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RESUMO 

A utilização da impressão 3D na área farmacêutica promete revolucionar a forma 

de se utilizar um medicamento, tendo a completa personalização como uma das principais 

vantagens do seu uso, com destaque para a impressão 3D por modelagem de fusão e 

deposição que incorpora no seu processo técnicas já utilizadas na indústria farmacêutica, 

como a termoextrusão. Com essa tecnologia se ampliou as possibilidades terapêuticas, 

visto que mudanças nos parâmetros de impressão, podem afetar características 

importantes do medicamento como a dosagem e o perfil de liberação. Os avanços nessa 

aplicação medicinal da tecnologia 3D vêm trazendo também novas vertentes de terapia, 

como a combinação com outras tecnologias de grande impacto, como a nanotecnologia. 

A nanotecnologia já vem demonstrando seu impacto há anos na área farmacêutica e se 

amplia ainda mais quando existe o envolvimento de materiais poliméricos associados a 

fármacos, devido a tendência destes materiais de formarem nanopartículas de forma 

espontânea em determinadas condições de dissolução. Com isso, o presente trabalho tem 

objetivo de investigar a impressão 3D por modelagem de fusão e deposição como uma 

forma confiável de obtenção de formas farmacêuticas e sua correlação com a 

nanotecnologia, seja pela formação espontânea de nanocompostos ou pela inclusão de 

nanopartículas em formulações que serão impressas. A primeira parte do estudo avaliou 

o impacto dos parâmetros de impressão na obtenção de protótipos de medicamentos, 

evidenciando a necessidade de protocolos de validação para incorporar a tecnologia na 

produção de medicamentos. Na segunda parte do estudo foi feita uma investigação da 

formação de nanopartículas in situ, pela dissolução de comprimidos feitos por impressão 

3D, formulados com três diferentes polímeros e utilizando a naringenina como o fármaco 

modelo. O resultado demonstrou a formação das partículas nos três polímeros testados, 

encapsulando uma quantidade considerável do fármaco, demonstrando a necessidade de 

conhecer esse processo como uma forma de prever como estas partículas podem afetar a 

absorção oral destes compostos. Por fim, na terceira parte foi feita a inserção de 

nanopartículas de óxido de ferro em comprimidos feitos por impressão 3D com o objetivo 

de avaliar a compatibilidade das duas tecnologia para a aplicação no tratamento oral de 

deficiência de ferro. Os resultados obtidos mostraram que os processos de extrusão 

impressão são capazes de gerar interações importantes entre o polímero e as 

nanopartículas, resultando na formação in situ de um revestimento polimérico nas 

partículas capaz de mudar suas características físico-químicas e biológicas 

Palavras-chave: Impressão 3D; Nanotecnologia; Administração oral; Polímeros; 

Termoextrusão.    



ABSTRACT 

 

The use of 3D printing in the pharmaceutical area promises to revolutionize the 

drug therapy, having the complete customization of the dosage form as one of the main 

advantages of its use, with emphasis on the fused deposit modeling technique (FDM) that 

incorporates in its process technologies already used in the pharmaceutical industry, such 

as hot melt extrusion. With this technology the therapeutic possibilities have been 

expanded, since changes in the printing parameters can affect important characteristics of 

the drug, such as dosage and release profile. With the advances in this medicinal 

application of 3D technology, new aspects of therapy are being developed, such as the 

combination with other technologies of great impact, like nanotechnology. 

Nanotechnology has been demonstrating its impact for years in the pharmaceutical area, 

becoming even more important when polymeric materials associated with drugs are 

involved, due to the tendency of these materials to spontaneously form nanoparticles 

under certain dissolution conditions. With this, the present work aims to investigate 3D 

printing FDM as a reliable way to obtain pharmaceutical dosage forms and its correlation 

with nanotechnology, either by the spontaneous formation of the nanoparticles or by the 

inclusion of nanoparticles in formulations that will be printed. The first part of the study 

evaluated the impact of the 3D printing parameters in obtaining drug prototypes, 

highlighting the need for validation protocols to incorporate the technology in drug 

production. The second part of the study investigated the in-situ formation of 

nanoparticles by the dissolution of 3D-printed tablets formulated with three different 

polymers and using naringenin as the model drug. The result demonstrated the formation 

of the particles in all the tested polymers, encapsulating a considerable amount of the 

drug, demonstrating the necessity to understand this process as a way to predict how these 

particles may affect the oral drug absorption. Finally, in the third part iron oxide 

nanoparticles where inserted into an oral pharmaceutical form made by 3D printing, 

investigating their dissolution process and the possibility of their use for the oral  

treatment of iron deficiency. The results proved that the extrusion and 3D printing 

processes were capable to enhance the interaction between polymer and particles 

resulting in an in-situ coating process changing physical-chemical and biological 

characteristics of the particles.  

Keywords: 3D printing; Nanotechnology; Oral administration; Polymers; Hot Melt 

Extrusion.   
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1. CHAPTER I: OBJECTIVES AND LITERATURE REVIEW 

 

1.1 INTRODUCTION  

The use of three-dimensional printing (3DP) in the pharmaceutical field is 

promised to be one of the main trends of the market on the future, revolutionizing the way 

to consume medications(Araújo et al., 2019). The complete customization of the dosage 

form is the main advantage of its use, making possible the production of a dosage form 

completely adapted to the necessities of the user and the health professional (Tamil Ponni 

et al., 2020). 

With this technology the administration possibilities have been expanded, since 

changes in the shape of the printed material and the printing parameters can affect 

important characteristics of the medication, such as dosage, release profile, and comfort 

of administration (Pires et al., 2020). 

 Of the various 3DP techniques, fused deposit modeling (FDM) has been 

increasingly employed in this area, due to its precision, diversity of raw materials, and 

direct relationship with the Hot Melt Extrusion technique (HME), already widely used in 

the pharmaceutical industry (Nukala et al., 2019b). 

With the advances in this medicinal application of 3D technology, new 

possibilities of therapy are being developed, such as the combination with other 

technologies of great impact, like nanotechnology (Elder et al., 2020).   

Nanotechnology has been demonstrating its impact for years in several areas. In 

the pharmaceutical field, a highlight can be given to its use on drug delivery, applied in 

various routes of administration, including the oral route. With the nanoparticles the drug 

is capable to be absorbed and achieve the action site in a more efficient and direct way, 

contributing to a more focus and beneficial action (Mitchell et al., 2021). 

The participation of nanotechnology expands even more with the involvement of 

polymeric materials associated with drugs, in formulations like solid dispersions and 

dosage forms made with 3DP, due to the tendency of these materials to form nanoparticles 

spontaneously under certain dissolution conditions, affecting the pharmacokinetics of the 

drug (Schittny et al., 2020). 

 With that, the relationship between 3DP and nanotechnology is already stablished 

by this spontaneous formation, although studies on this regard are lacking. However, the 

beneficials of the combination of those technologies are already being recognized by the 

scientific community, with many studies attempting to combine the versatility of the 3DP, 
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with the beneficial properties of the nanoparticles for many different purposes. (dos 

Santos et al., 2021). 

 Therefore, the object of this study is to expand on the understanding of the 

relationship of 3DP and nanotechnology. Firstly, by understanding the 3DP technology 

through the study of the impact of the 3D printing parameters in obtaining drug 

prototypes. Secondly, describing the spontaneous formation of nanoparticles from the 

dissolution of 3D printed oral dosage forms. And finally, the insertion of iron oxide 

nanoparticles in 3D printed oral dosage forms, investigating their dissolution process and 

the possibility of its use for the oral treatment of iron deficiency 
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1.2 OBJECTIVES 

 Investigate FDM 3D printing as a reliable way to obtain pharmaceutical dosage 

forms and its correlation with nanotechnology, either by the spontaneous formation of the 

nanoparticles or by the inclusion of nanoparticles in formulations that will be printed. 

 

1.2.1 Specific objectives 

 Review the available data on 3D printing of oral dosage forms, nanotechnology 

and the combination of both technologies. 

 Understand the 3D printing FDM technique by the evaluation of the impact of the 

printing parameters on printed dosage forms. 

 Use the dosage forms developed to describe the in-situ formation of nanoparticles 

from 3D printed oral dosage forms made with different polymers.  

 Insert iron oxide nanoparticles on the developed formulation of 3D printed oral 

dosage forms, evaluating the interaction between nanoparticles and polymers 

during the dissolution process. 
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1.3 LITERATURE REVIEW  

 

1.3.1 Three-dimensional printing 

 

Three dimensional printing (3DP) is the technique that makes use of 

computational programs to modeling and programming the construction of a 3D model 

by layering materials on a surface (Tamil Ponni et al., 2020). This technology started to 

getting shape in the early 1980´s, having the first commercial debut in the end of this 

decade, mostly selling fabrication machinery used on different manufactory industries 

(Savini and Savini, 2015). 

With the rising popularity of the technique the research for new forms of 3DP 

originated the several different printing methods that are available on the market today. 

The most popular methods are the ink-jet based, extrusion based and laser based 3DP 

(Figure 1) (Mohammed et al., 2021).  

 

 

Figure 1. 3D printing techniques ( Source: Adapted from Miller and Burdick, 2016) 

 

The ink-jet technique is grounded by the idea of a traditional desktop inkjet 

printer, using a liquid material to impregnate a different material, forming the printed 

model (Sen et al., 2020). Two different ink-jet printing techniques are available, 

continuous inkjet printing (CIJ) and drop-on-demand printing (DOD), both based on the 
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deposition of a liquid adhesive material on a powder, biding the powder particles on the 

shape previously defined by the computer modulation. The difference between the 

technics is the deposition flow of the liquid, on the CIJ the liquid is deposited in a 

continuous flow on an orifice containing the powder and on the DOD the deposition is 

controlled by a trigger signal only on the areas necessary for the 3D model construction 

(Mohammed et al., 2021). The many possibilities of materials used in both the powder 

and the liquid binder formulations make this technique very attractive for many different 

areas. 

The extrusion based 3DP is based on the extrusion of a material throw a narrow 

nozzle by pressure, characterizing the semisolid extrusion technique (SSE), or by the 

melting of a solid filament, characterizing the fused deposit modeling technique (FDM). 

In both techniques the material is deposit in layers in a surface and forming the 3D model 

after solidification (Tamil Ponni et al., 2020). The differences between the techniques are 

just the type of substrate and the extrusion method. Those techniques have been a focus 

of research and development in many areas because of the great variety of materials that 

can be used as substrate and the precision of the printed model (Kristiawan et al., 2021). 

The laser based 3DP uses a high energy UV laser to bind materials in layers, 

forming the 3D model. The type of materials bound by the laser beam characterize the 

different techniques that use this type of 3DP technology. If the material is a liquid 

polymeric resin that are bound by the laser beam on the precise areas necessary for the 

formation of the 3D model, the technique used is called stereolithography (SLA). If the 

material is a powder that is sintered in a temperature below the melting point and the laser 

beam is responsible to melting and fusion of the material particles in the shape of the 3D 

model, the used technique is called selective laser sintering (SLS) (Palo et al., 2017). 

Those techniques have been also widely explored due to the high precision of the printing, 

resulting in very detailed models (Martinez et al., 2018).  

The nature of the materials used for all the techniques are also a subject of intense 

research, that made possible the expansion of the technology beyond the engineering area. 

The polymers are the focus material because of its versatile physical and chemical 

characteristics, capable to be applied to different technics and fields, but it´s not the only 

possibility(Stansbury and Idacavage, 2016). For example, the extrusion technique can be 

applied to the 3DP of different materials like metals, ceramic and food, expanding even 

more the possibilities of application (Chen et al., 2019; Ni et al., 2019; Piyush et al., 

2019). 
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As it can be implied by the great variety of techniques and materials, the versatility 

is the main attractive point for several areas that can benefit from the use of the 3DP 

technology. The models can be printed on different shapes and sizes, with levels of details 

that are becoming more precise each day, with the evolution of the processes (Tamil Ponni 

et al., 2020). Besides that, other advantages like the low investment cost, since the 

technique dispenses the use of additional accessories, and the possibility of complete 

personalization of the final product, add new layers to the benefits of the 3DP use (Araújo 

et al., 2019; Jiménez et al., 2019).  

The biomedical area was one of the fields that embraced the 3DP and are 

innovating each day on its use. For example, the 3DP is already used to print prosthetic 

pieces to substitute bones and cartilages when it is necessary, it is also possible to print 

tissues and organs to substitute defected ones and the printing of pharmaceutical dosage 

forms, with several advantages compared to the traditional forms (Jin et al., 2021; Manero 

et al., 2019; Parhi and Jena, 2021).  In particular, the use of 3D printing for the 

manufacturing of pharmaceutical dosage forms is a field that are rapidly growing, and it 

is considered a possible next trend on the pharmaceutical area. 

 

1.3.1.1 Three-dimensional printing on the pharmaceutical field 

 

The application of 3DP on the pharmaceutical field was made possible by the use 

of biodegradable polymeric plastic materials that for years has already been applied to 

other types of pharmaceutical products, like solid dispersion in oral dosage forms and 

patches in topic and transdermic products (Monschke and Wagner, 2020; Sabbagh and 

Kim, 2022). Besides that, the incorporation of methods, like hot melt extrusion (HME), 

to the pharmaceutical practice narrow the distance between the pharmaceutical field and 

3DP since this method is used in both areas(Tambe et al., 2021)ta. 

Several 3DP techniques were already explored on the pharmaceutical field. The 

inkjet technic was already applied for the manufacture of dosage forms like oral films and 

controlled released tablets, including the first FDA approved tablet made by 3DP, 

“spritam”, made using the DOD 3DP technique (Sen et al., 2020). The laser based 3DP 

method are also the subject of studies for the formulation of different pharmaceutical 

forms, like microneedles for transdermic release and other devices (Economidou et al., 

2019). However today on the pharmaceutical field the dominant 3DP technology, 
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responsible to about 80% of the studies made on this area, are the extrusion based 3DP, 

especially the FDM technique (Mohammed et al., 2021). 

On the extrusion based FDM technique a pre-produced thermoplastic filament is 

used as substrate of the printer. The filament is melted and extruded through a nozzle 

forming the model defined by the 3D modeling software. The filament is produced mixing 

a polymeric material and additional components using HME, a technology that combine 

high temperatures and intense shear to change the thermoplastic characteristics of the 

materials, extruding it through an orifice that can be adapted to different shapes, including 

filaments of approximately 1.75 mm, one of the patterns to FDM 3DP use (Kristiawan et 

al., 2021).  

The HME technology is already consolidated in many types of industries, 

including the pharmaceutical, producing, for example, solid dispersions and films for oral 

dosage. For the pharmaceutical use of 3DP the filaments produced are formed by a 

biodegradable pharmaceutical-grade polymer, the active pharmaceutical ingredients 

(API) and other additives to enhance the formulation performance physically and 

pharmaceutically (Tan et al., 2018). 

On a traditional non-medicinal application of 3DP the polymers used are normally 

thermoplastic materials well adapted to the printing process, like acrylonitrile butadiene 

styrene (ABS), poly(lactic acid) (PLA), high impact polystyrene (HIPS), polyethylene 

terephthalate glycol-modified (PET-G) and poly(vinyl alcohol) (PVA). Some of those 

polymers, such as PLA and PVA, are biodegradable medically graded materials that can 

be used to some medical application, like prosthetics, but in the market there are no 

options of filament containing some kind of API material for pharmaceutical purposes 

(Rahim et al., 2019). 

On the pharmaceutical research a huge variety of polymers are being tested for 

the 3DP of many types of pharmaceutical dosage forms with great results, including PLA, 

PVA, hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulose (HPMC), 

hydroxypropyl methylcellulose acetate succinate (HPMCAS), Eudragit® and Soluplus® 

(Azad et al., 2020). The polymer is selected mostly by its thermoplastic characteristics 

and the interaction with the API that is going to be incorporated on the product. The API 

can be melted and/or dissolved in the polymeric matrix, depending on the polymer 

properties and the HME and 3DP parameters, affecting directly the release of the drug 

from the pharmaceutical dosage form (Seoane-Viaño et al., 2021). With that it is 
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important a rational selection of the polymeric material, evaluating the interaction not 

only with the API, but with the additional components. 

As mentioned earlier, with the HME and 3DP processes the API can be melted 

and/or dissolved in the polymeric matrix, possibly suffering an amorphization process, 

transformation that can be very positive for the formulation, since the dissolution rate of 

the drug can be enhanced (Buyukgoz et al., 2021). However, both the HME and 3DP are 

processes made in high temperatures, consequently API with low thermal resistance are 

not viable candidates for integrate a dosage form made with 3DP FDM. 

The additional components of the filament and 3D printed pharmaceutical dosage 

forms formulation can have many functions for physical characteristics and/or for 

pharmaceutical performance. The most used additives are plasticizers and lubricants. The 

plasticizers are used mainly for achieving a filament with a good balance of 

viscoelasticity, important characteristic for the filament printability, but an effect on the 

release profile of the API from the pharmaceutical dosage form can also be expected since 

it can change the dissolution of the 3D model (Lima et al., 2022; Zhao et al., 2019). The 

lubricant is used to facilitate the feeding of the formulation powder during the HME 

process and help to prevent the adhesion of the filament on the walls of the printer 

extruder(Aziz et al., 2020). The use of one or more of those additives are conditioned 

mainly on the characteristics of the chosen polymer and previews tests attesting the 

compatibility between the two materials are a necessary step. 

In the end of the manufacture process the filament must have a good balance on 

its viscoelasticity characteristics. Parameters like plasticity, brittleness and rigidity can 

directly affect the printing processes, meaning that any disbalance on one of those 

characteristics can make the filament unprintable or can affect the quality of the final 

printed model (Lima et al., 2022). 

With a filament in hand, the printing parameters are the other critical point of the 

printing process. The changeable parameters of the 3DP FDM are numerous, being some 

of the more important, the printing temperature, layer height, infill density, infill pattern 

and the general format of the 3D model.  

The printing temperature must be determined based mainly on the melting 

characteristics of the components, ideally been above the melting point of the polymer. 

The temperature can affect both the printing process and the final printed model. In low 

temperatures the melting of the filament does not occur properly, and the printing is not 

possible and in high temperatures the fluidity of the melted filament can be affected, 
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changing the precision of the printer and the characteristics of the final model, altering 

parameters like the density(Pires et al., 2020). 

Printing parameters like printing speed, layer height, infill density and infill 

pattern are capable to change the density and porosity of the printed model. Changing 

those parameters is a way to alter the amount of material used during the printing process 

and how the model is going to be filled (Zhang et al., 2020). It is possible to print both a 

completely hollow model and a 100% filled one, changing completely the amount of 

material, including the API, present on the final product. Besides that, on a 

pharmaceutical dosage form, the way how the API is released on the action site is another 

important factor altered by those parameters. A completely filled dosage form is denser, 

consequently is going to release a higher dosage of the API in a more controlled way, and 

a hollow form is going to release a low amount of API in a faster way (Gültekin et al., 

2019). Hence, changes on these parameters are a way to personalize both dosage and 

release profile of a pharmaceutical dosage form. 

The format of the final product is also a parameter that can be important, especially 

for pharmaceutical products. The size is one of the main factors that impact on the API 

dosage and the format can change how the model is going to interact with the release site, 

affect how the API is going to be released (Goyanes et al., 2017b). 

With a good filament and ideal setting of the printing parameters the chance of 

success on the 3D printing of the pharmaceutical dosage form is high and that is applied 

to every type of dosage forms possible. It is reported a great number of different types of 

pharmaceutical dosage forms developed for the 3DP FDM, but the main focus is still the 

production of oral delivery forms.  

  

1.3.1.2 Application of three-dimensional printing in oral drug delivery 

 

The oral drug delivery is one of the main focuses of the researches made with 

3DP, especially using FDM technique. This is happening because this technology is 

capable to overcome many limitations of the current oral delivery systems that represents 

problems for the patient therapy. Problems like the limitation of dosages, tablet 

subdivision, and polypharmacy are examples of limitations that can be addressed using 

3DP (Pandey et al., 2020). 

