 2012; Wollmer et al., 2022), which allow for a flexible dosing regime 

and the use of safe excipients that ensure both high acceptability and adequate bioavailability. 
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When it comes to multi-particle oral dosage forms, size and shape, taste and aftertaste, 

dose volume, and ease of administration are generally considered critical drivers of 

acceptability (Kozarewicz, 2014). Children under 6 years old should not take tablets and 

capsules due to swallowing difficulties and choking risks (EMA 2006; Yeung and Wong, 

2005) but minitablets (≤ 4 mm in diameter) are currently considered suitable for children 

between 2 and 5 years old (Mistry et al., 2017). A number of clinical studies using placebos 

have demonstrated that young children (aged between 6 months and 5 years old) are able to 

swallow multiple minitablets simultaneously (Klingmann, 2017; Klingmann et al., 2018; Kluk 

et al., 2015) and tend to prefer this format over alternative formulations like powders, 

suspensions, or syrups (Klingmann et al. 2013, 2015, 2017; Musiime et al. 2014; Riet-Nales 

et al. 2013; Spomer et al. 2012; Thomson et al. 2009). On the other hand, pellets or beads (< 

1.5 mm) could be also suitable for the administration of medicines to adults and children (4-

year-old and above) (Lopez et al., 2018a), being these sprinkle forms also preferred over 

traditional formulations like syrup (Cloyd et al., 1992; Motte et al., 2005; Verrotti et al., 

2012). Recently, Miyazaki et al. (2022) has investigated and compared the acceptability and 

swallowability of minitablets (2 mm), pellets (mean diameter 263 ± 108 μm) and liquid 

formulations (syrup) among sixty-five Japanese children distributed in different age groups (2 

≤ 4, 4 ≤ 7, and 7 ≤ 9 years old). They showed better acceptability and swallowability of 

pellets and liquid formulations than of minitablets. An important practical limitation of 

minitablets and pellets, especially of the latter, is that large volumes would be often required, 

affecting palatability. Lopez et al. (2018a) reported a negative grittiness perception by 60% of 

children and 51% of adults using pellets of sizes ranging between 200-1000 µm at a volume 

fraction of ~ 0.12 in spring water. 

Several in vitro models to study swallowability have been proposed in the literature as 

summarised by (Marconati et al., 2019). Some were used in the past to further our 
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understanding of the effect on the oral phase of swallowing of the size and shape of SODF 

and of the carrier rheology (Marconati et al., 2018a; 2018b). More recently, a novel in vitro 

model inspired specifically by the anatomy and physiology of 2-year-old children – the 

Paediatric Soft Robotic Tongue (PSRT) – has been proposed (Lavoisier et al., 2022). This soft 

robotic device has been used to demonstrate that a particle volume fraction up to 0.2 did not 

significantly deteriorate in vitro swallowability of minitablets (2.5 mm), however, both the 

way minitablets were administered in the carrier and the type of carrier did. Semi-solid foods 

with a shear viscosity of at least ~ 150 mPa.s at a shear rate of 50 s
-1

 and intermediate yield 

stresses (2-5 Pa) may facilitate drug transport (minitablets 2.5 mm) without affecting either 

bolus velocity or post swallow residues (Lavoisier et al., 2022). However, the rheological 

properties of the carriers may be affected by the addition of multi-particulates, altering both 

carrier consistency and shear thinning behaviour (Mueller et al., 2010), and therefore 

changing the dynamics of swallowing (Marconati et al., 2018b). 

Pharmaceutical forms containing a single active pharmaceutical ingredient (API) are easier 

to manufacture since physicochemical interactions between APIs can be avoided. However, 

fixed-dose combination (FDC) - a combination of drugs, with at least two APIs, in a single 

dose form – is especially attractive for enhancing compliance in poly-medicated patients 

(Fernández-García et al., 2020); it is well known and widely used in antimicrobial and 

antiretroviral therapies. A recent review covering in detail a range of commercialised FDCs 

and their associated manufacture challenges can be found in Fernández-García et al. (2020). 

FDCs have several advantages over monotherapy, including the modification of 

pharmacokinetic and pharmacodynamic profiles of the drug (Schlosser, 2019; Moriarty et al., 

2019), as well as the reduction of manufacturing (e.g., fewer excipients), packaging, and 

distribution costs (Sadia et al., 2018).  
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The behaviour of granular systems is strongly linked to the packing fraction (Pillitteri et 

al., 2020), being it conditioned by the mechanical and geometrical properties of the particles 

(Wiącek, 2016). Mixing particles of differing size and volume fraction is a common way to 

increase the maximum packing density of a granular system. For instance, in binary mixtures 

formed by small and large particles, small particles may fit into the voids left by the large 

ones, allowing rearrangements, altering flowing and jamming behaviours without changing its 

volume (Wiącek, 2016; Ikeda et al., 2012; Haxton et al., 2011; Song et al., 2008). We 

hypothesised that this fundamental knowledge can be applied to improving multi-particulate 

pharmaceutical formulations and that the combination of different SODF sizes may enhance 

the maximum packing fraction and reduce the suspension viscosity, thus facilitating the 

swallowing process (see hypothesis illustration in Figure 1). This could in turn reduce other 

unpleasant sensations associated to palatability (e.g., grittiness) that large volumes of small 

formulations like pellets may cause. Additionally, this approach could favour the formulation 

of combination products, where SODF coating would avoid interactions, allowing the API 

dosage to be adjusted accordingly. 

