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Fused deposition modelling (FDM) based 3D printing technology for oral solid 

dosage form has shown promising results in the fabrication of individualized tablets 

compared to conventional method. However, the main concern of this technique is the 

quality of drug loaded filament including mechanical properties such as flexibility, stiffness 

and brittleness. To cope with these problems, filaments were produced via hot melt 

extrusion (HME) by screening and characterizing a series of pharmaceutical mixtures (6 

types of polymers and 5 types of disintegrants) and processing parameters for specifying 

the design space in Design of Experiment (DoE). Therefore, the purposes of the present 

study were to develop and optimize the extended and immediate release FDM printed 

tablets using DoE. Solid state characterizations of extruded filaments and printed tablets 

were performed to understand the critical material and process attributes. The results 

showed that hydroxy propyl cellulose (HPC)-blended filaments can significantly improve 

their flexibility. All manufactured filaments and tablets possessed adequate quality 

attributes such as physicochemical, rheo-mechanical properties and desired drug release 

profiles. Further, the effect of formulation compositions on drug release and the optimized 

formulation were investigated by the statistically D-optimal mixture design. The optimized 

formulation of extended release tablets composed of 10% IMC: 49.5% HPC: 

19.09%  PVP/VA:  20.94% SLP which resulted in the desired drug release at 4, 12 and 24 h 

while that of immediate release tablets contained 30% THY: 35% EPO: 20% HPC: 15% 

SSG with 85% drug release within 30 min. Consequently, this study suggested that the 

formulation development of oral drug delivery with the required drug release pattern can be 

achieved by a quality by design approach which could be extended to other HME-FDM 

applications in pharmaceutical area. 
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CHAPTER I 

INTRODUCTION 

1.1. Introduction 

The term “three-dimensional (3D) printing” is a rapid prototyping technique 

depended on the elements of additive manufacturing which has a wide range of 

applications in the area of pharmaceutical production. It allows the fabrication of 

sophisticated geometrical dosage forms, personalized drug products, and items made 

for immediate utilization (1). Thus, 3D printing techniques via fused deposition 

modelling (FDM) can be managed to generate a variety of dosage forms from 

immediate release tablets to osmotic drug delivery systems.  This designates that 

theoretically all type of drug delivery system (DDS) is printable and can be 

manipulated to the patient’s needs relating with the size, drug load and release 

properties (2, 3).  

The API-loaded filaments used in FDM printing could also be prepared via 

hot-melt extrusion (HME). Several studies have already shown that HME of 3D-

printable filaments consisting of pharmaceutical polymers grade was feasible (4).  In 

order to successful fabrication of 3D printed tablets containing amorphous solid 

dispersion by this technique, the extruding filaments of pharmaceutical grade 

polymers, which are very crucial step along with suitable miscibility of drug with the 

polymers (5), mechanical and rheological properties for manufacturing of dosage 

forms, are not yet fully available (6). The extruded polymers filaments are either 

fragile which break into pieces in the gear wheels or flexible that cannot be driven by 

the driving wheel possibly owing to very flexibility of filaments, leading to failing 

printing (1). Many types of polymer matrices that have been used in FDM printing for 

APIs are hydroxypropyl cellulose, methacrylate (4), polyvinyl alcohol (2, 7), 

polyvinylpyrrolidone (8), hydroxypropyl methylcellulose acetate succinate 

(HPMCAS) (9), polymers mixture (e.g., hydroxypropyl methylcellulose E5 and 

Soluplus or Eudragit L 100, hydroxypropyl cellulose LF and ethylcellulose N14 (1), 

ethyl cellulose (10). This study approacged the polymeric blends with different ratios 

to adjust the printability of filaments and to control the drug release rate of the tablets. 

Moreover, we introduced the addition of different disintegrants to polymer matrix to 
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facilitate FDM printing and assessed the compactibility with the gear and nozzles of 

the printer. Therefore, proper selection of excipients through evaluation of 

physicochemical properties are key aspects that should be investigated to ensure 

successful development of desired dosage forms. 

Oral administration is the most familiar and desirable route for drug delivery. 

This is attributed to good patient’s compliance, ease of consumption and cost-

effectiveness of preparation (Tiwari and Rajabi-Siahboomi, 2008). Extended-release 

dosage forms are developed in order to improve the maintenance of a drug over 

prolonged time, thus reduce the fluctuation of plasma level and the side effect of drug 

and reduction in a dosing frequency (11). On the other hand, immediate release 

dosage forms represent the popular share among orally administered drug delivery 

devices available (12) which are essential for the drugs needed fast onset of action 

after oral administration. 

Recently, the systematic QbD has been enlarged rapidly, as it is a promising 

system to realize the sources of variability in a product formulation and processing 

parameters to improve product quality (13). The QbD study should include the four 

key steps (1) define quality target product profile (goals) depend on scientific facts 

and suitable vivo relevance; (2) design product and production processes to satisfy the 

pre-defined pattern; (3) identify critical quality attributes, process parameters, and 

sources of variability to obtain the design space; and (4) organize manufacturing 

processes to produce stable product quality over time through  operation within the 

constructed design space (the range of process and/or formulation parameters) (14). 

Therefore, the current study was carried out to recognize pharmaceutical 

polymers, disintegrants and drug loadings for producing 3D printed tablets with 

controlled and immediate release profiles. In controlled release system, indomethacin 

(IMC), which possess BCS class II and is a poorly water-soluble drug was used as a 

model drug. Different polymers such as hydroxypropyl cellulose (HPC), Kollidon® 

VA 64 (PVP/VA), Soluplus® (SLP), Eudragit® RL and RS (Eu RL and Eu RS) having 

suitable Tg and thermal stability and five different types of disintegrant such as 

sodium starch glycolate (SSG), croscarmellose sodium (CCM), cros povidone (cros 

PVP), microcrystalline cellulose (MCC) and low hydroxypropyl cellulose (L-HPC)  

were used in the production of controlled release printed tablets and were screened 
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with different ratios for extrudability via hot melt extrusion and printing to ensure 

critical material attributes (CMA) . With respect to immediate release printed tablets, 

theophylline (THY) was used as a model drug because this drug is thermostable drug 

with high melting point (ca. 270.1°C) (4) and it is suitable for testing of  drug release 

profiles due to its high solubility in various pH (15). Eudragit® EPO, Kollidon VA 64 

were used as immediate release polymers containing different drug loads in 

combination with various ratios of superdisintegrant, SSG to enhance the dissolution 

rate whereas HPC was used as a flexibility modifier to improve the filament property 

in this immediate release system. Moreover, the processing parameters related with 

hot melt extrusion including temperature and screw speed, rheology of molten 

filaments as well as temperature for printing were optimized as critical processing 

parameters (CPP).  

To keep the formulations relatively simple, no plasticizer was used for both 

systems. After defining the CMA and CPP via screening, the obtained filaments and 

produced dosage forms were methodically evaluated such as rheological analysis, 

mechanical property, content and mass uniformity, and drug release pattern to ensure 

the product quality attributes. Further on, DoE was again conducted to investigate the 

impact of formulation compositions as variables on drug release profile in both 

formulations. This work is substantiated an approach to obtain the better suited 

excipients combinations for printing and developing 3D printed dosage forms with 

improved characteristics, especially tailored drug release for manufacturing 

efficiency.  

1.2. Background and rationale 

Nowadays, a huge number of different additive manufacturing of 3D printing 

process are available (16). The most utilized and researched additive manufacturing 

technologies include materials jetting (e.g binder jetting) (17-19), material extrusion 

system (e.g fused deposition modelling) (9), powder bed fusion (e.g selective laser 

sintering) (20), photopolymerizations (e.g stereolithography) (21-23). The main 

differences between methods are deposition of layer materials to generate 3D objects 

and on the starting materials that are used. Some methods melt or soften the material 

to produce the layers, for example, fused deposition modeling (FDM), fused filament 
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fabrication (FFF) or selective laser sintering (SLS). Each method has its own benefits 

and weak points (24). 

  Of these techniques, fused deposition modelling (FDM) 3D printing is the 

most extensively applied as cost effective technique across various sectors (25-27) 

and one of the extrusion-based techniques which is dynamically utilized in the 

pharmaceutical sciences (23, 28-32). This technique is based on the extrusion of a 

molten polymeric filament through a heated nozzle, followed by deposition onto a 

moving platform into the required 3D objects. The important parameters in FDM are 

the qualities of the filament (23, 33) such as mechanical stability, consistent diameter 

and homogeneous API distribution.  

In order to produce extruded filament, hot melt extrusion (HME) is a 

continuous, solvent free process (34) and one of the attractive methods in solid 

dispersion development (1, 35-37) in which the drug is molecularly dispersed in the 

molten polymer matrix to form amorphous solid dispersion (ASD) that enhance the 

bioavailability of such APIs (1, 38-41). The combination of two novel technologies 

has brought the prospective changes for pharmaceutical manufacturing of innovative 

dosage forms. The advantage of two combined processes is production of more 

complex-shaped dosage forms such as pellets (42), melt cast films (43), implants (43-

45) scaffolds (46), capsule shells (47) and personalized manufacturing system (1, 48). 

Therefore, there is an emerging interest in developing the HME-FDM printing process 

technology for continuous manufacturing of 3D printed formulations.  

Recently, research regarding the FDM printing have indicated many 

restrictions of the system which necessitate vigorous explorations for extensive 

applications in drug delivery (41). The extruded filaments of polymers were either too 

brittle, thus breaking in the driven gear or too soft, thus not being able to push by the 

gear wheels because of flexibility of filaments (1, 5, 49). The potential of the HME-

FDM printing process to develop the filaments with mechanical stability (50, 51) has 

been less studied. Even though most of studies have used plasticizer in order to 

possibly decrease melt viscosity and thus reduce processing temperature for hot melt 

extrusion, the added plasticizer may not be miscible with the polymer and its 

existence may cause crystallization of drug from the system (52, 53). Therefore, 
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extruding the 3D printable filaments with the suitable mechanical property is a crucial 

step. 

Another major constraint of 3D printing is that most of prepared tablets 

appeared to be faster drug release by either altering the internal structure (infill 

function) of FDM (2, 54, 55) or geometry of tablets (56). Hence, it is of great 

attention to adapt the 3D printing method which grants the different pharmaceutical 

devices with a variety of modification in dissolution profiles from one feedstock 

filament (1, 23, 33). In researchers’ efforts to produce immediate release formulations 

of theophylline and dipyridamole by FDM printing, Okwuosa et al. (8) developed 3D 

printed formulations containing high amounts of talc and such active ingredients with 

50%, where the drugs remained unchanged in crystalline state (8). The drug release 

from tablets was governed by the polymer matrix and the solubility of drugs (5).  

The next important issue of the extruded filaments stems from the limitation in 

dosing amount which is a key element in the case of polypills dosage forms (50), 

fixed-dose tablets with the limitations of personalized medications (57-60), 

dissolvable and solid coated microneedles (24). Pietrzak et al. (4) made use of higher 

melting temperature drug, theophylline (273°C), at same ratio (1:1) with Eudragit® 

RL, E or RS to fabricate filaments with the aids of different plasticizers such as 

Tween® 80, PEG 400, triethyl citrate and triacetin to enhance the pliability of 

filaments, melt processing and reduce printing temperature (10, 61-63). Additionally, 

many research works associated with processing parameters of FDM including 

temperature, infill percentage and dimensions provided by DoE were reported in the 

last decade to improve the quality of FDM objects (64) and to tailor the drug release 

(65). However, there is still limited/no published report on the systematic 

identification of formulation compositions required to the FDM printed dosage forms. 

Therefore, it may be a challenging to investigate the effect of pharmaceutical 

excipients related with the suitability of FDM printing.  

Research studies in many fields often apply Design of Experiments (DOE) 

techniques for process optimization and analysis procedure (64). Quality by design is 

a systematic quality tactic of conducting the testing by using the principles of 

statistical sciences, that provides in creating cause-and-effect relationship between the 

independent variables and dependent variables (66). Quality-by-design tool such as 
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mixture design is the most appropriate method used in optimizing the tablet 

compositions as the tablets are mixtures of active ingredients and other excipients 

containing fillers or disintegrants. In order to set up the optimum formulation 

composition, establishing a formulation design in which the constituents can be 

fluctuated to predict the best formulation with desired properties (67, 68). 

Furthermore, tiny fluctuations in formulation proportion can cause significant changes 

in their properties (37, 69). 

The overall variability in a particular critical quality attributes (CQA) of the 

product has been contributed to be a combination of the variability of the API and the 

excipients as a critical material attribute (CMA), the production process parameter, 

and the interactions between these individual factors (70). Although the previous 

studies related with FDM printing focus on the development of FDM processing 

parameters (e.g., temperature, infill percentage and tablet geometry) experiment-based 

design, there has been no or little explorations into understanding how much 

variability in excipients impacts drug product performance relative to variability in 

API properties and processing parameters or method. Therefore, the present study 

provides a preliminary assessment of the relative impact of variability in polymers, 

disintegrants, API loadings to understand the critical material attributes and related 

critical processing parameters (CPP) that pursue safe and effective dosage form 

development. Then, a statistical design of experiments for investigating the impact of 

formulation factors on drug release profiles as independent variables is presented. 

1.3. Objectives 

1. To produce solid dispersion filaments by screening the effect of 

pharmaceutical excipients and drug loadings on FDM printability using hot 

melt extrusion 

2. To investigate the rheological characterization of molten solid dispersions for 

processability  

3. To evaluate the physicochemical and mechanical properties of the extruded 

filaments and 3D printed objects 
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4. To develop the extended and immediate release 3D printed tablets by 

systematically investigating the formulation compositions and their potential 

interactions using Design of Experiments 

1.4. Scope of the research  

The scope of this research work will cover:  

 

 

 

 

 

 

 

 

 

1.5. Expected benefits 

1. A variety of extrudable and printable filaments for FDM printing can be 

produced for extended and immediate oral drug delivery and can be extended 

to other applications. 

2. The obtained rheological data could be useful for optimizing HME and FDM 

process parameters. 

3. Researchers can apply the polymer mixture systems to further develop 

extended and immediate drug delivery. 

4. The platform of using D-optimal mixture design can be applied for other         

formulation development and HME-FDM applications. 

The preparation of solid dispersion 

filaments using different polymers, 

disintegrants  and high drug loads 

with suitable mechanical property 

by conducting the critical 

processing parameters of hot melt 

extrusion, rheology and FDM 

printing       

The systematic evaluation of formulation 

factors on various drug release profiles 

using experimental design 

The exploiting of flexible drug delivery 

systems using FDM printing such as 

extended and immediate release 

products  

Characterization studies of filaments and 

3D printed objects  
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CHAPTER II 

              LITERARURE REVIEWS 

2.1. Additive manufacturing 

Additive layer manufacturing, also denominated three-dimensional printing 

(3DP), is a rapid modelling method that is defined as the set of production of joining 

materials to make a printed object from a digital design (1). In 3D printing, an object 

is fabricated by depositing additive layers of material on a plate. By applying a CAD 

program, a 3D object is created and changed into a .STL file. Such file is one of the 

most frequently utilized file format for 3D printing and comprises of the raw data for 

the design of an object. Initially, in the 3D printing techniques, the basement layers of 

the object are printed by depositing on the build plate in X-Y axis planes by travelling 

the nozzles. After that, the platform travels down along with Z-axis while depositing 

the adjacent layer on the initial layer and replicate till an object is manufactured (2). 

These techniques can be applied with a broad range of materials including liquids, 

metals, polymers, powders, pastes, solids, ceramics and plastics and it is substantially 

reliable to prepare complicated designs and structures (3-5).  

Three-dimensional (3D) printing technologies are considered to revolutionize 

the personalization of dosage forms at the point of dispensing or use. These highly 

elegant technologies fabricate 3-dimensional objects of virtually any shape under the 

control of a computer software (6). 3D printing is a layer-by-layer production of 3D 

objects with the aid of computational design. It is also known as additive 

manufacturing (AM) (7). There has been five main 3DP technologies in researched 

areas, fused deposition modelling (FDM), binder jet printing, semi-solid extrusion 

(SSE), selective laser sintering (SLS) and stereolithography (8). 

