
 1 

Automated therapy preparation using 3D printing of isoleucine formulations 1 

using 3D printing for the treatment of MSUD: first single-centre, prospective, 2 

crossover study in patients 3 

 4 

Alvaro Goyanes1,2*, Christine M. Madla2Madla3, Aysha Umerji2Umerji3, Goretti Duran 5 

Piñeiro3Piñeiro4, Jose Maria Giraldez Montero3Montero4, María Jesús Lamas 6 

Diaz3Diaz4, Miguel Gonzalez Barcia3Barcia4, Farhan Taherali2Taherali3, Paula 7 

Sánchez-Pintos4Pintos5, Maria-Luz Couce4Couce5, Simon Gaisford1,23, Abdul W. 8 

Basit1,23* 9 

 10 

 11 

Affiliations: 12 

1 FabRx Ltd., 3 Romney Road, Ashford, Kent TN24 0RW, UK. 13 

2.Departamento de Farmacología, Farmacia y Tecnología Farmacéutica, R+D Pharma 14 

Group (GI-1645), Universidade de Santiago de Compostela, 15782, Spain. 15 

2 3 UCL School of Pharmacy, University College London, 29 – 39 Brunswick Square, 16 

London, WC1N 1AX, UK. 17 

3 4 Pharmacy Department, Xerencia de Xestión Integrada de Santiago de Compostela, 18 

SERGAS, Travesía Choupana s/n, Santiago de Compostela, 15706, Spain 19 

4 5 Servicio de Neonatología, Unidad de Diagnóstico y Tratamiento de Enfermedades 20 

Metabólicas Congénitas. Hospital Clínico Universitario de Santiago de Compostela. 21 

Universidad de Santiago de Compostela, IDIS. CIBERER, MetabERN Spain 22 

 23 

Address correspondence to: University College London 24 

29-39 Brunswick Square, Bloomsbury, London WC1N 1AX, UK 25 

*Correspondence:  Abdul W. Basit – a.basit@ucl.ac.uk 26 

   Alvaro Goyanes - a.goyanes@FabRx.co.uk 27 

 28 

Abstract 29 

 30 

Formatted: Spanish (Spain), Superscript

Formatted: Spanish (Spain)

Formatted: Spanish (Spain)

Formatted: Spanish (Spain)

mailto:a.goyanes@FabRx.co.uk


 2 

Maple syrup urine disease (MSUD) is a rare metabolic disorder with a worldwide 31 

prevalence of 1 in every 185,000 live births. However, certain populations display a 32 

significant overexpression of the disorder where incidence is reported to be 1 in every 52, 33 

541 new-borns. The first-line therapy for MSUD involves a strict dietary leucine restriction 34 

and oral supplementation of isoleucine and valine. The dose administered to patients 35 

requires strict tailoring according to age, weight and blood levels. In current clinical 36 

practice, however, practitioners still have to prepare extemporaneous formulations due to 37 

the lack of suitable oral treatments for MSUD. Herein we evaluate for the first time the 38 

use of 3D printing in a hospital setting for the preparation of personalised therapies with 39 

the aim of improving safety and acceptabilityadherence to isoleucine supplementation in 40 

paediatric patients suffering from MSUD. The study was a single-centre, prospective 41 

crossover experimental study. Four paediatric patients with MSUD (aged 3-16 years) 42 

were treated at the Clinic University Hospital in Santiago de Compostela, Spain which is 43 

a MSUD reference hospital in Europe. The primary investigation was to evaluate 44 

isoleucine blood levels after six months treatment with two types of formulations; 45 

conventional capsule prepared by manual compounding and personalised chewable 46 

formulations prepared by automated 3D printing. A secondary investigation was to 47 

evaluate patient acceptability of 3D printed formulations prepared with different flavours 48 

and colours. Isoleucine blood levels in the patients were well controlled using both types 49 

of formulations, however, the 3D printed therapy showed mean levels closer to the target 50 

value and with less variability (200 – 400µM). The 3D printed formulations were well 51 

accepted by the patients regarding flavour and colour. The study demonstrates for the 52 

first time that 3D printing offers a feasible, rapid and automated approach to prepare oral 53 

tailored-dose therapies in a hospital setting. 3D printing has shown to be an effective 54 

manufacturing technology in producing chewable isoleucine printlets as a treatment of 55 