Using the Paediatric Soft Robotic Tongue (PSRT) model developed by Lavoisier et al. 

(2022), this study investigates the oral phase of swallowing of solid multi-particulate oral 

formulations (i.e., pellets, minitablets, and their binary mixture) by monitoring swallowing 

time, number of particles swallowed, and the amount of post-swallow residues. The effects of 

the feeding method, bolus volume, type of SODF carrier, particle size, and particle volume 

fraction on pellets swallowability were also systematically studied. 
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Figure 1. Hypothesis illustration. Multi-particulate pharmaceutical formulations: minitablets, 

pellets, and their high packing density binary mixture. On the right, the in vitro oral phase of 

swallowing of a representative carrier is illustrated.  
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2. Materials & Methods 

2.1 Carriers 

Two semi-solid food carriers, apple puree (“Pomme nature”, 100 g, Andros France SNC, 

Biars-sur-Cère, France) and stirred yoghurt (“Velouté yaourt nature brassé”, 125 g, Danone 

SA, Paris, France) were considered. Each carrier was diluted with artificial saliva (Brodkorb 

et al., 2019; Minekus et al., 2014) at a dilution ratio (carrier: artificial saliva) of 5:1 to mimic 

saliva incorporation during bolus formation in the mouth before swallowing (Lavoisier et al., 

2022). Xanthan gum solutions in mineral water (Vittel) at three different concentrations (0.25, 

0.5, and 1 % w/v; 43708, xanthan from Xanthomonas campestris, Sigma-Aldrich, St. Louis, 

MO, USA) were used as carriers of reference; Xanthan gum is commonly used as thickeners 

for dysphagia (swallowing disorders) management. 

2.2 Solid oral multiparticulate formulations 

Placebo formulations, i.e., minitablets (1.8, 2.3, 2.5, and 3 mm in diameter) and pellets 

(Cellets®; 350 and 700 µm in diameter) were provided by Roche Pharma (Basel, CH) 

(Figure 2a). All formulations were coated with an ethylcellulose-based coating (Surelease® 

E-7-7050, Colorcon, Darford, Kent, UK) to avoid swelling and solubilisation during testing. 
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Figure 2. Schematic representation of the paediatric solid oral formulations tested: (A) shape 

and proportions of minitablets (MTs), frontal (left) and lateral (right) view, and pellets, LMT, 

dMT, and dPs refer respectively to the length and diameter of the cylindrical part of MTs, and 

to the diameter of pellets; (B) sketch of binary mixtures for different size ratios (α) (increasing 

α from sketch (1) to (3)) in a scenario where MTs dominate and pellets fill the voids formed 

between MTs; (C) feeding methods used: (1) pellets were spread on top of, or (2) fully mixed 

with the carrier. Images are not in scale. 

2.3 Packing fraction of binary mixtures 

Krieger and Dougherty (Krieger & Dougherty, 1959) proposed a semi-empirical 

correlation for effective viscosity of solid-liquid suspensions: 

 

  
    

 

  
               Eq. (1) 

Where η is dynamic viscosity of the suspension, ηo is the dynamic viscosity of the fluid phase 

of the suspension, φ the fraction in volume of the disperse solid phase of the suspension, φm 
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the maximum packing fraction of particles in the disperse solid phase, and [η] the intrinsic 

viscosity, which depends on both the specific viscosity (ratio between the viscosity of the 

suspension and the dispersion liquid) and the volume fraction of solids. 

The behaviour of granular systems, e.g., pharmaceutical formulations, is strongly linked to 

the packing fraction φ, being defined as the ratio between the true volume V and the apparent 

volume Va of a granular assembly (Pillitteri et al., 2020). Voids left by the grains allow 

rearrangements in the structure, triggering the φ both flowing and jamming behaviours (Ikeda 

et al., 2012; Haxton et al., 2011; Song et al., 2008). In granular materials, binary mixtures are 

systems made of particles with two different sizes. For the case of spherical particles, one can 

define the size ratio (α) as a control parameter: 

         Eq. (2) 

Where RMT and RCs are the radii of large and small particles, respectively. We considered that 

both MTs and pellets are fully spherical particles, thus simplifying MT geometry. Large size 

ratios are known to reach higher packing fraction values than monodisperse systems (Pillitteri 

et al., 2020). When the size ratio is large enough, small particles naturally percolate due to 

gravity. When the size ratio is higher than αp =         6.46) (Soddy, 1936), gravity 

systematically leads to percolation of small particles through an ordered porous medium made 

by large ones. The minimum pore size between three kissing large particles (Figure 2b) can 

be defined as: 

      Eq. (3) 

Any small particle with a radius RCs < RMT/αp can then percolate. 

The model used for calculating the maximum packing fraction of our binary mixtures 

formed by MTs and pellets is described by (Pillitteri et al., 2020), which considers granular 
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segregation (further information of the model and its implementation are shown in SI). The 

main parameters of the model are the volume fraction (f) of small particles, i.e., pellets, and 

the particle size ratio (α) defined in Eq. 2. The volume fraction of small particles is then 

defined as: 

        Eq. (4) 

Where VMT and VCs are respectively the true volumes of minitablets and pellets. 