As it was seen before, with 3DP is possible to obtain a dosage form with 

completely personalized characteristics. Through modifications on the size, infill density 
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and other printing parameters by a modeling computation system, it is possible to print a 

dosage form in different dosages and even different dissolution profiles of the API. It is 

proved that variations on the infill characteristic, size and form of oral dosage forms made 

by FDM 3DP are capable to alter the dissolution profile of the API, since those variation 

impact directly on the density and the porosity of the dosage form (Thakkar et al., 2020). 

With that, problems like the lack of specific dosages of API on the market can be 

addressed by the printing of tablets in the exact dosage necessary for each patient, with 

the additional possibility of modulating the dissolution profile of the drug. 

In the same way the subdivision problem can also be addressed. It is proved that 

even on ideal scenarios the subdivision of tablets is a risky practice, resulting on loss of 

important components and functionality of the dosage forms, representing a font of bad 

consequences to the patients (Temer et al., 2018). Using the 3DP the partition can be 

substituted to the obtention of complete dosage forms containing the exact dosage 

necessary for the patient (Zheng et al., 2020). 

Other possibility of the 3DP is the incorporation of multiple materials to the same 

dosage forms. A 3D printed tablet (printlet), for example, can be printed using different 

filaments made with different API, each filament been substrate for the printing of 

specific layers of the printlet, resulting in a dosage form that can make a precise 

administration of multiple API in a single use, addressing the problem of polypharmacy 

by facilitating the adhesion to the treatment (B. C. Pereira et al., 2020). 

The use of 3DP is entering on the market recently, but most of the projects are still 

in development and clinical studies phases. Many problems are yet to be addresses in 

order to make this technology a reality on the current pharmaceutical field. One of those 

problems is the difficulty on making a large-scale production possible, seen that the 3DP 

techniques are no known for been fast production methods. And are also the limited 

number of drugs that can be used on these products, especially in techniques like FDM, 

that require the use of high temperature on its processes (Seoane-Viaño et al., 2021). 

Another important matter that are being addressed recently, that can enhance the 

impact of the 3DP technology on the pharmaceutical field is the combination with other 

advanced technologies. The nanotechnology represents a revolution on the drug delivery 

in different areas including the oral drug delivery and combining the benefits of both the 

technologies can be an opportunity to advance even more the possibilities of patient 

treatment. 
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1.3.2 Nanotechnology and the application in oral drug delivery 

 

 Nanotechnology can be defined as any technology operating in nanoscale, been 

the nanoparticles an example of these technology. It can be considered nanoparticles 

particulate compounds with dimensions less than 1000 nm, depending on the nanoparticle 

type (Wilczewska et al., 2012).  

 These nanoparticles started to get attention with the observation that in nanoscale, 

materials can change completely some of its chemical, physical and biological properties. 

With that, the nanostructure of a material to change its properties and improve its 

performance on processes, compared to the bulk material, became a possibility (Medina 

et al., 2007). For example, one of the first applications of these technology was the 

nanostructure of catalytic materials, changing some of its physical-chemical properties 

and improving its performance on chemical reactions (Astruc, 2020).    

 With the years, the rapid expansion on the nanotechnology field resulted on the 

discovery of new types of nanoparticles made with different materials, like metals, 

polymers, and lipids. With that, other possibilities started to be discovered, like the 

complexation with other compounds by an encapsulation process inside the nanoparticles 

or bonded to the surface of the particles, transforming the nanoparticles in carriers of other 

substances like API´s (Mitchell et al., 2021). 

 As carriers, nanoparticles can not only transport the compounds but also use its 

structure to protect and stabilize it. In a biological environment, for example, 

nanoparticles made with biodegradable materials can carry an API to a specific location 

using its properties to penetrate more efficiently through biological barriers and 

improving the API stability protecting it from the environment before and after the 

administration (Reinholz et al., 2018).  

 With that, a biomedical application of the nanoparticles became a subject of 

intense research, and today it can be found applications in many biomedical areas, like 

diagnosis, cosmetology and pharmacology. Inside the pharmacology area, the oral drug 

delivery of API is one of the more researched subjects, mainly due to the potential of the 

nanoparticle to improve the process (Chenthamara et al., 2019). 

 Oral delivery is the most common route of API administration, mainly due to the 

high level of patient compliance. This route stands out, comparing to the parenteral route, 

for avoid painful administration procedures, equivalent efficacy, and low risk of cross 

contamination. However, the oral administration is dependent of specific characteristics 
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of the API in terms of solubility and permeability. In addition, it must trespass all the 

gastrointestinal tract without losing its properties (Alqahtani et al., 2021).  

The API must be capable to overcome the multiple compartments of the system, 

starting with the stomach, with an overly acidic environment and with the presence of 

important enzymes that can degrade the compound. Once the API surpass the stomach 

the next compartment in the small intestine, preceded by the duodenum, environments 

with massive enzymatic activity, making even higher the chances of degradation. Upon 

surviving both environments, the API still must contact the enterocyte and survive the 

absorption process and get to the bloodstream. With that, it´s justified the high amount of 

API´s with low resorption percentage, resulting in poor bioavailable (Reinholz et al., 

2018). 

To overcome those obstacles, many strategies have been used. The enteric coating 

is one of the main strategies and consist of contain the medication inside layers of 

polymeric materials that can resist to the gastric environment, avoiding the loss of API. 

The API is released only on the alkaline environment of the small intestine, becoming 

available to absorption. However, even with enteric coating many API´s have a low 

bioavailability, probably due to degradation on the intestine or weak interaction with the 

enterocytes (Maderuelo et al., 2019). 

Another strong strategy is the use of nanoparticles to potentially provide 

protection for the API from the aggressive environment of the gastrointestinal tract, 

increase the intestinal absorption into the bloodstream, target specific cells and guaranty 

a control release on the target cell. In this scenario, in many cases, the drug is released 

directly inside the intestinal cell, the bloodstream or in the cell target of the 

pharmacological activity, significantly enhancing the bioavailability (Chenthamara et al., 

2019). 

In general, a nanoparticle, after administration, is capable to protect the API 

against the acidic medium of the stomach, achieving the small intestines. On the intestines 

the particles can resist to the environment due to its structure and is available to be 

absorbed by the enteric cells as a whole. After the absorption the particles trespass the 

enteric cell and the lamina propria, achieving the bloodstream, open the possibility to go 

anywhere in the body. Advanced in development nanoparticles are capable even to leave 

the bloodstream and diffuse through the cellular structures to achieve the action site 

(Reinholz et al., 2018). 
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Depending on the type of nanoparticles and the objective of the treatment the API 

can be released on the intestinal lumen, acting similarly to the enteric coating, inside the 

enterocyte, on the bloodstream or directly on the action site, requiring the nanoparticle to 

be adapted to each situation. Hence, in most of these cases it is required that particles are 

capable to trespass all those biological barriers without losing its properties, and that is 

one of the many challenges on the development of new nanoparticles for oral 

administration (Cao et al., 2019). 

Many types of materials had shown the potential to become the main ingredient 

on a nanoparticle formulation. For oral administrations three types of materials can be 

highlighted: polymers, lipids and metals. 

Polymeric nanoparticles are particles made with polymeric materials of synthetic 

or natural origins, with sizes that can range between 1-1000 nm, although the lower size 

particles (between 20 nm and 250 nm) have been a more applied alternative for the 

biomedical application, especially for oral delivery (Chenthamara et al., 2019).  

The most important properties of those particle are the biocompatibility, 

biodegradability and the high stability in different environments, including biological 

ones. For drug delivery applications, the API can be entrapped onto the polymeric core 

of the nanoparticle or adsorbed to its surface, being released only on the target site by 

diffusion or desorption mechanisms, with the potential for a controlled release of the API 

(Pridgen et al., 2014). 

Nanoparticles made with synthetic polymers have the advantage of being easily 

produces, with no risk of biological contamination. Besides that, studies show that for 

controlled release the nanoparticles made with synthetic polymers are more efficient for 

a sustained API release, since the balance of hydrophilicity is more controlled on those 

polymers, compared to the natural ones (Dmour and Taha, 2018). Poly (lactic-co-glycolic 

acid (PLGA) nanoparticles is an example of a tested polymeric nanoparticles for oral 

delivery, showing positive results on the endocytoses of the full particle on epithelial 

enteric cell model (Caco-2 cell line) and the stabilization of encapsulated DNA, 

successfully protecting the material against the action of the nuclease enzymes inside the 

cells (Chenthamara et al., 2019). 

Nanoparticles made with natural polymers, in turn, have the advantage of an 

expressive mucoadhesivity, facilitating processes of uptake in different cells, fact that 

contributes to a direct delivery in specific sites (Mumuni et al., 2020). Chitosan is one of 

the most common natural polymers used to produce nanoparticles. It is a linear 
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polysaccharide extract from the shrimp and other crustaceans by the treatment of its chitin 

shells. Studies made with chitosan nanoparticles show a superior potential of delivering 

macromolecules through biological barriers like the enteric epithelium (studies made with 

Caco-2 cell line), the polymeric core of those particles is capable to create an environment 

that can more efficiently protect those molecules generating great uptake results, if 

compared to PLGA nanoparticle (Cao et al., 2022).  

Lipid nanoparticles are spherical vesicles made with different types of lipidic 

molecular structures. The use of those particles became a focus of research because of the 

extensive biocompatibility characteristics since most of these particles have in the 

composition common human body lipids like cholesterol and phospholipids molecules 

(Chaudhari et al., 2020). Additionally, the structure of these particles counts with an outer 

lipid layer, compatible with the also lipidic outer cells membrane facilitating the uptake 

process of the particles. Many different lipid particles are being study for an oral drug 

delivery application, some of the more promising are the liposomes and the solid lipid 

nanoparticles (SLN) (Mitchell et al., 2021). 

Liposomes are formed by a lipid bilayer encapsulating an aqueous core in with 

the API can be dispersed (Large et al., 2021). Initially, liposomes are not the most 

appropriated strategy for oral delivery because of the instability on the gastrointestinal 

environment, structure instability during the process of crossing biological membranes 

and the difficulty on large scale producing. However, studies show that by applying 

modifications to the structure of the liposomes, like adding a polymeric coating to add on 

resistance, can make the particle viable and make use of its properties to a better oral 

delivery of drugs (He et al., 2019). 

SLN in other hand, are formed by a lipid monolayer encapsulating a solid lipid 

core that can contain an API dispersed (Scioli Montoto et al., 2020). Like the liposomes, 

the SLN have stability limitations for oral delivery, especially on the gastrointestinal 

environment, however its structure is more capable to resist the cellular uptake process 

and the large-scale production is facilitated. Again, similarly to the liposomes, the SLN 

was already modified with enhancements like a polymeric coating, to overcome these 

limitations and being able to achieve results like the increase of the bioavailability of API 

like antidiabetics and anticancer drugs (Ganesan et al., 2018). 

Metallic nanoparticles are particles made with inorganic metallic materials like 

iron, gold, and zinc. Those nanoparticles are known for being very small particles (10 nm 

and 100 nm) that can enhance some of the metallic material properties like optical 
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characteristics, magnetic potential, fluorescence and specific electromagnetic absorption, 

that can be applied, for example, on the biomedical area on image-guided therapies as 

image contrast agents (Chenthamara et al., 2019). 

Another great potential of the metallic nanoparticles is the functionalization of its 

core by an API molecule, by coating or by a bidding process. That functionalization turns 

the nanoparticle on a delivery system that can stabilize the API and delivery it to a specific 

site. For many years the focus of research was the use of these functionalize nanoparticles 

for parenteral delivery. However recently the use of those particles for oral administration 

have been gain attention, specialty gold and iron oxide nanoparticles (Lin et al., 2015).  

Gold nanoparticles (GNP) are easily synthesized particles, with size and format 

that can be altered according to changes on the synthesis process. The possible variation 

of size and shape also bring an adaptability to the particle since changes on these 

parameters can modify optical and electrical properties of the nanoparticles. Additionally, 

the negative surface charge of the particle makes easy the functionalization by many types 

of molecules and biomolecules (Kong et al., 2017).  

All those characteristics, added to the biocompatibility and nontoxicity, make the 

GNP a viable option for directed drug delivery, including by oral administration. Studies 

show that GNP with low sizes are capable to be internalized by human endothelial cells 

from the blood vessels and the brain, showing a potential to be delivery in multiple sites 

is an oral administration (Kumari et al., 2020).  

Iron oxide nanoparticles (IONP) are spherical particle with sizes that can range 

between 10 nm and 200 nm. It is one of the more accepted metallic nanoparticle, having 

many approved products available on the pharmaceutical market. It is a stablished 

biocompatible particle, with a relatively easy synthesis process and a high capacity of 

being functionalized by different types of molecules. The paramagnetic characteristics of 

its core structure is another important featuring, adding to the many possibilities of use 

(Ali et al., 2016). 

In oral delivery the IONP have being tested in many ways as a drug delivery 

mechanism, however the use of the particle as source of supplementary iron for iron 

deficient patients is a recent application that deserve some attention. The use of iron 

nanoparticles for treatment of iron deficiency it is a stablished treatment made by 

parenteral administration, with several commercial products available (Alphandéry, 

2020). However, the efficiency of parenteral delivery comes with the many disadvantages 

of this type of administration, like pain, difficulty on self-administration and high cost of 
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production. In response to that, the oral use of the IONP as iron supplement have been a 

source of investigation, with the objective of produced a more comfortable for the patient 

and less costly delivery system (Zanella et al., 2017) . 

Many research have been made on this new use of the IONP in the last fell years 

and additionally to the obvious advantages of the administration form, some advantages 

on the efficacy of the IONP, in comparation with the current way to treat iron deficiency 

by oral delivery, has being reported (Alphandéry, 2020). The current oral iron deficiency 

treatment, mainly composed of ferrous salts, suffers with problems like the low 

bioavailability and side effects like inflammation on the gastrointestinal epithelial cells 

caused by the free iron accumulated on the regions. The studies with IONP, show that 

small sized particles can have a superior bioavailability on the intestinal cells and with 

less adverse effects associated with the treatment (Garcia-Fernandez et al., 2020). 

The increase on bioavailability is duo to a more efficient absorption process on 

the enterocytes. The IONP probably enter the enteric cells by an endocytosis mechanism 

through the cell membrane apical pole and diffuse inside the cell until the release on the 

interstitial space through the basolateral pole. It is reported that after this step the particles 

access the hepatic portal vein. In this vein, the particles are capable to transferred across 

the vessel basolateral membrane and achieve the systemic distribution, fact confirmed by 

the particles founded on the blood and organs like the spleen (Garcia-Fernandez et al., 

2020).  

During this process the particles presents a loss in size, evidencing a release of 

free iron during the whole trajectory, but it´s still found structured in the organs, 

maintaining the release of free iron for some time. Furthermore, no sign of cellular 

damage was funded in any of the body sites, where the particles where capable to reach, 

including the gastrointestinal tract, demonstrating the possible reduction on the adverse 

effects (Garcia-Fernandez et al., 2020). 

With those examples it is clear the impact of nanoparticles on the pharmaceutical 

area in general. On oral delivery the use of those nanoparticles are still limited, however 

the potential is demonstrated and it can change how to approach oral administration in 

the future.  

 

1.3.3 Nanotechnology Applied to FDM 3D printing for oral delivery 
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 On a pharmaceutical perspective 3D printing and nanotechnology can be 

complementary in their improvement of medicines efficiency. On oral delivery, 3D 

printing is capable to make a difference on administration and release profile of the API 

on the gastrointestinal tract, personalizing the dosage form according to the necessity of 

the therapy and making the experience more comfortable to the user. This personalization 

is made by changes on parameters like the type of material, size, shape, and density of 

the dosage form (Thakkar et al., 2020).  

The nanotechnology can also make a difference on the release profile of the API 

on the gastrointestinal tract, however the main focuses of the application is to improve 

the uptake by the gastrointestinal cells, enhancing the bioavailability, and a direct and 

controlled delivery on specific sites of the body. Those improvements are made by the 

selection of the type of nanoparticles, based on the core material, the functionalization 

process, and additives like coating (Chenthamara et al., 2019).  

Therefore, the possibilities of improvement are numerous with the combination of 

both technologies, with several studies already being made in this area combining several 

types of particles inserted in 3D models made with different 3DP techniques (dos Santos 

et al., 2021). On the oral delivery field, a more restrict amount of information is founded 

on the literature and the combination of nanoparticles for oral delivery and FDM 3DP 

technique is even more restrict.  

The combination of the FDM 3DP and nanotechnology for oral delivery was 

tested on a study that tried to incorporate Eudragit® RL PO nanoparticles on printlets 

made with the same polymer as base. On the study the particle was added to the printlets 

by a soaking procedure, meaning that the nanoparticles did not participate as an ingredient 

nether to the filament production nor the printing. That is due to the fact that the polymeric 

nanoparticle used on the study would not resist to the high temperature and intense sheer 

of both processes, loosing completely its structure (Beck et al., 2017). 

With that, the study highlights one of the more expressive limitations of the 

combination of FDM 3DP and nanotechnology, the lack of stability of the nanoparticles 

on the processes of extrusion and printing, presenting the soaking as a viable alternative 

for the combination of the technologies. Although, the results suggest the necessity of a 

more efficient soaking process, capable to load a high amount of particle into the printlets 

structure (Beck et al., 2017). 

When the search is made outside of the oral delivery area it is possible to find 

studies that presents other possibilities for the combination of FDM 3DP and 
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nanotechnology, for example, the use of nanoparticles that can resist to the high 

temperature and intense shear processes. 

Nanoparticles made with inorganic materials like hydroxyapatite, magnesium 

oxide, zinc, titanium dioxide and iron oxide are known to be resistant to high temperature 

and mechanical stress. This resistance was proved by several studies that applied those 

materials, in nanoparticles forms, to the FDM 3DP procedure. The nanoparticles were 

incorporated on the formulation during the filament production and printed on FDM 

printers, resisting to both processes (Luo et al., 2020; Rasoulianboroujeni et al., 2019; 

Roh et al., 2017; Senatov et al., 2017; Wang et al., 2017). 

On most of those studies, the incorporation of the nanoparticles was a strategy to 

provide resistance and additional properties, like antimicrobial activity and tissue 

regeneration to materials like prosthetics and tissue substitutes. However, many of those 

materials can also be applied to other areas, for example, magnesium oxide and iron oxide 

nanoparticles are already being applied to oral delivery (Garcia-Fernandez et al., 2020; 

Somanathan et al., 2016). 

With that, the conclusion is that it is possible to combine FDM 3DP and 

nanotechnology for the obtention of an oral delivery dosage form by the application on 

alternative techniques, like soaking and even during the normal process of filament 

production and printing, with the use of nanoparticles that can resist to the thermal and 

mechanical stress. 

 

1.3.3.1 Spontaneous formation of nanoparticles and the possible association with 3D 

printing 

 

So far, the discussion centered on the insertion of nanoparticles in a 3D model 

used for drug delivery purposes. However, another important discussion in the 

spontaneous formation of nanosized compounds during the solubilization of API and the 

polymeric materials on a dissolution medium. 

On the oral drug delivery, the importance of those spontaneous formed 

nanoparticles is the capacity of interfere on the release of the free API and its absorption 

by the gastrointestinal cells. It is reported cases that the particles are capable to increase 

and decrease the release of the free API, affecting in different ways the absorption and 

even the bioavailability (Sironi et al., 2017; Stewart and Grass, 2020).  
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This phenomenon is mainly described on solid dispersion and is connected to 

dissolution mechanisms of the formulation. The formation of the nanomaterials can be 

described in three different mechanisms: the erosion of the polymeric dosage form, the 

carrier-controlled release and the dissolution-controlled release (Schittny et al., 2020). 

On the erosion process the dissolution medium enters the polymeric matrix, 

resulting in a swelling process that causes a fragilization of the polymeric structure. With 

that, the material starts to erode and nanosized pieces are released on the medium 

retaining its structure by the molecular bonds between the components. If an API is part 

of the formulations its going to be trapped inside this structure (Göpferich, 1996). 