MSUD with good acceptability. 56 

 57 
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1. Introduction 65 

Maple syrup urine disease (MSUD) is a rare metabolic disorder of autosomal recessive 66 

inheritance caused by deficiency of branched-chain α-ketoacid dehydrogenase complex 67 

(BCKD). The defect in the catabolic pathway of branched chain amino acids (BCAA) – 68 

leucine, isoleucine and valine – result in toxic levels of BCAAs and their respective α-69 

ketoacids in body fluids. MSUD has a worldwide prevalence of 1:185,000 live births, 70 

however, certain communities display an overexpression of this disorder including the 71 

Mennonite (Morton et al., 2002; Puffenberger, 2003) and Galician populations where the 72 

reported incidence is 1 in 52, 541 new-borns (Couce et al., 2011). Leucine is the most 73 

neurotoxic BCAA where its elevation can induce encephalopathy leading to seizures, 74 

cerebral oedema, a coma and death (Lin et al., 2013; Nellis et al., 2003).  75 

The first-line therapy for MSUD involves a strictly dietary leucine restriction. Additional 76 

supplementation with isoleucine and valine in precise doses may be needed to avoid 77 

deficiencies (Enolia, 1992). The dose administered to each patient isare tailored 78 

depending on age, weight and blood levels (Frazier et al., 2014a). In current clinical 79 

practice, there areis a lack of suitable BCAA formulations available in the market and their 80 

administration requires the preparation of extemporaneous formulations that are firstly 81 

weighed out individually as a powder (Rodan et al., 2018) and dispersed in drinks or food 82 

(Frazier et al., 2014a).  83 

Since MSUD is a life-long disease, designing the treatment preparation to be less time-84 

consuming for hospitals and more acceptable for the patients may lead to lower costs for 85 

healthcare providers. Increased acceptability and adherence to the treatment can further 86 

reduce hospital admissions due to metabolic decompensations. However, the lack of 87 

systems to manufacture personalised medicines is a limitation to global pharmacy 88 

practice in general (Stegemann et al., 2016). This is of particular importance for paediatric 89 

patients where doses and formulation development require stringent observation (Liu et 90 

al., 2014).  91 

Three-dimensional (3D) printing in the medical arena is an advanced technology used for 92 

the manufacture of surgical models and tools (Lee, 2016; Maruthappu and Keogh, 2014), 93 
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tailored implantable devices (Wen et al., 2018; Zopf et al., 2013), cells in the scope of 94 

biomedical engineering and even organs (Kuehn, 2016; Michalski and Ross, 2014; 95 

Schubert et al., 2014). In the pharmaceutical industry, 3D printing has shown to be a 96 

revolutionary technology for the fabrication of personalised printlets (3D printed tablets) 97 

or drug loaded medical devices (Alhnan et al., 2016; Awad et al., 2018a; Awad et al., 98 

2018b; Basit and Gaisford, 2018; Norman et al., 2017; Trenfield et al., 2018; Zema et al., 99 

2017). One of the many 3D printing technologies available, semi-solid extrusion 100 

technology involves the preparation of a gel-like material which is deposited in layers 101 

through a nozzle onto a build plate (Firth et al., 2018; Vithani et al., 2019). One of its main 102 

benefits lies in the production of small batches of medicines, each with a tailored dosage 103 

(in addition to shapes, colour, design, flavour, sizes and drug release characteristics). 104 

Diseases which afflict a limited with a reduced number of patients, therefore, may be a 105 

suitable niche application (Goyanes et al., 2019; Trenfield et al., 2018; Trenfield et al., 106 