2.1.1. Fused deposition modelling (FDM) 

Fused Deposition Modelling (FDM) is a 3D printing technique based on the 

melt-extrusion process. Typical FDM printers employ a thermoplastic material in the 

form of filament, which is then heated above its glass transition temperature (9). The 

extruded polymer filaments are molten into a semi-liquid state when passed through a 

heated nozzle. The softened filaments are then deposited onto a build platform in a 

layer-by-layer process to harden the soft filament. One of the advantages of this 
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technology is higher resolution compared with powder-bed printing, which form 

deposition of more complex scaffolds and to gain better dosing accuracy. FDM also 

provides advantages of good mechanical strength and the printed dosage forms can be 

designed to achieve different releases profile by changing the infill amount, 3D object 

design (8). In order to be smoothing the operating condition, materials must possess 

proper rheological effect. These properties are controlled by the pressure drop, nozzle 

diameter, and the feed rate, and other factors corresponding to the thermal properties 

of the feed material including density, thermal conductivity or glass transition 

temperature (Tg). It is one of the most widely applied 3D printing technique under 

many research due to its capacity to produce drugs with sophisticated geometries 

which affect the drug release profile (10). 

2.1.2. Binder jet printing 

Printing-based inkjet systems take into two types of methods: drop-on-demand 

(DOD) printing and continuous inkjet printing (CIJ). Both methods are based on the 

burst of a liquid stream. In such techniques, it is important to utilize a heat post-

treatment of the 3D object to avoid solvents applied during the processing to remove 

solvent residuals and impurities within the printed drugs (10). Typical inkjet printing 

systems deposit droplets of binding material onto a powder bed resulting in the 

selective solidification of a layer onto a moving platform. After the completion of 

each layer, the moving platform lower and a new powder bed is appeared. Successive 

building of layers results to the structure designed (9).  

2.1.3. Semi-solid extrusion  

Alternative method of 3D printing involves layer by layer deposition of 

semisolids through a syringe-based tool head. Semi-solids (gel or pastes) are 

formulated by mixing optimal ratios of polymers and suitable solvents to obtain an 

appropriate rheology for printing. It has a wide range of applications the availability 

of bench top platforms that encourage its creative use in rapid prototyping of 

numerous objects (11). 

2.1.4. Selective laser sintering (SLS) 

In this 3D printing, a laser is travelled in a raster pattern over a powder bed. 

The heat generated by the laser melts and blends adjacent particles within the bed, 
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forming a solid object. The powder or starting materials that could be used include 

polyamide, polystyrene or polycarbonate. The use of SLS is well established in tissue 

engineering (11). 

2.1.5. Stereolithography (SLA) 

Stereolithography (SLA) is a 3D printing method that uses high energy of 

laser emissions or projections of light to selectively photopolymerize a liquid resin to 

create solid parts. These technologies are capable of the fabrication of structures 

through the consecutive layer-wise polymerization of UV-sensitive polymers, through 

a curing photo-polymerization (9). The major limitation of this technique is the need 

for photopolymerizable raw materials, which are relatively uncommon in 

pharmaceutical manufacturing and also, residual resin can represent a genotoxicity 

risk because the unprinted material may be chemically diverse and contain functional 

groups that are probably affect for genes (12). SLA is superior regarding 

manufacturing, drug release, the morphological features of the printed object and the 

stability due to high resolution over other methods and that heating is lowered during 

printing, which permits for the application of thermolabile drug unlike FDM (10). 

2.2. Oral solid dosage forms using 3D printing 

Oral delivery of drugs is the most convenient and preferred route of 

administration for patients because of its flexibility of administration, good patient 

compliance, cost effectiveness, low sterility restraints, and simplicity of dosage form 

design. When a drug is consumed orally, it is necessary to possess good solubility or 

dissolution properties within the biological system to be permeation across the 

membrane, and first pass metabolism to obtain the desired therapeutic effect via 

systemic circulation (13, 14). The conventionally produced solid oral delivery systems 

are related to limitation in producing of individualized or complex oral tablets (15, 16) 

and the multiple unit processes including sieving, granulation, compression, and 

coating that make the high cost of manufacturing methods. The 3D printing 

technology can skip these processes over conventional methods by providing 

prospects which aim at increasing the speed of production, reducing the number of 

steps and being capable of fabrication of the innovative complex and individualized 

dosage forms (17) which have improved safety, better efficacy. It is evident that the 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18 

 

first 3D-printed drug product, Spiritam, is encouraged by the approval of U.S FDA, in 

the month of August 2015 (18-20). 

2.2.1. Immediate release tablets 

An immediate release formulation could be formulated by producing a drug-

loaded filament using a water-soluble polymer with or without plasticizers. Such 

polymer could be selected from the widely used polymers including povidone, 

hydroxypropyl methylcellulose, hydroxypropyl cellulose or grafted polymers such as 

Soluplus®, Kollidon®VA 64 or Eudragit® EPO. These filaments are used in FDM 

printer to prepare an immediate release tablet (21, 22). Okwuosa et al. produced and 

studied immediate release tablets made of dypridamole and theophylline applying 

polyvinyl pyrollidone (PVP) polymer, triethyl citrate (TEC) as a plasticizer and talc as 

a filler with the ratio of 10, 50, 12.5, and 27.5 % wt. Over 90% of the API was found 

to release in 30 min for both the drugs with 10% loading, exhibiting the ability of 

printing in producing an immediate release tablet (23). Kempin et al. explored that 

five different immediate release polymers, namely polyvinylpyrrolidone (PVP K12), 

Kollidon®VA 64, polyethylene glycol 20,000 (PEG 20,000), polyethylene glycol 

6000 (PEG 6000) and poloxamer 407 were perfectly melt extruded to drug loaded 

filaments and printed to tablets containing the thermo-sensitive drug pantoprazole 

sodium at temperatures below 100°C. A rapid drug release from printed tablets that 

was completed within 10 min and 29 min was found for PVP K12 and PEG 6000 

tablets, respectively (24).  

2.2.2. Floating tablets 

Chai et al. reported that the application of FDM printing to produce a floating 

dosage form. In such technique, shells and infill are the main parameters which 

identify the inner support and outline structure of dosage form. One shell, al least, is 

required to construct an item, and the adding shells provide body's strength and 

weight that last more time and materials. Likewise, infill level is next parameter, that 

can be modified from 0% to 100%, making the item from completely void to totally 

solid filled structure. By maintaining the structure hollow, the overall density can be 

reduced that makes buoyancy. In this study, the optimized tablet design with 2 shells 

and 0% infill exhibits the density of 0.77 g/cm3, which had the floating ability for 
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over 10 h in dissolution medium, while produced tablets with shells over 3 or infill 

level over 20% had densities over 0.9 g/cm3 that caused them to sink in less than 1 h. 

The drug release rate was longer for 12 h that is neither considerably affected by the 

number of shells nor the infill amount (25). 

2.2.3. Monolithic sustained release tablets 

Sustained release tablets of 5-aminosalicylic acid, were produced by preparing 

drug loaded polyvinyl alcohol (PVA) filaments. The drug-loaded filament was 

prepared by soaking the commercially available polyvinyl alcohol (PVA) filaments in 

its ethanolic solution containing the drug. The filament was observed to be 0.06% 

w/w and 0.25% w/w for 5-ASA and 4-ASA, respectively. Dissolution test of tablets 

containing 5-ASA in modified bicarbonate buffer managed by an Auto pH System™ 

depicted that tablets made of 90% infill illustrated drug release (100%) extended over 

4 h period. Reducing in the infill percentage increased the drug release. It was seemed 

that 50% of 4-ASA destroyed during printing possibly due to high extrusion 

temperature (210 °C) for such filament. Therefore, this process may not be 

appropriate for thermo-sensitive drugs. Another polymer with lessen extrusion 

temperature can assist in lowering degradation of drug due to temperature (26). 

2.2.4. Pulsatile drug release tablets 

Chrono Caps® are example of pulsatile delivery systems that depended on 

capsular type. Capsules of changing thickness are developed, applying injection 

molding technique, using water-soluble polymers which offers different fluctuation of 

time lag [29]. These devices could be developed applying FDM printing of HPC 

filaments. Melocchi et al. explored the situation of such capsular devices fabricated by 

3D printing and injection molding (27). It was noticed that the printed objects 

demonstrated a lag time before release of the drug. In addition, the morphological 

transformations were in comparison with the system constructed utilizing injection 

molding. This study demonstrates that the 3D printing is alternatively useful with 

injection molding method (28). 

2.2.5. Enteric release tablets 

Goyanes et al. produced enteric release tablets containing paracetamol using 

one type of enteric polymers like hydroxypropyl methylcellulose acetate succinate 
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(HPMCAS). Drug-loaded filaments were prepared applying hot melt extrusion. These 

filaments were produced into 3D printed tablets with a single filament using fused 

deposition modeling (FDM) printing. Drug loading up to 50% was maintained while 

prolonging the enteric protection (29). This can be advantageous as an alternative 

opportunity compared to conventional enteric coating process using organic solvent 

and safety concerns as well. 

2.2.6. Nano-capsule based formulation 

Beck et al. prepared 3D printed tablets with polymeric nano-capsules of 

deflazacort with a particle size of 138 nm. In this work, the 3D printed tablets were 

manufactured using the filaments made of Eudragit® RL100 (EUD) and poly(ε-

caprolactone) (PCL) with or without mannitol and the fused deposition modeling 

(FDM) was used as a tablet production technique. The printed tablets were then 

immersed into a determined quantity of suspension containing polymeric 

nanoparticles and then, made them dried at 30°C over 24 h. It was observed that up to 

0.62% drug was loaded by soaking the tablet for 24 h. The study showed that long 

soaking time, up to 24 h increases drug loading (30).  

2.2.7. Medicines used in 3D printing 

Printing technologies are capable of the personalization of medicines with 

complicated dosage regimes, especially for narrow therapeutic index (TI) drugs (31, 

32). Narrow TI medicines are those that have a small gap between the therapeutic and 

toxic dose, thereby unsuitable dosing can cause the ineffective treatment outcomes or 

adverse effects. Instead of producing conventional fixed-dose formulations, 3DP may 

generate a printlet containing a specific dose of drug, simplicity of administration and 

lowering the issues of dose deviation and medication errors.  Therefore, 3DP could 

also be gained using FDM printing to adjust the desired drug release for medicines 

that require delayed release to reduce the dose related adverse effect including 

indomethacin (33) or flexible dose changes such as theophylline (34). 

2.2.7.1. Indomethacin 

Indomethacin (IMC) is a member of NSAID class, analgesic agent with anti-

inflammatory and antipyretic properties. Such properties have been used in several 
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conditions such as rheumatoid arthritis, gout attacks and osteoarthritis, tendonitis and 

ankylosing spondylitis. It can be administered orally that causes various adverse 

effects, mainly related to the gastrointestinal malfunctions (33, 35). It is a non-

selective cyclooxygenase 1 and 2 (COX-1 and COX-2) inhibitor and is also an indole 

derivative assigned chemically as 1-(p-chlorobenzoyl)-5-methoxy- 2-methyl-1H-

indole-3-acetic acid. and. IMC is pale yellow to yellow crystalline material and an 

odorless. It is a poor aqueous solubility and a weak dissolution rate which confined 

both its therapeutic usefulness and efficacy (36, 37). Nonetheless, it is lipid-soluble 

and sparingly soluble in alcohol. IMC possesses a pKa of 4.5 and is stable in slightly 

acidic media or neutral and decomposes in strong alkaline (33).  

 

Figure  1. Structure of indomethacin. 

2.2.7.2. Theophylline 

Theophylline, called as 1,3-dimethylxanthine, is a methylxanthine agent used 

in treatment for respiratory diseases such as asthma and chronic obstructive 

pulmonary disease (COPD). The drug is a muco-active substance with numerous 

properties including secretomotoric and secretolytic activities used in the treatment of 

respiratory syndrome associated with viscid or excessive mucus (39).  

        

Figure  2. Structure of theophylline. 
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It has been widespread application in various controlled release systems such 

as compressed tablets (40), spray dried matrices (41) and flexible dose system 

including 3D printed tablets. In addition, it possesses an excellent thermal stability 

(melting ca. 270°C), and high solubility in various pH, which are suitable effects for 

drug release tests. However, the release adjustment to maintain the optimal 

theophylline level is needed owing to a narrow therapeutic range (10-20 µg/ml) and 

overdose causes cardiac arrhythmia, hypergylcemia and metabolic acidosis (42).  

2.3. Strategies for drug dissolution/solubility enhancement 

When a drug is consumed orally, it requisites to possess good solubility or 

dissolution properties within the biological system to be permeation across the 

membrane, and first pass metabolism to achieve the desired therapeutic effect via 

systemic circulation. However, most of the new chemical entities in the development 

phases show either poor solubility or dissolution, or both (13, 43). There are 

numerous approaches greatly popular to enhance the dissolution rate of poor soluble 

drugs methods including solid dispersion, salt formation, liquid-solid techniques, 

complexation, cocrystals, particle size reduction, and the use of additives in the 

crystallization process in overcoming this challenge (44-47). Historically, spray 

drying (SDD) and hot-melt extrusion (HME) have been widely applied methods to 

develop ASDs in the pharmaceutical industry and has resulted in successful 

improvements of solubility and bioavailability of poorly soluble APIs (48, 49).  

2.3.1. Solid dispersion 

Solid dispersions technology was firstly discovered by Sekiguchi and Obi in 

1961, who noted that eutectic mixtures increase the release rate of poorly water 

soluble drugs (50). Preparation of the drugs as solid dispersions offers a wide range of 

processing and excipient selections that allow for an efficient approach when 

manufacturing the oral delivery systems for poorly water-soluble drugs (13, 51) and 

hence increase the oral bioavailability of APIs being formulated this way (52, 53). 

Solid dispersions is termed as molecular or amorphous mixtures of poorly water 

soluble drugs that is dispersed/dissolved in hydrophilic carriers and show as a one 

phase powder, with molecularly tiny particles that could be accomplished with 

mechanical grinding methods (54-59). The fine dispersion of drug within the 
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hydrophilic excipient, result in enhanced dissolution (60) in which the polymer 

properties occupy an important role in the drug dissolution pattern (50, 54).  

The enhancement of the dissolution of drugs from solid dispersions can 

mainly be attributed to one of the different mechanisms: eutectic mixture formation, 

the improved wettability of the drug due to direct contact with the hydrophilic 

carriers, the increased in particles surface area, alteration of a metastable crystalline 

form of API and changing of the crystalline nature to the complete soluble amorphous 

state (52, 61, 62). This strategy is one of the most efficient way to improve the 

bioavailability of drugs with low water solubility (50, 63). The different type of the 

solid dispersion is influenced by the physical state of excipient (crystalline or 

amorphous) and drug and can be distinguished into amorphous, crystalline solid 

dispersions, and crystalline-amorphous solid dispersions.  

Initially, crystalline solid dispersions, the eutectic mixtures, were actually the 

first identified solid dispersions (58). Eutectic mixtures are formed by simultaneously 

heating up and melting a mixture at suitable weight proportions, followed by a 

cooling-down phase (64). Each component possesses its specific melting temperature 

but when used in a particular weight proportion the mixture can melt simultaneously 

(13) and the temperature at which is called the eutectic temperature (64). Because the 

eutectic temperature is lower than the melting temperature of the individual 

constituents of the mixture, the production temperature can be decrease which is 

notably merit for thermal sensitive compounds. The advantage of eutectic mixture is 

that drug and excipient are more uniformly mixed than in physical mixtures that 

undergoes in higher drug dissolution (44). Another form of crystalline solid dispersion 

is solid solution. In solid solution, a crystalline drug is ‘‘dissolved” in a crystalline 

excipient which results in a single-phase powder because the excipient and drug 

molecules are positioned in the lattice of the crystal. Solid solutions contain minute 

particles than pure crystalline forms and are higher homogenous than physical 

mixtures. This renders to higher drug dissolution and absorption. For instance, 

griseofulvin-polyethylene glycol 4000 solid solution provided in two times greater in 

vivo study compared to crystalline griseofulvin (65).  

In an amorphous solid dispersion, the drug disperses in an amorphous 

polymer/excipient turning into in a single amorphous phase (66). The amorphous state 
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of the mixture, homogeneously blended with a molecular level, the hydrophilic nature 

of the excipient and the increase surface area render in improvement of dissolution 

and absorption (58). For instance, the antiviral drug, telaprevir, is formulated as an 

amorphous solid dispersion showing 32 times enhanced dissolution and 10 times 

higher bioavailability (67). The limitation of amorphous solid dispersions is that they 

could not be stable because amorphous materials can transform to crystalline forms 

(64). With respect to a glass suspension of ASD, an amorphous drug is not completely 

dispersed in an amorphous polymer (66). Instead, the drug is dissolved as amorphous 

clusters or is partly amorphous and partly crystalline (64).  