On the carrier-controlled release the solvent penetrates through the polymeric 

matrix and induces the formation of a gel layer. The API must diffuse through the 

polymer, including the highly viscous gel layer, to be released in the medium, making 

this a slow procedure. When the API concentration exceed the amorphous solubility, it 

forms a colloidal solution composed of drug rich nanosized particles stabilized by the 

polymer (Schittny et al., 2020).  

On the dissolution-controlled release the formation of the particles occurs by the 

same mechanism, the only difference being the rapid release of both polymer and API. 

This mechanism is more common when a more soluble polymeric material is applied on 

the formulation (Nunes et al., 2022). 

With that, it is possible to observe that the formation of those particles is 

dependent of the API and polymer solubility on the dissolution medium and theoretically 

can be controlled. Hence, if the objective is a modification on the release profile and the 

absorption of the API, the formation of this spontaneous particles can be an important 

control mechanism. However, can also be a factor that interfere negatively with other 

mechanisms that are being tested (Schittny et al., 2020). 

The dosage forms produced by 3DP are mostly polymeric material incorporated 

whith different API´s. Therefore the possibility of spontaneous nanoparticle formation is 

real for those dosage forms, however studies describing this phenomenon of those 

materials are lacking. 
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2. CHAPTER II: PREDICTIVE MODELS OF FDM 3D PRINTING USING 

EXPERIMENTAL DESIGN BASED ON PHARMACEUTICAL 

REQUIREMENTS FOR TABLETS PRODUCTION 

 

2.1 INTRODUCTION 

 

The technology of three-dimensional (3D) printing, which was developed for 

rapid prototyping, has been widely explored in the pharmaceutical field over the last five 

years (Mathew et al., 2020). During this short period, a consistent research activity 

occurred worldwide in the development of the most diverse drug delivery systems 

including devices for oral, dermal, and implantable administration. This demonstrates the                                                   

potential of 3D printing not as an accessory technology, but also as a significant player in 

the production of medicines (Araújo et al., 2019; Trenfield et al., 2018; Warsi et al., 

2018).  

One of the most vaunted benefits of 3D printing for the pharmaceutical field is the 

possibility of generating drug products for a personalized therapy, since inadequate 

dosages is a recognized health problem (Alhnan et al., 2016). In particular, 3D printing 

by fusion deposition modeling (FDM) has enormous potential for therapeutic 

customization due to its operational simplicity, low cost, high precision, and versatility 

to produce different solid dosage forms, as tablets, capsules, films, adhesives, and 

implants (Cunha-Filho et al., 2017).  

Despite the advantages and benefits of developing personalized patient-specific 

dosage forms with tailored release profiles, just one 3D-printed drug product has been 

approved by FDA up to date – Spritam® (Norman et al., 2017). This may be related to the 

regulatory requirements, once a pharmaceutical product, regardless of the technology 

involved in its elaboration, needs to follow Good Manufacturing Practices and 

pharmacopeia specifications in production, and these are more associated with already-

established industries (Jamróz et al., 2018; Li Chew et al., 2019; Richey et al., 2017). 

The FDM 3D printing process involves a large number of technical print 

configurations, such as extrusion speed, extrusion nozzle temperature, platform 

temperature, layer height, wall thickness, infill density, object size, among others, which 

show a decisive impact on the characteristic of the final printed object (Alhijjaj et al., 

2019). These basic settings, in turn, can be subdivided into even more specific commands. 

For example, the print speed can be configured in different steps of printing, including 
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print tip speed between extrusions; print speed of the first layer; print speed of the infill; 

print speed of the last layer; print speed of the outer wall; print speed of the inner side of 

the object and so on (Fernandez-Vicente et al., 2016; Gendviliene et al., 2020; Hernandez, 

2015).  

Most of the 3D printing studies are focused on the field of engineering; however, 

the pharmaceutical manufacturing process has distinct particularities that demand further 

and appropriate experimental experimentation. Indeed, studies in the pharmaceutical field 

have shown an intricate relationship among print settings (input variable) and product 

quality parameters (output variable). Input variables include: the geometric shape of a 

printed object, which has shown to influence its release profile (Goyanes et al., 2015); the 

infill density, which modifies tablet porosity and consequently the drug release kinetics 

(Goyanes et al., 2015); the infill pattern, which is related to printlet hardness and affects 

disintegration time .(NUKALA et al., 2019); and variations of temperatures of the 

printing nozzle and platfor, which – along with changes of printing speed – significantly 

affect printlet mass uniformity (Alhijjaj et al., 2019). Moreover, the same drug filament 

produced immediate, controlled, and combined release kinetics by only modifying a few 

printing parameters (Jamróz et al., 2020).  

In this scenario, in which pharmaceutical characteristics are influenced by the 

printing variables in a non-linear and little-understood relationship, the application of 

quality-by-design tools, such as the use of a design of experiments (DOE), could be used 

to guide the manufacturing process while predicting product’s output (Pires et al., 2017). 

The purpose of the present study was to evaluate the feasibility of DOE tools for planning 

and conducting experiments over multiple variables of the 3D FDM printing process. The 

aim was to obtain a predictive model that might be able to set the printing configuration 

to meet random medical prescriptions, including drug release specifications. 

 

2.2 MATERIAL AND METHODS  

 

2.2.1 Material 

 

Commercial 3D printing 1.75mm filaments of acrylonitrile butadiene styrene 

(ABS, lot 017127011) and polylactic acid (PLA, lot 217187012) were supplied by 3DFila 

(Belo Horizonte, Brazil). High impact polystyrene 1.75mm filament (HIPS, lot 18I24) 

was provided by Faz3D (São Paulo, Brazil).  
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2.2.2 Thermal characterization of polymeric filaments 

 

Differential scanning calorimetry (DSC) analyses were performed in aluminum 

pans using a DSC-60H (Shimadzu, Tokyo, Japan), which operated at a heating rate of 10 

°C min-1 ranging from 30 to 350 °C. Thermogravimetry (TGA) analyses were carried out 

in platinum pans using a DTG-60 (Shimadzu, Tokyo, Japan), which operated at a heating 

rate of 10 °C min-1 from 30 to 500 °C. Analyses were performed using samples of the 

polymers in the range of 3-6 mg. Additionally, the water content of each polymer was 

determined using TGA by heating the samples until 105 °C and holding this temperature 

for 120 min (Malaquias et al., 2018). All assays were performed under a nitrogen 

atmosphere (flow rate of 50 mL min-1). 

The possible mass loss in printing conditions was evaluated with TGA in 

isothermal conditions of analysis for 60 min at the printing temperature of each 

polymer—i.e., 195 °C, 225 °C, and 230 °C for PLA, ABS, and HIPS, respectively. 

 

2.2.3. Model planning using DOE 

 

DOE-based model building for each selected filament followed the stages 

described in Fig. 1. The 3D-printed (3DP) FDM tablets, called printlets (GOYANES et 

al., 2017), were graphically designed and sliced using free versions of Tinkercad® 

(Autodesk® Inc, San Rafael, CA, USA) and Slic3r® (Rome, Italy) software, respectively.  
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Figure 1. Model planning phases using DOE. 

 

2.2.3.1 Screening design  

 

From the several of the 3D FDM printing parameters that are possible to be set, 

nine of them were selected for the first modeling phase based on recent studies, which 

pointed out relevant printing configurations for 3DP of drug products (ALHIJJAJ et al., 

2019; GOYANES et al., 2015; NUKALA et al., 2019). Six continuous and three discrete 

factors were selected to be studied in the screening design phase, comprising twenty 

experiments for each filament.  

The continuous factors were: a) number of printlets per plate (from 5 to 10); b) 

size scale (from 50 to 100%); c) printing speed (from 30 and 100 mm s-1 to 60 and 200 

mm s-1 for printing moves and travel, respectively); d)layer height (from 0.1 to 0.2 mm); 

e) infill density (from 10 to 90%); and f) printing temperature (variations of ± 5 °C of 

printing temperature). The discrete factors were: i) infill pattern (concentric or 

rectilinear); ii) printlet shape (cylindric or torus); and iii) printer brand (Makerbot 

Replicator 2, New York, NY, USA; or Voolt 3D model Gi3, São Paulo, Brazil). 

Relevant measurements for a tablet were selected as responses for this study, 

including assays related to the accuracy and precision of drug product dosage (mass and 
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mass variation coefficient), the manufacturing time (printing time), and the drug release 

performance (porosity).  

 

2.2.3.2 Model optimization 

 

 Based on the most significant factors in terms of modifying the responses assessed 

during the phase of screening design, a further experimental design was carried out. In 

this next phase, the following three factors were more intensively studied: the number of 

printlets per plate, the size scale, and the infill density. The remaining print parameters 

were fixed as printing speed (60 mm s-1 for printing moves and 150 mm s-1 for travel 

speed), layer height (0.2 mm), printing temperature (225 °C for ABS, 230 °C for HIPS 

and 195 °C for PLA), infill pattern (rectilinear), printlet shape (cylindric) and printer 

brand (Voolts3D). In this design, twenty-five experiments were planned for each 

filament, and the same responses previously described were evaluated.  

 

2.2.3.3 Model checking 

 

 In order to test the predictive equation built for each filament from the 

optimization design, two different simulated prescriptions for a compounding pharmacy 

were proposed. Prescription #1 prescribed five printlets of 500 mg each with porosity in 

a range of 15-35% were prescribed, while in prescription #2, it was prescribed thirty 

printlets of 200 mg each with porosity in the range of 15-25%. All prescriptions were 

printed in triplicate for each filament. 

 

2.2.3.4 Statistical analysis of DOE  

 

All screening and optimization experiments were planned and analyzed using the 

Design Expert® 11 software (Stat-Ease, Minneapolis, MN, USA). The models were 

examined using one-way ANOVA. The best-fitting model was selected for each response 

based on F-values and p-values, and the predictive equations were established by stepwise 

multiple regression analysis. 

The simulated prescriptions responses for printlets were inserted in the software 

set with the optimized model for each polymer. Once the data were inserted, the software 
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provided all the 3D printer parameters that were needed to meet the predicted responses. 

The correlations among the predicted and the experimental values were evaluated 

(Malaquias et al., 2017). 

 

2.2.4 Printlets characterization 

 

The variation coefficients of printlet’s average mass and mass were determined 

using an analytical balance (Shimadzu, Tokyo, Japan). A digital caliper rule (Mitutoyo, 

São Paulo, Brazil) was used for volume assessment. The morphology of the tablets was 

assessed by optical microscopy using a stereoscope (SZ—SZT, BEL Engineering®, 

Milan, Italy) coupled to a video camera. All assays were performed taking five replicates. 

The skeletal density (ρskeletal) of printlets was measured by helium pycnometry 

using an AccuPyc II 1340 pycnometer (Micromeritics, Norcross, GA, USA). The 

apparent density (ρap) was calculated by dividing the printlet mass by the volume. All 

analyses were performed in triplicate. The porosity was calculated with Equation (1) 

(Cunha-Filho et al., 2019): 

Tablet porosity (%) = (1− (ρap/ρskeletal)) *100 (1) 

Determinations were performed only in the screening phase of the study in which 

was verified that the skeletal density of each polymer did not change after the printing 

process, which were 1.28, 1.18, and 1.45 g cm-3 for ABS, HIPS, and PLA, respectively.   

 

2.3 RESULTS AND DISCUSSION 

 

2.3.1 Characterization of the filaments   

 

The selected filaments (ABS, PLA, and HIPS) are well-known commercial 

polymers used in 3D FDM printing and recognized by their superior stability and 

printability. Moreover, most of these polymers are biocompatible (Mazzanti et al., 2019; 

Micó-Vicent et al., 2019; Ou-Yang et al., 2018) and have been used for pharmaceutical 

purposes (Jamróz et al., 2020; Zhao et al., 2018). The thermal analysis of the filaments 

(Table 1) confirmed their favourable characteristics for pharmaceutical use, e.g., all 

polymers presented less than 1.5% of mass loss at printing temperature and low water 

content (around 0.5%). This mass loss during the printing process has been described to 

occur due to the unbound moisture and the thermal decomposition of the polymers 
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(Solanki et al., 2018). Hence, reducing this occurrence is essential to preserve the stability 

of the printlet. 

 

Table 1. Polymer filaments characteristics. 

Polymer 
Printing 

temperature 

Glass 

transition  

Mass loss at 

printing 

temperature 

Water 

content  
Specific heat 

ABS 225 °C 105 °C 1.4 % 0.51 % 1060 J/kg K 

HIPS 230 °C 100 °C 1.0 % 0.52 % 1400 J/kg K 

PLA 195 °C 60 °C 1.2 % 0.52 % 1800 J/kg K 

 

For establishing a standard for printlet size, the dimensions of the generic 

Mesalazine 500 mg flat circular tablet were used as a model. Based on the acceptability 

by the patients (Goyanes et al., 2015), the cylindrical and torus printlets format with a 

volume of 5.903 cm3 were used as prototypes (Figure 2). 

 

 

Figure 2. Photomicrography of generic Mesalazine 500 mg tablet (A and B); printlets in 

cylindrical (C, D, G, H, K, and L) and torus (E, F, I, J, M, and N) format produced using 

the polymers ABS, HIPS, and PLA. Top (A, C, E, G, I, K, and M) and lateral (B, D, F, 

H, J, L, and N) views.  
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2.3.2. Model planning: Screening design 

 

In the first stage of the model development, an experimental screening design was 

employed, enabling the simultaneous study of many factors related to the FDM 3D 

printing process. This type of experimental design has a low predictive capacity due to 

the limited hierarchy between the factors; however, it is useful to measure the contribution 

of each factor in the responses, guiding the selection of the most important ones to be 

applied in a higher hierarchy experimental design (Durakovic, 2017). 

 

2.3.2.1. Average mass  

 

In consideration of the premise that drug presentation of the pharmaceutical 

filaments must be uniformly distributed in their polymeric matrix, one of the main 

responses obtained for the printlets was the average mass. Average mass is directly related 

to the dosage of the drug product; thus, developing a predictive model that can fully 

control this response is a prerequisite for pharmaceutical use of this technology.  

As expected, the size scale presented the highest influence on printlets mass 

(Figure 3). Indeed, the coefficient for size scale in the predictive equation was ten times 

higher than the coefficients found for the other factors.  
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Figure 3. The surface responses for the printlets’ average mass using the filaments ABS, 

HIPS, or PLA, their predictive equations, and correlation coefficients. A–printlets per 

plate; B–size scale; C–infill density; D–printing speed; F–temperature; H–shape; J–

printer brand.  

 

Different studies already observed this same relationship, which could present a 

non-linear behavior, depending on other parameters such as the type of polymer and infill 

density (Öblom et al., 2019). In our study, a non-linear behavior was found for all 

polymers. For example, for PLA filament, once all printing parameters are constant, and 

the size scale is reduced from 100 to 50%, the mass changes from 541 to 87 mg. This 

occurs due to the deposition of layers in the 3D object, which is not homogeneous since 

the printlet structure has a thicker and compact shell and a heterogeneous infill that 

depends on its pattern and density (Galeja et al., 2020).  
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In such cases, the use of DOE is a valuable tool to reach a reliable predictive 

model. In the present study, for the mass response, size scale is a crucial parameter to be 

set in the 3D printer to obtain printlets with different dosages. In fact, shifts in the size 

scale axis produce notable changes in mass, as observed in the response surface presented 

in Figure 3. Also, the infill density is a parameter that is clearly related to mass since it 

determines the space that is freely available inside of the printlets (Fernandez-Vicente et 

al., 2016). 

The number of printlets per plate had a small but significant impact on this 

response, i.e., the increase in the number of printed tablets caused a reduction of their 

average mass. Since the 3DP pieces are built layer by layer, increasing the number of 

printlets per plate leads to an increase in the itinerary of the nozzle to put a subsequent 

layer in all the printlets, causing a cooling of the last printed layer and a consequent small 

volumetric contraction (coefficient of thermal expansion in the range of 70-90 µm/m oC)  

(Alsoufi and Elsayed, 2017). When this occurs, the extra gap between the nozzle and the 

object leads to an adherence failure, causing insufficient traction in the feeding 

mechanism and consequently promoting a lower volumetric flow rate of the filament that 

reduces printlets mass (Feuerbach et al., 2018). 

Furthermore, a small reduction in printlets mass was seen with an increase in the 

printing speed—which was expected, considering that higher speeds of nozzle movement 

result in shorter times for material deposition in each layer (Feuerbach et al., 2018). In 

addition, a reduction in printlets mass was observed with the increase of the print 

temperature. This can be explained based on the decrease of the polymer’s density at 

higher temperatures due to polymer expansion, which means that the same volume of 

filament used in the construction of the printlets will result in a lower mass deposition 

(Alhijjaj et al., 2019).  

The significant impact of the printlets’ format on their mass is a result of the 

difference in the inner space of each structure. As shown in Figure 4, although torus and 

cylindric printlets have the same volume and external layers, the internal space left over 

for the filling greatly differs. In cylindrical printlets the inner space represents most of the 

built structure, while in the torus format it constitutes only a small part of the object. Thus, 

torus-shape printlets may have a mass of up to 49% higher than cylindrical. This finding 

somewhat limits one of the most vaunted advantages of 3D medicine printing technology, 

which is the freedom to print them in any desired format. In fact, the format needs to be 
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considered together with other printing variables in the validation of the predictive model, 

in order to guarantee the correct dosage of the intended drug product. 

 

 

Figure 4. 3D model of unfinished printlets showing details of the inner space, infill 

partner, and infill density of torus (B, D, F, and H) and cylindrical (A, C, E, and G) 

printlets with 10 and 50% infill density. 

 

The printer brand significantly impacted the mass of the final product. Differences 

in the mechanical structures, especially in heating and traction mechanisms, lead to 

changes in material deposition (Feuerbach et al., 2018; Gendviliene et al., 2020). The 

results showed for printlet mass variations by the Makerbot Replicator 2X® printer were 

slightly higher than those provided by the Voolt3D Gi3®. Based on this, it is possible to 

anticipate that a specific validation process will be required for each printer brand. Lastly, 

layer height and infill pattern presented no significant impact on the mass response 

(p>0.05) of the resulted tablets. 
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2.3.2.2. Mass variation coefficient  

 

The variability of the printing process was assessed by the variation coefficient of 

the tablets’ mass. In brief, the mass variation coefficients of printlets were always below 

2% in all specific conditions studied regardless the tested material. Moreover, the result 

of the average mass variation was 0.81%, 0.79%, and 0.77% for ABS, HIPS, and PLA 

filaments, respectively. These values are lower than those usually found in conventional 

tablet production and are also far below the limits set for a tablet containing more than 

250 mg (<5%) (WHO, 2019).  

Figure 5 shows that by increasing the number of printlets per plate and the size of 

the printlets, the mass variation coefficient decreases. This behavior is verified with 

tablets produced by conventional methods since the production variables have less impact 

on larger pharmaceutical units (Bakar et al., 2010).  

 

 

Figure 5. The surface responses for the mass variation coefficient of the printlets using 

the filaments ABS, HIPS, or PLA, their predictive equations, and correlation coefficients. 

A–printlets per plate; B–size scale; E–layer height; G–infill pattern; H–shape; J–printer 

brand. 
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Moreover, layer height showed a statistical impact on the mass variation 

coefficient, due to the tendency of the polymers to undergo deformation; still, the mass 

variation was low and irrelevant for printing robustness. Printlets’ shape, in turn, 

presented influence on mass variation coefficient for ABS and PLA possible due to the 

differences in inner space as commented before. Finally, the 3D printer brand had a 

significant impact on the mass variation coefficient, which was 0.53% and 1.30% for 

Voolt3D Gi3® and Makerbot Replicator 2X®, respectively, still in acceptable levels for 

pharmaceutical production (<5%) (WHO, 2019). 

 

2.3.2.3. Printing time 

 

 The printing speed of the dosage forms is a limitation for the pharmaceutical use 

of the FDM 3DP technology. Indeed, while modern industrial tablets’ machines can 

manufacture a pharmaceutical unit in milliseconds, a 3D printer can take a few mins to 

obtain a printlet (Melocchi et al., 2016). Hence, understanding the operational variables 

that are involved in this response and adjusting them to optimize the printing time of the 

formulation can be decisive to enable the popularization of such technology. 