2019).  107 

The aim of this study was to evaluate, for the first time, the suitability of using 3D printing 108 

technology and software in a hospital setting to manufacture personalised treatments. 109 

Semi-solid extrusion 3D printing technology was used to prepare personalised chewable 110 

formulations of isoleucine and administered tofor four paediatric patients diagnosed with 111 

MSUD. The ability of the formulations to control the isoleucine blood levels and patient 112 

acceptabilitytheir acceptability by patients were investigated. Formulation characteristics 113 

including drug loading, dissolution and stability of the amino acid designed dosage forms 114 

were further assessed. 115 

 116 

2. Methods  117 

2.1. Study design and participants  118 

The study design was a single-centre, pilot, prospective, crossover study of two isoleucine 119 

formulations administered in outpatients with MSUD. The study was conducted at the 120 

Clinic University Hospital in Santiago de Compostela and approved by the Research 121 

Ethics Committee of Santiago-Lugo (2017/564). The study comprised of four patients (two 122 
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females and two males) from 3 to 16 years of age diagnosed with and treated for MSUD 123 

in Galicia, Spain, who voluntarily took part in the study. A participant information sheet 124 

which stated that the data obtained during the study was to be used for research purposes 125 

was given to each patient. Additionally, a member of the research team verbally explained 126 

the purpose of the study and what it entails.  A written consent was also obtained from 127 

parents or legal guardians. Prior to the study, the recruited patients were prescribed 128 

different doses of isoleucine with individual prescribing instructions depending on the 129 

levels of BCAA in the blood (Table 1). 130 

The study was conducted for 6 months in total and divided in two stages;  131 

i) For the first three months, the enrolled patients took their standard medication,  132 

of capsules filled with their appropriatecorrect dose of isoleucine. Formulations were 133 

prepared at the hospital by compounding (as detailed in section 2.4).  134 

ii) In the following three months, patients were administered chewable isoleucine 135 

printlets that were prepared at the hospital by semi-solid extrusion 3DP (as detailed in 136 

section 2.5). The dose in the printlet formulation was adjusted by controlling the amount 137 

of material deposited by altering the computer 3D model. 138 

 Six types of chewable printlets of different flavours and colours were provided to 139 

the patient every two weeks according to flavour and colour as follows; (strawberry-red; 140 

orange-orange; lemon-yellow; raspberry-light blue; banana-light green and; coconut-141 

black. 142 

 143 

The 3D printed formulations were compared to the standard medication in terms of 144 

efficacy of maintaining isoleucine blood levels of the patients. Amino acids levels in blood 145 

were obtained using a dried blood spot (DBS) that the parents of the patients sent to the 146 

hospital by post for analysis. Additionally, acceptability data of the formulations by the 147 

patients were collected via participant and parent reported outcome measures.  148 

 149 

Treatment was held according to the Spanish MSUD Protocols where patients received 150 

a dietary BCAA restriction according to age and tolerance (Vitoria et al., 2018). The main 151 

objective was to maintain leucine concentrations below 300 µM and for isoleucine levels 152 
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to be between 200 and 400 µM (concentrations, however, should not lower that of leucine) 153 

(Frazier et al., 2014b; Jouvet et al., 2005).  154 

 155 

2.2. Analytical methods 156 

Quantitative analysis of isoleucine was performed by MS/MS from dried blood spot (DBS) 157 

samples obtained from the patient at least every two weeks. Amino acid analyses from 158 

dried blood spot samples includes a preparative step of elution and deproteinisation with 159 

3% trichloroacetic acid. The analysis was carried out by ion-exchange chromatography 160 

after deproteinisation of the sample with 5-sulfosalicylic acid and a post-column reaction 161 

with ninhydrin (Couce et al., 2015). 162 

 163 

2.2.1. Statistical analysis 164 

The sample size was insufficient to presume the normality in the data and the number of 165 

tests to determine isoleucine level differs for each patient and for each formulation. The 166 

median values of isoleucine levels were obtained for the standard and 3D printed 167 

formulations for each patient and were compared using Wilcoxon signed-rank test 168 