Glass suspensions may take place when the percentage of drug in the polymer 

matrix is substantially high (P35%). Recrystallization of drug is expected to appear 

under storage condition, and this causes negative effect on stability than glass 

solutions. Therefore, amorphous solid dispersions need more cautious handling and 

storage than crystalline solid dispersions (66). Regarding the amorphous precipitates, 

the drug precipitates out as an amorphous form and is dissolved in a crystalline 

excipient (13). The amorphous form of the drug and the hydrophilic character of the 

excipient render towards higher dissolution of drug. For instance, an amorphous solid 

dispersion of ritonavir in crystalline polyethylene glycol 8000 presented in a 3.5-5 

times higher dissolution and 11-22 times increased absorption in comparison with a 

crystalline physical mixture of ritonavir-polyethylene glycol 8000 (54, 68). 

    

Figure  3. Energy pyramid of amorphous forms, amorphous solid dispersion, the 

crystalline form and their structural forms. 
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2.3.1.1. Stability of amorphous solid dispersion 

Polymers are chemically made of repeating structural units known as 

monomers which are connected with each other making a long structural framework. 

Owing to their complicated 3D structures with many intrachain or interchain cross 

links, entraping of amorphous drugs into these networks delay their molecular 

mobility. This reduces the chemical possibility of the amorphous drug and closer to 

that of the crystalline form. As a result, polymers hamper devitrification thereby 

preserving the stability of the amorphous state over the shelf life. The number of 

features, such as thermodynamic property, environmental stress, molecular mobility, 

preparation methods play an important role in the chemical/physical stability of the 

amorphous drug.  

In thermodynamics, it is stated as an event which causes a higher in Tg of the 

material which enhances the free energy involved by the amorphous drug to change 

into the crystalline form. Blending a low-Tg amorphous drug with a high-Tg polymer 

at the molecular level happens to the formation of polymeric amorphous solid 

dispersion (PASD) with a middle Tg of such two components. In other words, the 

polymer undertakes plasticization while the Tg of the drug enhances, and it renders 

antiplasticized effect. Next, the drug molecules may interrelate with the polymer 

molecules via numerous weak forces such as hydrogen bonding, van der Waals 

forces, electrostatic, ionic, or hydrophobic. Such intermolecular bonds prohibit the 

molecular mobility of the drug molecules in the polymer matrix and render stability to 

the system (127). 

2.3.2. Salt formation 

Salt formations have grown increasing interests during recent years that it can 

provide many advantages. Salts are a class of crystalline materials with definite 

stoichiometry, leading to better solid-state stability and more predictable physical 

properties than amorphous solids to improve the dissolution rate of the poorly soluble 

drug (69). The method of salt formation is relatively simple and comprise of pairing 

the parent drug molecule with a suitable counterion. The essential step is the 

attachment of ionizable functional groups in the drug’s structure that permits enough 

ionic interaction between the drug and the salt former (70).  
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Figure  4. Diagrammatic representation of salt formation process. 

2.3.3. Co-crystals 

Cocrystals are necessarily neutral single-phase solids composing of two or 

more ingredients in a specific stoichiometric ratio held together via a wide range of 

noncovalent interactions including hydrogen bonds. Pharmaceutical cocrystals are 

multicomponent solid forms composing of an API and GRAS (Generally Regarded as 

Safe) partner molecules. The chemical and biological efficacy of API does not alter 

since these cocrystals are held together by noncovalent interactions. Secondly, it has 

been uniformly observed that co-former with higher solubility range make cocrystals 

enhanced solubility regarding parent APIs (71). In some cases, co-crystal formation is 

readily apparent from the resulting physical properties of the new material. For 

instance, formation of a co-crystal from acetaminophen and 2,4- pyridine dicarboxylic 

acid is immediately apparent from the red color of the co-crystal, although 

components are white solids. As fraction of the whole hydrogen-bonded crystal-

packing arrangement, with associated reduction of the p-p* energy gap, the red color 

happens from the fact that the pyridine dicarboxylic acid transforms to the 

zwitterionic form in the co-crystal (72). 

2.4. Techniques applied for amorphous solid dispersion 

There are two main distinct methods such as melting and solvent evaporation 

to produce amorphous solid materials. Both types have been exhibited useful at the 

industrial and laboratorial scales. Some mechanical processes, such as ball milling or 

grinding, also enable to induce some amorphization (73). However, degree and 

robustness of amorphization are very low and, thus, of limited usefulness in these 
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mechanical methods (63, 73). As for melting process, a physical mixture of drug and 

polymer is melted by heating to form a molten mixture where a drug is dispersed or 

dissolved in a molten of amorphous polymer(s). The resulted molten material is 

further hardened by cooling that forms an amorphous solid dispersion (63, 74).  

Solvent evaporation methods consist of the solubilizing of drug substance and 

carrier(s) in a single solvents or solvent mixture followed by solvent removal to gain a 

solid dispersion (73, 75). This technique is capable of yielding a molecular level 

mixing which is preferred to improve the solubility and stability of the product. The 

major advantage of such method is that the thermal decomposition of drug and 

polymer can be protected since low temperatures are typically used to evaporate 

organic solvents (76). The most appropriate technologies for the production of solid 

dispersions are melting of excipients via hot melt extrusion (13), solvent evaporation 

method by means of spray drying.  

2.4.1. Hot melt extrusion (HME) 

The pharmaceutical use of HME is currently promoted as a method for 

increasing the release rate of poorly water-soluble APIs. The bioavailability of such 

APIs are enhanced by melt-mixing them with hydrophilic, water-soluble polymers 

(7). HME is a robust method that could allow for solvent-free manufacturing of 

amorphous solid dispersion. Furthermore, it is a continuous process and can be easily 

scaled up from a small-scale laboratory extruder to a production-scale equipment.  

HME is based on the solid materials transfer through the heated barrel, designed with 

single or twin screws that can be either co-rotating or counter-rotating (Fig.  5) (14). 

The major application of HME is to disperse the APIs in a polymer matrix at the 

molecular level inside the heated barrel with rotating screw, thus forming solid 

solutions. HME has been used for various applications, such as (i) enhancing the 

dissolution rate and bioavailability of poorly soluble drugs by forming a solid 

dispersion or solid solution, (ii) controlling or modifying the release of the drug, (iii) 

taste masking of bitter APIs, and (iv) formulation of various thin films (6). 

The machine is composed of several components, namely, feeder that bring 

the mixture inside a heating barrel at a controlled rate (“feed rate”), the screw(s) with 

a defined speed (“screw speed”) and at the end, the die. The screws have various 
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functions such as conveying, kneading elements. These elements and their design are 

of utmost importance in the manufacturing process and may have a strong influence 

on the final formulation. At the end of the screws, the die can have different shapes 

and diameters. Again, the temperature range can be selected in the different heating 

zones during the process. Therefore, the important processing parameters of this 

method are the screw design, the screw speed, the feed rate and the extrusion 

temperature. These parameters should be well managed and it is mandatory to 

optimize their effect on quality attributes of the final product such as drug 

homogeneity and drug release (6). 

 

Figure  5. The schematic diagram of hot melt extrusion process. 

2.4.2. Materials used in hot-melt extrusion 

Major ingredients used in HME process comprise of molten materials like 

polymeric carriers or low melting waxes, plasticizers and other additive materials 

such as drug release modifiers, super disintegrants, thickening agents and 

antioxidants. The materials used in HME process must be thermally stable in addition 

to acceptable physical and chemical stability. 

2.4.2.1. Active ingredient  

HME renders many benefits over traditional processing techniques. The melt 

extrusion process is anhydrous, protecting any possible drug degradation due to 

hydrolysis. In addition, poorly compactable materials can be blended into one tablets 
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produced by cutting an extruded rod, eliminating any potential tableting problems 

happened in traditional compressed dosage forms (78). 

2.4.2.2. Polymeric system 

The selection of polymer for hot-melt extrusion process mainly depends on 

drug–polymer miscibility, polymer stability and function of final dosage form (78). 

Polymers for HME must have thermoplastic property in order to be easy the operating 

condition and they also show to be thermally stable under the extrusion temperatures. 

Other related properties should include proper glass transition temperature (Tg, 50-

180°C), no toxicity and hygroscopicity as the high quantity of polymers are applied in 

the formulation (79). Most widely used polymeric carriers include cellulosic 

polymers. Such polymeric carriers include ethyl cellulose (EC) and hydroxypropyl 

cellulose (HPC) (80). 

(I) Cellulose-based polymers 

Cellulose is the most plentiful and inexhaustible biopolymeric material with a 

fascinating structure as the main structural component of plants in the world. 

Cellulose is a highly hydrophilic polymer, having hydrophilic-lipophilic balance 

(HLB) number at 12.45. However, due to its strong intermolecular and intramolecular 

hydrogen bonding between the individual chains and a high range of crystallinity (in 

the range of 40%-60%), it is insoluble in water in its native form. Hence, cellulose is 

chemically transformed to water-soluble cellulose ester or ether derivatives. In 

cellulose ethers, fraction of the hydrogen atoms of the three hydroxyl groups on the 

glucose repeating unit is modified by alkyl or combined alkyl groups (Fig. 6).  

A group of polymers commonly termed as cellulose ethers could be 

synthesized from alkylation of cellulose. Hydroxypropyl cellulose (HPC), 

Ethylcellulose (EC), Methylcellulose (MC) and Hydroxypropyl methylcellulose 

(HPMC) are the most extensively used cellulose ethers in pharmaceutical fields (Fig 

6). Cellulose esters and ethers are of particular important for producing amorphous 

solid dispersions because of their physicochemical properties such as high molecular 

weight and resistance to hydrolysis which protects the absorption of most cellulose 

ethers and esters in the GI tract (81, 82). The adaptable properties of cellulose ethers 
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are their aqueous solubility, enhanced viscosity, and water retention ability have been 

widely employed for various applications (83).  

HPC is one of the most commonly used cellulose ethers for generation of 

amorphous solid dispersion because of their physicochemical properties such as high 

molecular weight and relatively hydrolytically stable which remain unchanged under 

GI conditions that ascertains beneficial in oral drug delivery systems (81, 82). This 

water-soluble cellulose ether is not pH-responsive and lacks very strong hydrogen 

bond donor and acceptor groups (84). These cellulosic polymers have the higher 

efficiency inhibition of the crystallization of the lipophilic drugs due to their 

amphiphilic nature because of their greater ability to interact with the molecules and 

thereby efficiently block the growth sites (85). Different ratios of Hydroxypropyl 

cellulose & Polyethylene oxide polymers using clotrimazole as model drug were 

investigated to study the effect on drug release, bioadhesive and mechanical 

properties, and stability of melt-extruded formulations. Hydroxypropyl cellulose was 

observed to improve the physical stability of PEO and clotrimazole (86). 

 

Figure  6. Chemical structure of cellulose ether derivatives. 

(II) Soluplus® 

Soluplus® (Polyvinyl caprolactam–polyvinyl acetate–polyethylene glycol graft 

copolymer) is a novel polymer with amphiphilic property and developed for solid 

solutions (Fig. 7). Unlike other typical solubilizers, namely, Cremophore RH40 and 

Solutol HS15, Soluplus® with its bifunctional character such as a matrix former for 

solid dispersion and an active solubilizer through micelle formation in water that can 

be regarded as the fourth generation of solid dispersions (87). Its solubility does not 

alter along with the gastrointestinal tract as it is hydrophilic and nonionic. It has a 

slightly surface-active property which can be useful to keep supersaturation of poorly 

soluble drugs in the gastrointestinal tract. Soluplus® demonstrates good solubilizing 
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property having low Tg about 70°C and provides the fabricating of solid solutions of 

numerous drugs with poor solubility applying extrusion techniques (87).  

 

Figure  7. Chemical Structures of Soluplus. 

 

(III) Kollidon® VA 64 

 

Figure  8. Chemical Structures of Kollidon® VA 64. 

Kollidon VA 64 is a poly (vinylpyrrolidone-co-vinyl acetate) (Fig 8) and one 

of the most popular polymers for their high hydrophilicity which increases wettability 

of the formulation pointing to an increased dissolution rate in comparison with 

amorphous API and the pure crystalline (89, 90). As expected, those formulations 

imbibe large amounts of water when exposed to humid environment. The water 

moistens the formulation and decreases form stability and physical stability (90-94). 

High API solubilizing abilities and high glass-transition temperatures of PVP/VA 

(107.1°C) showed in high physical stability of ASDs as the absorption of moisture is 

kept small. That was reported in literature for many APIs such as naproxen (NAP) 

(91, 93), acetaminophen (APAP) (93), indomethacin (95) and nifedipine (96). Even 

low amounts of this polymer can stabilize some amorphous APIs including felodipine 

(97, 98), indomethacin (99), and APAP (100) which can be received from stronger 
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molecular interactions between APIs and these polymers than the modified celluloses 

had weaker interactions with some APIs therefore inhibit crystal growth from an 

amorphous API effectively (97, 98, 100, 101). 

(IV) Eudragit® polymers 

The Eudragit® range of polymers are polymethacrylates composed of synthetic 

anionic and cationic polymers of dimethyl aminoethyl methacrylic acid, methacrylic 

acid esters and methacrylate in different ratios (Fig .9). Several types are marketed 

and may be available as aqueous dispersion, the dry powder and organic solution. 

Polymethacrylates are mainly used as film-coating agents in tablet and capsule dosage 

forms.  Moreover, present studies reported that polymethacrylates have been widely 

applied in the formulation of taste masking, better permeation across skin, dissolution 

improvement, bioavailability enhancement, enteric coating, intestinal epithelium and 

corneal permeation, pH dependent release, sustain release and colon targeting etc. 

Therefore, polymethacrylates play a significant role in formulation and development 

of various dosage forms with novel applications (102).  

Of these series, Eudragit® EPO is cationic copolymer based on dimethyl 

aminoethyl methacrylate, methyl methacrylate and butyl methacrylate. It can be 

utilized in formulations such as solid dispersions, orally disintegrating tablets, 

nanosuspensions, nanoparticles, stabilization of liposomes, superior moisture 

protection for solid dosage forms. It has a molecular weight of approximately (47,000 

g/mole), alkali value (180 mg KOH/g of polymer) and a glass transition temperature 

of 48°C. It is soluble in gastric pH until to 5.0. high pigment binding capacity, low 

viscosity, low polymer weight and good adhesion are specific features of Eudragit E 

series (102). 
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Figure  9. Chemical structure of Eudragit, For Eudragit E: R1, R3=CH3, R2= 

CH2CH2N(CH3)2, R4=CH3, C4H9, For Eudragit RL and Eudragit RS: R1=H, CH3, 

R2=CH3, C2H3, R3=CH3, R4=CH2CH2N(CH3)+
3CL.-  

Eudragit RL and RS are copolymers of ethyl acrylate, methyl methacrylate and a low 

content of methacrylic acid ester with quaternary ammonium groups. The ammonium 

groups exist as salts which cause the polymers permeable. Molecular weight of these 

polymers is approximately 32,000 g/mol and their glass transition temperatures are 

40°C and 55°C. They are mainly used for personalized release profile by combination 

of RL and RS grades in different ratios and they are also suitable for matrix structures.  

Furthermore, they were also used for formulation of patch. Patches could extend the 

drug release up to 12 h, with muco-adhesion. Sahoo et al. (103) generated solid 

dispersion of verapamil using Eudragit RLPO or Kollidon SR to prepare sustain drug 

release system which showed extended the drug release up to 12 h was maintained in 

terms of Eudragit RLPO (102). 

(V) Other additional ingredients  

Plasticizers can improve the operating conditions during the production of the 

extruded dosage form (104) by enhancing the practicability and feasibility of the 

polymer reducing the melt viscosity, glass transition temperature (Tg) and elastic 

modulus of a polymeric film. Moreover, the addition of plasticizers may lower the 

processing temperatures needed in hot-melt extrusion, thereby reducing drug and 

excipients degradation (78). Commonly used plasticizers in HME include tributyl 

citrate (TBC), triethyl citrate (TEC) (105), triacetin (80) and glycol derivatives 
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including propylene glycol and PEG (106). The decreasing in polymer Tg is reliant 

upon the plasticizer ratio and type. The reduction of operating temperatures may 

increase the stability effect of the active ingredient and that of the polymeric carrier. 

However, the liquid plasticizers, for instance, TEC (107) have certain disadvantages 

like non-uniform mixing, pre-plasticization and evaporation/loss of plasticizers.  

Apart from the plasticizers, some additional excipients such as drug release 

modifiers (croscarmellose sodium), super disintegrants, thermal lubricant and 

thickening agents may also be utilized in the HME process based on the needs. Drug 

release profile of diltiazem hydrochloride has been improved by increasing the 

permeability of the pellet during dissolution (107). The burst release effect was 

restricted by adding the viscosity inducing agents. Super disintegrants and swelling 

agents such as AcDiSol and Explotab have also been employed to control drug 

release. Chorpheniramine meleate (CPM) tablets containing lipophilic thermal 

lubricant are prepared by hot melt extrusion and studied the effect of such lubricant on 

the processing conditions. The incorporation of either TEC or glyceryl monostearate 

(GMS) into the powder blend decreased the drive amperes and the torque values 

during the hot-melt extrusion process. An increase in GMS amount in the Eudragit RS 

PO system resulted in higher rate of drug release from the formulation since GMS 

reduced the high melt viscosity of the methacrylic polymer (108). Thickening agents 

like MCC have been added into PEG 8000 matrices in order to increase the 

formulation viscosity and the plasticity of the obtained tablets developed by injection 

molding (109). 