The parameters that significantly influenced the printing time in this study were 

the size scale, the printing speed, and the layer height (Figure 6). In this way, depending 

on the printer configuration, printlets can be produced over a wide time interval, ranging 

from 28 to 420 s per pharmaceutical unit.  
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Figure 6. The surface responses for printing time of printlets using the filaments ABS, 

HIPS, or PLA, their predictive equations, and correlation coefficients. B–size scale; D–

printing speed; E–layer height. 

 

The size scale is linked to the amount of material necessary to build the printlet. 

Larger tablets require more layers of deposition and, therefore, take more time to be built. 

Increasing the layer height implies a reduction in the number of layers required to build 

the tablet and, therefore, lower the printing time. An increase of printing speed, in turn, 

makes the print nozzle move more quickly while the layers are deposited, which also 

understandably accelerate the construction of the tablet. The latter two parameters, when 

adjusted concomitantly, can reduce the printlet construction time by a factor of more than 

five (Figure 6). However, these parameters can also alter relevant quality parameters, 
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such as the mass and porosity of the printlets, and thus must be optimized in coordination 

with other parameters. 

The evaluation over printing time results of different polymers showed that a 

printlet with an average mass of 267 mg and a porosity around 20% took about 102 

seconds to be printed using ABS, 101 seconds for HIPS, and 103 seconds for PLA. The 

low variation observed is an evidence that the printing time is mostly unaffected by the 

polymer type itself, although it is affected by other printing parameters, such as layer 

height and printlet size. 

Undeniably, in the current state of the art for 3D FDM printing, production 

performances cannot be compared with traditional high-performance tablets machines. 

Still, when the focus is personalizing the medicines in compounding pharmacies, 

predictive models could be employed to optimize the printing time through the use of 

higher printing speeds or larger dimensions layers at levels, which do not compromise the 

other quality parameters of the drug product. 

On the other hand, the number of printlets per plate did not affect the printing time 

per unit. This occurs because the equipment adjusts the trajectory of the nozzle during the 

printing process in order to optimize displacements (Fok et al., 2017). However, the time 

spent to set-up the printer before starting the production should be considered, which 

involves heating the nozzle and plate and calibrating the position of the nozzle. These 

variables were not included in this study, which only focuses on the tablets’ printing time 

itself. 

 

2.3.2.4. Porosity  

 

As anticipated, the infill density had the highest impact on printlets’ porosity since 

this factor is directly related to the amount of material deposed inside the printed object 

(Cheng et al., 2018). Despite the noticeable influence observed, the relationship between 

infill density and porosity in not linear, similarly to the relationship between printlet mass 

and size scale. 

Moreover, the influence of the infill density on this response depends on the 

polymer used, i.e., the infill density impacts almost twice the PLA printlets porosity than 

those produced using HIPS and ABS (Figure 7). Other research has established that 

different materials are deposited on the layer in different ways. The uniformity of a layer 
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can vary, with irregularities leading to gaps in the structure, which affects the porosity 

(Abeykoon et al., 2020). This concept should be connected to the physicochemical 

characteristics of each polymer, for example, ABS and HIPS are processed at higher 

temperatures (225 and 230 oC, respectively) and show higher coefficients of thermal 

expansion (98 and 80 µm/m oC) than the PLA, which is processed at 195 oC and has a 

thermal expansion coefficient of 68 µm/m oC (Billah et al., 2019; Messimer et al., 2018; 

Spina, 2019). Because of these differences, the thin layer of material can be deformed by 

the cooling process in different ways, probably resulting in deformations on the structure 

that differently affect the porosity for each polymer. That phenomenon, added to the 

structural changes made by the modifications of the infill density (Figure 4) explain the 

observed polymer-dependent behaviour.  

 

 

Figure 7. The surface responses for porosity (%) of the printlets using the filaments ABS, 

HIPS, or PLA, their predictive equations, and correlation coefficients. B–size scale; C–

infill density; D–printing speed; H–shape. 
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In addition, the printlets shape significantly affected the porosity responses for 

most of the polymers. In fact, torus printlets have almost no space for the infill printed 

mass because of their compact double-shell layers (inner and outer), as shown in Figure 

4. Thus, the design of the torus printlet enhances the mass to form the object but reduces 

porosity in the other hand. These results corroborate the need for a predictive model for 

each printlet format. 

Finally, an increase in printing speed leads to more porous printlets (Figure 7). 

This is because a non-homogeneous filament deposition and a layer-by-layer cohesion 

deficiency, which results in construction failures and, consequently, printlets with higher 

porosity (Hernandez, 2015; Shie et al., 2019). 

 

2.3.3 Optimization process 

 

The models obtained in the screening phase showed a significant influence of the 

printing parameters on the pharmaceutical variables of the printed medicines. Although 

some studies have already shown the impact of some of these printing parameters on the 

mass or porosity of printlets (Chai et al., 2017; Pietrzak et al., 2015; Tagami et al., 2017), 

this is the first study to integrate several variables in an evaluation using DOE. This 

allowed us to determine the intricate and complex relationships among the printing factors 

for different filaments. Thus, the results obtained up to this point make it clear that, in 

order to obtain a personalized medicine by this technology, mathematical models with 

high predictive quality are essential. Such models should be capable of integrating the 

operational variables of 3D printing to obtain a drug product with the expected quality 

specifications. 

Virtually all of the studied printing parameters affect the responses to some 

degree. With this information, a predictive model was planned with a high hierarchy and 

broad predictive capacity that can be used in the practices of compounding pharmacies. 

Only the printing factors that caused the most considerable changes to the responses were 

chosen, especially in the average mass and the porosity—namely, size scale and infill 

density. Additionally, the printlets per plate variable was included since this has shown 

to be a factor that significantly impacts the responses along with being an inherent 

variable of the patient’s prescriptions. The other printing parameters were fixed to avoid 
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inconsistencies in the final product. A full validation process must follow any changes in 

those parameters. 

In this optimization phase, the tests were performed by combining these three 

factors in a factorial design planned for twenty-five runs. The response surface combining 

the two more important factors are exhibited for each polymer in Figures 8 and 9. All the 

obtained predictive models obtained fitted a cubic model. According to the statistical 

parameters, the best predictive capacity was acquired for the average mass response, 

which showed an adjusted correlation close to 1 and adequate precision greater than 80. 

The statistical values for the other measured responses met the recommended 

requirements (Ferreira-Nunes et al., 2018). 

Based on the response surface for average mass (Figure 8), it is possible to obtain 

mass measurements over a wide range of values (<100 mg to >600 mg), simply by 

moving between the operational variables studied. Similarly, for porosity response, it is 

possible to move within the response surface and obtain printlets with porosity below 

20% up to values above 40% (Figure 9). The ample mobility in the aforementioned 

responses is one of the main objectives of the intended models due to the need to meet 

the medical prescriptions of different patients regarding their individualities, including 

different dosages and drug delivery kinetics. 
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Figure 8. Surface response, predictive equations, correlation coefficients, and adeq. 

precision values for average mass (mg) response of ABS, HIPS, and PLA polymers. A–

amount of printlets per plate, B–size scale, C–infill density. 

 

As already verified in the first phase of this study, the size scale factor showed 

absolute predominance regarding the printlets average mass. Indeed, the size scale 
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coefficients were more than five times higher than that found for the other factors (Figure 

8). For porosity, the size and the infill density showed equivalent relevance. In this 

response, the absolute coefficient values for these factors were similar in the predictive 

equations but with different signs (Figure 9). The negative sign for the infill density 

coefficient indicates an increase in this parameter causes a reduction in the porosity of the 

printlet. The combination of both factors was used to control printlets drug release with 

repercussions in its bioavailability, as demonstrated by previous studies (Goyanes et al., 

2016; Kempin et al., 2018; Solanki et al., 2018). 

Importantly, a significant contribution of the interaction between size scale and 

infill density was denoted by the predictive models for average mass and porosity (Figures 

8 and 9). This interaction resulted in larger average mass and smaller porosity than what 

was predicted by the simple relationship between the factors in the linear hierarchy 

equation. This led to errors in predicting responses, which confirms the importance of an 

experimental optimization planning. 

Differences in the predictive equations concerning the material used were also 

noticed. ABS and HIPS filaments showed similar predictive equations which should be 

related to their similar physical-mechanical and thermal properties (Table 1). Still, these 

differences can be important when considering the accuracy of the responses required for 

a pharmaceutical product. For example, on a printing process of a batch comprised of 5 

printlets, with a size scale of 75% and an infill density of 55%, the average mass obtained 

was 268±1.15 mg, 254±0.60 mg, and 294±0.82 mg, for ABS, HIPS, and PLA, 

respectively. The observed differences would make a considerable quality issue if it were 

observed on the production of a precise dosage pharmaceutical device. The influence of 

the polymer has already been described as an important factor (Kempin et al., 2018; 

Melocchi et al., 2016); therefore, the establishment of a specific predictive tool for each 

material is advisable. 

Finally, it was observed that the mobility within the response surfaces varies 

depending on the filament type. In terms of average mass, larger coefficients of the 

predictive equations indicate easier adjustment of this response through the printing 

parameters for the PLA filaments than other polymers (Figure 8). However, the printlets’ 

porosity can be more easily adjusted in the ABS and HIPS filaments, which both showed 

higher values of the predictive equation coefficients for this response (Figure 9). 
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Figure 9. Surface response, predictive equations, correlation coefficients, and adeq. 

precision values for porosity (%) response of ABS, HIPS, and PLA polymers. A–amount 

of printlets per plate, B–size scale, C–infill density. 
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2.3.4 Model Checking 

 

 The optimized predictive equations for the studied responses were integrated to 

generate solutions containing the printing conditions capable of meeting the demands of 

a medical prescription. This involved setting the average mass of the printlets, the number 

of pharmaceutical units to be produced (according to the treatment needs of the patient), 

and the right porosity range (for the appropriate drug release kinetics). Additionally, the 

parameters of mass variation and printing time were adjusted for the lowest possible 

values, inducing smart solutions to meet the other printlet quality requirements. 

In order to test the models’ ability to meet randomized clinical demands, two 

prescriptions for printlets were simulated and printed using the three studied filaments - 

namely, Prescription #1, requiring the preparation of five 500 mg printlets in a porosity 

range of 15 to 35%; and Prescription #2, involving thirty 200 mg printlets in a narrower 

porosity range (15-25%). The results of the model’s solutions, as well as the experimental 

results of their printing are described in Table 2. 

 

Table 2. Predicted and experimental results of the simulated prescriptions #1 and 

#2 obtained using ABS, HIPS, and PLA filaments, with 95% of confidence interval (CI) 

of prediction. 

 Prescription #1 Prescription #2 

Average mass 

(mg) 

in target 500 in target 200 

Predicted (CI) Observed Predicted Observed 

ABS 500 (450-550) 500 ± 7.0 200 (140 -250) 200 ± 4.0 

HIPS 

 
500 (460-570) 480 ± 2.0 200 (150-250) 190 ± 1.0 

PLA 500 (460 -540) 479 ± 3.0 200 (170-240) 189 ± 1.0 

Printlets per plate  
equal to 5 equal to 30 

Predicted Observed Predicted Observed 

ABS 

 
5 5 30 30 

HIPS 

 
5 5 30 30 

PLA 5 5 30 30 

Porosity   

(%) 

in target 15 - 35 in target 15 - 25 

Predicted (CI) Observed Predicted (CI) Observed 

ABS 

 
30.0 (17.3-42.7) 30.5 ± 5.1 24.8 (12.2-4.5) 21.4 ± 5.1 
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The printing settings that met the simulated prescriptions resulted in average 

masses precisely equal to those specified in the prescriptions for all filaments, thereby 

indicating the ability of the optimized DOE employed in this study to meet the random 

demands of medical prescriptions (Table 2). Moreover, the experimental average mass 

results for both prescriptions showed very close values to the predicted ones, within the 

95% confidence interval and that fulfilled pharmacopeia requirements for tablet 

production of uniformity of mass method for single-dose preparations (WHO, 2019). 

In terms of porosity results, despite the low predictive precision, all proposed 

prescriptions produced printlets within the established confidence interval—including 

Prescription #2, which had a narrower interval for this response (Table 2). The ability to 

predict the time spent manufacturing the printlets was quite high, confirming that it is 

possible to establish a Process Control Plan from the predictive equations that can 

rationalize and optimize the use of 3D printers in digital pharmacies. 

Finally, the mass variations found for the prescriptions preparation repeated the 

pattern observed throughout all the experiments carried out in this study, with values 

mostly below 0.5%. In addition, this parameter showed a high correlation between the 

expected and observed mass variations (Table 2). These results reaffirm the consistent 

production precision of pharmaceutical units using 3D FDM printing that is far superior 

to the artisanal drug product production in compounding pharmacies, which achieve mass 

variation levels higher than 4% and, in some cases, as high as 20% (Green et al., 2012; 

Neumann et al., 2017). 

HIPS 

 
20.6 (09.8-31.5) 16.4 ± 2.0 25.0 (14.4-35.5) 15.5 ± 3.7 

PLA 30.0 (22.0-38.1) 36.1 ± 1.4 25.2 (17.3-33.0) 21.4 ± 2.3 

Mass variation 

(%)  

minimize  minimize  

Predicted Observed Predicted Observed 

ABS 

 
0.32 (0.0-0.83) 0.31 0.50 (0.0-1.00) 0.79 

HIPS 

 
0.33 (0.0-1.32) 0.45 0.47 (0.0-1.34) 0.51 

PLA 0.19 (0.0-0.52) 0.24 0.44 (0.0-0.8) 0.40 

Time  

(s/printlet) 

in range  in range 

Predicted Observed Predicted Observed 

ABS 

 
138 (118-158) 137.6 ± 0.2 60 (40-79) 61.7 ± 0.07 

HIPS 

 
146 (126-167) 137.1 ± 0.2 62 (43-80) 61.0 ± 0.02 

PLA 126 (112-139) 119.5 ± 0.1 55 (43-68) 56.6 ± 0.05 
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2.4 CONCLUSION 

 

This study is a proof-of-concept on the feasibility of using the quality-by-design 

DOE tools to integrate the 3D FDM printing operational variables and to obtain tablets 

that can meet the prescribing demands of each patient. Overall, the results demonstrated 

that by changing the right parameters, the control over the final product characteristics is 

achieved, with outcomes that could be even better than those obtained from the traditional 

manufacture of personalized pharmaceutical dosage forms. We expect that this study will 

serve as a basis for the development of process validation protocols in the near future that 

integrate the necessary information to ensure the reliability of printed tablets in 

compounding pharmacies for personalized medications. 
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3. CHAPTER III: IN-SITU FORMATION OF NANOPARTICLES FROM DRUG-

LOADED 3D POLYMERIC MATRICES 

 

3.1. INTRODUCTION 

 In the past decades, the use of plastic materials as drug matrices has become 

increasingly common with the incorporation of new technologies for modified drug 

release. In fact, several market drug products are produced from polymeric substrates 

forming solid dispersions, adding therapeutic benefits such as modulation of drug release, 

as well as increased solubility and stability (Alshehri et al., 2020). Moreover, the use of 

different polymers in medicines has been escalated with the consolidation of hot-melt 

extrusion (HME) technology in pharmaceutical factories, allowing solid dispersions to be 

produced in a simplified, continuous, and solvent-free process (Tran et al., 2021). 

Recent studies show that polymers' disaggregation in water frequently leads to 

micro and nanoparticles' formation. Indeed, the presence of nanoplastics derived from 

physical or biological decomposition processes of polymeric materials thrown into the 

environment has been a source of a new type of pollution found in human tissues, 

constituting, in this case, an invisible threat to people's health (Gigault et al., 2021). In 

fact, nanometric particles are known for being highly interactive structures that can easily 

disperse in different environments and interact with many substances, being capable of 

entrapping material in their surfaces or interiors and permeating through biological 

membranes (Mitchell et al., 2021).   

 In the pharmaceutical field, the in-situ formation of nanoparticles from polymeric-

based materials is still little studied, especially considering the effect it may have on the 

pharmacokinetics of a drug product (Schittny et al., 2020). Indeed, in most dissolution 

studies with polymer-based medicines, it is assumed that the drug found in the dissolution 

medium is solvated and free to be absorbed by the body (Pandi et al., 2020). However, 

the truth is that between polymer matrix disaggregation and drug solubilization, 

intermediate states of nanoencapsulation and microencapsulation can occur (Nunes et al., 

2022). 

Such particles can be formed by multiple mechanisms leading to colloidal 

dispersion with the drug entrapped by the polymer. Those processes can be controlled 

mainly by the formulation components' dissolution profile, depending on their solubility 
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on the medium and the interactions among the other compounds (Nunes et al., 2022). 

Notably, for an oral dosage form, the presence of a nanoparticle on the dissolution 

medium can mean a modification of the amount of free drug available for absorption in 

the gastrointestinal cells, consequently changing the bioavailability of the drug (Sironi et 

al., 2017; Stewart and Grass, 2020). However, no literature is available regarding such 

unpredicted intermediates states of drug encapsulation from the polymeric solid 

dispersions in an in vivo environment (Agafonov et al., 2021) or if such systems would 

have the same behavior as other nanosized colloidal systems intentionally produced (Kim 

et al., 2021). 

The spontaneous formation of nanoscale polymeric structures has gone unnoticed 

in medicines until now. Nevertheless, this occurrence can no longer be ignored, 

considering the relevance of 3D printed dosage forms, which must be the new trend in 

the pharmaceutical field (Karalia et al., 2021). This new way of making medicines uses 

almost exclusively plastic substrates, allowing high versatility in drug release with the 

personalization of the therapy (Pires et al., 2020). In particular, the most promising 

printing technique of fused deposition modeling (FDM) uses polymeric filaments 

obtained from HME as pharmaceutical ink (Araújo et al., 2019).  

To illustrate the magnitude of this question, 30 papers have been found in the web 

of science database in the last five years, focusing on dissolution studies of polymeric-

base dosage forms made with 3D printing and HME (Appendix A). None of them verified 

the possible encapsulation of the drug in nano or micro particles in the dissolution tests, 

assuming the drug was free in the aqueous dissolution medium. Such negligence 

regarding the real physical state of the drug in a simulated gastrointestinal medium may 

lead to the unpredictable therapeutic performance of this medicine. 

Particularly for the 3D printing process of oral dosage forms, such as in tablet 

forms, named printlets, a high percentage of the polymeric matrix is used in the 

composition, with variations in the amount of the drug (Karalia et al., 2021). Based on 

this, the odds of particle formation are high, and it is possible that the modifications 

brought by the printing process and the structure of the dosage form can also change the 

particle formation behavior.  

Faced with this scenario, there is a dramatic need to study the mechanisms 

involved in the in situ particle formation and the influence of the HME and 3D printing 

processes on this phenomenon. Therefore, this work aimed to study the formation of in 
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situ nanoparticles during the dissolution process of 3D printed pharmaceutical dosage 

forms. For this purpose, three systems with different solubility characteristics, and 

specific interactions between polymer, plasticizer, and drug, were selected. The 

naringenin was chosen as a model drug to be incorporated in the polymer matrices of 

hydroxypropylmethylcellulose acetate succinate (HPMC-AS), polyvinyl alcohol (PVA), 

and Eudragit RL PO® (EUD RL), using glycerol and triethyl citrate as plasticizers. 

 

3.2. MATERIALS AND METHODS 

3.2.1. Materials 

Naringenin (NAR, (2S)-5,7-Dihydroxy-2-(4-hydroxyphenyl)-2,3-dihydro-4H-

chromen- 4-one, purity ≥ 98%, lot MKCD1056) was obtained from Sigma-Aldrich (St. 