2.4 Feeding conditions 

The volume of food typically swallowed by 2-year-old children is 5 mL (Jones & Work, 

1961; Vaiman et al., 2004). The different feeding conditions used in this study are presented 

in Table 1. Two different scenarios were considered (Figure 2c) for SODF administration: (i) 

SODF were spread on the top of the carrier, or (ii) fully mixed with the carrier. The different 

SODF fractions and bolus mass used in this work are presented in Table 2. For all cases, an 

initial swallow with the carrier under study was performed to lubricate the in vitro oral cavity. 

Table 1. Feeding conditions used in the present study. 

Type of feeding Experimental details 

Method 1: 

Carrier + SODF + Carrier 

2.5 mL of the carrier was fed first, then the SODF were spread on top 

of another 2.5 mL of the carrier, fed from the bottom part and then 

swallowed. SODF were not covered by the carrier. A syringe was used 

for carrier administration into the oral cavity. 

Method 2: 

SDOF mixed with carrier 

SODF were mixed completely with the carrier. Bolus administration 

into the oral cavity was performed directly from the top holes. Bolus 

and carrier volume according to the detailed in Table 2. 
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Table 2. SODF fractions, sizes, and bolus masses used in the present study. 

 

SODF volume fraction Pellets size (µm) SODF mass (gr) Total bolus volume 

(mL) 

0.10 350 0.65 5.00 

0.20 350/700 1.30 5.00 

0.30 350 1.95 5.00 

0.40 350 2.60 5.00 

0.15 350 1.15 5.89 

0.20 350 1.62 6.25 

0.40 350 4.34 8.34 

2.5 Rheological measurements 

The rheological properties of the carriers described in section 2.1 and of their mixtures 

with pellets (particle volume fraction of 0.2) were assessed with a Modular Compact 

Rheometer 301 (Anton Paar GmbH, Graz, Austria), using concentric cylinder geometry 

(CC27) of 1 mm gap. The mixtures were prepared just before testing. The shear viscosity of 

the carriers and mixtures was evaluated by steady shear tests in a range of shear rates between 

5 and 500 reciprocal seconds, at room temperature (20°C). The yield stress of the carriers was 

estimated through steady stress tests by increasing the shear stress from 0.01 to 30 Pa. 

Concerning the mixtures with pellets, in order to avoid pellets swelling due to the relative 

long time required for the steady stress test (~20 minutes), the yield stress (τo) of the mixtures 

with pellets was estimated from flow curves using the Herschel-Bulkley equation (Eq. 5). 

                  Eq. (5) 



 

13 
 

Where τ and γ are the shear stress (Pa) and the shear rate (s
-1

), respectively. K is the 

consistency index (Pa s), and n is the flow behaviour index (dimensionless). The yield stress 

of the carriers was also estimated using the HB model for comparison. 

2.6 IDDSI flow test 

The International Dysphagia Diet Standardisation Initiative (IDDSI) flow test was 

performed at room temperature to evaluate the IDDSI level of each liquid carrier (IDDSI, 

2019). A standard Luer Slip Tip syringe was filled up to the 10 mL with the sample of 

interest. Then, the liquid is allowed to flow for 10 seconds. Based on the remaining volume 

left in the syringe, liquid samples are categorised in four levels of increasing thickness 

consistency: Level 0 (< 1 mL left); Level 1 (1–4 mL); Level 2 (4–8 mL); Level 3 (> 8 mL); 

Level 4 (10 mL). 

2.7 Sedimentation condition of pellets 

The sedimentation condition of pellets in the carrier was estimated using the Stokes’ law 

for a single sphere motion and sedimentation in a yield stress Herschel-Bulkley fluid 

(Coussot, 2012) described as: 

                   Eq. (6) 

With      . The symbols          are the pellet radii and the yield stress of the carrier, 

respectively. No sedimentation occurs if dpellet < dcritic, being dcritic defined by: 

         
    

       
        Eq. (7) 

Where g is the acceleration due to gravity (9.81 m.s
-2

) at the Earth’s surface, ρc and ρ the 

density of the particle, i.e., pellet, and of the carrier respectively. Particle density was 

determined by weighing the volume occupied by the formulation of interest.  
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2.8 In vitro swallowing with the Paediatric Soft Robotic Tongue (PSRT) 

A novel Paediatric Soft Robotic Tongue (PSRT) (see Lavoisier et al., 2022 for full 

description) inspired on the oral anatomy and physiology of 2-year-old children was used to 

investigate the swallowability of multi-particulate paediatric oral formulations. The top of the 

oral cavity was pierced with 4 holes to locate pressure transducers for recording the dynamic 

evolution of palatal pressure during in vitro swallowing. The first and second holes were used 

as feeding holes for feeding method 1 and 2 respectively (Table 1). The feeding holes were 

sealed by rubber plug before triggering the swallow. The maximal pressure applied against 

the palate was fixed at 8 kPa for mimicking the swallowing of 2-year-old children (Lavoisier 

et al., 2022). The target inflation pressures for the anterior and posterior chambers of the 

tongue were therefore adjusted (set at 20-25 kPa and 12-15 kPa, respectively). There was no 

delay between the deflation of the posterior chamber and the inflation of the anterior chamber. 

At least three repeatitions were performed per swallowing test (Tables 1 and 2).  

2.8.1  Variables measured 

A high-speed camera (acA2040-120um, Basler, Germany) was used to record the bolus 

transit at 150 frames per seconds. The time required for the bolus front to exit the oral cavity 

is called time bolus front out (tFO). 