2.4.3. Spray drying 

A relatively efficient solvent evaporation-based technology is spray drying 

(SD), since it permits for very rapid solvent evaporation, leading to a fast conversion 

of the API to the crystalized and/or amorphized form dissolve within solid carrier 

during the processing (110). The operating parameters of spray drying are inlet 

temperature, feed rate humidity and flow rate of drying gas and atomization 

conditions (110-112) (Fig. 10). The type and size of the spray nozzles strongly 

influences to the amorphous solid dispersion, in particularly to the particle size, but 

also smoothness and texture (113, 114). Additionally, the solid content may have an 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

35 

 

effect on the solution viscosity and subsequently the drying process and the final 

product (114). Furthermore, solid concentration in the feed, viscosity, solvent type, 

and surface tension of the solution as well as formulation variables such as 

composition (drug, carrier, solvent) are important for manufactured goods properties. 

Mahlin et al. (115) and Baird et al. (116) have investigated using the different drug 

compounds showing that generating an amorphous form is reliant on the chemical 

nature of the drugs rather than on the processing variables. Spray drying has become 

the most reliable solvent-based method, as it provides strong control of the powder 

characteristics and due to cheaper production costs, simplicity of scale-up, and 

unvarying batch manufacture (66).  

 

 

Figure  10. The diagram illustrating elementary processing steps in spray drying 

process. 

2.5. Quality by Design (QbD) 

QbD is “a systematic strategy to pharmaceutical development that enables 

understanding in depth in the pharmaceutical manufacturing process at various stages 

of the initial product development based on sound science and quality risk assessment 

(117, 118). Through this system, it would scientifically provide better comprehending 

of the product design (119), its process and further evolutions such as the scale-up 

parameters and optimize and control steps, therefore improving the proficiency of the 

operating conditions and the value of the product (118).  
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Pharmaceutical QbD goals may comprise: a) to gain excellent items with 

quality arrangements; b) to increase processing ability and decrease product 

variability; c) to improve pharmaceutical development and manufacturing 

efficiencies; and d) to heighten cause-effect analysis and regulatory flexibility (117). 

Commonly used QbD elements are specified in the ICH Q8 and explain in the 

following section for each element. 

2.5.1. Quality target product profile (QTPP) 

  

Quality Target Product Profile (QTPP) is a summary of quality features of 

pharmaceutical goods that must be achieved to guarantee safety and efficacy and 

superiority of the final product (119). Instances of QTPP include intended clinical 

application, administration delivery, therapeutic dosage, pharmaceutical dosage form, 

drug delivery system, packing container, factors affecting pharmacokinetic parameters 

(119, 120) and quality principles of the final goods, such as stability during storage, 

sterility and drug release (e.g. prolonged or immediate) (121).  

2.5.1.1. Critical quality attributes (CQAs) 

CQAs are generally relevant to the choice of correct amounts of excipients and 

drug. Additionally, CQA may include assay, identity, content uniformity, degradation, 

products, residual solvents, drug release or dissolution, moisture content, microbial 

limits, and physical properties including color, shape, size, and friability. Potential 

CQA derived from QTPP are utilized to point out the product and process 

development (119, 120).  

2.5.1.2. Critical material attributes (CMAs) 

The properties of materials such as the solid-state form and particle size are 

the main critical material attributes (122) that should meet adequate limits to 

guarantee the quality of excipients, drugs and other materials used during the process 

which lead to ensuring the desired CQA (120).  

2.5.1.3. Critical process parameters (CPPs) 

Critical Process Parameters (CPP) are part of the manufacturing or operating 

parameters such as temperature, mixing time, stirring speed, air flow, among others 
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that must be controlled prior or during the preparation process to ensure the desired 

CQA (120, 121).   

 

Figure  11. Schematic diagram of the steps for implementation of pharmaceutical 

QbD. Legend: CPP = Critical Process Parameter, CMA = Critical Material 

Attribute, CQA = Critical Quality Attribute, DS = Design Space, QTPP = Quality 

Target Product Profile, CAP = Critical Analytical Parameter.  

2.6. Design of Experiment 

Design of experiments (DoE) is a systematic study of performing the 

experiments by using the principles of science and statistics, which supports the 

relationship between the input factors and output responses.1 In other words, it helps 

in establishing cause-and-effect relationships among the factors and response(s). Such 

information is necessary to manage the input control for rationally optimizing the end 

effects in the form of output. In simplest way, an experimental design aims at 

expecting the outcome on the basis of model built with the aids of experiments by 

bringing a change of the preconditions, which is represented by one or more 

independent factors, also referred to as “input variables.” The change in one or more 

independent variables can result an alteration in one or more dependent variables, also 

referred to as “output variables” or “response variables.” The experimental designs 

not only include the selection of appropriate independent and dependent variables, but 

also the arrangement of the experiments under statistically optimal conditions. In 

order to give a better understand of DoE application, the experimental designs can be 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

38 

 

generally categorized into two types, such as screening designs and response surface 

designs, which have been discussed below in detail (124, 125).  

2.6.1. Screening design 

Screening designs are a proficient way to identify the main effects of the 

variables. The term “screening” refers to an experimental run that is intended to 

search the few significant factors from a listing of many possible ones (126). The 

most used screening designs are two-level full factorial designs, fractionate factorial 

designs, and Placket -Burman designs because of their cost-effectiveness. These 

experimental designs permit one to study a wide range of input variables with lower 

numbers of experiments. However, they also have some restrictions that should be 

considered in order to realize the effects of input factors on responses (124, 125). 

2.6.1.1. Two-level full factorial designs 

Two-level full factorial designs are the most powerful screening designs, once 

they allow to predict main effects of input factors and their related interactions on 

output responses. The main limitations of two-level full factorial designs rely on the 

large number of experiments required, in comparison with fractionate factorial 

designs and Plackett-Burman designs. The number of experiments needed for two-

level full factorial designs may be calculated as 2k, where k is the number of input 

factors to be studied (124, 125). 

2.6.1.2. Fractionate factorial designs 

Fractionate factorial designs are one of the most applicable methods for 

screening plans, because these designs may successfully evaluate a large number of 

input factors with a lower number of experiments. This may be obtained by 

fractionating a full factorial 2k design into a 2k–p design, where p is the number of 

generators selected to fractionate the design. For example, when investigating four 

input variables, a half-fraction factorial design (24-1 = 8 experiments) may be 

achieved (124, 125).  
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2.6.1.3. Plackett-Burman designs 

Plackett-Burman designs are particular types of two-level fractionate designs, 

which allow one to study up to N-1 input factors with N experiments (N should be 

multiple of 4) (124, 125). 

2.6.2. Optimizing designs 

The most popular optimized designs are three-level full factorial designs, 

central composite designs (CCD), Box-Behnken designs (BBD) (123) and mixture 

designs (126) are because they allow modeling complex response surface (123).  

 

 

Figure  12. Examples of various optimized designs (A) full factorial design, (B) 

central composite design, (C) Box-Behnken design, (D) optimal design, and (E) 

mixture design. 

2.6.2.1. Full factorial design 

Three-level full factorial experiment are often used only when two or more 

input variables require to be performed (123). These designs may be calculated by 

Xk, where X represents number of factors and k indicates number of levels. A full 

factorial design may also be called a fully crossed design and creates experimental 

runs based on the factorial points and a linear polynomial model. Moreover, use of 

adding center points also assists in increasing for better estimation of the design 
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space. Such design provides the experimenter to understand the impact of each factor 

on the output variables, as well as the interrelated effects between the factors on the 

responses (126). 

2.6.2.2. Central composite designs 

Central composite designs (CCD) are one of the most effective optimization 

designs because they use second-order (quadratic) model for the response variable 

with a reduced number of experiments, when compared to three-level full factorial 

design (124, 125). CCD is regarded as a supplementary form of three-level factorial 

design paired with star points or axial points. It is applied when factorial designs 

perceive the existence of curvature in the data, thus needs augmentation from a former 

linear design to the quadratic response surface design (126).  

2.6.2.3. Box-Behnken design 

Box-Behnken designs are special types of independent quadratic designs, 

which permit 1st and 2nd order response surfaces modeling. These designs are lower-

cost than three-level full factorial designs, particularly for large number of input 

factors (124, 125). In this design, the experimental combinations are at the center of 

edges of the processing space and at the middle. The designs have limited capacity for 

orthogonal blocking in comparison with the CCDs. However, it can be alternatively 

selected for fitting quadratic models that is necessary three levels of each factor and is 

quite in rotation to supply symmetry to the design (126).  

2.6.2.4. Optimal Designs 

The optimality of a design is dependent upon the statistical model and is 

assessed in terms of a statistical factor, which is correlated to the variance-matrix of 

the predictor. Both functions such as specifying an appropriate model and a suitable 

criterion necessitate to understand the statistical theory and practical information with 

designing experiments. Moreover, optimal designs are of various types such as D-

optimal, A-optimal and I-optimal. These designs exploit three levels for each factor 

and are most generally applied for factor optimization study (126). 
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(A) Mixture Designs 

In a mixture experiment, the independent variables are proportions of various 

constituents of a blend. In other word, such proportions of the different factors must 

be 100% in total. Mixture designs can be categorized into simplex-lattice designs, 

simplex-centroid designs, and optimal designs. Among these variants of mixture 

designs, optimal design is the most commonly useful for optimization of factors 

(126).  
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3.1. Abstract 

Fused deposition modelling 3D printing is the most broadly applied 3D printing 

technology because of its low cost and non-solvent application. The objectives of this 

study were to produce a novel controlled release 3D printed tablets from the polymer 

blends by rationally exploring the impact of formulation excipients on drug release 

using the Design of Experiment. Firstly, optimization study of various mixtures was 

conducted stepwise to set up the suitable critical material attribute in DoE. This 

showed that the use of polymeric blends using five pharmaceutical polymers (hydroxy 

propyl cellulose (HPC), Kollidon® VA 64 (PVP/VA), Soluplus® (SLP), Eudragit® RL 

and RS) and five disintegrants (sodium starch glycolate, croscarmellose sodium, cros 

povidone, microcrystalline cellulose and low substituted hydroxypropyl cellulose) 

were successfully hot melt-extruded and FDM printed with the support of HPC at 

ratio 3:1 and 1:1, 10% indomethacin (IMC) loading and no plasticizer. Rheological 

assessment was performed to further understand the critical process parameters 

whereas the mechanical property of extrudable and printable filaments was 

determined by 3-point test for the formulation development. Critical quality attributes 

were investigated by a range of solid-state characterizations. Controlled-release 

dissolution profiles were obtained. D-optimal mixture design suggested that drug 

release was significantly affected by the combined action of different polymers and 

could predict the optimum formulation (IMC: HPC: PVA/VA: SLP as 10.00: 49.97: 

19.09: 20.94) with the required quality target product profile at 4, 12 and 24 h. 

Therefore, this work could provide the practical scenario of controlled release printed 

tablets with QbD design and more robust filament preparation formulations for FDM 

printing technology. 

Keywords: extended-release tablets, FDM 3D printing, hot melt extrusion, 

dissolution, DoE, hydroxy propyl cellulose   
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3.2. Introduction 

Nowadays, the interest for the Quality by Design (QbD) concept has rapidly 

directed towards pharmaceutical field since it is a prospective tool to realize the 

sources of alterations in product formulation and to develop a product with advanced 

properties (1). The guidance for Abbreviated New Drug Application was released in 

2012 by U.S FDA where it was further affirmed and scrutinized the impact of 

material excipients property along with manufacturability as a momentous aspect of 

Quality-by-design (QbD) on drug product critical quality attributes (CQA) (2). The 

initial step of product CQA includes physicochemical, biological, or microbiological 

properties that should be the suitable limit or distribution to guarantee the desirable 

product quality (3). The overall variability has been proposed to be an amalgamation 

of the variability of the excipient, API, production methods and interactions of any of 

these solitary factors (4). Current studies have focused on the development of FDM 

printed dosage forms for determining the processing factors such as infill percentage 

and patterns on drug release performance (5). Despite the advancements of QbD in 

diverse drug delivery approach, QbD on 3D printed oral controlled delivery has been 

still no reported on optimizing the levels of formulation components to control the 

drug release pattern. 

One major attention of pharmaceutical research has been recognized on the 

low solubility APIs and to solve such problems, various formulation strategies such as 

particle size reduction, amorphous solid dispersion, co-crystal formation have been 

applied to improve aqueous solubility (6). Among these techniques, hot melt 

extrusion (HME) is considered to be one of the most reliable, versatile processing 

methods in amorphous solid dispersion in which the dispersion of one or more active 

ingredients in a molten polymer matrix by the action of high temperature and shear 

mixing of the screw speed which offer forming glassy drugs for enhanced the release 

rate of poorly water soluble API leading to increasing bioavailability. Moreover, 

HME can be effectively paired with other technologies such as fused deposition 

modelling printing, high pressure homogenization, high-pressurized carbon-dioxide. 

Fuse deposition modelling (FDM) is the most extensively applied in the 

pharmaceutical sciences owing to the low cost fabrication, diverse choice of 
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excipients and ease of producing dosage forms even with complex geometries, which 

have good patient compliance (7, 8). The FDM process involves a polymer or 

polymer-drug mixture strand melted and extruded through a thermal nozzle tip which 

can be moved into different XYZ directions (9, 10), followed by solidification onto a 

build plate into the desired geometry as dictated by the computer software. Thus, 

FDM printers have been applied in producing drug products including immediate, 

extended, and time-released tablets. However, only a restricted number of feeding 

materials, i.e. filaments, are obtainable for printing items for human consumption 

(11). Additionally, the physical properties of the filament such as brittle, stiffness, 

plastic and strength are necessary to be sufficient to prevent filament breakage and 

enable the printer to operate (12). To fulfill this gap, many researchers have attempted 

to expand filaments using a single or a combination of pharmaceutical polymers, 

including hydroxy propyl cellulose (13), ethyl vinyl acetate (14), ethyl cellulose (15), 

hydroxypropyl methylcellulose acetate succinate (16), and hydroxypropyl 

methylcellulose (17); however, limited work has been reported regarding polymer 

blending.  

In this study, hydroxy propyl cellulose (HPC) was revealed as a parent 

polymer due to their versatility in achieving controlled, swelling-driven release of a 

drug upon contact with water or physiological fluids (18). Lately, Solanki developed 

polymer blending (Kollidon® VA 64 combined with AffinisolTM 15 cp or HPMCAS) 

with improved mechanical property of filaments and good miscibility of the polymers 

(19). Moreover, numerous studies have conducted to develop controlled release 

printed tablets using Eudragit RL PO and RS PO combined with triethyl citrate (TEC) 

and triacetin as plasticizers to improve the mechanical effect of the filaments (13, 20). 

Yet, the potential of HPC-based filaments, produced in combined with other 

polymers, have not been fully explored to increase the ability of filaments; especially, 

the feasibility of the disintegrant. For those reasons, our group assessed for the 

various polymers applied for the controlled release (HPC, Kollidon® VA 64 

(PVP/VA), Soluplus® (SLP), Eudragit® RL and Eudragit® RS polymers) together with 

various disintegrants (sodium starch glycolate, croscarmellose sodium, cros povidone, 

microcrystalline cellulose and low substituted hydroxypropyl) to form a solid 
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dispersion filament with the adequate mechanical properties via HME, without the 

need of plasticizer. 

The objectives of the present work were to develop extended release printed 

tablets for oral delivery system with multi target product profile using statistical 

Design of Experiment. Initially, optimization study of various polymers was 

performed to establish the influence of factors composition with proper limit in DoE 

along with rheology investigation to obtain optimal HME and FDM process 

conditions. Meanwhile, a series of characterizations including physicochemical and 

mechanical properties of the solid dispersion systems were evaluated to ensure the 

product quality attributes. Further, mixture design was used to explore the optimized 

formulation and the effect of formulations factors on multi target drug release profile 

as generally required in pharmacopoeia for extended-release tablets.  

3.3. Materials and methods 

3.3.1. Materials 

Indomethacin (IMC), a model drug, was obtained from Sigma-Aldrich. 