Louis, MO, USA). The polymer Parteck® MXP (Polyvinyl alcohol, PVA, lot F1952064) 

was donated by Merck (Darmstadt, Germany). Aquasolve® MG (HPMCAS, 

hydroxypropylmethylcellulose acetate succinate grade M, lot SF60G410004) and 

Eudragit RL PO® (EUD RL, Poly(ethyl acrylate-co-methyl methacrylate-co-

trimethylammonioethyl methacrylate chloride), lot G170936626) were donated by 

Ashland Specialty Ingredients (Covington, LA, USA), and Evonik industries (Darmstadt, 

Germany), respectively. The plasticizers glycerin (GLY, lot 58591) and triethyl citrate 

(TEC, lot S7425151) were purchased from Dinâmica® (São Paulo, Brazil) and Merck 

(Darmstadt, Germany), respectively. All other chemicals and solvents were of analytical 

grade. 

3.2.2. Preformulation studies 

Three different polymers were selected for the filament formulation: HPMCAS, 

PVA, and EUD RL. Moreover, a plasticizer and the model drug NAR were also added to 

the formulation (Table 1). For each polymer, an appropriate plasticizer was selected 

according to its ability to increase the mobility of the polymer chains through the HME 

process, producing filaments more suitable for 3D FDM printing, i.e., it was used TEC 

for the polymers HPMCAS and EUD RL, and GLY for PVA (Pereira et al., 2020). 
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Table 1. Formulations composition (%, m/m) with the amount of plasticizer and model 

drug. HPMCAS - hydroxypropylmethylcellulose acetate succinate, PVA - Polyvinyl 

alcohol, EUD RL - Eudragit RL PO®, TEC - Triethyl citrate, GLY – Glycerin and NAR 

– Naringenin. 

   Plasticizer Model Drug 

 Formulation GLY TEC NAR 

With 

NAR 

HPMCAS  20% 5% 

PVA 20%  5% 

EUD RL  13% 5% 

Without 

NAR 

HPMCAS  20%   

PVA 20%    

EUD RL  13%   

 

Previously to the production, the interactions between the materials were assessed 

by determining the Hansen solubility parameter (HSP) and by Fourier transform infrared 

spectroscopy (FTIR) analysis. 

The HSP for NAR was estimated by Hoftyzer and Van Krevelen group-

contribution method (van Krevelen and te Nijenhuis, 2009) (Table 2). For this purpose, it 

was calculated the dispersion (δd), polar (δp), and hydrogen bond (δh) parameters by the 

equations: 

𝛿𝑑 =
∑ 𝐹𝑑𝑖

𝑉
          (1)               

𝛿𝑝 =
√∑ 𝐹𝑝𝑖

2

𝑉
           (2) 

𝛿ℎ = √
∑ 𝐹ℎ𝑖

𝑉
          (3) 

where Fdi, Fpi, and Fhi are, respectively, the dispersion, the polar, and the hydrogen 

bonding components of the molar attraction function for each contribution group “i”, and 

V is the molar volume of the respective molecule. Finally, the total Hansen solubility 

parameter (δt) can be obtained from the vector sum of the three components previously 

calculated: 
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𝛿𝑡 = √𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2
         (4) 

 

Table 2. Hansen solubility parameters. δd – Dispersion parameter; δp – Polar parameter; 

δh – Hydrogen bonds parameter; δt – Total Hansen solubility parameter. HPMCAS - 

hydroxypropylmethylcellulose acetate succinate, PVA - Polyvinyl alcohol, EUD RL - 

Eudragit RL PO®, TEC - triethyl citrate and GLY -  Glycerin. 

Material 

Hansen solubility parameters (MPa1/2) 

δd δp δh δt 

NAR 22.7 9.6 18.9 31.1 

HPMCAS 20.5 5.1 14.6 25.7 

PVA 11.2 12.4 13.0 21.1 

EUD RL 16.9 1.0 11.1 20.2 

TEC 16.5 4.9 12.0 20.9 

GLY 17.4 12.1 29.3 36.2 

 

 The parameter values for HPMCAS and GLY were obtained from the studies of 

Klar & Urbanetz, 2016 (Klar and Urbanetz, 2016). PVA, EUD RL, and TEC were 

obtained from the studies of Kumar et al., 2022, Quinten et al., 2011 and Hansen, 2007, 

respectively (Hansen, 2007; Kumar et al., 2022; Quinten et al., 2021) (Table 2). 

FTIR analyses were performed on Bruker model vertex 70 (Billerica, MA, USA), 

using the equipment ATR accessory, from 4,500 to 375 cm-1 in a resolution of 2.0 cm-1 

and three scans. The FTIR spectrum of selected binary and ternary mixtures was obtained. 

The results were compared to the theoretical average spectrum, composed of the 

combination of the pure material spectra data considering the proportion of each 

component.  
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3.2.3. Filament production by HME 

As described before, the filament formulations comprised a combination of NAR, 

polymers, and suitable plasticizers. The proportion of each material is described in table 

1. 

The mixtures were initially prepared using mortar and pestle and then extruded in 

a co-rotating conical twin-screw extruder with a die diameter of 1.8 mm (HAAKE 

MiniCTW, ThermoScientific, Waltham, MA, USA), without recirculation, coupled to a 

filament tractor system model FTR1 endowed with an automatic diameter gauge 

(Filmaq3D, Curitiba, Brazil). The rotation and temperature of the HME process were 

chosen to guarantee the filament diameter's uniformity and the material's correct flow 

(Table 3). All filaments were stored in a desiccator before the characterization. 

 

Table 3. Filaments manufacturing specifications and characterization data of all 

formulations with and without naringenin (NAR). HPMCAS - 

hydroxypropylmethylcellulose acetate succinate, PVA - Polyvinyl alcohol, EUD RL - 

Eudragit RL PO®, Textrusion – Extrusion temperature and Vrotation - Velocity of the screws 

rotation. 

 Formulation Textrusion  

(°C) 

Vrotation  

(RPM) 

Mean 

Diameter  

(mm) 

Fracture 

Force  

(N) 

Aspect 

With 

NAR 

HPMCAS 140 30 1.67±0.04 28.77±1.13 

 

PVA 150 30 1.70±0.04 28.79±2.59 

 

EUD RL 140 40 1.46±0.06 24.34±1.38 

 

Without 

NAR 

HPMCAS 140 30 1.62±0.06 30.59±1.52 
 

PVA 150 30 1.59±0.11 28.19±1.16 

 

EUD RL 140 40 1.59±0.07 22.29±1.82 
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3.2.4. Filament characterization 

The filament diameter was measured at every 10 cm using a digital caliper 

(Mitutoyo Sul Americana, São Paulo, Brazil), then the mean diameter was calculated by 

the arithmetic mean of the measures. The visual characteristics were evaluated by optical 

microscopy using a stereoscope coupled to a video camera (Laborana/SZ – SZT, São 

Paulo, Brazil). 

The filaments' printability was tested by measuring their mechanical resistance 

with the fracture force data (n = 5) (Lima et al., 2022). The analysis was performed in a 

universal testing machine (Shimadzu EZ test, Tokyo, Japan) equipped with a 5 kN load 

cell using wedge-type grips that move horizontally to tighten the grip on the filament 

(before analysis) and vertically to perform the elongation test. The cell moved at a 

constant crosshead speed of 10 mm.min-1. The filament size was 90 mm, the gap between 

the cells was 60 mm, and the initial force was 1 N.   

 

3.2.5. Printlets production by FDM 3D printing 

Cylinder shape printlets with a mean volume of 0.569 cm3 were designed using a 

free version of the software Tinkercad® (Autodesk® Inc, San Rafael, CA, USA) and were 

sliced using Slic3r® (Rome, Italy) software. The printlets were printed using the filaments 

prepared previously by HME at a Voolt FDM 3D printer model Gi3 (São Paulo, Brazil) 

with a brass nozzle with a diameter of 0.4 mm. The printing temperature was adapted to 

each polymer (Table 4). The temperature of the printing bed was fixed at 80 °C, and the 

printlets were printed three at a time. The layer height was set at 0.2 mm, and the infill 

pattern was rectilinear with a density of 50%. Three extern layer shells were printed on 

all sides of the printlets, and the printing speed was set at 15 mm.s-1 for printing moves 

and 50 mm.s-1 for travel speed. 
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Table 4. Printlets manufacturing specifications and characterization data of all 

formulations with and without naringenin (NAR). HPMCAS - 

hydroxypropylmethylcellulose acetate succinate, PVA - Polyvinyl alcohol, EUD RL - 

Eudragit RL PO® and Tprinting – printing temperature. 

 

3.2.6. Printlets characterization  

Printlets volumes were calculated by measuring the diameter and thickness of 

each printlet using a digital caliper (Mitutoyo Sul Americana, São Paulo, Brazil). The 

mean volume was obtained from 10 printlets for each formulation. The visual 

characteristics were evaluated by optical microscopy using a stereoscope coupled to a 

video camera (Laborana/SZ – SZT, São Paulo, Brazil). 

 Formulation 
Tprinting 

 (°C) 

Volume  

(cm3) 

Weight  

(g) 

Drug 

content  

(%) 

Aspect 

With 

NAR 

HPMCAS  180 0.579±0.005 0.408±0.01 94.9±0.8 

  

PVA 180 0.605±0.005 0.637±0.03 102.5±0.8 

 

EUD RL 190 0.551±0.007 0.523±0.02 93.2±0.9 

 

Without 

NAR 

HPMCAS 180 0.568±0.004 0.463±0.01 - 

 

PVA 180 0.563±0.009 0.525±0.01 - 

   

EUD RL 190 0.549±0.007 0.471±0.013 - 
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The weight of each printlet was obtained using an analytical balance (Shimadzu, 

Tokyo, Japan). The individual weight and the mean weight obtained by the measure made 

in 10 tablets were used during the study. Drug content was determined in triplicate by 

dissolving the printlets in ethanol for the PLA samples and methanol for HPMCAS and 

EUD RL samples and determining the amount of NAR by HPLC as described in 2.9 

section.  

3.2.7. Dissolution studies and drug encapsulation 

Dissolution profiles of NAR as supplied, physical mixtures of the formulations, 

and the printlets were determined in a dissolutor Ethik model 299 (Nova Ética, São Paulo, 

Brazil) using 900 mL of medium. For the HPMCAS samples, phosphate-buffer solution 

0.1 mol L-1 (pH 6.8) was used as the dissolution medium (Thakkar et al., 2020), whereas, 

for the PVA and EUD RL samples, the medium was HCl 0.1 mol L-1 (Granados et al., 

2022; Pietrzak et al., 2015). The temperature was maintained at 37 °C, and apparatus 2 

(paddle) was used, operating at 100 rpm. Samples containing approximately 25 mg of the 

drug were added to the dissolution vessels. Aliquots of 5 mL were withdrawn and 

immediately replaced by fresh dissolution medium at 1, 2, 3, 4, 5, 6, 8, 10, 12, and 24 h. 

The aliquots were filtered on a paper filter using a vacuum filtration system composed of 

a Büchner funnel, a borosilicate filtering flask, and a vacuum pump.  

After filtration, an aliquot was diluted in an appropriate organic solvent to 

quantify the total amount of NAR by HPLC according to the method described in section 

2.8. Then, another aliquot fraction was used to determine the amount of NAR possible 

entrapped in the in situ formed particles. For that, 2 mL of the sample was inserted on a 

Vivaspin 2 filter (MWCO 10,000, Sartorius Lab Instruments GmbH & Co, Goettingen, 

Germany) and centrifuged for 10 min at a rotation of 4,000 rpm in a Z306 centrifuge 

(Hermle Labortechnik GmbH, Wehinger, Germany). The amount of NAR not entrapped 

(free NAR) was determined by the analyses of HPLC of the filtered material. Finally, the 

entrapped NAR was calculated according to Eq (1).  

Entrapped NAR (% w/w)= 
Total amount of NAR− free NAR

Total amount of NAR 
 x 100                                       (5) 

Experiments were performed in triplicate for each sample. Dissolution profiles 

were evaluated using their corresponding dissolution efficiency at 24 h (DE24) (Granados 

et al., 2022). Statistics of the dissolution efficiency were evaluated using GraphPad Prism 

9 software (San Diego, CA, USA) using one-way ANOVA, followed by Turkey post-
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test. The statistical analysis of the drug encapsulation data was performed by two-way 

ANOVA followed by Šídák post-test. The significance level (p) for both tests was fixed 

at 0.05, and data normality was previously demonstrated using the Shapiro-Wilk 

normality test. 

3.2.8. Characterization of the in situ formed particles 

The particles generated from the polymeric systems were characterized in a 

release study under more concentrated conditions than the dissolution assay to allow the 

particle diameter, polydispersity index (PdI), zeta potential, and morphological 

assessments. In this experiment, NAR as supplied, physical mixtures of the formulations, 

and its printlets loaded or not with the drug were placed in a Becker containing 20 mL of 

the same mediums used in the dissolution studies. The systems were maintained in a water 

bath at 37 ± 3 °C in constant magnetic stirring. Aliquots of 3 mL were withdrawn and 

immediately replaced by the fresh medium at 1, 4, 8, 12, and 24 h.  Next, samples were 

filtered using the same procedure as the dissolution study and analyzed using a Zetasizer 

Nano ZS (Malvern, UK). Hydrodynamic diameter determinations were performed using 

the dynamic light scattering (DLS) method to obtain the particle diameter, PdI, and mean 

count rate, whereas the electrophoretic mobility method was used to determine the zeta 

potential. Statistics were evaluated using GraphPad Prism 9 software (San Diego, CA, 

USA) by two-way ANOVA, followed by Šídák post-test. The significance level (p) was 

fixed at 0.05. Data normality was previously demonstrated using the Shapiro-Wilk 

normality test. 

Additionally, the 12 h aliquot of the particle release experiments was used for 

morphological analysis. The samples were analyzed by transmission electron microscopy 

(TEM) using a JEM-1011 (JEOL, Tokyo, Japan). Before the analysis, diluted samples 

were deposited on Formvar-coated copper grids and received 3 µL of uranyl acetate 

solution at 3% (w/v). After 3 min, the excess material was removed with filter paper, and 

the grids were air-dried. Then, the samples were taken to the equipment and analyzed at 

a magnitude of up 3,000 times. 

3.2.9. Drug determination 

NAR was quantified by a reversed-phase chromatographic method with UV 

detection at 290 nm using the HPLC model LC-20AT (Shimadzu, Kyoto, Japan) 

(Granados et al., 2022). The operating conditions of the method were as follows: 10 µL 
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of injection volume; reversed-phase C18 column (LC Column, 300 × 3.9 mm, 10 μm) at 

40 °C; methanol/phosphoric acid 0.01 mol.L-1 (65:35, v/v) as the mobile phase; and flow 

rate of 0.6 mL min-1. The method was validated following the International Conference 

on Harmonization parameters and proved linear in the range of 0.5 to 30 µg mL-1 with a 

correlation coefficient (r) = 0.999. 

 

3.3. RESULTS AND DISCUSSION 

3.3.1.  Preformulation studies  

Polymers with different characteristics used in marketed drug products and have 

already been assessed for 3D printing of medicines were selected for this study, i.e., 

HPMCAS (pH-dependent), PVA (water-soluble polymer), and EUD RL (insoluble 

polymer) (Kuźmińska et al., 2021; Pandi et al., 2020). Such polymers were combined 

with a suitable plasticizer to enable HME and FDM 3D printing (Pereira et al., 2020), 

totalizing six different formulations (Table 1). Firstly, the interactions between the 

components of the formulations were assessed. 

 It is well known that the molecular interactions between the components of a 

particle have a decisive role in its final characteristics, such as shape, size, surface charge, 

and drug encapsulation (Hickey et al., 2015). Therefore, the HSP was obtained to predict 

those interactions. The results showed different possibilities for each polymer-based 

formulation (Figure 1).  

Minor variations of HSP (Δδt) were found between the polymer HPMCAS with 

the drug NAR (Δδt = 4.73 MPa1/2) and with the plasticizer TEC (Δδt = 5.44 MPa1/2). 

Values below 7.0 MPa1/2 suggest strong compound interaction (Greenhalgh et al., 1999). 

On the other hand, for the PVA polymer, the potential interaction with NAR was 

considered weak (Δδt = 9.97 MPa1/2); however, a strong interaction between the drug and 

the plasticizer was noted (Δδt = 5.06 MPa1/2). Finally, the HSP calculations suggested a 

strong interaction of EUD RL with its plasticizer TEC (Δδt = 0.71 MPa1/2); nevertheless, 

a low probability of interaction was observed between this polymer and the drug or 

between the drug and the plasticizer. 
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Figure 1. Variation of the total Hansen solubility parameter (Δδt) of each 

combination of materials related to the polymer-based formulations of 

hydroxypropylmethylcellulose acetate succinate (HPMCAS) and the plasticizer 

triethyl citrate (TEC) (A), Polyvinyl alcohol (PVA) and the plasticizer Glycerin 

(GLY) (B), and Eudragit RL PO® (EUD RL) and the plasticizer TEC (C). The 

blue line represents the limit for high interactions (up to 7.0 MPa1/2), and the green 

line is the limit for low interactions (up to 10.0 MPa1/2).   
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For a further interaction investigation, the binary mixtures with Δδt < 7.0 MPa1/2 

were evaluated by FTIR (Figure 2). 

In Figure 2a, all the expected bands for NAR and HPMCAS were observed for 

the NAR+HPMCAS physical mixture, and no shifts were identified between the 

calculated and experimental spectra. This result is expected since the values of the 

component δd suggest that the interactions between NAR and HPMCAS are mainly 

dispersive (Table 2), not being able to promote significant dipole changes to be detected 

by infrared spectroscopy.  

 

 

Figure 2. FTIR spectra of the selected samples: a) hydroxypropylmethylcellulose acetate 

succinate (HPMCAS) and Naringenin (NAR); b) HPMCAS and triethyl citrate (TEC); c) 

Glycerin (GLY) and NAR; and d) Eudragit RL PO® (EUD RL) and TEC. The theoretical 

average spectrum, was obtained by the combination of the pure material spectra data 

considering the proportion of each component.  
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On the other hand, as highlighted in Figure 2b, a shoulder at 3,596 cm-1 appeared 

for the HPMCAS + TEC sample in the region of the O-H stretching. This finding may be 

associated with possible hydrogen bonds between the polymer and plasticizer, 

corroborating the similar δh values calculated for both components (Table 2). Similarly, 

a shoulder was also observed at 3,267 cm-1 for EUD + TEC sample (Figure 2d). The 

shoulder may be caused by the interaction between chemical groups of both molecules, 

most probably hydrogen bonds, since the -OH group of the plasticizer can act as a 

hydrogen bond donor that can interact with the many hydrogen bond acceptors presented 

in the polymer structure (Guerin et al., 2016).  

As shown in Figure 2c, the calculated average spectrum was almost the same as 

obtained for the NAR + GLY sample, suggesting a low interaction and/or solubility of 

the NAR in glycerol. However, for the ternary physical mixture PVA + NAR + GLY 

(75/5/20), the FTIR spectrum (Figure 3) reveals small shifts in the C-O stretching and C-

O-H bending bands, suggestive of hydrogen bond and/or other dipolar interactions.  

 

 

Figure 3. a) FTIR spectra of the physical mixture and calculated average spectrum for 

PVA/GLY/NAR ternary system; b) Zoom of the highlighted gray shaded rectangle 

region, from 1,300 to 900 cm-1. PVA - Polyvinyl alcohol, GLY – Glycerin and NAR – 

Naringenin. 
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The strong band at 1,037 cm-1 was attributed to the glycerol C-O stretching shift 

observed at 1,029 cm-1 for the pure GLY (Appendix B). In addition, the C-O-H bending 

of the PVA appears at 1,247 cm-1 for the physical mixture (Figure 3b), which corresponds 

to a shift of 8.0 cm-1 compared to the calculated average spectrum and the pure PVA 

(Appendix B). The frequency of this mode can be shifted to higher energies by increasing 

the bond angle or by expanding the molecule's dipole moment, which, in turn, may be 

associated with specific hydrogen bond interactions between the components. 

It is important to emphasize that the discreet quality of those shifts evidenced that 

those interactions do not compromise the stability of the components. Nevertheless, it is 

possible that those interactions became even more expressive with the HME and 3D 

printing processes. 

The preformulation results evidence three different scenarios for the study, with 

other interactions governing the behavior of those formulations, especially on the 

formation and characteristics of the particles, including the mutual interaction of NAR-

polymer and polymer-plasticizer influencing the HPMCAS samples and the NAR-

plasticizer and polymer-plasticizer affecting the PVA and EUD RL samples, respectively. 