The number of particles successfully swallowed during the in vitro swallowing test was 

also monitored. The bolus propelled out of the PSRT was collected in a pre-weighed 

aluminium container for being later placed in an oven at 105°C overnight to determine dry 

matter content. The number of SODF swallowed was calculated from the known dry matter 

content of the carrier. 

The water fraction of the carrier of interest (X
Carrier

) is calculated as: 

     Eq. (8)         =   
        /          
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Where   
        and          are the water mass in the carrier and the total mass of carrier, 

respectively. Then, quantifying the mass of water lost during drying (        
       ), the 

mass of the carrier swallowed can be calculated as: 

     Eq. (9) 

The mass of SODF swallowed is: 

    Eq. (10) 

Where         
      is the mass of bolus fed (in) or swallowed (out),         

        is the 

mass of carrier fed (in) or swallowed (out), and         
    , the mass of SODF introduced 

(in) or swallowed (out). 

The amount of carrier residues left in the oral cavity was calculated as: 

                                             Eq. (11)  

                                                                 Eq. (12)  

The mass of SODF left in the oral cavity after swallowing can be estimated as: 

      Eq. (13) 

2.9 Statistical analyses 

One-way analysis of variance (ANOVA) (Gelman, 2005) was applied to identify statistical 

differences between the means of two or more groups. The statistical analysis was completed 

using Fisher’s least significant difference test (LSD) (Salkind, 2010) for pairwise comparisons 

of a target group of data. 

3. Results & Discussion 
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3.1  Rheological properties of the carriers 

As highlighted in the introduction, acceptability of multi-particulate medicines potentially 

depends on the rheology of the suspending liquid carrier (Lopez et al., 2016). In the following 

sections, the rheological properties of the carriers and their mixtures with pellets have been 

carefully investigated as they may compromise critical quality attributes such as 

suspendability, palatability (i.e., appearance, taste, and mouthfeel) and swallowability. 

3.1.1 IDDSI flow test 

Of the five carriers selected (section 2.1), xanthan gum-based solutions (XG) were used 

as a reference. The consistency of each carrier was first qualitatively evaluated according to 

the International Dysphagia Diet Standardisation Initiative (IDDSI) framework (IDDSI, 

2019), being the carriers classified as: XG 0.25%, Level 1; XG 0.5% and yoghurt diluted with 

simulated salivary fluid (SSF), Level 2; and XG 1% and apple puree diluted with SSF, Level 

3. The volume left in the syringe for the five the carrier used is reported in Table 3. The five 

carriers tested, therefore, show a wide variety of liquid thicknesses, ranging from slightly 

thick (L1) to moderately thick (L3). 

3.1.2 Shear viscosity of both carriers and their mixtures with pellets 

The flow curves obtained in steady shear (section 2.5) at 20°C are presented in Figure 3. 

In general, all carriers showed shear thinning behaviour across the range of shear rates studied 

(   5-500 s
-1

), decreasing the apparent viscosity as    increased. At low    (< 50 s
-1

), apple puree 

diluted with artificial saliva (AP) and XG 1 % showed similar rheological behaviour, same as 

happened for both diluted yoghurt (Y) and XG 0.5 %, whilst XG 0.25 % clearly showed the 

lowest shear viscosity of the five carriers tested. As    increased (> 50 s
-1

), the shear thinning 

behaviour of the food carriers, i.e., AP and Y, was less marked than those of XG carriers, 

implying significant viscosity differences compared to the liquids of reference at high   . 
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The inclusion of multiparticles is expected to produce an increase in both consistency and 

shear thinning behaviour (Mueller et al., 2010; Marconati et al., 2018b). When pellets were 

added to the carrier and fully mixed, some rheological differences were observed as a function 

of   : AP+pellets shows a higher shear viscosity than XG 1% across the full    range studied, 

whilst Y+pellets is less shear thinning, when compared to Y alone. Despite Y+pellets and 

XG0.5%+pellets having similar viscosities at low   , the viscosity of Y+pellets changed 

considerably depending on the    applied: between 40-50 s
-1

, it shows a similar viscosity to 

XG1%+pellets, while at higher    (300-500 s
-1

) it behaves more like AP+pellets. 

Viscosities at    = 50 s
-1

 have been found to correlate with the initial thickness perception 

and are commonly used as a reference value for comparison between samples (Stokes et al., 

2013; Chen & Engelen, 2012; Chen, 2009). Shear viscosity data at     50 s
-1

 and 20°C for 

both the carriers and their mixtures with pellets are listed in Table 3. Formulations were also 

classified according to the Japanese consistency scale as a function of shear viscosity for 

thickened drinks (Cichero et al., 2013) using a blue-based colour scale of differing intensities. 

The most marked differences are found for AP and XG 0.25%, showing the highest and the 

lowest shear viscosities, respectively. AP is the only carrier which could be classified as over 

extremely thick at room temperature (587 ± 14 mPa.s), followed closely by XG 1% as 

extremely thick (460 ± 59 mPa.s). On the other hand, Y and XG 0.5% showed medium 

viscosity data (254 ± 11 mPa.s and 167 ± 1 mPa.s, respectively) and could be classified as 

moderately thick liquids, whilst XG 0.25%, the carrier with the lowest shear viscosity at room 

temperature, could be considered as mildly thick. The addition of pellets increased shear 

viscosity of the formulation, and subsequently, the consistency level. Two carriers+pellets 

remained in the same consistency scale compared to the properties of the carrier alone, i.e., 

XG 0.25% and AP, being categorised as mildly and over extremely thick liquids, respectively. 