Hydroxy propyl cellulose (HPC), semi-crystalline Kollidon® VA 64 (MW. 67,000 

g/mol; PVP/VA), Soluplus® (MW. 120,000 g/mol; SLP), Eudragit® RS PO and 

Eudragit® RL PO (MW. 45,000 g/mol; Eu RS and Eu RL) were purchased from 

BASF SE (Ludwigshafen, Germany) and used as matrix former. Sodium starch 

glycolate (SSG), croscarmellose sodium (CCM), cros povidone (Cros PVP), 

microcrystalline cellulose (MCC) and low substituted hydroxypropyl cellulose (L-

HPC) were used as disintegrant. All other materials and reagents were of analytical 

grade. 

3.3.2. Optimization study of polymer blends and processing factors 

Different excipients were screened prior to developing a design of experiment 

(DoE). In the initial step, single polymer extrusion was performed while polymer 

blending with 3:1 and 1:1 ratios was conducted in 2nd stage. In the 3rd stage, a series 

of superdisintegrants was assessed in the combination of the polymer (chosen from 

the 2nd stage) as it is necessary to select the suitable polymer and other functional 
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excipient besides the drug (21) to guarantee the successful printing of solid dosage 

forms (Table 1). Physical properties of melt-extruded filaments (section 2.3) and the 

printability of such filaments (section 2.4) were examined to understand the critical 

material and process attributes.  

Table  1. Optimization study with the filament properties. 

Step Formulation 

HME temp. 

(°C)/screw speed 

(rpm) 

Physical 

property 

Printability 

at 200°C 

 HPC 140/30 soft NP 

Step I PVP/VA 140/30 brittle NP 

(single polymer) SLP 120/30 brittle NP 

 Eu RS 120/30 brittle NP 

 Eu RL 120/30 brittle NP 

 HPC:PVP/VA (3:1) 

150/35 

stiffness P 

 HPC:SLP (3:1) stiffness P 

 HPC:Eu RS (3:1) stiffness P 

Step II HPC:Eu RL (3:1) stiffness P 

(combined 

polymers) 
HPC:PVP/VA (1:1) stiffness P 

 HPC:SLP (1:1) stiffness P 

 HPC:Eu RS (1:1) brittle NP 

 HPC:Eu RL (1:1) brittle NP 

 HPC:SSG (3:1) 

150/35 

stiffness P 

Step III HPC:MCC (3:1) stiffness P 

(polymer combined HPC:Cros PVP (3:1) stiffness P 

with disintegrant) HPC:CCM (3:1) stiffness P 

 HPC:L-HPC (3:1) stiffness P 

P= printable, NP= not printable 

The filament feeding efficiency was carried out by printing filaments with fine 

quality features (i.e. consistent diameter and acceptable surface smoothness) into 

tablets (n=6). Filament that passed this test was referred to as being “printable” (10). 

In addition, the process parameters were optimized using rheology investigation 

(section 3.3.5) of the polymer blends. Then, the HME filaments and FDM printed 

tablets were evaluated an array of characterizations (section 3.3.6) to ensure the 
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critical quality attributes of the product. The independent and dependent factors levels 

in DoE were finally assigned. 

3.3.3. Preparation of indomethacin-loaded filaments via hot melt extrusion 

The powder of polymer and indomethacin (IMC) physical mixture was 

manually mixed in a mortar and pestle for 15 min and loaded into a single-screw 

filament extruder (Noztek®, England). The rotating speed of screw was operated at 

30-35 rpm and the barrel temperatures were set at 120-150˚C which is above the glass 

transition temperature (Tg) of polymers used and close to the melting point of 

indomethacin (160°C). Then, the mixture was extruded through a 1.75 mm diameter 

nozzle to obtain drug loaded filament in the range of 1.65 to 1.70 mm fit to the nozzle 

of the FDM printer. The drug loading percentage was fixed at 10% for all 

formulations (Table 1 and Table 2). 

3.3.4. Fabrication of 3D printed tablets 

Devices were fabricated from the drug-loaded filaments using a commercial 

fused-deposition modelling 3D printer, MakerBot Replicator 2x (MakerBot Inc., 

USA). Tablets were printed using the nozzle temperatures set at 200°C and the 

temperature of build plate was set at 90°C. The other printing settings were as 

follows: speed while extruding (90 mm/s), speed while travelling (150 mm/s), layer 

height (0.2 mm) and number of shells (2). The selected geometry of the dosage forms 

was flat faced round shape tablets with the following two different of dimensions: 

XYZ (10×10×4 mm) and (13×13×5 mm) which are therapeutically related doses of 

indomethacin (25 and 50 mg). 

3.3.5. Oscillatory rheology experiment 

A rotary rheometer (MARS, Germany) equipped with a parallel plate with a 

diameter of 25 mm was utilized to investigate the melt viscosity and processing 

parameters as a function of temperature for HME and 3D printing process 

optimization. The gap between the plate and the base was calibrated. 500-mg disc (25 

mm diameter and 1 mm thickness) of each mixture was tested upon melting the 

sample. Amplitude sweep test was carried out to analyze the linear viscoelastic region 
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(LVR), followed by temperature sweep test at an amplitude strain of 1% (within the 

LVR region) and frequency of 1 Hz. 

3.3.6. Characterization of the filaments and 3D printed objects 

3.3.6.1. Macro and microscopic studies 

The appearance including color, transparency of filaments and 3D printed 

dosage forms were examined by visual. A digital caliper (VWR1, PA, U.S.) was 

applied to quantify the diameters of the filaments (1.65±0.05) and the dimensions of 

produced tablets (10×10×4 and 13×13×5±0.02). The topography of the drug-loaded 

filaments and dosage forms was observed using a Scanning Electron Microscope and 

Energy Dispersive X-ray Spectrometer (SEM-EDS, IT 300) at 3.0 nm resolution (1.5 

KV) after being coated with a gold coater under a vacuum.  

3.3.6.2. Mechanical evaluation  

The flexibility and brittleness were examined by 3-point bend test to identify 

the mechanical properties of the extrudable and printable filaments (22). A universal 

TA analyzer (Texture Technologies Corp, New York, NY, USA) and the TA-95N 

probe set with a 25 mm supporting gap were used. The extruded filament samples 

were cut into rods with a length of 50 mm, then placed on the sample holder. The 

blades moved with a speed of 10 mm/s until reaching a maximum distance of 15 mm 

below the supported sample. Testing for each single filament formulation was 

repeated three times. The breaking distance and load force/stress data were recorded 

and analyzed in triplicate using the Exponents software.1. 

3.3.6.3. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR) 

The molecular interactions between drug and polymer of extruded samples 

and physical mixtures was identified using a Varian 600 series FTIR 

spectrophotometer (ThermoFisher, Nicolet iS10, U.S.A) equipped with an ATR unit. 

Data was collected using 64 scans over a 650-4000 cm−1 range at a resolution of 6 

cm−1. 
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3.3.6.4. Thermal analysis  

Thermogravimetric analysis (TGA) was measured to determine the 

decomposition temperature of all materials used and the produced filaments upon 

melt extrusion and printing. TG-DTA analyzer (Rigaku Thermo plus EVO2, Japan) 

was heated from 30 to 300 °C at a rate of 10 °C/min under an air atmosphere (40 

mL/min). In addition, differential scanning calorimetry (Mettler Toledo, DSC822 

STAR System, Germany) was used to analyze phases transformation including drug 

crystallization and thermal behavior of the polymer matrix. Samples (3–5 mg) from 

drug-loaded filaments and from layer of 3D printed tablets were placed and 

hermatically sealed in aluminium pans with a punched lid. Heating was set from 30 to 

300°C using a heating rate of 10°C/min and nitrogen flow rate of 10 ml/min.  

3.3.6.5. Powder X-ray diffraction (PXRD) 

The presence of crystallinity of raw materials, extrudates and fabricated 

printed dosage forms was identified using a powder X-ray diffractometer (Rigaku 

model MiniFlex II, Japan), operated with a copper anode tube at the generator voltage 

and the current of 30 kV and 30 mA, respectively. Samples were scanned with the 

diffraction angle increasing from 5° to 45° 2θ at a step of 0.02° and a scan speed of 2 

s/step. 

3.3.6.6. Determination of drug content in filaments and 3D printed tablets 

Indomethacin content in filaments was tested by cutting the samples of 100 

mg from three different spots of the filament to ensure uniform distribution of 

indomethacin in the entire filament. The samples were dissolved in phosphate buffer 

solution (pH=7.2) and the drug content was analyzed by UV/Vis Spectrometry 

(Shimadzu, Japan) at the wavelength of 318 nm without disturbance from polymers 

and other additives. The similar procedure was performed for printed tablets. 

3.3.6.7. In-vitro dissolution study 

Drug release profiles of printed tablets were conducted in a USP I (Basket) 

dissolution apparatus (Vankel 7000, U.S.A), 900 ml phosphate buffer (pH- 7.2) 

medium at 37 ± 0.5°C with paddle speed of 50 rpm for 24 hours in triplicate. Samples 
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were withdrawn at 0.5, 1, 2, 4, 6, 8, 12, 14 and 24 hours. The amount of released 

indomethacin in sample was analyzed by UV/VIS spectrophotometer (Shimadzu, 

Japan) at the wavelength of 318 nm. 

3.3.7. Statistical Design of Experiment (DOE) 

Based on the critical quality attributes of the products, three key variables (0-

55% HPC, 0-45% PVP/VA and 0-45% SLP) were designed to study the influence of 

main factors on drug release and the optimized formulation using D-optimal mixture 

design (Table 2). The measured responses (three dependent variables) were the 

percent drug release at 4 h (Y1), 12 h (Y2) and 24 h (Y3) to closely monitor the 

influence of DoE factors on different phases of dissolution testing.  

Table  2. D-optimal mixture design of FDM printed tablet formulations. 

Formulation X1: HPC (%w/w) X2: PVP/VA (%w/w) X3: SLP(%w/w) 

1 52.50 27.50 10.00 

2 45.00 45.00 0 

3 45.00 0 45.00 

4 50.00 20.00 20.00 

5 47.50 32.50 10.00 

6 55.00 0 35.00 

7 55.00 35.00 0 

8 52.50 10.00 27.50 

9 47.50 10.00 32.50 

The percent drug release at the predetermined time (quality target product 

profile) was measured according to the range specified in Test IV, USP dissolution 

topic. The tolerances of dissolution are specified as follow: 35-55% at 4h, 60-80% at 

8h and not less than 75% at 24h. Filaments and tablets were prepared under the same 

optimized process parameters, identified in the previous sections. ANOVA analysis 

from Minitab software was applied to evaluate the experimental results including the 

statistical coefficients of the factors (linear regression (R2), predicted R2 and adjusted 

R2) and subsequently create the design space with the optimized formulation. 
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3.4. Results and discussion 

3.4.1. Optimization study of polymer blends and processing factors 

As shown in the Table. 1, in the initial step of single polymer extrusion, HPC 

was selected as the platform polymer and first produced as feed filaments for FDM 

3D printing (as a backbone polymer). However, the hot melt extrusion with this 

polymer yielded too flexible profile which lacked the stiffness property for the 

continuous FDM 3D printing (22). It was seen that the PVP/VA, SLP, Eu RL and Eu 

RS filaments were very brittle and fractured easily even under low loads and not 

suitable for the printing steps. Filament splintering in the hot tip of the printer must be 

avoided because diameter variations, either obtaining from non-uniform filament or 

broken strands, would lead to inaccurate dosing (23). Although bendable filament 

assists coiling of flex after HME, it can be an obstruction when it comes to the 

printing process. The more resistance to stress of the material, the more force can be 

applied by the filament via drive gear, with less likelihood of bend or slip events upon 

loading (24).  

Therefore, for the second stage of the formulation optimization, PVP/VA, 

SLP, Eu RS and Eu RL were blended at two different ratios of HPC to improve 

mechanical property of the filaments for 3D printing. It was observed that all 

filaments produced by the mixture of higher amount of HPC with PVP/VA, SLP, Eu 

RL and RS (3:1 ratio) and the 1:1 ratio mixture of HPC with PVP/VA and SLP 

exhibited optimal mechanical property that perfectly printed into tablets. Hence, HPC 

was found to be a suitable polymer for printing applications in the range of 45–67.5% 

(w/w). This was likely attributed to the beta relaxation, in other words, the movement 

of propyl side groups in HPC (25) is responsible for the increased flexibility of the 

polymer, which is desired for successful FDM 3D printing (26). Herein, polymer 

blending demonstrated to be one solution to achieve the processability of materials of 

feeding filaments for FDM printing (27, 28).  

In the third stage, based on aforementioned results, higher concentration of 

HPC was then combined with various disintegrants at the fixed ratio of 3:1. 

Expectedly, this type of filaments would improve the stiffness of the filaments that 
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were easily printed without breakage of the filament and clogging of the nozzle. Thus, 

optimization studies provided the printable filaments of polymer mixtures which have 

appropriate flexibility and mechanical strength upon the specific extrusion 

temperature at 150°C and screw speed at 35 rpm. 

3.4.2. Rheological assessment 

The role of temperature in the melt viscosity of various blends containing IMC 

was determined over the HME-FDM processing temperature (150-200°C). The 

starting temperature of 150°C was selected in the vicinity of melting temperature of 

the drug to obtain plasticization effect of IMC and to enhance the drug solubility in 

mixture as seen from the decreased viscosity of the IMC system than the placebo 

(black line). Such lower viscosity allowed IMC dispersion in the polymer matrix 

leading to its molecular dispersion (29). The viscosity for all blends at 150°C was in 

range of 5,000 to 8,000 Pa.s, in accordance with the optimal viscosity (1,000 to 

10,000 Pa.s) for melt extrusion previously reported (29), and was found to reduce 

gradually with an increasing temperature (Fig. 13a). It seems possible to use the 

higher temperature to extrude drug-polymer mixtures; however, 150°C is preferred as 

the optimal condition due to the higher shear rate provided by the melt extruder (19). 

At above 180°C, some had the viscosity less than 1000 Pa s, which the extrudability 

could be considered as fluid-like because the polymer chains completely disentangled. 

From an extrusion side, such fluid-like polymer is not acceptable and could not 

definitely shape the desired diameter of filaments for successful extrusion and FDM 

printing (29).  
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It is readily seen that the complex viscosity of HPC-blends containing various 

disintegrants was high (except the polymer blends with MCC) at 150°C (Fig. 13b). 

Increasing the extrusion temperature offered reduced viscosity and could facilitate the 

extrusion, nevertheless, this was not possible in this case as the increasing temperature 

led to undersized filaments which were not fit to the printing nozzle. Thus, the 

optimized extrusion at 150°C under the viscosity of 7,000-11,000 Pa.s (higher value 

than previously reported at the upper limit of 10,000 Pa.s) can be noted. Likewise, in 

the case of the small viscosity of MCC system (ca. 1,200 Pa.s at 150°C), less 

temperature than 150°C could offer less free-flowing system for appropriate extrusion 

but the oversized filaments were produced. Therefore, this work highlighted the broad 

viscosity range of 1,200-11,000 Pa.s specific for additive HME-FDM manufacturing 

by considering both temperature and filament diameter factors. 
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Figure  13. Complex viscosity of (a) combined polymers and (b) HPC-disintegrant 

blends, as a function of temperature. 

In terms of FDM printing process, it tends to require lower viscosity of the 

mixture than the HME to induce the flow of molten filament through the smaller 

nozzle (0.4 mm: one-fourth diameter of the HME nozzle), so the higher temperature 

should be used due to the limited shear rate in the small tip to reach the optimal 

viscosity (19). The balance between setting temperature and product quality had to be 

optimized. The temperature of 200°C guaranteed the optimal melt viscosity in the 

range of 515 to 2,144 Pa.s for solidifying the polymer blends (Fig. 13a) and of 1,000 

to 2,000 Pa.s for disintegrant filled systems, except HPC-MCC formulation (678 Pa.s) 

(Fig. 13b). In this work, less viscosity (515-4,291 Pa.s) was revealed to achieve high 

quality product (proper adhesion between printed layers for no-defect objects), 

compared with the previous study (less than 8,000 Pa.s, required to achieve FDM 

printing) (30). 
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3.4.3. Characterization studies of filaments and printed tablets 

3.4.3.1. Macro and microscopic studies 

The diameter of the produced filaments is of high importance to achieve 

accurate and successful printing (26) and was controlled at 1.68 ± 0.05 mm herein. 

The extruded indomethacin-loaded filaments were of good quality, smooth and 

uniform. The polymeric filaments became light yellow color with a smooth surface 

while HPC-disintegrant filaments was slightly whitish yellow. The tablets were 

yellow with a stack of small strips observed from the side view due to printed 

deposited layer of filament (10). The tablet’s weight of small dimension was 273 ± 2 

mg while the large one lied within 560 ± 1.5 mg with a small variation in the range of 

0.5 to 2 % which lied within the recommended range of the pharmacopoeia.  