3.3.2.  The HME filaments  

 The filaments were obtained by HME, feeding the equipment with the material 

blend previously mixed. The constant feeding and the traction provided by filament 

tractor equipment allowed to produce filaments with uniform diameters, which is one of 

the main factors that affect the printability of the products (Bandari et al., 2021). The 

obtained filaments had a translucid and homogeneous aspect with a mean diameter 

between 1.70 and 1.46 mm (Table 3). This result is close to the ideal range recommended 

for the printing process (1.80 to 1.60 mm), allowing the production of appropriate 

printlets (Ponsar et al., 2020). 

The standard deviation of the diameter of all filaments was lower than 0.11 mm 

(Table 3), which should allow a homogeneous feeding of the 3D printing and a better 

deposition of the materials (Ponsar et al., 2020). Furthermore, the filaments also had an 

ideal mechanical property. All the samples underwent an elastic deformation during the 

analysis, supporting forces higher than 22 N (Table 3), far superior to the minimum 

required force value for 3D printing of 5 N (Y. Yang et al., 2021). This result reinforces 

the probable printability of the produced filaments. 
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3.3.2.  The printlets characterization  

 In agreement with what was expected, all the printlets obtained by the 3D printing 

process had a homogeneous appearance and uniformity in both weight and volume (Table 

4). Furthermore, the weight and volume standard deviation were below 0.027 g and 0.009 

cm3, respectively. Finally, the drug content was within the pharmacopeial range for all 

the printlets, ensuring health quality requirements for pharmaceutical dosage forms (Pires 

et al., 2020). 

3.3.3.  The dissolution assays 

The nanoparticles formation over 24h was studied by dissolution assay to simulate 

the oral release profile of the NAR. Importantly, we analyzed the samples in order to 

distinguish the amount of NAR that was actually dissolved from those encapsulated in in-

situ formed nanoparticles (Figure 4). Noteworthy, the amount of drug encapsulated 

almost did not change with time and is represented in Figure 4 by the mean values 

determined during the dissolution test. 

In the case of the polymer HPMCAS and PVA, similar levels of encapsulation, 

around 25%, were observed both in the physical mixture of the formulation components 

and in the formulation submitted to the production process of extrusion and 3D printing 

(printlets). This effect can be attributed to an in-situ interaction of NAR with such 

polymers and/or the respective plasticizers, as predicted by the HSP simulations and 

confirmed by the FTIR analysis. Although NAR is more soluble in the release medium 

used for the HPMCAS systems (pH=6.8), the encapsulated drug content was very close 

to that observed in the PVA systems. This behavior can be explained by the higher 

polymer-drug and polymer-plasticizer interactions for the HPMCAS system, which could 

help maintain the cohesiveness of the nanostructure. 

The drug dissolution improvement was more prominent in the physical mixture 

with PVA, probably due to the interactions between the NAR and the plasticizer GLY 

suggested by the HSP values. Furthermore, the effect may have been even more 

noticeable due to the slower dissolution profile of the drug in the acid medium. Indeed, 

for the physical mixtures containing EUD RL, such dissolution improvements did not 

occur due to the low interaction of the NAR with the other components of the formulation 

observed in the preformulation and to the low solubility of this polymer in the medium 

(Berg et al., 2021). 
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Figure 4. Dissolution profile and mean encapsulation of the released Naringenin (NAR) 

through 24 h experiment for the printlets produced with the polymers 

hydroxypropylmethylcellulose acetate succinate (HPMCAS), Polyvinyl alcohol (PVA), 

and Eudragit RL PO® (EUD RL) and the control samples, pure NAR, and physical 

mixture. Since the drug encapsulation values were stable, the mean drug encapsulation 

considers the values obtained during the experiment.  

 

In the EUD RL system, polymer and plasticizer have strong interactions with each 

other and are less soluble in the release medium. In fact, the polymer-polymer and 

polymer-plasticizer interactions, combined with the lower solubility of these components 

in the medium, favor cohesive forces, inhibiting the dissolution process and keeping NAR 

enclosed in EUD RL/TEC matrix. As a result, NAR did not present strong interactions 

with the EUD/RL matrix; however, its release into the environment would depend on a 

diffusion process. In this context, unlike what was seen for the other polymers, the 

extrusion and 3D printing processes play an important role, favoring drug encapsulation. 



 

 

 

 

91 

 

Indeed, while EUD RL physical mixtures lead to 24% of drug encapsulation, the printlets 

reached 42% (Figure 4).  

From these results, it is possible to suggest that the dissolution mechanism that 

leads to the in-situ formation of the nanoparticles observed in this study may depends on 

the following: 

i) The nature of polymer-plasticizer, polymer-drug, drug-plasticizer interactions; 

ii) The solubility of the components in the release medium; 

iii) The previous treatment of the formulation  

A drug-controlled release profile was observed for the printlets produced with 

HPMCAS and EUD RL, as expected, due to the physical structure of the 3D printed 

dosage form (Figure 4). The printlets are formed by three layers of external shells and an 

infill of 50%, hindering a complete diffusion of the medium to the more porous inner part 

of the printlets. Depending on the solubility grade of the polymer on the medium, this 

structure can slow down the solubilization process, controlling the drug dissolution 

profile (Thakkar et al., 2020). In fact, in the printlets produced using PVA, a highly 

soluble polymer, the control of NAR release was observed only in the first 2h of the 

experiment, different from the other polymers that could control the drug release 

throughout 24h. 

The polymer disintegration, together with the printing settings, can significantly 

modify the dissolution profile of printlets, as was observed in this study with NAR 

(Jamróz et al., 2020; Thakkar et al., 2020). However, the in-situ formation of drug-rich 

particles on a nanometric scale can play an important role in the bioavailability of such 

dosage forms. It is evidenced that having an amount of drug entrapped in the particles can 

directly affect the uptake process in the gastrointestinal cells, as the amount of the free 

drug on the absorption site depends on the drug release process from the particles. Studies 

show that depending on their characteristics, nanostructured drug particles can provide a 

more efficient release of the drug or a sustained one, directly affecting the 

pharmacokinetics (Sironi et al., 2017; Stewart and Grass, 2020). 

One of the possible mechanisms of the formation of those nanoparticles during 

the dissolution process is a burst release of the amorphous drug by diffusion from the 

polymeric matrix. At the interface of the polymeric system with the medium, there is a 

region saturated with the drug, creating an environment conducive to drug encapsulation 
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due to the interaction with the polymer/plasticizer. Hence, particles are spontaneously 

formed in the dissolution medium and stabilized. This theory would explain the formation 

process of nanoparticles observed in physical mixture samples (Pandi et al., 2020; 

Schittny et al., 2020) (Figure 5). This process largely depends on the drug and the polymer 

characteristics, defining the profile and stability of the released particles (R. Yang et al., 

2021).  

Another plausible theory is the formation of the particles by an erosive process of 

the material. In this mechanism, the solvent enters the polymer matrix, swelling and 

causing the fragility of the solid structure (Figure 5). The solvent action causes erosion 

on the material surfaces, and nanosized pieces of the material are released on the medium. 

Such particles retain their structure through the molecular interactions between the 

components, maintaining part of the drug entrapped inside the particles. Therefore, this 

process is highly dependent on the intensity of those molecular interactions. (Göpferich, 

1996). Regardless of the formation pathway, the investigation of how the changes 

undergone by the 3D printing process can affect the formation and characteristics of those 

particles never has been described so far.  

 

Figure 5. Graphical representation of the pathways of particle formation, phase 

separation, and erosion. 

 

In our study, considering all the polymers, the lower mean percentage of NAR 

encapsulation was 22%, which is enough to impact any medical treatment. Indeed, such 

encapsulated drug will be released in a controlled way, directly affecting the drug uptake 

and its bioavailability (Qian et al., 2021).  
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Since the particles' formation is related to the amount of drug, plasticizer, and 

polymer dispersed in the medium (Schittny et al., 2020), the constant amount of drug 

encapsulated along the dissolution implied that the particles are formed following the 

same kinetics. Additionally, the stability provided by the specific molecular interactions 

between the components for each system kept the NAR encapsulated for 24 h, possibly 

directly affecting the drug uptake throughout the entire gastrointestinal tract transit.  

3.3.4.  The particles characterization 

To assess the physical characteristics of the spontaneously formed particles, a 

nanoparticles release test was performed with printlets and selected control samples, 

including the printlets without NAR and the physical mixtures containing or not NAR. 

First, it was verified whether the amount of nanoparticle formation was sufficient to 

perform the analysis, which occurs when the count rate shows values above 100 kcps, 

ensuring a precise measurement of the particle's characteristics (Ullmann et al., 2019; 

Zheng et al., 2016) .  

Based on that, NAR as supplied, physical mixtures without NAR, and printlets 

without NAR were excluded from the data analyses of all the polymers since the count 

rate values for these samples did not achieve the minimum required value. In such cases, 

the formation of nanostructures was found to be negligible. Exceptionally, printlets 

produced with HPMCAS and EUD RL  (Appendix C) could produce appreciable amounts 

of nanoparticles without NAR. In such cases, the stability of the in-situ nanostructures 

depends on the polymer-plasticizer molecular interaction, as supported by the HSP and 

FTIR analyses. These findings contrast with PVA samples, in which the plasticizer-drug 

interaction is highly significant for particle formation, generating particles only for NAR-

loaded formulations.  

In contrast, the samples capable of generating in-situ particles, even in physical 

mixtures (without heat treatment), reached high values of count rate, i.e., forming a 

considerable population of particles with a reasonable size uniformity (PdI values of 

around 0.6).  

Considering the HPMCAS samples with NAR, a particle diameter coherence was 

observed between the hydrodynamic diameter and TEM determinations (Figures 6 and 

7). The particles exhibited a spherical shape with well-defined borders (Figure 7) and a 

particle diameter between 500 and 800 nm. The particle diameter generated from physical 
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mixtures was relatively stable over time, with around 600 nm (Figure 6), while 

nanoparticles generated from printlets increased from 586 to 812 nm.  

HPMCAS has shown a great tendency to interact with poorly soluble drugs such 

as NAR, as confirmed by HSP data. In fact, the presence of hydrophobic succinyl groups, 

especially for the M-grade HPMCAS used in this study, may form a strong drug-polymer 

interaction. Additionally, the polymer-plasticizer interaction also has a significant role in 

the formulation. It seems to be sensitive to the thermal treatment provided by the HME 

and printing processes, explaining the difference in the particle diameter between the 

physical mixture and printlet samples. The M-grade polymer is also rich in hydrophilic 

acetyl groups interacting greatly with the aqueous medium, justifying the increase in 

particle diameter observed on the particles during the experiment by a swollen effect, a 

consequence of this interaction (Nunes et al., 2022). 

Still, regarding the cellulosic polymer systems with NAR, significant 

differentiation was also found in the zeta potential values among samples. The mean 

values obtained throughout the experiment for the physical mixture and printlet were -

21.7 mV and -10.6 mV, respectively. These findings suggest that the differences in the 

particles formed between the systems are not only related to the particle diameter but also 

their structural conformation. Considering that the HPMCAS is a negatively charged 

polymer, the value difference between samples is probably related to the amount of 

polymer on the particle structure (R. Yang et al., 2021). As suggested by the irregular 

particle borders in TEM images, the physical mixture tends to have a high amount of 

polymeric material on the surface, which could enhance the particles' negative charge. 

Regardless of the surface charge difference between the particles, such 

nanostructures were stable in gastrointestinal simulation conditions (dissolution assay) 

for 24h. Furthermore, previous studies corroborate the stability of HPMCAS 

nanoparticles (Wilson et al., 2021) (29).  

For the HPMCAS printlets without NAR, a significative population of particles 

was detected by the DLS analyses only after 24 hours of the dissolution process, 

evidencing a low-speed kinetics on the particle’s formation, only achieving a significative 

number after a long dissolution process. The particles had a diameter of about 770 nm 

and a zeta potential of about -11 mV, like previously discussed samples. Those particles 

are formed probably due to an erosion process of the polymeric material keeping its 

characteristics due to the drug-plasticizer interactions previously demonstrated by the 
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preformulation analysis. The occurrence of this phenomenon only on the printlets can be 

justified by the necessity of a more intense mixture process, provided by the thermal 

treatment of HME e 3D printing, enhancing the interaction between the plasticizer and 

the polymer. 

 

 

Figure 6. Particle diameter and zeta potential of the particles arose spontaneously from 

the dissolution of the physical mixtures and the printlets over 24h, produced with the 

polymers hydroxypropylmethylcellulose acetate succinate (HPMCAS), Polyvinyl 

alcohol (PVA), and Eudragit RL PO® (EUD RL). 
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With PVA, an important difference was observed in the mean particle diameter of 

physical mixtures and printlets during the first hours of the assay (596.26 and 932.71 nm, 

respectively). However, a progressive reduction in the particles generated from the 

printlets occurred practically equaled their diameter to those produced from the physical 

mixtures (Figure 6). probably due to the progressive solubilization of the polymer and the 

plasticizer in the medium,  corroborating with the dissolution rate results  (Figure 4) 

(Granados et al., 2022). Accordingly, a marked structural difference was noticed in the 

morphological analyses (Figure 7). Printlets produced particles with more determined 

border, in contrast with the physical mixtures, which exhibited particles with a less 

uniform and diffuse surface.  

 Based on the zeta potential data, PVA's physical mixtures and printlets produced 

neutral surface particles (Figure 6). During the dissolution assay, both samples exhibited 

zeta potential values >10mV, a common value found for other nanosized PVA samples 

since on acid medium the acetic groups on the molecule are neutralized, reducing 

considerably the superficial charge of the particles (Madlova et al., 2009). Yet, as 

occurred to the other polymers samples, the particles were preserved along 24h, probably 

due to the stabilization achieved thanks to the interaction between the drug and the 

plasticizer GLY, as suggested by the HSP and FTIR analyses analyses (Saboo et al., 

2021). 

Interestingly, the EUD RL samples suggested a different scenario regarding the 

particle formation. Since this polymer is mostly insoluble in the medium, the solvent is 

not too efficient in destroying the polymeric matrix. Formulations undergo a swelling 

process, but most of its structure is maintained throughout the 24 h. However, the 

formation of the particles has been observed since the dissolution beginning and is most 

probably resultant of the already described erosion process (Figure 5).  
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Figure 7. TEM images of the particles arose spontaneously from the dissolution of the 

physical mixtures and the printlets after 24h produced with the polymers 

hydroxypropylmethylcellulose acetate succinate (HPMCAS), Polyvinyl alcohol (PVA), 

and Eudragit RL PO® (EUD RL).  

 

Based on the particle diameterof the samples made with NAR, a differentiation 

was founded during the particle’s formation using EUD RL (Figure 6). The physical 

mixture rapidly achieved the diameter sustained during most of the experiment (about 

600 nm). In contrast, the printlets started with a lower particle diameter (about 320 nm), 

enhancing that value until the end of the experiment, achieving a high mean diameter 

value of 717 nm. The slower process of nanostructuring from the printlets can be 

attributed to a lower degree of swelling of the polymer after heat treatment by HME and 

3D printing, which should favor the polymer-plasticizer interaction, as suggested by the 

preformulation studies. Furthermore, the dissolution medium has less access to the 

compact structure of the printed object. Consequently, the erosion process is slower in 

such a sample affecting the particle formation process that was able to form a more stable 

particle only after a few hours of dissolution. 
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The morphological analyses of EUD RL physical mixture showed evidence of a 

high amount of material on the particle's surface, in the same way as with the PVA 

particles. In contrast, the printlets had a more delimited particle.  

Still, a zeta potential difference was founded for the EUD RL samples with NAR. 

The physical mixture showed sustained high zeta potential throughout the experiment, 

with a mean of 30 mV. Such results indicate that those particles had good stability. The 

printlets, on the other hand, had an increasing behavior of the zeta potential during the 

experiment, staying most of the time on values <10 mV but achieving, after 24 h, a mean 

value of about >20 mV. These findings corroborate the hypotheses of slower formation 

and stabilization of the particles from printlets (Kamble et al., 2022). A combination of 

the molecular interactions and the low solubility is the most likely explanation for this 

behavior, i.e., the formation of the particles is delayed, producing a more uniform and 

stable surface after fell hours of dissolution.  

Similarly with the HPMCAS samples, the EUD RL printlets produced without 

NAR were able to form a significant amount of particles only after 24 h of the process 

(particle diameter of about 471 nm and Zeta potential of 7 mV), reinforcing that the 

interaction polymer-plasticizer intensified by the HME and 3D printing processing has a 

definitive role on the particle formation, probably impacting also the samples with NAR.  

Based on the data collected in this study, it is possible to conclude that particle 

formation is highly dependent on the molecular interaction between the formulation 

components in association with the solubility of all the materials on the dissolution 

medium, probably defining the possible particle formation pathway and kinetics.  

 From the point of view of the bioavailability of the drug product, one of the more 

important characteristics to be concerned with is the amount of encapsulated drug. Our 

results evidenced that the HME and 3D printing process importantly influence this 

parameter, especially for insoluble polymers, such as EUD RL. In such cases, the particles 

are probably produced by a different mechanism, and the preparation process has a higher 

effect.  

Despite the need to deepen and expand studies for other polymeric drug matrices, 

the results obtained here show sufficient consistency regarding the plausibility of the 

spontaneous generation of drug-loaded nanoparticles from these polymer-based 

pharmaceutical products. Thus, a study on the encapsulation of the drug seems essential 
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for every system that combines polymer, plasticizer, and drug, considering that, in this 

study, all the samples, physical mixtures, or printlets, had some amount of the total drug 

entrapped on the particles during 24 hours, affecting directly the amount of the drug free 

to be absorbed. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

3.4. CONCLUSIONS 

 Although the spontaneous formation of nanoparticles from plastic matrices has 

attracted attention in several segments, there are practically no studies of this occurrence 

in the pharmaceutical field. In contrast, using polymers in drug delivery systems is 

becoming increasingly common, especially with the recent explosion of 3D printing 

drugs. The study performed here evidenced that the interactions between the drug, 

plasticizer, and polymer, as well as with the medium, are capable of forming mostly stable 

spontaneous particles during the dissolution of 3D dosage forms made with the polymers 

HPMCAS, PVA, and EUD RL, containing the poorly soluble NAR as the model drug.  

 The formed particles had spherical shapes and sizes that varied according to the 

drug-polymer interaction. The HME and printing processes greatly influenced those 

parameters forming different size particles and even affecting the superficial charge of 

the particles. In addition, the formed particles were able to encapsulate a considerable 

amount of NAR in all the samples, demonstrating that this phenomenon can directly affect 

the oral bioavailability of the drug and therefore needs to be further studied and 

monitored. 
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4. CHAPTER IV: PRELIMINARY STUDIES ON THE COMBINATION OF 

IRON OXIDE NANOPARTICLES AND FDM 3D PRINTING ON THE ORAL 

TREATMENT OF IRON DEFICIENCY. 

 

4.1. INTRODUCTION 

 The iron deficiency is one of the main sources of concern for world health 

organizations, affecting mainly children, women, and people in nutritional risk. It is often 

an asymptomatic condition, but can evolve to anemia, resulting on symptoms like fatigue, 

reduced concentration, dizziness, headache and even haemodynamic instability in more 

severe cases (Pasricha et al., 2021).  

 The treatment for iron deficiency is conducted manly by oral and intravenous 

routs, been the oral rout the most common for the less severe cases. For this rout it is 

administered to the patient a dosage of an iron salt, most commonly ferrous sulphate, 

ferrous gluconate and ferrous fumarate, in a form of a tablet or a liquid suspension, and it 

is proved to be efficient strategy for the replenishment of the iron levels (KUMAR et al., 

2022). However, many problems related to the high occurrence of adverse effects and the 

low disponibility of specific dosages on the market have been an obstacle for the adhesion 

of the patient to the treatment. 