(OriginPro 2017, OriginLab corporation USA). The sample size was insufficient to 169 

presume the normality in the data and the number of tests to determine if isoleucine level 170 

differs for each patient and for each formulation. 171 

 172 

2.3 Acceptability testing 173 

During the evaluation of the 3D printed formulations, a set of 14 sample formulations were 174 

sent to each of the participants bimonthly. The printlets were printed with the same shape 175 

with the previously indicated range of flavours and colours. The acceptability of the flavour 176 

and colour were evaluated using the five-point facial hedonic scale characterised with 177 

descriptions ranging from 5 = excellent to 1 = unacceptable (Figure 1). Data was collected 178 

by the participant and parent reported outcome respectively (Goyanes et al., 2017). 179 

 180 

 181 

 182 

 183 



 8 

 184 

 185 

 186 

 187 

 188 

Figure 1. 5-point facial hedonic scale, example of participant reported outcome  189 

 190 

 191 

One parent was present to observe the facial expression of the participant when taking 192 

each printlet and scored it from a scale of 1 – 3 ranging from signs of distress to signs of 193 

approval. Text examples of a parent reported outcome are as follows: 194 

 195 

Please rate the participant’s facial expression 196 

⃝  Positive face or other signs of approval (3 points) 197 

⃝  No facial expressions (2 point) 198 

⃝  Signs of distress (grimacing, “scrunching up” face, squinting eyes) or any other 199 

signs of disapproval (1 points) 200 

 201 

The acceptability of the printlets were evaluated separately. Participant reported 202 

outcomes obtained from the five points hedonic facial scale were converted into numerical 203 

values (1 = unacceptable, 5 = excellent). Score values were then analysed using Kruskal-204 

Wallis Anova (OriginPro 2017, Origin Lab corporation USA) to determine if there were 205 

Please select the face that is most applicable: 

 I loved it – 

Excellent 

I liked it – 

Good 

Indifferent – 

Average 

I did not like it – 

poor 

I hated it – 

unacceptable 

 

     

Scoring 5 points 4 points 3 points 2 points 1 point 
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any significant differences between the acceptability of the flavours and the standard 206 

formulations (p-value < 0.05). 207 

 208 

2.4 Preparation of isoleucine capsules 209 

The capsules of isoleucine were prepared by manual pharmaceutical compounding at the 210 

hospital following the standard operating protocol of the pharmacy department. The 211 

process involved the mixing of the isoleucine with a standardthe right amount of 212 

microcrystalline cellulose for 30 min in an orbital mixer (Turbula) and manually filling the 213 

mixture in hard gelatine capsules. The ratio of isoleucine:microcrystalline 214 

celluloseexcipient was different in the preparation of capsules with different doses of 215 

isoleucine (50, 100, 150 and 200 mg). 216 

 217 

2.5 Preparation of 3D printed chewable formulations (printlets) 218 

Chewable printlets of isoleucine were prepared as pharmaceutical compounding at the 219 

hospital incorporating 14.4% weight/weight (w/w) of isoleucine. Excipients used to 220 

prepare the chewable printlet formulations include sucrose, pectin, maltodextrin, water, 221 

flavourings and colourants. Six types of formulations with different flavour and colorant 222 

were prepared including strawberry-red; orange-orange; lemon-yellow; raspberry-light 223 

blue; banana-light green and; coconut-black. 224 

 225 

3D cylindrical printlets were prepared using a specially adapted 3D printer (The Magic 226 

Candy Factory, UK). Printlet fabrication included the loading of syringes with a mixture of 227 

excipients and isoleucine then heated to 70°C in the printer to reach a viscosity suitable 228 

for fabricating the printlets by the extrusion. The 3D computer model used to print the 229 

formulations were designed with Autodesk 123D Design (Autodesk). This computer aided 230 

design program was used to design the 3D models with 4 doses of isoleucine; 50 mg (8.2 231 

mm diameter x 4.1 mm height); 100 mg (10.8 mm diameter x 5.4 mm height); 150 mg 232 