 

Figure  14. SEM images of (a) cross section, (b) cross section (x1000) of polymer 

blend filaments, (c) side view and (d) side view (x1000) of printed tablets. 

SEM images of all produced filaments (Fig. 14a) revealed a compact filament 

with smooth surface, containing a small number of tiny pores (x1000, Fig. 14b) and 

without drug crystal implying homogenous solid dispersion. While the addition of 

disintegrant led to small roughness with tiny voids (Appendix B, Fig. 35). The side 
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view (Fig. 14c and 14d) of 3D printed tablets showed conjugation and adhesion 

between orderly printed strands. 

3.4.3.2. Mechanical evaluation of filaments 

Feedstock material should possess adequate stiffness and toughness (without 

being brittle) to assure a good feeding performance in FDM printer (10). Breaking 

distance can identify the flexibility of the filaments whereas force/stress determine the 

toughness/brittleness of the filaments. Comparing to the too-flexible polymer HPC 

alone, its blend with SLP, PVP/VA, Eu RL and Eu RS at 3:1 ratio offered mechanical 

improvement, exhibited adequate flexibility and toughness, and thus could be printed 

perfectly. The breaking distance values lied from 2.37-5.45 mm, corresponding to 

Zhang’ work (>1 mm). Whereas the breaking stress for the printable filaments was in 

the range of 2,206.67-4,677.5 g/mm2, not in accordance with Zhang’ report (>2942 

g/mm2) (17). Another work reported that the filaments with the breaking distance less 

than 1.5 mm seems to be brittle to be loaded while the breaking stress for printable 

filaments were in the range of 3126-7638 g/mm2) (26). In Fig. 15a, it can be assumed 

that Eu RS and Eu RL hold brittleness (easily broken inside the printer) than SLP and 

PVP/VA as seen from the lower stress values. Hence, it was not possible to use high 

ratio (about 45% w/w in mixture) of Eu RS and Eu RL to form a printable filament 

but turned to possible in the case of 45% SLP and PVP/VA with the aiding of HPC. 
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Figure  15. Breaking distance and breaking stress of all extrudable and printable 

filaments: (a) HPC-polymer at 3:1 and 1:1 ratio (b) HPC-disintegrant at 3:1 ratio, 

obtained from the 3-point bend test. 

Regarding 3:1 HPC:disintegrant printable filaments, they showed the breaking 

distance of 3.97-4.72 mm (Fig. 15b) which is comparable to 3:1 HPC:polymer 

filaments and reflecting the flexibility pattern to more stiffness which become 

withstand more pressure from the gear in printed head. This could be attributed to the 

effect of the solid particles of the disintegrant disperse in the polymer matrix. By 

contrast, the relatively brittle filaments showed the lower stress values of 1246.78-

1814.7 g/mm2 (Fig. 15b) than both 3:1 and 1:1 HPC:polymer filaments. These 

advanced findings of HPC-disintegrant blends could propose that the stiff but rather 

brittle filaments are possible for successful FDM printing. 

3.4.3.3. Attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-

FTIR) 

In all mixture systems (Fig. 16), shifts to lower wavenumber were found from 

the crystalline γ-form IMC at 1717 and 1692 cm-1 to amorphous IMC at 1710 and 

1684 cm-1, corresponding to the asymmetric carboxylic acid C=O stretching of cyclic 

dimers and benzoyl C=O stretching, respectively (31). While the interaction of 

amorphous IMC and polymer was observed from the peak shift to high wavenumber 
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(e.g. to 1715 cm-1 in HPC-SLP and 1716 cm-1 in HPC-PVP/VA, to 1725 in HPC-Eu 

RL), which assigned for the non-hydrogen bonded C=O stretching (31). Different 

ratios between 3:1 and 1:1 in all the HPC:polymer systems showed the same shifting 

trends, likewise with all 3:1 HPC:disintegrant systems. The miscibility and 

intermolecular interactions between IMC and polymeric blends were confirmed by 

alterations in the wavenumber and peak shape (32).  

 

Figure  16. FTIR spectrum of extruded filaments compared with IMC. 

3.4.3.4. Thermal analysis  

The TGA curve (Fig. 17a) did not show a significant weight loss of all 

materials over the HME temperature (150°C) and printing temperature (200°C), 

suggesting that the drug and polymer matrix would not have thermal degradation. All 

the pure excipients were shown to be stable up to 250 °C. HPC displayed the minimal 

weight loss of 2.89% around 53°C probably due to the loss of moisture and also small 

molecules removed from the structure followed by a plateau, indicating no further 

change in weight, while PVP/VA was stable up to 280°C with no or little weight loss 

of 0.84%. The weight change of SLP after heating until 220°C was 2.30%, possibly 

due to the loss of weakly bound water molecules (33). Eu RL is stable up to 170°C, 

where slow degradation process initiated (34). The indomethacin with a minimal 
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weight loss started from 40 to 130°C which is in agreement with the release of water 

in the structure (35). Likewise, the HPC:disintegrants filaments, (Fig. 17b) behaved in 

the similar manner, major differences showed only above 250 °C which was out of 

the domain of experiment. 
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Figure  17. Thermogravimetric analysis of raw materials and HPC-disintegrant 

filaments (a, b) and DSC thermograms of raw materials, polymer blend filaments (3:1 

ratio) and printed layers (c). 

DSC thermogram (Fig. 17c) confirmed the miscibility of the active ingredient 

in a formulation to identify the amorphous solid dispersion of IMC by HME and 

FDM. IMC crystals displayed a sharp melting peak at ca. 161°C whereas all filaments 

and tablets clearly exhibited broaden curves, reflecting the complete conversion of 

crystalline IMC nature to the amorphous state during processing. This was verified by 

PXRD (section 3.4.3.5). 

3.4.3.5. Powder X-ray diffraction (PXRD) 

PXRD data showed the crystallinity of raw materials and all HME-FDM 

formulations (Fig. 18). The diffraction peaks for γ-form IMC were at 2θ = 11.6°, 

19.6°, 21.9°, 26.6° and 29.1°; those for α-form IMC were at 2θ = 8.4°, 11.9°, 14.4°, 

18.0° and 22.1°. The peak positions of IMC crystals were consistent with those in a 

previous study (36). The PXRD pattern of all polymers showed no peaks, suggesting 

no X-ray scattering due to their amorphous nature of the polymers. All produced 

filaments demonstrated tiny peaks with very low intensity at 11.6°, 16.4°, 18.0° and 

24.6°, indicating that most of indomethacin was dispersed in amorphous form with a 

small amount remaining in a crystalline nature.  
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Figure  18. X-ray powder diffractograms of (a) raw materials, HPC-polymer and (b) 

HPC-disintegrant filaments and printlets. 

HPC-disintegrant filaments had more amorphous ratio than HPC-polymer 

systems due to the less numbers of diffraction peaks. Noticeably, printing process 

converted all systems to be completely amorphous solid dispersions with smooth the 

halo pattern. This is likely a sign of melt-quenched amorphous indomethacin (36) 
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owing to the high printing temperature (above the melting point of IMC) with a shear 

rate at the narrow printing nozzle -to-the low temperature at the printing platform. 

3.4.3.6. Drug content analysis in filaments and 3D printed tablets 

All extruded filaments had a target drug load of 10% (w/w) indomethacin in 

order to get a sufficient amount of drug in the printed tablets. The results showed 

uniform distribution of the drug throughout the filament as well as in the tablets, 

indicating that the extrusion temperature (150°C), closely below the API melting 

point (160°C), was sufficient to dissolve the API completely in the polymer matrix as 

a desirable amorphous solid dispersion (37) with no drug loss (Table 3). The drug 

content was not specifically 100% because of subtle lot-to-lot variations (38). In 

general, there is an acceptable range to release drug product according to its 

specification. It is noted that printing process had a small effect on drug content in 

terms of content and deviation, possibly ascribed to the not-fully deposited strips of 

printed tablets as seen in the SEM image (Fig. 14c) comparing to the fully compact 

filaments (Fig. 14a). 

Table 3. Drug content analysis of extruded filaments and printed tablets (n=3). 

Formulation 
Drug content in 

extruded filament (%) 

Drug content in 

printed tablets (%) 

HPC:SLP (3:1) 100.41 ± 0.689 99.96 ± 1.246 

HPC:PVP/VA (3:1) 100.06 ± 0.908 98.67 ± 0.577 

HPC:Eu RL (3:1) 101.65 ± 1.567 97 ± 1.791 

HPC:Eu RS (3:1) 100.62 ± 0.765 100.36 ± 1.403 

HPC:SLP (1:1) 100.81 ± 1.356 99.00 ± 2.549 

HPC:PVP/VA (1:1) 99.94 ± 1.212 98 ± 2.354 
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3.4.3.7. In-vitro dissolution study 

The previous research showed that 3D-printed tablets exhibited slower drug 

release rate than the conventional compressed tablets due to their smooth surface and 

compact structure from the melt extrusion (17). In addition, their dissolution rate is 

different from other conventional tablets where dissolution is initiated by water 

imbibition and swelling, therefore, the disintegration and dissolution of printed may 

be dominated by erosion and diffusion mechanisms (40). The appearance of the tablet 

showed an expansion during the dissolution process and then, became fragmentation 

of the tablet into smaller fractions in the medium. Herein, a wide range of extended-

release profiles from various polymer-blended tablets was revealed (Fig. 19a). The 

faster IMC release was observed from HPC-PVP/VA > HPC-SLP > HPC-Eu RL > 

HPC-Eu RS based tablets. At 3:1 ratio, HPC:PVP/VA system exhibited 90 % release 

in 12 h whereas HPC:SLP system displayed 65%, representing the strong extended 

drug release rate from the SLP polymer matrix with double molecular weight than 

PVP/VA. Thus, with an increase in SLP, 1:1 HPC:SLP system offered the slower 

release. On the other hand, PVP/VA has more highly water-soluble components 

(polyvinyl pyrollidone) in the structure, acting as a pore former (28) that could 

possibly provide rapid drug release; hence, a complete drug release within 8 h 

occurred with the increasing PVP/VA to 1:1 HPC:PVP/VA system. In case of the 

HPC-Eu RS and Eu RL-based tablets, IMC release exhibited the slowest drug release 

profiles ca. 22% over 24 h. It was likely evident that these formulations were a 

combination of hydrophilic (HPC) and hydrophobic polymers showing a more 

controlled drug release rate than other formulations. Furthermore, this is because both 

Eu RL and Eu RS are water-insoluble but rather permeable which render a sustained 

release of IMC (39).  

Next, in order to manipulate the drug release profile upon the size of tablets, 

two dimensions of HPC-PVP/VA (3:1) tablets were fabricated and revealed that rapid 

release pattern was demonstrated in smaller dimension tablet (273 mg) compared to 

the larger one (597 mg) (Fig. 19b). This is likely to increase surface/mass ratio with 

the smaller tablets, which improved water imbibition and drug diffusion. The similar 

profile from theophylline release was reported with Eu RL based 3D printed tablets  
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Figure  19. In-vitro dissolution profiles of (a) HPC-polymer blend tablets, (b) two 

sizes of HPC-PVP/VA (3:1) tablets and (c) HPC-disintegrant blend tablets (n=3, 

mean ± SD). 
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(13). However, regarding the amount of the drug released from these two sized 

tablets, it was comparably similar. 

Prominently, all the HPC-disintegrant mixtures in Fig. 19c showed the more 

sustained drug release than the HPC-polymer blends, ranging from 60% to 80% drug 

release over 24 h period. All the five disintegrants in polymer matrix could not 

outweigh their functions such as disintegration and swelling. This may be owing to 

the high content of HPC in tablet matrix inducing the inability of the disintegrant. In 

addition, it can be assumed that the during HME molten HPC has coated the 

disintegrant particles, covered their pores and restricted their swelling upon 

dissolution testing (40). Upon 24 h, the formulation containing HPC-SSG and HPC-

CCM showed the similar IMC release (approximately 80%) and the more-accelerated 

pattern than HPC-MCC (70%), HPC-cros PVP (70%) and L-HPC (60%) which may 

be explained by the fact that L-HPC is a modified hydrophilic and water insoluble 

disintegrant. 

3.4.4. Design of Experiment (DOE) 

The dissolution studies demonstrated that different polymers concentrations 

have a considerably effect on drug release manner and indicated that the mixtures of 

HPC-PVP/VA and HPC-SLP could be effective for tailoring of extended-release oral 

dosage form by varying the polymeric matrix compositions. While the tablets made of 

HPC-Eu RS, HPC-Eu RL and HPC-disintegrant are less suitable for oral dosage 

forms due to its incomplete drug release over 24 h. Therefore, HPC, PVP/VA and 

SLP polymers were selected as main formulation factors in DoE and the effect of such 

combined polymers was comprehensively substantiated by D-optimal mixture design 

on the drug release at specified timepoints.  

The ANOVA proposed highly significant full quartic model of all responses (p 

< 0.05). All the three responses exhibited high values of R2, ranging from 0.97 to 

0.99, which showed the best fit of the generated model polynomials to the response 

data (Table 4). The response contour plots displayed the variables and their 

interactions, presenting the effect of combined-formulation factors on the IMC 

release. The Minitab software generated 9 runs and the results of different dissolution 
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profiles were illustrated in Table 5. The polynomial equations of three response 

obtained were depicted in the followings: 

Y1 = 14878X1 + 67045X2 - 14808X3 - 163579X1*X2 

Y2 = 1889X1 + 1345X2 - 1798X3 - 20170X1*X2 

Y3 = 97X1 + 100X2 - 40X3 + 194X1*X3 

The equations represent the quantitative effect of factors (X1, X2, and X3) and 

their interactions on the responses (Y1, Y2 and Y3). The equations showed as a linear 

term that X1, X2 positively affected the drug release, while X3 had negatively effect on 

drug release, probably because the increase in the amount of X3 (SLP) resulted in 

decreasing drug release of the formulations.  

Table  4. ANOVA results of 9-formulations design. 

Responses Model F-value p-value R2 
R2 

(predicted) 

R2 

(adjusted) 

Y1 
Full 

quartic 
941.12 0.021 99.99% 75.16% 99.95% 

Y2 
Full 

quartic 
54.14 0.018 99.89% 96.13% 99.55% 

Y3 
Full 

quartic 
21.41 0.01 97.29% 52.70% 94.57% 

 

Table  5. Observed values of responses obtained from the D-optimal mixture design. 

Formulation Y1 Y2 Y3 

1 25.66 50.31 88.09 

2 66.72 99.72 99.75 

3 35.07 45.76 77.88 

4 44.66 57.87 84.16 

5 45.44 57.59 86.14 

6 39.78 52.70 82.97 

7 53.05 70.07 97.88 

8 42.58 54.78 81.78 

9 40.84 51.79 80.00 
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Figure  20. Main effect plot of all three independent factors (HPC, PVP/VA and SLP). 

In Fig. 20, the main effect plot of three factors on the IMC release was 

illustrated. Apparently, an increase in drug release at specified timepoints was 

observed when increasing amount of PVP/VA and decreasing amount of SLP. 

The relationship between the factors and response variables were further 

elucidated using contour plot (Fig. 21). Light green (with 40-50% release), green 

(with 50-80% release) and dark green (with >80% release) areas were tailored at 4, 12 

and 24 h for extended-release system, respectively. The significant effects of 

formulation on the release were mainly found at 4 h timepoint. It can be seen that the 

required drug release can be obtained with the combined effect of ca. 47.5-50% HPC 

and 10-30% PVP/VA (Fig. 21a), 47.5-50% HPC and 20-30% SLP (Fig. 9b), and 10-

20% PVP/VA and 20-30% SLP (Fig. 21c) while pale green areas (<40% release) 

should be avoided. Nevertheless, the results of drug release at 12 h (Y2) and 24 h (Y3) 

applied the same rationale as presented in Fig. 21. 
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Figure  21. Contour plot depicting effect of variables on % drug release at 4, 12 and 24 

h. 

Finally, to obtain the optimal formulation of the final product, the response 

optimization analysis was conducted, and the optimized formulation ratios of 3D 

printed tablets of X1 (HPC), X2 (PVA/VA) and X3 (SLP) were 49.97%, 19.09% and 

20.94%, respectively. These values were ascertained by a desirability values as 

illustrated in Table 6. When the predicted values were compared with the observed 

values, it was found to be in rationally close agreement for all the responses which 

had low % error. 
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Table  6. Comparison of predicted and observed value of responses for the optimal 

formulation. 