 The most common side effect provoked by the oral treatment of iron deficiency 

are the gastrointestinal events. Those events are resultant mainly from inflammatory 

processes on the mucosal surface of the gastrointestinal tract, provoked by residual iron 

products not absorbed by the cells, causing symptoms like pain, constipation, nausea and 

diarrhea (Bayraktar and Bayraktar, 2010). The most often used strategy to reduce those 

effects are the exchange for an intravenous rout, that can be effective on this objective, 

however bring problems like the low autonomy on the treatment and the cost of 

production and treatment (Lo et al., 2022). Another strategy is the use of nanotechnology, 

specifically iron oxide nanoparticles (IONP) that have been proved to be efficient on the 

intravenous rout and has been studied also for an oral use, with many possible advantages 

(Alphandéry, 2020). 

 Recent studies proved that small sized IONP are capable to be efficiently absorbed 

by the enteric cells by an endocytosis mechanism, and achieving the systemic circulation 

passing through the hepatic portal vein. Once on the systemic circulation the particles are 
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distributed to the whole body, been founded mainly on the blood and accumulated in 

organs like the spleen. During this process the particle have a constant loss in mass, 

releasing iron inside the body, replenishing the levels of the metal. Additionally, no signs 

of cellular damages were founded in the body sites where the particles where located, 

including the gastrointestinal tract, reducing considerably the possibility for the classic 

side effects of this type of treatment (Garcia-Fernandez et al., 2020). 

 The other problem associated with the current oral treatment of iron deficiency is 

the low availability of specific dosages necessary for a more secure and controlled 

treatment. It is reported that the occurrence of gastrointestinal adverse effects is heavily 

dose-dependent and the available doses on the market are too high for many patients, in 

special patients in exceptional conditions, like pregnant woman and individuals with 

gastrointestinal conditions (Liu and Kaffes, 2012).  For those patients, again, the protocol 

is to recommend the use of the intravenous rout, however new forms of personalization 

of a oral dosage forms, like the 3D printing of pharmaceutical dosage forms can be a 

strategy for manage this problem. 

 The 3D printing of pharmaceutical dosage forms consists of a layer-by-layer 

construction of a completely personalized dosage form, using as raw material the drug or 

supplement incorporated in a polymeric matrix, resulting is dosage forms with different 

forms, sizes, dosages and release profiles, since the internal structure of the dosage form 

can directly affect the release profile of the active material (Thakkar et al., 2020).  

For example, the fused deposit modeling 3D printing technique (FDM) use as raw 

material a filament prepared by a hot melt extrusion process (HME) with the active 

material incorporated in a diversity of polymeric materials, including pharmaceutical 

grade polymers extensively tested on HME formulations (Pandey et al., 2020), with the 

capability of producing pharmaceutical dosage forms very similar to the classic ones, like 

the printles that are tablets analogs.  

On the oral treatment of iron deficiency, the use of this technology can be a 

possibility for the expansion of the possibilities of treatment by a complete 

personalization, avoiding all the problems caused by lower or higher dosages. 

Thinking even forward, the combination of IONP and 3D printing can be a 

important step to add a new dimension for the iron deficiency treatment, with the 

possibility of manufacturing of an efficient and secure product, that can be completely 
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adaptable to the patient. To the best of our knowledge, no studies attempted to combine 

both techniques for this purpose and are no available information on how the release from 

a 3D printing dosage form can affect the availability of IONP for a possible oral 

absorption.  

Therefore, this work aims to evaluate the combination of both technologies, 

focusing on the interaction between all the materials and how it can affect the availability 

of the iron-based materials for a gastrointestinal absorption.  

  

4.2. MATERIALS AND METHODS 

4.2.1. Materials 

Iron(III) Chloride (FeCl3· 6H2O, purity ≥ 97%, lot STBJ1734) and iron(II) sulfate 

heptahydrate (FeSO4 · 7H2O, purity ≥ 99%, lot MKCJ9113) was obtained from Sigma-

Aldrich (St. Louis, MO, USA). The polymers Parteck® MXP (Polyvinyl alcohol, PVA, 

lot F1952064) were donated by Merck (Darmstadt, Germany). The plasticizers glycerin 

(GLY, lot 58591) was purchased from Dinâmica® (São Paulo, Brazil). All other 

chemicals and solvents were of analytical grade. 

4.2.2. Iron oxide nanoparticles production 

The IONP where prepared by the co-precipitation method (Ushakov et al., 2020). 

On a 2% HCl solution it was added the FeSO4 · 7H2O (Fe2+) and the FeCl3· 6H2O (Fe3+) 

on a 1:2 molar proportion to a final concentration of 1 mol L-1 . After the complete 

dissolution of the metallic compounds, a solution of NH4OH was added to the mixture 

and an intense magnetic stirring was maintained for one hour.  

After this, the nanoparticles, suspended on the solution, were separated by 

magnetic attraction. A washing procedure using ultrapure water was made five times, to 

eliminate all the NH4OH from the solution. The remain particles where dried on a vacuum 

stove. 

4.2.3 Filament production by hot-melt extrusion 

The filament formulations were composed of the combination of the IONP (15%, 

m/m), the plasticizer GLY (20%, m/m) and the polymer PVA and was produced by HME. 
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The mixtures were initially prepared using mortal and pestle and then extruded in 

a co-rotating conical twin-screw extruder HME with a die diameter of 1.8 mm (HAAKE 

MiniCTW, ThermoScientific, Waltham, MA, USA), without recirculation, coupled to a 

filament tractor system model FTR1 endowed with an automatic diameter gauge 

(Filmaq3D, Curitiba, Brazil). The temperature used on the process was 180 °C, with a 

screw rotation of 60 rpm.  

Right after the production the filament diameter was measured at every 10 cm 

interval using a digital caliper (Mitutoyo Sul Americana, São Paula, Brazil), then the 

mean diameter was calculated by the arithmetic mean of the measures. The visual 

characteristics were evaluated by optical microscopy using a stereoscope coupled to a 

video camera (Laborana/SZ – SZT, São Paulo, Brazil) (Table 1).  

The filament was stored in a desiccator sealed on a vacuum bag before further 

characterizations. 

 

Table 1. Filaments and printlets made with the iron oxide nanoparticles (IONP) 

manufacturing specifications and characterization data. Textrusion – Extrusion 

temperature; Vrotation = Velocity of the screw rotation; Tprinting – Printing temperature; 

Tprinting platform – Printing platform temperature. 

Filament Characterization 

Formulation 
Textrusion 

(°C) 

Vrotation 

(RPM) 
Mean Diameter (mm) 

Fracture 

Force (N) 
Aspect 

IONP - 

Filament 
180 60 1,52±0,08 24,34±1.4 

 

Printlet Characterization 

Formulation Tprinting (°C) 
TPrinting 

platform (°C) 
Volume (cm3) Weight (g) Aspect 

IONP - 

Printlets 
210 80 0,631±0,003 0,595±0,04 
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4.2.4 Printlets production by FDM 3D printing 

Cylinder shape printlets with a mean volume of 0.569 cm3 were designed using 

free version of the software Tinkercad® (Autodesk® Inc, San Rafael, CA, USA) and sliced 

using Slic3r® (Rome, Italy) software. The printlets were printed using the filaments 

prepared previously at a Zmorph FAB printer (Wrocław, Poland) with a brass nozzle with 

a diameter of 0.4 mm. The printing temperature was 210 °C, the printing bed was 

maintained at 80 °C and the printlets were printed one at a time. The layer height was set 

at 0.2 mm, the infill pattern was rectilinear with a density of 50%. Three extern layer 

shells were printed on all sides of the printlets and the printing speed was 15 mm/s for 

printing moves and 50 mm.s-1 for travel speed. 

Right after the printing process the printlets volumes were calculated using the 

measurements of the diameter and thickness of each printlet using a digital caliper 

(Mitutoyo Sul Americana, São Paula, Brazil). In total were obtained the volume of 5 units 

of each printlet type to calculate the mean volume for each formulation. The visual 

characteristics were made by optical microscopy using a stereoscope coupled to a video 

camera (Laborana/SZ – SZT, São Paulo, Brazil) (Table 1). 

The weight of each printlet was obtained using an analytical balance (Shimadzu, 

Tokyo, Japan). The individual weight and the mean weight, obtained by the measure 

made in 10 tablets, were used during the study (Table 1). 

The printlets were stored in a desiccator sealed on a vacuum bag before further 

characterizations.  

 

4.2.5. Characterizations 

4.2.5.1. Particle diameter, pdI, mean count rate and zeta potential 

IONP and released particles were analysed on particle diameter, pdI, mean count 

rate and zeta potential in a Zetasizer Nano ZS (Malvern, UK). Hydrodynamic diameter 

determinations were performed using the dynamic light scattering (DLS) method to 

obtain the particle diameter, polydispersity index (pdI), and mean count rate. For these 

analyses the samples were diluted in adequate proportion according to necessity.  
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For the zeta potential determination, the electrophoretic mobility method was 

used. The analyses were performed in three different pH, 2.0 (HCl solution), 7.0 

(phosphate buffer solution) and 10.0 (Sodium tetraborate buffer solution), with the 

samples diluted on as adequate proportion. 

4.2.5.2. Thermal Analysis 

Thermogravimetry (TGA) analyses were carried out in platinum pans using a 

DTG-60 (Shimadzu, Tokyo, Japan), which operated at a heating rate of 10 °C min-1 from 

30 to 800 °C. Analyses were performed using crushed IONP, filaments, printlets and the 

formulation isolated materials samples in the range of 3-6 mg. All assays were performed 

under a nitrogen atmosphere (flow rate of 50 mL min-1). 

4.2.5.3. Fourier transform infrared spectroscopy (FTIR)  

FTIR-ATR analysis was performed with crushed IONP, filaments, printlets and 

the formulation isolated materials samples on the equipment Bruker, model vertex 70 

(Billerica, MA, United States), using the equipment ATR accessory, from 4500 to 375 

cm-1 in a resolution of 2.0 cm-1 and three scans. 

4.2.5.4. Mechanical resistance assay 

The filament was tested by measuring their mechanical resistance with the fracture 

force data (n = 5) (Lima et al., 2022). The analysis was performed in a universal testing 

machine (Shimadzu EZ test, Tokyo, Japan) equipped with a 5 kN load cell using wedge-

type grips that move horizontally to tighten the grip on the filament (before analyzes) and 

vertically to perform the elongation test. The cell moved at a constant crosshead speed of 

10 mm.min-1. The filament size was 90 mm, the gap between the cells was set at 60 mm, 

and the initial force was 1 N.  

4.2.6. Released particles characterization 

The characterization of the particles generated from the printlet´s dissolution was 

performed in a release study under a concentrated conditions allowing the measure of 

particle diameter, polydispersity index (pdI), zeta potential, and morphological 

characterization. In this experiment, IONP and the produced printlets were inserted in a 

Becker containing 50 mL of HCl 0.1M. The systems were maintained in a water bath at 

37 ± 3 °C in constant magnetic stirring. Aliquots of 3 mL were withdrawn and 

immediately replaced by fresh medium at 2, 4 and 6 h, filtered on a paper filter using 
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vacuum filtration system composed of a büchner funnel, a borosilicate filtering flask, and 

a vacuum pump, and analyzed using a Zetasizer Nano ZS (Malvern, UK) using the 

already described method (Section 2.5.1). Statistics were evaluated using GraphPad 

Prism 9 software (San Diego, CA, USA) by two-way ANOVA, followed by Šídák post-

test. The significance level (p) was fixed at 0.05. Data normality was previously 

demonstrated using the Shapiro-Wilk normality test.  

Additionally, all the aliquots collected from the printlet samples were used for 

morphological analysis. The samples were analyzed by transmission electron microscopy 

(TEM) using a JEM-1011 (JEOL, Tokyo, Japan). Before the analysis, diluted samples 

were deposited on Formvar-coated copper grids and received 3 µL of uranyl acetate 

solution at 3% (w/v). After 3 min, the excess of material was removed with filter paper, 

and the grids were air-dried. Then, the samples were taken to the equipment and analyzed 

at a magnitude of up 20,000 times. 

 

4.2.7. Dissolution studies  

Dissolution profiles of IONP and the printlets were determined in a dissolutor 

Ethik model 299 (Nova Ética, São Paulo, Brazil) using 900 mL of medium. For all the 

samples it was used as dissolution medium HCl 0.1 mol L-1. Temperature was maintained 

at 37 °C and apparatus 2 (paddle) was used, operating at 100 rpm. Samples containing 

approximately 100 mg of the drug were added to the dissolution vessels. Aliquots of 5 

mL were withdrawn and immediately replaced by fresh dissolution medium at 1, 2, 3, 4, 

5 and 6 h. The total amount of iron was determined by atomic absorption spectroscopy 

(AAS) according to the method described in section 2.8. 

Experiments were performed in triplicate for each sample and dissolution profiles 

were evaluated using their correspondent dissolution efficiency at 6 h (DE6) (Granados 

et al., 2022). Statistics of the dissolution efficiency were evaluated using GraphPad Prism 

9 software (San Diego, CA, USA) using unpaired t test. Data normality was previously 

demonstrated using the Shapiro-Wilk normality test. 
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4.2.8. Iron determination 

The iron concentration was obtained on the iron content analysis of the IONP, the 

printlets and during the dissolution assay. The analysis was made by atomic absorption 

spectrometry (AAS) by flame, using a Thermo Fisher spectrometer, model iCE 3000 

(Waltham, MA, United States). The samples were previously digested using a microwave 

reactor equipment of Anton Paar, model multiwave Pro (Graz, Austria) dispersed on a 

solution formed of equal parts water, hydrogen peroxide and nitric acid, using a 

microwave potency of 800 W to achieve a temperature of 100 °C, maintaining it for ten 

minutes, followed by a cooling process until the 55 °C. The digested samples where 

properly diluted and analyzed using the AAS equipment. 

The method was validated following the International Conference on 

Harmonization parameters and proved to be linear in the range of 1 to 20 µg mL-1 with a 

correlation coefficient (r) > 0.999. 

 

4.3. RESULTS AND DISCUSSION 

4.3.1.  Characterization studies  

IONP were synthesized by the co-precipitation method leading to the formation 

of stable magnetite with high magnetic properties. This method was selected since it is a 

relatively easy and efficient process, with the potential to produced particles in large scale 

(Besenhard et al., 2020). Besides that, the resulting particles can normally be directly 

dispersed in aqueous solvents without further treatments, important characteristics for this 

study, since the aim are a dispersion of the particles in biological gastrointestinal fluids. 

The produced particles had an iron content of about 67.15±0.58 % and it was 

observed an agglomeration tendency. Initial readings by DLS shown a diameter above 

200 nm, however the visual analyses made by TEM images (Figure 1) shown that this 

diameter is referent to agglomerations of particles, been possible to identify the real 

diameter of the individual particles on the images, that was between 10 and 12 nm.   
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Figure 1. Diameter analysis by dynamic light scattering and transmission electronic 

microscopy analysis of the iron oxide nanoparticles.  

The filament production was conducted by HME using the IONP as the active 

material and PVA and GLY as the polymer and plasticizer, respectively, with the constant 

feeding of the materials blend previously mixed in a mortal and the assistance of a traction 

mechanism, allowing the control over the filament diameter, factor that can directly 

impact the printability of the filament and uniformity of the printed dosage forms 

(BANDARI et al., 2021).  

The obtained filament had a brown coloration, similar to the IONP powder, 

homogeneous aspect and a mean diameter of 1.52±0.08 mm (Table 1).  It is possible to 

see that, despite the good uniformity proved by the standard deviation of only 0.08 mm, 

the filament overall diameter was lower than the ideal range recommended for the 3D 

printing process, between 1.80 and 1.60 mm (Ponsar et al., 2020). This is likely due to 

inconsistences on the feeding and traction processes, that can lead to an fluctuation on the 

diameter (Gillispie et al., 2020). However, even with this inconsistency the filament was 

able to be fed in the printer with no noticeable interference on the process. 

The printability of the filament was also attested by the measure of its mechanical 

property. The analysis resulted on the curve shown on figure 2, and it is possible to see 

that the filament rapidly passes through the elastic deformation phase, marked by the 

rapid grown on the curve, and after the 20 N mark occurs a stability on the curve 

characterizing a plastic deformation phase, that goes until the complete fracture of the 
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filament on about 24.3±1.45 N. The long plastic deformation phase and the fracture force 

higher than 5 N  indicate that the filament are ductile and has high toughness, been ideal 

for the application on the FDM 3D printing process (Y. Yang et al., 2021). 

 

Figure 2. Mechanical properties of the filament. Highlighted the elastic and plastic 

deformation phases, the fracture and the minimal fracture force for a quality filament for 

fused deposit modeling 3D printing , at 5.0 N. 

  

The filament obtained was used for the production of printlets. The printlets 

obtained by the FDM 3D printing process shown a slight uniformity issue, characterized 

by inconsistencies of infill, mainly on upper layers of the printlets (Table 1). However, 

this fact seems not to translate significantly to the uniformity of the printlets based on the 

weight and overall volume. The obtained printlets had a mean weight of 0.595±0.047 g, 

with less than 10% variation between the samples and the mean value. The mean volume 

was 0.631±0.003 cm3, showing an even lesser variation, proving the uniformity of the 

printlets, that can be translated to a uniformity on the iron content.  

 A thermal and chemical characterization of the formulation and its components, 

made by TGA and FTIR, respectively, was also carried, tracking any type of interaction 

between the components. The TGA analysis (Figure 3) was made comparing the 

formulations of filament and printlet forms to a theoretical thermogram made by the 

weighted average of the isolated materials, IONP, PVA and GLY. 

 On the theoretical analysis (Figure 3) a weight loss of 85% is observed on the first 

400 °C, been exactly the combined proportion of PVA and GLY of the formulation, with 
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no other weight loss during the analysis. The remaining 15% are also the exact proportion 

of the IONP on the formulation, however this material do not loses any weight on the 

selected temperature range. 

 

 

Figure 3. Theoretical and experimental TGA analyses of printlets formulations on the 

filament and printlet made with the iron oxide nanoparticles. The theoretical thermogram 

was obtained considering the contribution of each formulation compound on the mass 

loss events. 

 On the formulations the thermal behavior was the same on the filament and 

printlet forms. Like on the theoretical thermogram, there is an important weight loss on 

the first 400 °C, however on the formulations this loss is of about 70%, followed with a 

weight loss of the remaining 15% on higher temperatures, resulting on the 85%, that is 

exactly correspondent to the total amount of PVA and GLY.  

This behavior is a clear indication of interactions, probably between the PVA and 

the IONP, since the GLY is normally completely lost on temperatures below 250 °C.  A 

polymeric coating process are the most probable cause of this shift, with the 15% of 

material lost on temperatures higher than 400 °C been most probably the remained PVA 

adsorbed on the particles surfaces by interaction like hydrogen bonds  (Silva S and 

Moraes D, 2016).   
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On the FTIR analysis (Figure 4) the IONP was identified by the presence of peaks 

related to two structures, the O-H group of the surface of the particles, market by the 

bending on about 3350 cm-1 and the Fe-O interaction stretching on about 545 cm-1, 

confirming that the particle is formed by iron oxide. This last group was also spotted on 

the filament and printlet analysis without any significant changes on the position, proving 

the stability of the particles after the HME and 3D printing processes.  

 

Figure 4. FTIR of the iron oxide nanoparticles (IONP), filament and printing. 

Highlighted the most identifiable peaks of the IONP, the polymer Polyvinyl alcohol 

(PVA) and the plasticizer glycerin (GLY) on all the spectrums. 

 

On the filament and printlet analysis the presence of the polymer PVA and the 

plasticizer GLY was also well market on the FTIR analyses. The ester groups C=O and 

C-O of PVA stretching on about 1720 and 1250 cm-1, respectively and the O-H bending 

of the hydroxyl groups of GLY on 920 cm-1, demonstrated the presence of the materials 

and the stability of both during the printlets production, since the peaks didn´t suffered 

any significative displacement. The interaction between the PVA and IONP detected on 

the TGA analysis was not detected on the FTIR probably because the high proportion of 

the non-linked PVA on the formulation. 
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4.3.2.  Characterization of the released particles 

The physical characteristic of the particles released from the printlets during the 

dissolution process was assessed during a small-scale dissolution, in order to determine 

any changes on the particles that can affect its overall performance. The process was made 

with the printlet samples, and a control sample formed by the IONP powder, analyzing 

the particle diameter, pdI, count rate and zeta potential.  