(12.5 mm diameter x 6.25 mm height) and; 200 mg (13.9 mm diameter x 6.95 mm height). 233 

28 printlets were prepared per batch. Post-printing, the printlets were weighed individually 234 

and placed in Class B X-Large amber PVC blisters (Health Care Logistics, Inc. US). 235 
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The isoleucine load of the printlets was determined using LC-MS/MS (Agilent 2460, 236 

Agilent Technologies UK). Chromatographic separation was achieved using Synergi 237 

Hidro-RP 80A, 150 x 4.60 mm (Phenomenex, UK) column. The mobile phase consisted 238 

of water, acetonitrile and 0.1% formic acid. Quantitative values were obtained using 239 

MassHunter Workstation Qualitative Analysis Version B.06.00 (Agilent Technologies) by 240 

analysing chromatographic peak areas. 241 

 242 

In vitro isoleucine printlet release profiles were determined using a USP-II dissolution 243 

apparatus (paddle speed 50 rpm and 37 ± 0.5°C). Printlets were split into pieces to 244 

simulate chewing, placed at the bottom of the vessel and stirred in 900 mL water. During 245 

the dissolution test, 2 mL samples were manually removed at 5 min intervals and the 246 

percentage of amino acid release to the media was analysed by LC-MS. 247 

 248 

For stability testing, isoleucine printlets were weighed individually and stored in the 249 

blisters used in the study. The blisters were kept at 40°C temperature/75% relative 250 

humidity to mimic accelerated stability tests. Printlets were weighed after 4 weeks storage 251 

and isoleucine content was analysed using LC-MS to determine whether the mean 252 

isoleucine loading of the printlets were different than the theoretical loading after 253 

processing or storage (stability). 254 

 255 

3. Results 256 

The chewable printlets were prepared in the hospital using a 3D printer. Six different 257 

formulations were prepared with different flavours and colours (Figure 2). All were 258 

manufactured within specification; the formulations contained 14.11 ± 0.35%(w/w) 259 

isoleucine, disintegrated and rapidly released the amino acid within 5 min under simulated 260 

gastrointestinal conditions. All printed formulations remained stable on storage for one 261 

month under elevated conditions of temperature and humidity.  262 

 263 



 11 

 264 

Figure 2. Chewable printlets in different flavours/colour and doses. From left to right: 265 

Lemon/yellow, Coconut/ black, Banana/light green, Orange/orange, Raspberry/light blue, 266 

Strawberry/red. From top to bottom: 50mg, 100 mg, 150 mg and 200 mg. Units are cm.  267 

 268 

 269 

Four paediatric participants (3 – 16 years of age) were recruited and completed the study. 270 

Most of the patients received the same dose during the whole duration of the study. 271 

Patient 4, however, required an increased dose (from 100 mg to 150 mg) due to the 272 

patient suffering from metabolic decompensation from a cold. The results from the 273 

isoleucine blood levels for each patient during the study are shown in Figure 3A.  274 

 275 

 276 
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Figure 3. A) Isoleucine blood levels of the participants during the study, B) Isoleucine 279 

blood levels and mean values for printlets and capsules during the study 280 

 281 

 282 

All the isoleucine levels ranged between 50 – 400 µM for both printlets and standard 283 

capsules. Isoleucine blood concentrations obtained from the DBS are comparable 284 

between the two types of formulations (Figure 3B). The mean and the median values 285 

obtained with the 3D printed formulations were 214.77 µM and 205.83 µM respectively, 286 

and 181.64 µM and 175.34 µM for the capsules. The values obtained with the 3D printed 287 

formulations were within the range of the target aim (200 – 400 µM) but this was not the 288 

case for capsules. The interquartile range (IQR) for the 3D printed formulations was also 289 

smaller when compared with the capsules. However, there were no significant differences 290 

between the isoleucine levels of the patient treated with the standard formulations or 291 

printlets. 292 

 293 

The parents of the participants completed a questionnaire regarding the opinions of their 294 

children on the printed formulations with respect to flavour and colour. All formulations 295 

scored between excellent and average independently of the flavour or colour (Figure 4A). 296 