Responses Predicted value (%) Observed valued (%) Desirability % error 

Y1 45.00 41.24 0.99955 -8.35 

Y2 58.13 61.85 0.81316 6.40 

Y3 82.97 84.54 0.99438 1.90 

3.5. Conclusion 

The manufacture of extended release printlets using 9 different combinations 

of hydroxy propyl cellulose (HPC) and polymer blends (Kollidon® VA 64 (PVP/VA), 

Soluplus® (SLP), Eudragit® RL and RS), HPC and disintegrant blends (sodium starch 

glycolate, croscarmellose sodium, cros povidone, microcrystalline cellulose and low 

substituted hydroxypropyl cellulose) at 3:1 ratio with 2 additional blends of HPC-

PVP/VA and HPC-SLP at 1:1 ratio were achieved, characterized, and further 

optimized by using statistical DoE. The definite range of complex viscosity of all the 

blends were highlighted and used for HME-FDM printing. Interestingly, the 

mechanical properties of all filaments were considerably enhanced by incorporating 

of HPC as a flexible modifier. All printable filaments and tablets showed qualified 

physicochemical characterizations while printed tablets offered the complete 

amorphous solid dispersion with a wide range of extended-release profiles. D-optimal 

mixture design demonstrated the effects of polymers on multi targeted drug release 

and generated the models from a small number of formulations together with the 

optimum formulation for extended-release tablets as determined in the 

pharmacopoeia. To conclude, this platform contributes to a number of printable API-

loaded filaments and successful printed tablets which could be advantageous for the 

fabrication of extended-release dosage forms with multi drug release targets fitting to 

the patient’s needs. 
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4.1. Abstract 

The aims of this work were to produce immediate release printed tablets using FDM 

technique and to systematically explore the effects of different compositions on drug 

release by Quality by Design approach. Screening study of various drug loadings and 

excipients were conducted by hot melt extrusion and FDM printing to set up the 

appropriate limit of each independent factor (critical material attribute, CMA) in DoE. 

This study demonstrated that the use of polymeric mixture containing different 

theophylline loadings (10, 30 and 60% w/w) in combination with multiple 

pharmaceutical polymers (hydroxy propyl cellulose (HPC), Eudragit® EPO, 

Kollidon® VA 64) and disintegrant (sodium starch glycolate) were successfully hot 

melt-extruded and FDM printed with no plasticizer. Rheological measurement was 

performed to understand the critical process parameters (CPP) while the mechanical 

property of extrudable and printable filaments was investigated by 3-point test for the 

formulation development. Surprisingly, HPC were found to be superior as a flexibility 

modifier in all printable filaments. A range of pharmaceutical characterizations were 

examined to ensure the critical quality attributes (CQA). Characteristic dissolution 

profiles were obtained. D-optimal mixture design of 17 formulations suggested that 

theophylline release was considerably affected by the combined action of different 

excipients and could predict the optimum formulation with the required quality target 

product profile (QTPP) in pharmacopoeia (85% release at 30 min). Therefore, this can 

be a useful platform to develop immediate release products for a specific group of 

patients commercially.  

 

Keywords: immediate release tablets, hot melt extrusion, FDM 3D printing, 

dissolution study, QbD 
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4.2. Introduction 

The continuous manufacturing offers a novel and versatile prototype in the 

field of pharmaceutical manufacturing (1, 2). For example, the combination of two 

novel technologies as hot-melt extrusion (HME) and fused deposition modelling 

(FDM) 3D printing has popularly applied to produce innovative dosage forms. The 

process involves pre-made extruded filaments via hot melt where the drug is 

molecularly dispersed in the molten polymer matrix, followed by 3D printing. While 

FDM 3D printing, the most extensively applied low-cost technique across many 

sectors (3-5), is based on the extrusion of a molten polymeric filament through a 

heated nozzle followed by solidification onto a moving platform into the desired 3D 

objects. One of the most important parameters in FDM is the qualities of the filament 

(6, 7) such as mechanical stability, a consistent diameter, and a homogeneous API 

distribution. Therefore, there is an emerging interest in developing the HME-FDM 

printing process technology for continuous manufacturing of 3D printed dosage 

forms.  

Recent publications on the FDM 3D printing, however, indicate several 

limitations of the system that require vigorous investigation for extensive scale 

application of the technology for drug delivery (8). The extruded filaments of 

pharmaceutical grade polymers are either brittle that break in the motor gear (plunger 

assembly) or soft that cannot be pushed by the drive gear due to pliability of filaments 

(9-11). To develop proper filaments with mechanical stability (12, 13), the potential 

of the HME-FDM 3D printing process has been less studied. Even though most of 

studies has used the plasticizers in order to possibly decrease melt viscosity and thus 

reduce processing temperature for hot melt extrusion, the added plasticizer may not be 

miscible with the polymer and its existence may cause crystallization of drug from the 

system (14, 15). 

One major constraint of FDM 3D printing is that most of prepared tablets 

appear to be more prominent in controlled release system and some efforts also 

exploited the infill function of FDM (16-18) to tailor drug release. However, the 

majority of the oral products currently obtainable in the market are immediate release 

tablets, which would account for 79% of new drug entity (NDE) (16). In particular, 
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immediate release dosage forms are needed for drugs necessitating rapid onset of 

action after oral administration (9, 19). There have been only few attempts on FDM 

3D printing as the fabrication of immediate release tablets has been still challenged to 

gain (20). In addition, it is of great attention to adapt the 3D printing method which 

grant the possibility of different pharmaceutical devices with a variety of modification 

in dissolution profiles from one feedstock filament (6, 7, 10). To develop immediate 

release FDM 3D printed tablets, Okwuosa (21) developed formulations containing 

large amounts of talc as the crystalline filler with the limit of 50% active ingredients, 

where the drugs remained in the crystalline form. However, the feeding filaments 

have been restrictedly revealed with the major use of polymer (including polyvinyl 

alcohol (22), hydroxypropyl cellulose (23), Eudragit® EPO (20), Kollidon® VA 64 

and Kollidon® 12PF (21), Soluplus® (24), PVP K12 and Kollicoat® IR (25) ) and 

plasticizer (23).  

An approach to accelerate drug release can be achieved through the integration 

of disintegrants (e.g, sodium starch glycolate, croscarmellose sodium and 

crospovidone), yet no one has reported in 3D printing area. With their porous 

structure, disintegrants increase water uptake into the tablet and elevate the internal 

pressure through swelling (16, 26). Moreover, the pharmaceutical disintegrants (e.g 

starch derivatives) have thermoplastic property and are known as a dissolution 

adjuvant for the development of solid dosage forms (27).  

The next important issue stems from the limitation in dosing amount and dose 

flexibility which is a key element in the case of polypills dosage forms (12). It is 

requisite to use source materials with high API loads so as to confine the dosage form 

size. Pietrzak (23) made use of a high melting drug, theophylline (m.p. 270°C), at 

50:50 ratios (the maximum drug loading, previously reported) with Eudragit® RL, RS, 

or E to prepare filaments with the aids of different plasticizers to enhance the 

flexibility of filaments, flowability of melt, and lower printing temperature (24, 27-

29). In addition, dosage amount could be managed rapidly and easily by physically 

altering the tablet dimensions or infill percentage. However, altering printlets 

geometry could affect drug release, which would need to be accounted for in this 

study design. An approach to overcoming this could be by adjusting the‘feedstock’ 

concentration while sustaining printlets geometry, that allow immediate release (30). 
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Recently, Design of experiment (DoE) is a statistical tool applied in the 

advanced formulation development and optimization approaches. It has been grown a 

great attention with the introduction of Quality by Design (QbD) by FDA in the 

formulation development of dosage forms (31). Some designs of DoE have been 

applied to fully understand both the main and interaction effects of individual 

component in formulation and manufacturing process factors (32, 33). Although the 

prior research focused on the development of different 3D printed dosage forms for 

evaluating processing variability and its impact on drug product performance, there 

has been no investigation into understanding how much variability in excipients such 

as API loadings, polymer and disintegrant ratios (critical material attributes, CMA) 

that impacts immediate release 3D printed oral dosage forms. In this work, mixture 

design was selected as DoE, because it minimizes the variance related with the 

coefficient evaluations in a model and can handle the best-possible subset by 

understanding the criteria for better information of matrix determinants. Moreover, 

this design represents the total system of formulation as 100% (34). 

The main objectives were to develop immediate release tablets and to 

systematically investigate the influence of different compositions and their potential 

interactions on drug release patterns. Thus, screening study was performed with 

various pharmaceutical polymers, disintegrant as well as different drug loadings to 

specify the critical process parameters (CPP) and critical material attributes (CMA) 

into the appropriate limit of each factor in DoE. Meanwhile, the obtained filaments 

and produced dosage forms were methodically characterized the parameters such as 

physicochemical, mechanical properties, rheological assessment and drug release 

pattern to understand the critical quality attributes (CQA) before applying DoE to 

optimize the formulation as the required Quality Target Product Profile (QTPP) in 

pharmacopoeia. To maintain the formulations relatively simple, no plasticizer was 

used in this work.  
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4.3. Materials and Methods 

4.3.1. Materials 

Hydroxy propyl cellulose (HPC), Eudragit® EPO (MW. 45,000 g/mol; EPO), 

semi-crystalline Kollidon® VA 64 (MW. 67,000 g/mol; PVP/VA), sodium starch 

glycolate (SSG) (as a superdisintegrant) were applied as matrix formers. Theophylline 

(THY), a model drug, was obtained from Sigma-Aldrich. All solvents used were of 

analytical grade. 

4.3.2. Screening study for setting up the level of components in DoE 

 The API, polymers and disintegrant levels (critical material attributes, CMA) 

were determined prior to developing the study design. Firstly, filaments using single 

polymers were extruded (data not shown). Then, different excipients blending was 

screened based on the behavior of single polymers (brittleness) to examine the 

extrudability and printability of filaments and printed tablets (critical process 

parameters, CPP) (Table 6). The obtained filaments and tablets were then used for 

pharmaceutical characterizations to understand the critical quality attributes (CQA) 

before the independent variable levels for each component were assigned in DoE. 

4.3.3. Preparation of theophylline loaded filaments 

Pre-mixed physical mixtures were prepared using a mortar and pestle for 15 

min and fed with a gravimetric feeder. Extruded filaments were fabricated applying a 

single screw extruder (Noztek®, England) with specific rotating screw speed (35-45 

rpm) and extrusion temperature (135-160 ºC) adjusted to formulations to control the 

filament diameter. The compositions of the mixtures of drug, polymer blend and 

disintegrants were prepared as shown in Table 7 and Table 8.  

4.3.4. Rheological measurements 

A rotary rheometer (MARS, Germany) equipped with a 25 mm parallel plate 

was utilized to investigate the melt viscosity and critical processing parameters (CPP) 

as a function of temperature for both HME and 3D printing. Samples were 

compressed into disc about 25 mm in diameter and 1mm thickness. Temperature 
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sweep test was conducted after melting the sample on the plate with the gap of 0.9 

mm at an amplitude strain of 0.5% (within the LVR region) and frequency of 1 Hz. 

4.3.5. Fused deposition modelling (FDM) 3D printing of tablets 

A MakerBot Replicator 2x desktop 3D printer (Brooklyn, NY) with a dual 

nozzle of 0.4 mm diameter and the MakerBot MakerWareTM software were used for 

the production of 3D printed tablets. The temperature of printing was applied at 

200°C and platform temperature is 90°C for all formulations. Tablets were printed 

with 100% infill density to produce solid dosage forms of high density and hexagonal 

infill pattern. The selected geometry was a round-face tablets with the dimensions of 

X=10 mm, Y=10 mm and Z=4 mm.  

4.3.6. Characterization studies of filaments and 3D printed tablets 

4.3.6.1. Macro and microscopic studies 

The appearance including color and transparency of filaments and tablets were 

visually examined and the diameter of filaments were controlled within 1.6-1.7 mm to 

match with the nozzle of the 3D printer. The microscopic characters were observed 

using a Scanning Electron Microscope and Energy Dispersive X-ray Spectrometer 

(SEM-EDS, IT 300) at 3.0 nm resolution (1.5 KV) after being coated with a gold 

coater under a vacuum.  

4.3.6.2. Mechanical properties of filaments 

The flexibility, brittleness, and stiffness were determined to understand the 

appropriate mechanical properties of the printable filaments, as referred to Repka-

Zhang [18]. TA-XT2 analyzer (Texture Technologies Corp, New York, NY, USA) 

and the TA-95N probe set with a 25 mm supporting gap were used. The extruded 

filaments were cut into 50 mm rods, then placed on the sample holder. The blades 

moved with a speed of 10 mm/s until reaching a maximum distance of 15 mm below 

the supported sample. The breaking distance and load force/stress data were recorded 

in triplicate. 
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4.3.6.3. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-

FTIR) 

The extruded samples and pure drug were measured using a Varian 600 series 

FTIR spectrophotometer (ThermoFisher, Nicolet iS10, U.S.A) equipped with an ATR 

unit to examine the interactions between theophylline and polymer blend. Data was 

collected using 64 scans over a 650–4000 cm-1 range at a resolution of 4 cm-1. 

4.3.6.4. Thermal analysis  

Thermal stability of theophylline and the matrix polymers was studied by 

thermogravimetric analysis using a TG-DTA analyzer (Rigaku Thermo plus EVO2, 

Japan) and performed from 30 to 300°C with a heating rate of 10°C/min. Phases 

transformation and thermal behavior of the drug-polymer matrix in the extruded and 

printed samples were analyzed by DSC (Mettler Toledo, DSC822 STAR System, 

Germany). 5 mg of sample was put in an aluminium pan covered with a punched lid 

over a heating/cooling system from 30 to 300°C with a heating rate of 10°C/min and 

nitrogen flow rate of 10 ml/min.  

4.3.6.5. Powder X-ray diffraction (PXRD)  

The powder X-ray diffractometer (Rigaku model MiniFlex II, Japan) was 

applied to identify the crystallinity of raw materials, filaments and printed dosage 

forms. The diffractometer (Rigaku model MiniFlex II, Japan) was operated with a 

copper anode tube at the generator voltage and the current of 30 kV and 30 mA, 

respectively. The samples were scanned with the diffraction angle increasing from 

2θ=5° to 50° at a step of 0.02° and a scan speed of 2 s/step. 

4.3.6.6. Drug content analysis in filaments and 3D printlets 

The theophylline dispersion in filaments was verified by taking samples of 

100 mg at the three different spots of filaments. The samples were dissolved in 0.1N 

HCl and the drug content was determined by UV/Vis Spectrometry (Shimadzu, Japan) 

at the wavelength of 270 nm. Polymers and other additives did not affect the 

measurements. The content uniformity of 3D printlets was conducted with this 

method. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

93 

 

4.3.6.7. In-vitro dissolution study 

In order to study the theophylline release of 3D printed tablets, USP I (Basket) 

dissolution test apparatus (Vankel, Germany) was used in a dissolution medium of 

900 mL 0.1 N HCl at 37 ± 0.5°C with a rotation speed of 100 rpm. Each experiment 

was performed in triplicate. Samples were collected at the intervals of 5, 10, 15, 20, 

30 and 45 min and examined using a UV/Vis spectrophotometer (Shimadzu, Japan) at 

the wavelength of 270 nm. 

4.3.7. Experimental design 

Four independent variables (30-60% THY, 30-35% EPO, 5-20% HPC and 5-

15% SSG set by the screening and characterization studies) were selected as the CMA 

with minimum and maximum levels. The measured responses (two dependent 

variables), the percent drug release at 30 min (Y1) and at 45 min (Y2) set as the CQA, 

were targeted to understand the influence of material factors on different phases of 

dissolution testing and to investigate the optimized formulation with the required 

quality target product profile (QTPP). The timepoint was selected as referred to the 

monograph of the immediate release tablets in the pharmacopoeia. All filaments and 

tablets were produced under the same optimized CPP in the previous sections. 

Minitab software was used for creating the design space, fitting the experimental 

results with the selected design and calculating the important statistical coefficients of 

the factors such as linear regression (R2), predicted R2 and adjusted R2. A total 

number of 17 experimental runs were prepared as per design shown in Table 7.  
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Table  7. D-optimal mixture design of FDM 3D printed tablet formulations. 