On the other hand, XG0.5%+pellets and XG1%+pellets increased a level of consistency, 
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whilst Y+pellets increased two consistency levels from moderately to over extremely thick 

(same consistency level that AP and XG 1%). The most drastic increase in viscosity at     50 

s
-1 

was observed for both AP+pellets (+741 mPa.s) and Y+pellets (+481 mPa.s). 
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Figure 3. Shear viscosity data of the carriers tested along their mixtures with pellets (350 µm 

in diameter at a particle volume fraction of 0.2) as a function of shear rate: (a) semi-solid food 

carriers, apple puree and yoghurt, and (b) the xanthan gum solutions at three different 

concentrations (0.25, 0.5, and 1 % w/v). The experiments were carried out at 20°C. The 

geometry used was a concentric cylinder geometry (CC27) of 1 mm gap for all samples. 

Average data of at least two repeats.  
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IDDSI level 

/ mL left 

Shear viscosity (50s
-1

) / mPa s  
Japanese 

consistency scale 
 Carriers (20°C)  Carriers + pellets (20°C)  

       

AP + SSF L3 / 9.8 587 ± 14  1328 ± 100  Less mildly thick 

Y + SSF L2 / 7.6 254 ± 11  735 ± 28  Mildly thick 

XG 0.25% L1 / 3.2 63 ± 0  131 ± 4  Moderately 

XG 0.5% L2 / 7.0 167 ± 1  316 ± 11  Extremely 

XG 1% L3 / 9.8 460 ± 59  670 ± 22  Over extremely 

 

Table 3. IDDSI level and volume left in the syringe for the five the carrier used. Shear 

viscosity data (Figure 3) of carriers and their mixtures with pellets at a shear rate of 50 s
-1

 and 

20°C. Average data of at least two repeats. Consistency scale according to the scale reported 

in (Cichero et al., 2013) for thickened drinks in Japan.  

3.1.3 Yield stress of carriers and their mixtures with pellets 

Yield stress is representative of the level of the internal structure of carriers which must be 

overcome before flowing can occur (Zargaraan et al., 2013). It provides valuable information 

about the effort needed to swallow a bolus (Malouh et al., 2020) and the ability for 

suspending particles, limiting sedimentation. As detailed in section 2.5, yield stress data of 

carriers was determined by the steady stress test, whilst the yield stress of the mixtures with 

pellets was estimated from the flow curves using the Herschel-Bulkley (HB) equation (Eq. 5) 

to avoid particle swelling and solubilisation. Yield stress values are listed in Table 4. 

The highest and lowest yield stresses were measured for XG 1% (12.2 ± 0.9 Pa) and XG 

0.25 % (0.9 ± 0.2 Pa), respectively. The rest of carriers tested showed intermediate yield 

stresses of 4.5 Pa, 4.1 Pa and 2.4 Pa for AP, XG 0.5%, and Y (Table 4). When pellets were 

added, the yield stress increased drastically for most cases, except for yoghurt, for which it 

seems to decrease in the presence of the particles, being now the formulation with the lowest 

yield stress. This fact is likely related to a signature of a shear-dependent microstructure due 
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to the nonlinear behaviour of the interstitial fluid, which makes these materials containing 

particles different from suspensions in Newtonian media (Ovarlez et al., 2015). Further 

information of the fitting model can be found in the SI, section 2. 

3.1.4 Sedimentation of pellets 

The sedimentation of pellets in the carriers of interest was estimated according to the 

theory of a single sphere motion in a yield stress Herschel-Bulkley fluid (section 2.7), where 

no sedimentation occurs if dpellet < dcritic. The dcrit is shown in Table 4 as a function of the type 

of carrier used. 

In general, the size of the pellets (i.e., 350 or 700 µm) used is much lower that the critical 

diameter estimated for sedimentation. Therefore, pellets should remain suspended in the 

carrier during swallowing experiments. This estimation agrees with previous works (Lopez et 

al., 2018b), reporting that XG hydrogels at 0.25% w/v (η = 70 mPa.s at    = 50 s
-1

) would be 

sufficient to maintain pellets (< 1000 μm in diameter) in suspension for at least 10–15 min. 

 
Yield stress / Pa 

ρ / kg.m
-3

 dcritic / m 

 Carriers Carriers + pellets   

Apple puree 4.5 ± 0.1 | 8.7 ± 0.3*  14.3 ± 0.6* 1080 4.39E-2 

Yoghurt 1.7 ± 0.3 | 6.6 ± 0.2* 1.2 ± 1.0* 1010 1.25E-2 

XG 0.25% 0.9 ± 0.2 | 1.5 ± 0.0* 3.9 ± 0.1* 985 6.12E-3 

XG 0.5% 4.1 ± 0.1 | 5.3 ± 0.0* 9.9 ± 0.3* 993 2.86E-2 

XG 1% 12.2 ± 0.9 | 13.7 ± 0.4* 21.6 ± 0.6* 1034 9.81E-2 

* Values estimated by the HB model. 

Table 4. Yield stress of both the carriers and of their mixtures with pellets of 350 µm in 

diameter at a volume fraction of 0.2 and 20°C. For the carriers, yield stress was determined 

using both the steady stress method and estimated by the HB model (section 2.5). For their 

mixtures with pellets, yield stress was estimated using the HB model. CC27 geometry was 
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used for characterisation. Average data of at least two repeats. Density of the carrier at 20°C 

and sedimentation diameter calculated according to the detailed in section 2.7 are also shown. 