The most accepted flavour and colour was orange. A statistical Kruskal-Wallis Anova was 297 

carried out to determine if the difference between the acceptability of the flavours and the 298 

standard formulations were significant and it showed that there was no statistical 299 

evidence to suggest that the participants preferred or disliked any of the 6 flavours over 300 

any of the others probably due to the small number of participants. 301 

 302 
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Figure 4. A) Patient reported outcomes scores for the flavour and colour of the chewable 306 

printlets and the capsule. F and C refer respectively to thede flavour and the colour of the 307 

formulations. B) Parents reported outcomes scores for the flavour and colour of the 308 

chewable printlets and the capsule. 1 point - signs of distress or any other signs of 309 

disapproval; 3 points - positive face or other signs of approval.  310 

 311 

 312 

 313 

Facial expression of the participant when taking each of the formulations were scored 314 

from a scale of 1 – 3 ranging from signs of distress to approval in the parents reported 315 

outcomes (Figure 4B). The results show similar trends to the patient reported outcomes 316 

for the formulations. Strawberry, orange and lemon-based formulations were the most 317 

accepted and the raspberry-based formulations scored the least. 318 

 319 

Patient 1, an early reader from ages 5 – 8 years, identified all the flavours of the 320 

formulations except blackberry. The most preferred printlet colours were light green and 321 

light blue. The parents dissolved the standard capsule formulation in water which 322 

achieved no signs of displeasure. Patient 2, pre-school from 3 – 5 years, preferred the 323 

strawberry flavour but negatively responded to the coconut and blackberry-based 324 

formulations. The patient preferred printlets that were orange and yellow in colour. The 325 

standard capsule formulations were administered through a gastrostomy button therefore 326 

flavour evaluations could not be assessed for patient 2 specifically. Facial expressions 327 

observed by parents were positive except for the coconut formulation. Patient 3, an 328 

adolescent from ages 12 – 18 years, (adolescent) preferred the orange flavour with 329 

coconut being the worse rated. The patient took the standard capsules dissolved in milk 330 

to mask the flavour. Patient 4, pre-teen from ages 8 – 12 years, reported good palatability 331 

and acceptability with all flavour and colour formulations apart from the coconut-flavoured 332 

printlet. Patient 4 was given an increased printlet dose from 100 mg to 150 mg during the 333 

study due to metabolic decompensations from a cold. 334 

 335 

 336 
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4. Discussion 337 

 338 

This is the first study to assess the viability of preparing personalised 3D printed 339 

formulations in a hospital setting with the selected dose based on the blood concentration 340 

values of the patients. All the MSUD patients with controlled levels of isoleucine treated 341 

and managed in the hospital were invited to participate in this study. As MUSD is a rare 342 

metabolic disorder, recruiting more participants for the study was a challenge. 343 

 344 

Mean isoleucine blood values for the printlets were in the optimum range of isoleucine 345 

levels (200 – 400 µM) (Jouvet et al., 2005). This fact proves that 3D printing could be 346 

used as a reliable method to prepare innovative formulations with a personalised dose, 347 

obtaining the targeted blood levels of isoleucine. Blood levels of isoleucine were obtained 348 

from blood spotted and dried on a matrix (DBS), a technique that has been used since 349 

the 1960s in clinical chemistry for mostly new-born screening. Since then, many drugs 350 

including nucleic acids, small molecules and lipids have been successfully measured 351 

using DBS. The use of this pre-analytical approach represents an interesting alternative 352 

to classical venous blood sampling; however its routine use is very limited (Lehmann et 353 

al., 2013). The possibility of sending DBS samples directly from each patient's home to 354 

determine BCAAs levels was crucial in this disease and was proven to be a very effective 355 

method to increase patient supervision.  356 

 357 

For the capsules, the interquartile range (IQR) of isoleucine blood levels were wider than 358 

that of the printlets. One possible explanation for this is that although the capsules are 359 

designed to be swallowed, only one patient swallowed the complete formulation. Two 360 

participants opened the capsule and mixed the content with food or drinks albeit Patient 361 