In particular, the zeta potential analysis was conducted in three different 

conditions of pH. It is a well-known fact that pH is the factor that affects the most the zeta 

potential, on account of the ionic exchanges that happens when the pH is changed. With 

that in mind, shifts on the pH can provide information like the environments where the 

particles are most and less stable and how formulation components, like the 3D polymer 

and plasticizer, can affect these behaviors (Veloso et al., 2020). 

In all the samples analyzed the particle formation was more than sufficient to 

qualify the analysis as reliable, considering that the count rate values was aways above 

the mark of 250 kcps (Zheng et al., 2016). It was also seen that the population of particles 

formed had a reasonable uniformity, with the mean PdI value of about 0.6. 

Starting by the control samples, it is possible to see a good stability on the diameter 

of the IONP on the dissolution medium (Figure 5). Until the fourth hour of experiment 

the diameter was nearly constant, and in the last two hours only a small rise on the 

diameter is observed, getting to about 187±39 nm, making the difference between the 

initial diameter and the value obtained at end of the dissolution only of about 31 nm. 

Considering the error of the experiment a constancy on the diameter may be assumed. 
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Figure 5. Particle diameter of the particles released from the dissolution of the iron oxide 

nanoparticles (IONP) powder and printlets along 6h. Additionally, transmission 

electronic microscopy images of printlets aliquots.  

 

That stability was also suggested by the zeta potential analysis (Figure 6). In acidic 

medium the zeta potential of the IONP maintained a value of 25.19±1.47 mV during the 

whole six hours of dissolution, suggesting a high electrostatic repulsion between the 

nanostructures detected on this medium.  

Also in this analysis, changes on the pH suggested a stability of the particle in the 

two extreme pH values tested, 2 and 10 (Figure 6). On the acidic environment, with high 

concentration on positive charges, the particle surfaces present a highly positive value, 

suggesting a low chances of further aggregation on environments like the intestinal fluid. 

Enhancing the pH a rapid change on the superficial charges was observed, with the 

complete neutralization happening on a pH of about 4.7, the so-called isoelectric point, 

implying that at this pH the particles are highly susceptible to aggregation and floculation 

(Bhattacharjee, 2016).  
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Figure 6. Zeta potential analysis in three different pH, 2.0, 7.0 and 10.0 of the particles 

released from the dissolution of the iron oxide nanoparticles (IONP) powder and printlets 

along 6h. 
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With the higher concentration of negative charges provided by the high alcaline 

environment the particle surface assumed a negative charge with values that can peak on 

about 20.43±1.47 mV, suggesting a good stability on environments with high pH. With 

that the isolated particles tested demonstrated a good stability in extreme environments, 

like the stomach and intestinal environments, being a positive characteristic for an oral 

administration.  

On the printlet samples analysis of diameter and zeta potential it is confirmed a 

direct interference provided by interaction with the printlet formulation (PVA and GLY), 

already suggested by the TGA analysis (Figure 3). On the beginning of the diameter 

analysis (Figure 5) the obtained diameter was very similar to what was observed on the 

control samples, with the TEM images showing an agglomeration very alike the IONP 

powder isolated (Figure 1). It is possible to see that the small particles, with a size of 

about 12 nm (Highlighted for yellow circles on Figure 5) are visible on the structures, 

with a mass of a clearer appearance material between the particles, suggesting the 

presence of the polymeric matrix around the agglomerated particles.  

The presence of the polymer on the two hours mark is also suggested by the zeta 

potential analysis (Figure 6). Unlike the IONP powder, on the acidic medium the zeta 

potential value of the released material had a slightly shifts between the hours of 

experiment and the values were less than half of what was observed on the control 

samples, about 9.04±1.27 mV. That can be explained not by a sudden loss of stability, 

but by the presence of the polymeric matrix, formed mainly by the polymer PVA, on the 

released material. The interaction between polymer and the particles, previously 

suggested by TGA analyses, is possible by the formation of hydrogen bonds between the 

polymer groups and the hydroxyl groups of the particle surfaces, resulting in an 

adsorption process forming a small polymeric layer around the particles, that causes a 

shift of slipping plane from the surface and a reduction of the zeta potential (Kallay et al., 

2006; Wiśniewska et al., 2015). 

The isoelectric point was achieved on a pH of 5.3, higher than what was observed 

on the IONP powder, probably also because of the influence of the small layer of the 

polymer, PVA. And with the rising of the pH a zeta potential value similar to the control 

sample was attained, about 20.53±1.18 mV, suggesting a stability of the released material 

on high pH, like the intestinal environments. 
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This initial data is already clear evidence of a spontaneous formation of a type of 

polymeric coating on the particles during the dissolution process, resultant from a direct 

molecular interaction between the polymeric matrix and the IONP, probably intensified 

by the HME and 3D printing processes. A phenomenon like that can mean a potential 

change on the characteristics of the particles without the necessity of an additional steps 

on the synthesis process, like coating. 

On the fourth hour samples there is a clear differentiation on the mean particle 

diameters of the released material, if compared to the second hour samples. On the TEM 

analyses (Figure 5) it is noticeable the presence of polymeric structures in a shape of 

particles. Those structures are probably formed by the erosion process that occurs with 

the printlet during the dissolution process of its polymeric matrix (Figure 7). During this 

erosion the IONP are carried inside those eroded structures, been dispersed on the 

dissolution environment. That can be clearly seen on the TEM image on figure 5 by the 

presence of small black dots on the interior of the polymeric structure. The consequence 

of this interaction is a thicker layer of polymeric material around the IONP resulting in 

readings with higher diameters and can also make a difference on how the particles going 

to be dispersed on the medium. 

 

Figure 7. Illustration of the erosion process of the polymeric matrix of the printlets, 

forming polymeric nanosized structures that can carry the iron oxide nanoparticles 

(IONP) agglomerations. 
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On the zeta potential analysis, the effect of this thicker layer of polymer directly 

affects the surface charge behavior of the released materials. On the acidic medium it is 

possible to observe a slightly lower value of zeta potential, reduced by the more impactful 

presence of the polymeric matrix. But the more prominent change is demonstrated by the 

shift of the isoelectric point. The neutral charge polymer is capable to maintain the 

positive values of zeta potential for a longer time controlling the changes of the superficial 

charge and achieving full neutrality only on a pH value of 7.4. This pH is close to the 

values observed on the intestinal environment, suggesting a higher possibility of 

agglomeration of the released materials on these medium. On higher pH environments 

the particles again achieved values of zeta potential lower than -20 mV suggesting a good 

stability of the released materials on those environments. 

On the six hour mark the diameter suffers a reduction on the values, probably due 

to a dissolution process of the polymeric materials. On the TEM images it is possible to 

see a reduction of the polymeric particles formed with the erosion process, probably 

caused by the high solubility of the PVA on the medium, leading to a loss of on the mass 

of those structures, returning to values like what was observed on the beginning of the 

experiment.  

The zeta potential analyses of the six hours demonstrate that the PVA is still 

present, coating the released IONP, with stronger interactions between the polymeric 

matrix and the IONP, resulting in a slightly thicker layer of coating, sufficient to alters 

the zeta potential in a similar way to the four hour samples. Also raising the concern about 

the high probability of agglomeration of those released materials in slightly alkaline 

environments. 

With that, it is possible to conclude that the polymeric material used to fabricate 

the 3D printed material can form a strong bond with the IONP, due to the intense 

processing by HME and 3D printing, creating a type of coating that can directly affect the 

diameter and the stability of the particles released during a dissolution process. In special, 

the presence of the polymeric layer seems to interfere heavily on the charge of the released 

particles, making those particles more susceptible to agglomeration on some types of 

environments and more stable in others, opening a possibility for the manipulation of the 

particles characteristics by changes on the 3D printing formulation. 

This strategy of manipulating the characteristics of the particles to attained an 

objective is very popular on nanoscience, been the formation of polymeric layers around 
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the particles, coating, one of the main strategies used for this objective (Bachhar and 

Bandyopadhyaya, 2016). The use of a polymeric coating, like the observed on this study, 

is one of the strategies proved to have a positive impact on the stability of the particles, 

acceptability of the product and the interaction with the biological structures.  

A PVA coating, for example, is validated as a good strategy to protect the particle 

against the environment of the gastrointestinal tract (Samide et al., 2019). It is also a well-

known fact that the presence of a layer of polymeric material on inorganic particles like 

the IONP, are a way to enhance the biocompatibility of the product, since polymeric 

materials like PVA are largely more accepted by the biological structures that inorganic 

compound like iron oxides, reducing considerably the possibility of toxicity and 

inflammatory responses (Kayal and Ramanujan, 2010; Salunkhe et al., 2013). And studies 

shown that the presence of polymeric coating, including PVA, had the potential of 

enhance the mucoadhesive of the particles on the gastrointestinal cells, facilitating the 

uptake process (Yang et al., 2014; Yin Win and Feng, 2005). 

With all that information, the administration of IONP by 3D printing on the oral 

treatment of iron deficiency can be a strategy for a more stable, secure and efficient 

administration, facilitating the absorption of a higher quantity of iron and reducing even 

more the occurrence of adverse effects, because of the enhance on the biocompatibility, 

all because the formation of a stable polymeric coating around the particles only by the 

dissolution of the printlets, avoiding any type of additional coating processes. 

 

4.3.3.  The dissolution assays 

The dissolution assay was also carried out with the object of identify possible 

changes that the already assessed interaction between the IONP and the printlets 

formulation can cause on the iron disponibility throughout a dissolution proceed in a 

simulated biological environment. And, like the characterization of the released particles, 

the dissolution profile was obtained for the printlets made with the IONP and a control 

sample made with the IONP powder. 

On the dissolution profile (Figure 8) is possible to identify a limitation on the 

dispersion of the IONP on the dissolution medium in both powder and printlets forms. In 

both cases the samples weren’t capable to attain a complete dispersion of the particles 

and, consequently, the iron concentration in the end of the experiment was way lower that 
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the maximum, achieving a value of 31.22±2.30% and 62.92±5.47% of iron dispersed in 

the medium for the IONP powder and the printlets samples, respectively. That happened 

probably due to the fact that the particles obtained have physical characteristics, like the 

intense aggregation, that makes difficult the complete dispersion of the material, a 

stablished problem of this type of particles (Szpak et al., 2013). 

 

 

Figure 8. Dissolution profile of the iron oxide nanoparticles (IONP) powder and printlets 

along 6h. 

 However, the maximum iron concentration in the end of the six hours show a clear 

superiority on the printlet samples. At the end of the experiment the iron concentration 

on the dissolution vessels containing those samples was more than double, comparing 

with the IONP powder, maintaining a constant rising of that concentration throughout the 

whole process. The most probable justification for this behavior is founded on the results 

of the released particles characterization. With the dissolution the particles are released 

with a type of coating formed by the polymeric matrix of the printlet and this material can 

influence directly the behavior of the particles on the medium. 

One of the main strategies used as an answer for the pour dispersion of inorganic 

particles, in special IONP, are the coating process of the particles with a material that can 

enhance the dispersion of the particles in aqueous solvent, been the most popular coating 

materials the polymers, including PVA (Che Mohamed Hussein et al., 2022). With that, 

it is possible that the polymeric matrix of the printlet, adsorbed on the particles, works in 
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the same way as this type of coating, facilitating the dispersion of the particles in the 

medium. 

Additionally, the erosion process of the polymeric matrix, illustrated on figure 6, 

can also synergically act with the formed coating, facilitating even more the dispersion 

of the particles.  

 This characterizes another important advantage of the oral administration of IONP 

by a 3D dosage form. The polymeric matrix adsorption on the IONP during the 

dissolution process is capable to enhance the dispersion of the particles and combined to 

a erosive process of the 3D printing dosage form during dissolution it can make the 

particles more available for the absorption on the gastrointestinal tract. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

4.4. CONCLUSIONS 

 The oral treatment of iron deficiency can benefit from the combination of the 

enhanced security provided be the use of IONP and the versatility of the 3D printing 

technique, with a final product that is going to be much more accepted by the user. 

 This study proved that, in addition, the processing composed of the HME and 3D 

printing, part of a printlet production by FDM 3D printing, is capable to enhance the 

interaction between polymeric matrix of the 3D formulation and the IONP, creating a 

type of coating on the particles that was capable to change some physical-chemical 

characteristics of the particles, altering its stability and dispersion on aqueous medium.  

 With that, the resultant product have the potential to be applied to an oral 

administration of iron supplement, benefiting from the advantages brought by the IONP, 

the 3D printing, with an additional advantages of a in situ coating process, that can 

facilitate the production by eliminating additional coating procedures.   
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5. CONCLUSION 

 

3D printing and nanotechnology are two fields in the front line of pharmaceutical 

development on modern days. 3D printing brought to the field the possibility of a complet 

personalization of dosage forms. Nanotechnology brought a way to manipulate the action 

of drugs, making the treatment more secure and efficient in many ways. The combination 

of this two technologies have the potential for a open even more the possibilitys of 

treatment, benefiting directly the user. With that, this work had the objective of 

investigate the combination of those technologies in different scenarios, with good 

results.  

In order to fully understand the 3D printing process, still new to the market, the 

study started with the investigation on how the printing parameter can affect the printed 

dosage forms. With the use of quality-by-design tools it was possible to select the most 

impactful parameters, that can directly affect many characteristics of a printed dosage 

form and it was seen that with a full validation process it is possible to ensure the printing 

of dosage forms with specific characteristic with little deviation. 

Understanding the 3D printing process, it was possible start the production of 3D 

printed dosage forms with pharmaceutical grade polymers and investigate the first 

intersection between 3D printing and nanotechnology. The in-situ formation of 

nanoparticles by the dissolution process of a 3D printing dosage form was proved by this 

study, been the magnitude of molecular interaction between the components of the 

formulation the main factor that governs the formation of those particles. It was 

determined that a great amount of active was trapped inside particles for a period of 24h 

hours, potentially impacting the drug availability for absorption. With that, the neglected 

analysis of those particles have to became fundamental on the study of any new 3D 

printed dosage forms, simulating in a more realistic way the dissolution and absorption 

process. 

With those results the necessity of a more careful investigation of the interaction 

of the polymeric matrix of a printed material and the active material was a priority and 

that was applied for another combination of the 3D printing and nanotechnology. The use 

of iron oxide nanoparticles inserted on a 3D printed model for oral delivery can be a great 

strategy for the treatment of iron deficiency, with personalization, security and efficiency 

been the main qualities. In addition, this study demonstrated that the interaction between 
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the polymer and the particles resulted in a in-situ coating process, with the potential of 

manipulate the physical-chemical and biological characteristics of the dosage forms. 

As a conclusion, the combination of 3D printing and nanotechnology can be more 

than the combinantion of its combine benefits, bringing new horizonts not just for the iron 

deficiency treatment, but the pharmaceutical field in general.  
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APPENDIX A – BIBLIOGRPHICAL SEARCH 

 

Table 1. Bibliographic search on polymeric based 3D printed dosage forms evaluating the investigation on the in-situ formation of nano/micro 

compounds. 

Year Product Technique Polymer Target 
Investigation of  

nano/micro compounds 
Reference 

2020 
Floating 

Printlets 

FDM 3D 

printing 

Hydroxypropyl Cellulose 

(HPC) 
Oral Delivery No (Giri et al., 2020) 

2020 Printlets 
FDM 3D 

printing 
Polycaprolactone Oral Delivery No (Elbadawi et al., 2020) 

2020 Printlets 
FDM 3D 

printing 

Hydroxypropyl Cellulose 

(HPC) 
Oral Delivery No 

(EGORKEM 

BUYUKGOZ et al., 

2020a) 

2022 Printlets 
FDM 3D 

printing 

Poly(2-ethyl-tetra-oxazoline) 

(PETOx) 
Oral Delivery No (Raje et al., 2022) 

2022 Printlets 
FDM 3D 

printing 

Soluplus® and Eudragit® E 

PO 
Oral Delivery No 

(Hoffmann et al., 

2022) 

2018 
Chewable 

Printlets 

FDM 3D 

printing 

Hydroxypropylmethylcellulose 

acetate succinate (HPMCAS) 
Oral Delivery  No (Scoutaris et al., 2018) 

2020 Capsules 
FDM 3D 

printing 

Polyvinyl alcohol (PVA) and 

Polylactic acid (PLA) 
Oral Delivery  No 

(Cotabarren and Gallo, 

2020) 

2021 Printlets 
FDM 3D 

printing 
Eudragit® E PO Oral Delivery No (Fanous et al., 2021) 

2021 Printlets 
FDM 3D 

printing 
Polyvinyl alcohol (PVA) Oral Delivery No (Sharma et al., 2021) 
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2021 Capsules 
FDM 3D 

printing 

Polyvinyl alcohol (PVA) and 

Hydroxypropylmethylcellulose 

(HPMC) 

Oral Delivery No 
(Gaurkhede et al., 

2021) 

2019 Printlets 
FDM 3D 

printing 
Polyvinyl alcohol (PVA) Oral Delivery No (Ibrahim et al., 2019) 

2019 Caplets 
FDM 3D 

printing 
Polyvinyl alcohol (PVA) Oral Delivery No (Nukala et al., 2019) 

2021 Mini-Printlets 
FDM 3D 

printing 
Polyvinyl alcohol (PVA) Oral Delivery No (Ayyoubi et al., 2021) 

2021 Vaginal ring 
FDM 3D 

printing 
Polylactic acid (PLA) Vaginal Delivery No (Arany et al., 2021) 

2020 Implants 
FDM 3D 

printing 

Polylactic acid (PLA), 

antibacterial polylactic acid 

(Anti PLA), polyethylene 

terephthalate glycol (PETG) 

and poly(methyl methacrylate) 

(PMMA) 

Multifunctional 

delivery system 
No (Arany et al., 2020) 

2022 Printlets 
FDM 3D 

printing 

Hydroxypropyl Cellulose 

(HPC) 
Oral Delivery No (Nashed et al., 2022) 

2022 Printlets 
FDM 3D 

printing 

Polylactic acid (PLA) and 

Hydroxypropylmethylcellulose 

(HPMC) 

Oral Delivery No (Parulski et al., 2022) 

2022 Bento Box 
FDM 3D 

printing 
Polyvinyl alcohol (PVA) Oral Delivery No (Kraisit et al., 2022) 

2018 Vaginal ring 
FDM 3D 

printing 
Polylactic acid (PLA) Vaginal Delivery No (Fu et al., 2018) 

2019 Suppository 
FDM 3D 

printing 
Polyvinyl alcohol (PVA) Rectal Delivery No (Tagami et al., 2019) 

2020 
Floating 

Printlets 

FDM 3D 

printing 
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APPENDIX B – FTIR ISOLATED MATERIALS 

 

 

 

Figure 1. FTIR spectrum of naringenin (NAR) as supplied. 

 

 

Figure 2. FTIR spectrum of hydroxypropylmethylcellulose acetate succinate (HPMCAS) 

as supplied. 

 

 



 

 

 

 

140 

 

 

Figure 3. FTIR spectrum of Polyvinyl alcohol (PVA) as supplied. 

 

 

Figure 4. FTIR spectrum of Eudragit RL PO (EUD RL) as supplied. 
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Figure 5. FTIR spectrum of Triethyl citrate (TEC) as supplied. 

 

 

Figure 6. FTIR spectrum of glycerin (GLY) as supplied. 
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APPENDIX C – PARTICLE RELEASE OF SAMPLES WITHOUT NARINGENIN 

 

 

 

Figure 1. Particle diameter and zeta potential of the particles arose spontaneously from 

the dissolution of the physical mixtures and the printlets over 24h, produced with the 

polymers hydroxypropylmethylcellulose acetate succinate (HPMCAS) and Eudragit RL 

PO® (EUD RL) without the model drug naringenin (NAR). The highlighted data are the 

only ones with count rate higher than 100 kcps, been the only reliable data. 

 