3.2 In vitro swallowing of size-reduced multiparticle solid oral formulations 

3.2.1 Effect of the administration method on pellets swallowability 

The effect of the administration method on in vitro swallowing of pellets (350 µm in 

diameter) has been investigated using XG 1% (5 mL) and a particle volume fraction (v.f.) of 

0.15 (Table 2). Two different scenarios were considered (Figure 2c): 

(i) pellets were placed on top of the carrier  

(ii) pellets were distributed in the carrier matrix before feeding.  

In the first case, pellets were placed at the top part of the carrier-air interface without apparent 

distribution through the carrier, reducing the percentage of pellets swallowed to only ~10% 

(Figure 4). In real conditions, this could also lead to an unpleasant sensation due to the large 

number of particles of small size in contact with the palate. In contrast, the 2
nd

 administration 

method led to a uniform distribution of pellets on the carrier matrix, without apparent 

segregation of the particles once they were introduced into the in vitro oral cavity, favouring 

the swallowability of the pharmaceutical formulations (ca. 80% of pellets swallowed; Figure 

4). In terms of bolus velocity and residues, no significant differences were found between the 

two feeding approaches.  
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Figure 4. Effect of the feeding method on in vitro swallowing. Method 1: pellets were spread 

on top of the carrier; Method 2: pellets were fully mixed with the carrier of interest. The 

swallowing variables studied were: (a) the percentage of pellets swallowed, (b) the time of 

bolus front out, and (c) the percentage of bolus residues. The carrier used was XG 1% 

(volume 5 mL), pellets of 350 µm in diameter, and a particle volume fraction of 0.15. 

Average data of at least three repeats. Red letters indicate significant differences (p < 0.05) 

between data groups. 

Multi-particulates dispersed in polymeric hydrogels tend to be easier to swallow for 

adults than multi-particulates dispersed in water, reducing the feeling of particles left in the 

mouth after swallowing (Marconati et al., 2019; Kluk & Sznitowska, 2014). A previous in 

vitro work has shown that, in order to favour the swallowing process, minitablets (2.5 mm) 

should be placed on top of a spoon full of carrier rather than mixed with the carrier in its 

container (Lavoisier et al., 2022). According to these results, the administration method used 
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will strongly depend on the characteristics of the multi-particulate formulation under study 

(i.e., mini-tablets vs pellets).  

The feeding method considered for further testing using pellets is: pellets and carrier 

mixed before feeding, keeping a total volume of the bolus constant at 5 mL. This agrees with 

a real scenario where pellets are poured into a commercial food product (i.e., yoghurt) and 

mixed homogenously before administration, taking then a certain amount of product with a 

teaspoon. A practical limitation of this scenario would be that the child should eat all the food 

to receive the right amount of drug. 

3.2.2 Effect of the type of semi-solid carrier on pellets swallowability 

The effect of the type of semi-solid food carrier on the in vitro swallowability of pellets 

was investigated using 350 µm pellets at v.f. = 0.2. Results are shown in Figure 5. In general, 

all the swallowing parameters evaluated (time of bolus front out, percentage of pellets 

swallowed, and percentage of both bolus and carrier residues) were affected by the type of 

carrier used. Regarding the percentage of pellets swallowed (Figure 5a), less particles were 

successfully swallowed with yoghurt and apple puree under the tested conditions, whilst 

xanthan gum-based solutions reached excellent success rates (≥ 75 %), especially at high 

concentrations, i.e., 0.5 and 1%. The addition of particles to the carrier increased its shear 

viscosity (cf. section 3.1.2), a fact that at first instance could favour the swallowing of pellets 

when using carriers of low viscosity and low yield stress. However, when the shear viscosity 

of formulations was above 300 mPa.s at high    (i.e., 330 s
-1

) pellets swallowability decreased 

(Figure 6). This scenario seems to agree with previous in vivo studies where, in terms of the 

vehicle used, adult participants preferred samples with low and middle-range consistencies 

(XG 0.25-0.5%) over the extremely thick ones such as XG 1% (despite the good swallowing 

behaviour of this formulation), as those carriers achieved a good balance by “concealing the 

presence of particles in the mouth” but not being too thick, which had a detrimental impact on 
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mouthfeel (Lopez et al., 2018b); they used a pellets volume fraction of ca. 0.06, a lower 

particle fraction than the one considered in this work. On the other hand, when pellets were 

added to the carriers in the current study, the formulation complexity of food products seems 

to lead to more complex interactions than the carriers of reference; for instance, the viscosity 

of diluted yoghurt and pellets, in particular, would be highly affected by the shear applied 

during swallowing (section 3.1.2). 

Regarding the other swallowing variables investigated, bolus velocity seems to be related 

to both carrier rheology (cf. Figure 4) and the position of the bolus before triggering the 

swallow (see SI, section 3). Bolus containing carriers with low shear viscosity and low yield 

stress (i.e., XG 0.25%, 0.5% and diluted yoghurt) were distributed along the artificial tongue 

and showed shorter swallowing times, compared to bolus containing AP and XG 1% 

(products with high shear viscosity and high yield stress), that were positioned closer to the 

artificial tongue’s tip (see SI, section 3). The three XG solutions tend to reach lower levels of 

post-swallow residues after swallowing than food-based carriers (Figure 5c), but data 

variability led to no marked differences. 