2 needed capsule administration through a gastrostomy button. The administration of the 362 

isoleucine in that way may interact with the food and make the absorption and 363 

bioavailability more variable affecting the blood levels. 364 

 365 

The 3D printed formulations are designed to be chewed and swallowed without the need 366 

of food or water and thus, may increase patient acceptability. The ingestion without food 367 
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may also reduce the variability of the absorption of the isoleucine. The printlets were well 368 

accepted by the children regarding flavour and colour with the orange-based formulation 369 

receiving the highest score from the patient reported outcome. Patients differed regarding 370 

most preferred formulation flavour and colour. Combined with the limited number of 371 

recruited patients due to the low prevalence of this disorder, it was not possible to state 372 

that one flavour or colour was significantly more accepted that the other. However, it was 373 

possible to identify which flavour and colour combination were better accepted than the 374 

capsule. The coconut-black printlet was the worst rated formulation potentially because 375 

coconut flavour is not a common or traditional flavour in the region of the study.  376 

 377 

The one advantage of the 3D printing technology is that formulations are not limited to 378 

just one available flavour, and there is the potential to add a variety of flavours including 379 

the preferred by the patient. This together with the fact that is possible to print different 380 

colours or shapes can make the medicines more appealing to the patients what may 381 

improve acceptability and compliance. The physical characteristics of palatability and 382 

texture alongside the size can also be optimised during the manufacturing process 383 

according to the preferences of the patient. It is also possible to prepare formulations 384 

avoiding the use of specific excipients that could cause allergic reactions to specific 385 

patients. 386 

 387 

The preparation of the capsules following the specific requirements of the patient were 388 

obtained by pharmaceutical compounding. Compounding in hospitals and pharmacies 389 

serve an important role in modern health care to meet special patient care needs. This 390 

includes the discontinuation of commercially available products, limited dosage forms or 391 

strengths, unavailable drug products and combinations, new therapeutic approaches and 392 

special patient populations to name a few (Guharoy et al., 2013). Compounding is 393 

involved in approximately 10% of all prescribed medications in US (valued up to about 394 

$25 billion to $30 billion a year) (Allen, 2002). However, pharmaceutical compounding 395 

involves a series of serious and often severe risks as a single mistake in the daily practice 396 

may potentially result in patient maltreatment and even death.  397 

 398 
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Approved drugs in the market are manufactured in accordance to good manufacturing 399 

practice regulations (GMPs). In contrast, compounded drugs do not follow the same 400 

GMP regulations, and testing to assess product quality is inconsistent  (Gudeman et al., 401 

2013). In the US, published reports have shown that compounded drugs fail to meet 402 

specifications at a higher rate than FDA-approved drugs (Gudeman et al., 2013). Most 403 

failures were related to potency (dose strength) ranging from 68 to 268% of the labelled 404 

dosage. The FDA concluded that compounding processes are most likely the cause of 405 

the quality failures and also reiterated that the rate of failure raises public health 406 

concerns for compounded drugs. Sub-potency is the most common susceptibility and 407 

some evaluations found that 34% of the formulations fell below the acceptable potency 408 

ranges prescribed by the United States Pharmacopeia (USP). Superpotency is less 409 

common but can have deadly consequences. Preparation contamination occurs when 410 

pharmacists manipulate drugs in nonsterile environments or by nonsterile means 411 