Even if XG solutions appeared to be better transporters than the other carriers, we 

assumed that children would prefer to consume food products rather than thickened liquids as 

reported for adults and older people with swallowing difficulties (Lopez et al., 2016; O'Leary 

et al., 2010). Therefore, diluted yoghurt was selected for further testing against apple puree as 

it showed (i) a faster bolus front out and (ii) a slightly higher percentage of pellets swallowed 

(+ 3.4%)., and (iii) could also get a better acceptability by children (e.g., masking power) for 

administration of the pharmaceutical formulations (Morel et al., 2021). 
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Figure 5. Effect of the type of carrier used on the in vitro swallowability of pellets of 350 µm 

in diameter: (a) percentage of pellets swallowed, (b) time of bolus front out (s), and (c) 

percentage of post-swallow residues. The carrier tested were diluted apple puree, diluted 

yoghurt, XG 0.25%, XG 0.5%, and XG 1%. Average data of at least three repeats. Red letters 

indicate significant differences (p < 0.05) between data groups. 
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Figure 6. Percentage of pellets (350 µm) swallowed as a function of the shear viscosity 

values of the carrier-pellets formulations tested at two different shear rate, 50 s
-1

 (red) and 330 

s
-1

 (blue). Average data of at least two repetitions. Lines are a guide to the eye. 

3.2.3 Effect of the size of pellets on in vitro swallowing 

Previous in vivo studies in adults showed that swallowing of pellets using XG solutions 

(0.25-1%) was more difficult when increasing particle size (from 200 to 700 µm) (Lopez et 

al., 2018a, 2018b; Marconati et al., 2018b). Here, the effect of the pellet size on in vitro 

swallowing was investigated using diluted yoghurt as a carrier at v.f. = 0.2. Results are 

presented in Figure 7(a-c). 

In general, no significant differences were found between the two sizes of pellets considered, 

350 and 700 µm. However, the marked rheological change of the diluted yoghurt in presence 

of pellets (section 3.1) could be masking the effect of the pellet size on the swallowing 

parameters examined. Despite the size of the pellets seems not to affect the swallowing 

parameters studied, it is important to bear in mind that particle size affects oral grittiness 

(Kimura et al., 2015; Mishra et al., 2009; Engelen et al., 2005; Imai et al., 1995), where small 
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multi-particulates are considered less gritty and more pleasant than large ones (Lopez et al., 

2016; 2018a), and the feeling of residual particles in the mouth (Marconati et al., 2018b). 

3.2.4 Effect of the particle volume fraction on pellets swallowability 

As discussed in the introduction, large volumes of multi-particulates are often required in 

practice, and it is still unclear the number of particles that could be administered maintaining 

acceptability. In this section, the effect of the particle volume fraction (v.f. = 0.1-0.4) on in 

vitro pellets swallowability was investigated using diluted yoghurt as carrier, keeping a total 

bolus volume of 5 mL. Results are presented in Figure 7(d-f). 

All swallowing parameters studied were affected by the percentage of pellets added to the 

carrier. Overall, an v.f. increase resulted in a marked decrease of both the percentage of 

pellets swallowed and the bolus velocity (Figure 7d and 7e, respectively). At v.f. 0.1 and 0.2, 

there were not significant differences between bolus FO. However, the time for the oral phase 

of swallowing doubled as v.f. increased from 0.1 to 0.4. The percentage of pellets 

successfully swallowed decreased linearly by 1/3 as v.f. increased from 0.1 to 0.4, resulting in 

a swallowing success rate around 50 % at v.f. 0.4. On the other hand, post-swallow residues 

seem to increase as the volume fraction increased (Figure 7f), however, differences were not 

statistically significant. 

3.2.5 Effect of the bolus volume on pellets swallowability 

The effect of bolus volume (i.e., 5 mL, 6.25 mL, and 8.34 mL; Table 2) at two different 

v.f., 0.2 and 0.4 (Figure 7(d-i)) on pellets swallowability was investigated using pellets of 

350 µm in diameter and diluted yoghurt (5 mL) as carrier. Both carrier and pellets were mixed 

before feeding into the in vitro oral cavity (section 2.4). According to these results, no 

significant differences between swallowing variables were found. Therefore, the volume of 
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the bolus in the oral cavity (or the filling level) under the range of conditions tested did not 

affect the swallowability of pellets. 

3.2.6 In vitro swallowing comparison between pellets and minitablets 

The effects of the feeding method, type of carrier, particle size, and particle volume 

fraction on minitablets swallowability have been reported in previous work (Lavoisier et al., 

2022). In this section, the effect of the type of SODF used, i.e., MTs 1.8 mm or pellets 350 

µm in diameter, on in vitro swallowing was investigated at v.f. = 0.4, using diluted yoghurt as 

a carrier. The total volume of the bolus was kept constant at 5 mL. Both the carrier and the 

SODF of interest were fully mixed before feeding (section 2.4). Results are shown in Figure 

7(j-l). In terms of the percentage of particles successfully swallowed, pellets led to better 

outcomes than MTs (+ 13.1%; Figure 7j). However, no differences were found between MTs 

and pellets for the other swallowing variables studied (bolus FO and post-swallow residues) 

under the conditions tested. 