(Boodoo, 2010). 412 

 413 

The automation of compounding using 3D printing could solve the previously cited 414 

problems of compounding. In this study, the formulations were in the range of 5% w/w 415 

weight variation. The automation of the compounding process not only increases the 416 

quality of the preparation regarding dose variation, it also keeps records of the whole 417 

process adding the capability of tracking the prepared formulations and thus, increasing 418 

safety by traceability. The printing of the isoleucine printlets is a fast process that allowed 419 

the fabrication of medication sufficient for one month (28 printlets) in approximately 8 420 

minutes. The possibility of preparing formulations on-demand in a short period of time 421 

allows 3D printing to be more efficient, simpler and faster than traditional drug 422 

compounding. 3D printing can also reduce formulation contamination as all preparations 423 

occur inside the printer in an enclosed and contained space. In addition, the use of 424 

disposable build plates and ink cartridges significantly avoid any contamination problem. 425 

 426 

This study has demonstrated the possibility to incorporate isoleucine, which currently has 427 

no licensed formulations on the market, into a chewable formulation using 3D printing. 428 

The dose strengths were prepared based on the normal dose given to the MSUD patients 429 
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(50 – 200mg) to maintain blood isoleucine levels maintained between 200 – 400µM 430 

(Frazier et al., 2014a), however higher doses have been also printed (500 mg). The 431 

versatility of the 3D printing technology paves the way for its use with other active 432 

materials and combinations of them (e.g. drugs or biologics). Furthermore, 3D printing is 433 

suitable for different types of formulations and not limited to chewable printlets. 3D printing 434 

not only allows the production of extemporaneous small batches of medicines in a short 435 

period of time but can further do so in an automatic manner. Automation allows the 436 

tracking of the whole process and controlling all the possible variables, consequently 437 

avoiding errors and assuring higher quality standards. This technology, therefore, could 438 

be used for evaluation of new drugs in clinical trials when changing the dose is a 439 

requirement. 440 

 441 

5. Conclusions 442 

3D printing technology has shown to be successful in producing chewable printlets (3D 443 

printed tablets) of isoleucine as a treatment for MSUD, demonstrating for the first time the 444 

feasibility of the use of a 3D printer to prepare bespoke treatments in a hospital setting. 445 

Mean and median isoleucine blood levels of the patients after the administration of the 446 

printlets were in the target range of 200 – 400 µM. There was good acceptability of the 447 

formulations by the patients although each patient had different preferences in terms of 448 

flavour and colour. 449 

 450 

3D printing should be considered as an approach to prepare compounded medicines in 451 

a cost-effective, safe and automatic way in a hospital setting. The study demonstrates the 452 

first-time preparation and administration of 3D printed formulations in a clinical setting. As 453 

such, the 3D printing of pharmaceuticals can be used to advance the development of 454 

personalised medicines.  455 
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Figure captions 572 

Figure 1. 5-point facial hedonic scale, example of participant reported outcome  573 

 574 

Figure 2. Chewable printlets in different flavours/colour and doses. From left to right: 575 

Lemon/yellow, Coconut/ black, Banana/light green, Orange/orange, Raspberry/light blue, 576 

Strawberry/red. From top to bottom: 50mg, 100 mg, 150 mg and 200 mg. Units are cm.  577 

 578 

Figure 3. A) Isoleucine blood levels of the participants during the study, B) Isoleucine 579 

blood levels and mean values for printlets and capsules during the study 580 

 581 

Figure 4. A) Patient reported outcomes scores for the flavour and colour of the chewable 582 

printlets and the capsule. F and C refer respectively to de flavour and the colour of the 583 

formulations. B) Parents reported outcomes scores for the flavour and colour of the 584 

chewable printlets and the capsule. 1 point - signs of distress or any other signs of 585 

disapproval; 3 points - positive face or other signs of approval.  586 

 587 

 588 
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Table 1. Patient information 

Patien

t 

Gende

r 

Age  

(years - 

months) 

Isoleucine Dose 

(mg) 
Prescribing instructions 

1 M 5 - 0 50 
Monday, Wednesday and 

Friday 

2 F 3 - 8 100  Daily 

3 M 16 - 1 200 Daily 

4 F 10 - 1 100 - 150 Daily 
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