3.2.7 In vitro swallowing of a novel binary mixture formed by minitablets and pellets 

Combining MTs and pellets might enhance their swallowability by increasing the 

maximum packing fraction of the solid phase which may help particle flow during 

swallowing. The size ratio and the minimum pore size (size of the voids formed by MTs), in 

air, of the possible binary mixtures (BM) formed by both MTs and pellets were calculated as 

detailed in section 2.3 and results are shown in Table 5. The most favourable packing 

conditions would be at the highest size ratio, which corresponds to the mixture formed by MT 

of 3 mm and pellets of 350 µm. However, avoiding pellets flow throughout the voids formed 

by the MTs (i.e., particle segregation) is desired to favour packing. Therefore, the minimum 

pore size was also taken into consideration. According to Table 5, the optimum binary 

mixture should be the one formed by MTs of 1.8 mm and pellets of 350 µm in diameter. This 
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SODF combination was then selected for further testing. Using the theoretical model 

implemented in the SI (section 1) proposed by (Pillitteri et al., 2020), the maximum packing 

fraction (ηmax) of the binary mixtures formed by the MT (1.8 mm) and pellets (350 µm) 

occurs at a value of f 0.24, being f the fraction of pellets. Therefore, 24 % of pellets should be 

added to the binary formulation to favour flowing of the particles during swallowing. 

Keeping a total bolus volume of 5 mL, the in vitro swallowability of the binary mixture 

was tested using diluted yoghurt as carrier at a v.f. of 0.4. Swallowing results are shown in 

Figure 7(j-l). The binary mixture improved particle swallowability compared to MTs (ca. 

+17%) but did not outperform pellets significantly (+3.6%). On the other hand, no significant 

differences were found in terms of bolus velocity and post-swallow residues. However, the 

post-swallow residues seem to be slightly greater for MTs than for both BM and pellets 

(Figures 7k and 7l), decreasing the percentage of residues as the proportion of pellets 

increases. 

Therefore, our initial hypothesis was confirmed, as by adding 24% pellets to a binary 

granular formulation in which minitablets were the dominant granular system, swallowability 

was improved, reaching swallowing levels to those reported by small particles like pellets. 

3.3 Limitations and perspectives for future studies 

One limitation of this study concerns the oral salivary lubrication, not considered here. 

Regarding the SODF tested, MTs were considered fully spherical for calculations. Moreover, 

among the several possible binary mixtures, only the mixture at the maximum solid packing 

fraction has been tested. Therefore, future research could be conducted considering these 

aspects, exploring the impact that a more realistic lubrication may have on the swallowing 

process of a wider variety of SODF mixtures.  
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Figure 7. Effect of size (a-c), particle volume fraction (d-f) and bolus volume (g-i) of pellets, and of the type of SODF used (j-l) on the in vitro 

swallowing of SODF. The swallowing variables investigated are: (a, d, g, j) the percentage of the particles swallowed, (b, e, h, k) the time of 

bolus front out (s), and (c, f, i, l) the percentage of bolus post-swallow residues. Average data of at least three repeats. Red letters indicate 

significant differences (p < 0.05) between data groups. Abbreviations are: (v.f.) particle volume fraction, (MT) minitablet, and (BM) binary 

mixture formed by MTs and pellets as the detailed in section 2.3, where f defines the fraction of pellets.  
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Table 5. Size ratio and minimum pore size (size of the voids formed by minitablet), in air, for 

the possible minitablets-pellets combinations. The optimum binary mixture selected for 

further testing is marked in bold. The pore sizes leading to percolation of the binary mixtures 

are highlighted in grey. 

MT / mm Pellet / µm α Pore size / µm 

1.8 700 2.6 278.6 

2.3 700 3.3 356.0 

2.5 700 3.6 387.0 

3.0 700 4.3 464.4 

1.8 350 5.1 278.6 

2.3 350 6.6 356.0 

2.5 350 7.1 387.0 

3.0 350 8.6 464.4 
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4. Conclusions 

The Paediatric Soft Robotic Tongue (PSRT) – an in vitro device inspired by the anatomy 

and physiology of 2-year-old children – was used to investigate the oral phase of swallowing 

of multiparticle solid oral dosage forms (SODFs), i.e., pellets (350 and 700 µm particles), 

minitablets (MTs, 1.8 mm), and their binary mixtures (BM). Swallowing time, fraction of 

particles swallowed, and the amount of post-swallow residues were measured. A systematic 

study was also conducted to determine how the feeding method, bolus volume, type of carrier, 

particle size, and particle volume fraction affect pellets swallowability. 

The ability of the carriers to flow was significantly affected by the addition of pellets: 

shear viscosity generally increased, yet little effect was observed on their shear thinning 

behaviour. Xanthan gum-based solutions achieved excellent success rates (≥ 75 %), especially 

at high concentrations, i.e., 0.5 and 1%, favouring pellets transport without affecting post-

swallow residues. Despite the size of the pellets (350 and 700 µm) not having a significant 

impact on particle swallowability, the volume fraction (v.f.) of particles used above 10% did; 

the number of particles swallowed decreased as the volume fraction increased. At v.f. 0.4, 

pellets were easier to swallow (+ 13.1%) than MTs, while the administration method used 

strongly depended on the characteristics of the multi-particulate formulation under study. To 

increase MT swallowability, a novel approach involving MT-pellets binary mixtures was 

explored, which increased the maximum solid packing fraction of the formulation. Our results 

confirm that by adding 24% pellets to MTs, SODF swallowability was improved, reaching 

swallowing levels similar to pellets. Such flexible formulations are therefore easier to 

swallow in vitro and should be explored for combination products. 
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