Formulations X1:THY 

(%w/w) 

X2:EPO 

(%w/w) 

X3:HPC 

(%w/w) 

X4:SSG 

(%w/w) 

1 45.00 35.00 5.00 15.00 

2 50.00 30.00 5.00 15.00 

3 42.5 33.75 16.25 7.50 

4 35.00 30.00 20.00 15.00 

5 45.00 31.25 16.25 7.50 

6 45.00 32.50 12.50 10.00 

7 37.5 33.75 16.25 12.5 

8 55.00 35.00 5.00 5.00 

9 40.00 31.25 16.25 12.5 

10 52.50 31.25 8.75 7.50 

11 45.00 30.00 20.00 5.00 

12 60.00 30.00 5.00 5.00 

13 47.50 31.25 8.75 12.5 

14 30.00 35.00 20.00 15.00 

15 50.00 33.75 8.75 7.50 

16 40.00 35.00 20.00 5.00 

17 45.00 33.75 8.75 12.50 

 

4.4. Results and Discussion 

4.4.1. Screening study for setting up the level of components in DoE 

The water-soluble polymers with different functional properties as carriers for 

solid dispersion prepared by HME (HPC, EPO, PVP/ VA) and thermoplastic starch 

(SSG) with different ratios were screened. However, filaments based on the neat 

polymers of EPO and PVP/VA with theophylline were fragile, poor stiffness and 

crumpled in a driven wheels of 3D printer probably owing to the low molecular 

weight of the polymers that could not facilitate long range interlinking of the polymer 

chains, essential for the tensile strength of the filament (20, 35, 36). Polymer blending 

could be one of the solutions to improve the mechanical properties of the extruded 

filaments for FDM printing (24). Due to the fact that hydroxypropyl cellulose (HPC) 

polymer possesses glass transition temperatures at 0°C (originating from a beta 
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transition) and 120°C which make it easily extrudable since the melt viscosity 

substantially falls at the applied temperatures during printing. Furthermore, the beta 

transition around 0°C presents the improved flexibility of the polymer, which is 

desired for successful FDM 3D printing (37).  

Therefore, as presented in Table. 7, HPC was used as a flexibility modifier to 

reduce the brittleness of the produced filaments which improved mechanical property 

of for successful printing without any plasticizers. SSG with thermoplastic property 

was also employed as disintegrant in these formulations to increase drug release rate. 

Moreover, various drug loadings were added to demonstrate the dose flexibility of 

printed tablets without altering in dosage form geometry. 

Table  8. Optimized filament formulations and hot melt extrusion (HME) conditions. 

Formulations THY 

(%w/w) 

Polymers 

(%w/w) 

Flexibility 

modifier,     

HPC (%w/w) 

Disintegrant, 

SSG (%w/w) 

HME temperature 

(˚C)/screw speed 

(rpm) 

E10 10 EPO 55 20 15 135/35 

E30 30 EPO 35 20 15 160/45 

E60 60 EPO 30 5 5 160/45 

P10 10 PVP/VA 35 40 15 135/45 

P30 30 PVP/VA 35 20 15 160/45 

P60 60 PVP/VA 30 5 5 160/45 

For the formulations containing 10% drug loads (E10 and P10), EPO in the 

range of 30-55% were identified as printable when EPO was applied in combination 

with HPC and SSG while in the case of PVP/VA, more than 35% was not printable as 

of its brittleness, thus, the highest limit became 35% PVP/VA and a greater portion of 

HPC at 40% regardless of including 15% SSG. The similar brittle nature was 

observed for EPO over 55% irrespective of combining HPC in these formulations. 

Thus, the mechanism by which the printable property of EPO and PVP/VA (24) is 

enhanced by the addition of HPC that leads to the improved melt viscosity and 

plasticization of the combined property of polymers. It is noticeable that the suitable 

range of 5-40% HPC resulted in the printable filaments having optimal mechanical 
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properties. However, the greater proportion (> 40%) of HPC tends to produce 

controlled release system. 

When THY loading was increased to 30% (E30 and P30), the temperature and 

screw speed was raised as the higher extrusion temperature and speed of screw play a 

vital role in the dispersion of theophylline in the polymer matrix (12, 38, 39) although 

additional drug loading (30%) displayed partly plasticizing effect on the polymer 

matrix thus leading to easier processing (12). While the extrudable and printable 

filaments incorporated with 60% of drug (E60 and P60), which is the higher drug 

ratio than previously reported, were successfully obtained but relatively fragile. This 

could possibly be due to the higher content of crystalline drug than polymer matrix 

which may not withstand the tension, bending, and compression in the feeding system 

(7). Lastly, the appropriate amount of SSG in filament was found specifically in the 

range of 5-15%. Exceeding such limit resulted in a difficult-to-print filament and 

clogged nozzle.  

4.4.2. Rheological measurement 

Before oscillatory measurements are conducted, it is essential to ensure that 

the chosen constant strain is lied within the well linear viscoelastic region as polymers 

relax during such region (appendix). The rheological property demonstrated the effect 

of drug-excipient loads and the change of temperatures on melt viscosity as presented 

in the complex viscosity profile of all six (successfully extruded and printed) 

formulations (Fig. 22a and 22b). With an increase in temperature, the complex 

viscosity values gradually reduced whereas the measured viscosity of all the samples 

showed consecutively higher upon the increasing of drug loadings as function of 

temperature. The lowest complex viscosity in 10% drug loadings (E10 and P10) 

indicated the plastifying effect of the partially-dissolved theophylline in polymer 

matrix (40). However, the increased melt viscosity levels in 30% and 60% THY 

proportionally related to the high degree of solid crystallinity in matrix (41) which 

was then confirmed by the PXRD studies (section 4.4.3.5). Therefore, the plasticizing 

effect of the dissolved theophylline could not compensate the thickening effect of 

non-dissolved theophylline particles. 
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Figure  22. Temperature sweep analysis of different drug load mixtures (a) EPO-

based mixtures (b) PVP/VA-based mixtures. 

Optimal extrusion was reported to be in the viscosity range of 1,000 to 10,000 

Pa.s (14) which is in good agreement with that of 10 and 30% drug loaded-mixtures. 

Interestingly, the complex viscosity of 60% drug loads mixtures was out of the 

reported range (14,000 Pa.s at 160°C), but both E60 and P60 could be successfully 

extruded at 160°C in this work. While E30 and P30 (30% drug loading) were 

extruded at 160°C with the viscosity range of 5,711 - 7,619 Pa.s. It is worth noting 
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that, although the viscosity of 10% drug loading systems was in the reported range, 

E10 and P10 required less temperature (at 135°C) because the lower viscosity at 

160°C led to the free-flowing powder blend which then produced too thin filaments, 

not fit to the printing nozzles. Hence, consideration of viscosity along with its 

diameter must be taken in parallel. The new viscosity range of 5,000-14,000 Pa.s can 

be proposed for the fabrication of filaments, specifically to the FDM 3D printing.  

As for the optimization of the 3D printing temperature, attempts were made to 

print tablets at higher temperatures (up to 200°C), and it was observed that 200°C was 

the most suitable printing temperature to obtain a tablet for all formulations. 

Noticeably, there was a drop in viscosity from 18,411 Pa.s at 150°C to 5,333 Pa.s at 

200°C in EPO-based formulations with high drug loads (E60) while from 16,184 Pa.s 

at 150°C to 3,212 Pa.s at 200°C in the mixture prepared with PVP/VA (P60), 

corresponding to the previous work with the complex viscosity of less than 8000 Pa.s, 

required to gain sufficient material flow in the heated nozzle for FDM printing (42). 

The printing temperature was fixed at 200°C (rather than the lower temperature) to 

achieve good adhesion between the layers of printed strips and neat printed objects in 

all formulations. It can be summarized that more specific range of the viscosity within 

5,000 Pa.s (lower than the HME process) should be optimized for FDM printing. 

4.4.3. Characterization studies of filaments and 3D printed tablets 

4.4.3.1. Macro and microscopic studies  

The extruded formulations were successfully printed into the tablets with 

desired geometries and appearance (white until yellowish upon the increasing drug 

concentration). The uniformity in physical dimensions, with a mean thickness of 4.00 

± 0.05 mm, diameter of 10.00 ± 0.04 mm, and weight of 294.5 ± 3 mg was observed 

in all the formulations. The small variations lied within the narrow ranges. Such 

weight differences between the printed tablets for the different formulations results 

most probably stem from expected due to the intrinsic property of each material, such 

as the rheological behavior when melt and, possibly, the volumetric changes after hot 

processing (29).  

SEM images of 10% w/w THY filament (Fig. 23. 1a and 1b) showed compact 

filaments with rough surface likely due to the phase separated theophylline particles. 
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This may be attributed to the low temperature (135°C) of HME that was not enough 

to dissolve completely THY particles because of its high melting temperature. Upon 

the addition of increasing concentrations of THY (30% w/w), the surface of compact 

filaments became smoother (Fig. 23. 2a and 2b), but appeared as highest roughness 

and irregular voids on the surface when increased THY up to 60% (Fig. 2. 3a and 3b).  

   

Figure  23. SEM images of HME filaments: (a) surface and (b) cross-section images 

of (1) E10 (2) E30 (3) E60 filaments; and FDM 3D printed tablets: (4a) cross section 

(x1000), (5a) side view (x50) and (5b) side view (x500) images of P30 printed tablets. 

The cross section x1000 images of tablets (Fig. 23. 4a) revealed the relatively 

uneven surface with irregular pores and single particulate matter whereas fused 

multilayer of printed strips could be observed at the side view (Fig. 23. 5a). 

Noticeably, elongated theophylline particles were clearly seen under high magnified 

image (x500, Fig. 23. 5b), reflecting that the crystalline THY could hide in the 

polymer matrix. However, these microscopic findings did not have an effect on the 

physical properties as shown above. Additionally, no clear differences were found 

between EPO and PVP/VA formulations. 
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4.4.3.2. Mechanical evaluation of filaments 

Apart from setting the appropriate process parameters (critical process 

parameters, CPP) as discussed in the previous sections, the mechanical property of the 

filament plays a key role during printing inside the printing nozzles (20). The very 

flexible or brittle filaments with poor stiffness cannot be used for printing because 

they tend to crumble inside the nozzles mainly affected by the transversally applied 

pressure of the feeding gears. In general, all the printable filaments had the breaking 

stress in the range of 2,298.44-3,028.76 g/mm2 while the distance at break lied in the 

range of 0.71- 5.52 mm, which are corresponding to the previous report (43). 

Nonetheless, Zhang reported that filaments with a higher breaking distance had a 

tendency to be printable while filaments with a breaking distance below 1.00 mm 

were easy to be brittle to be loaded into the head of the 3D printer (10); however, in 

this study, 60% drug loading filaments (E60 and P60), which had less than 1 mm 

breaking distance, can be printed.  

 

Figure  24. Breaking distance and breaking stress of all extrudable and printable 

filaments obtained from the 3-point bend testing. 
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It is apparent that the highest breaking distance, reflecting highest flexibility, 

was found in the formulation with the highest amount of HPC (40%), which can 

confirm its function as a flexibility modifier in this work. As for the polymer type, the 

results demonstrated that the EPO-based filaments (E30, E60) have lower stress value 

than those made of PVP/VA (P30, P60) as shown in Fig. 24, indicating less elastic 

property. Regarding drug loading, an increase in stress values was experienced when 

increasing in theophylline from 10 to 30% in both EPO and PVP/VA, implying that 

the stiffness and toughness of filaments was possibly improved to more elastic (10, 

43) by the partial dissolving of drug in the polymer mixture. Whereas high drug 

loading in the form of crystalline at 60% (both E60 and P60, with less excipients) 

gave the lowest breaking distance and stress values, leading to weak filament and 

rigid character (less bendable) (12).  

4.4.3.3. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR) 

The band shifts and broadening peaks were found in the FT-IR spectrum of 

the THY-EPO (Fig. 25) and THY-PVP/VA (Appendix C, Fig. 36), indicating the 

intermolecular interactions in solid dispersion (SD) (44). The peaks assigned for NH 

stretching and bending of crystalline THY decreased significantly in the E10 and E30, 

owing to the formation of hydrogen bond. Moreover, the carboxyl peak of EPO (1725 

cm-1) in SD showed small intensity peak with a lower shift (ca. 1720 cm-1) than pure 

polymer, likely due to the intermolecular hydrogen bonding between electronegative 

groups including nitrogen or oxygen in THY (hydrogen bond donor) and EPO 

carboxyl group (hydrogen bond receptor) (45). Also, the disappearance of hydroxyl 

group of HPC in SD at 3616 cm-1 indicated the formation of H-bond with 

electronegative groups presented in drug molecules which increased the solubility of 

the drugs (46) due to less concentration of theophylline in the formulations. 

Regarding E60 formulation, the significant attenuation of the active functional 

groups for theophylline were prominently observed at 3120, 1664 and 1559 cm-1 as 

strong bands (Fig. 25). This may be attributed to higher theophylline concentration 

than that of other components which indicated the crystalline solid dispersion of THY 
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in the polymer matrix. The disintegrant, SSG, did not show characteristic peaks due to 

its low concentration in the formulations compared to other excipients.  

 

Figure  25. FTIR spectrum of EPO-based filaments compared with the pure drug. 

 In both P10 and P30, the OH stretching shifted from 3143 to 3122 cm-1 with 

slight red shift pointed out that a hydrogen bond has experienced between THY and 

PVP/VA. In addition, this carbonyl peak in PVP/VA is still visible but has 

considerably shifted down from 1654 cm-1 to 1566 cm-1 (88 cm-1) which again 

indicates stronger hydrogen bonding between this functional group in the polymer 

PVP/VA and theophylline (44) (Appendix C, Fig. 36). Because PVP/VA includes two 

hydrogen acceptors, which are derived from the C=O groups of the pyrrolidone ring 

and the acetate structure. It would be superior that the hydrogen bond of NH group 

forms with the C=O group of the pyrrolidone group because this group is a stronger 

hydrogen bond acceptor than the acetate group (44).  

4.4.3.4. Thermal analysis 

Fig. 26a showed that most substances are not heat-sensitive except for SSG 

upon processing temperature. SSG has slight weight drop between 45 and 263°C 

corresponding to the gradual loss of water molecules and followed by decomposition 

that is in accordance with the previous finding (47). Nevertheless, the small amount of 
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SSG was used in the formulation, thus the filaments did not show a major step change 

over the HME (135-160°C) and printing temperature used in the study (< 200°C, Fig. 

26b), suggesting no thermal degradation occurred. EPO was stable up to 216°C with 

little weight loss of 0.84% (48) while PVP/VA was thermally stable up to 230°C 

although 1.85% of free water molecules was lost at the temperature below 150°C.  

 

The TGA curve of HPC showed the minimal weight loss of 2.89% probably due to 

the removal of residual moisture removed from the structure since HPC has the ability 

of moisture absorption (49), indicating no further change in weight until 300°C. 
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Figure  26. Thermogravimetric analysis of (a) API and excipients, (b) extruded 

filaments, and (c) DSC thermogram of extruded filaments. 

In DSC analysis (Fig. 26c), the melting peak of THY appeared at 

approximately 273°C (50) and the absent of melting enthalpy reflected the partial 

amorphization of drug in E10, E30, P10 and P30 which was later confirmed by the 

XRD. E60 and P60 had the melting point depression of THY, suggesting that a large 

proportion of theophylline remained in a crystalline form following HME. In the 

meantime, printed tablets had similar results (data not shown). 
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4.4.3.5. Powder X-ray powder diffraction (PXRD) 

  The PXRD data (Fig. 27) showed a small number of crystalline THY peaks 

with low intensity in both E10 and P10 filaments, which indicated partial amorphous 

solid dispersion. Whereas other filaments (filaments containing 30 and 60% w/w 

drug) had more number of diffraction peaks with higher intensity (at 7, 12, 14 and 24° 

2θ) that match with the diffraction pattern of THY (23, 51), suggesting the larger 

proportion of THY remained crystalline. It is likely due to the use of HME 

temperatures (160°C) under the melting point of theophylline (273°C), resulted in 

incomplete melting of the high amount drug and yielded a crystalline filament matrix. 

The crystallinity presented in printed tablets remained the same as the filament 

(Appendix D, Fig. 37). The PXRD results were consistent with the DSC profiles, 

confirming the crystallinity of the drug-polymer systems (52). 

 

Figure  27. X-ray powder diffractograms of pure API, excipients and extruded 

filaments. 

4.4.3.6. Drug content analysis in filaments and 3D printed tablets 

The uniformity of theophylline distribution along the whole filament spool is 

essential as a systematic understanding of the production process of the filament is 
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needed to produce dosage forms with homogeneous theophylline content (12). 

Moreover, in order to examine the temperature effect of hot melt extrusion and 3D 

printing on the APIs, we assessed the percentage of different drug loading in the 

filaments and each tablet after fabrication. As elucidated in Table 8, the percentage of 

theophylline content was found to be in the range of 99.94±1.212% to 

101.65±1.567% in filaments and 99.96±1.246% to 100.69±2.146% in tablets, 

suggesting that the drug content was neither affected by the temperature during the 

hot extrusion nor printing processes. It was, therefore, concluded that there was good 

thermal stability of API during extrusion and printing. 

Table  9. Drug content analysis of filaments and printed tablets (n=3). 

Formulations Drug content 

(%) 

Drug content in 

filament (%) 

Drug content in 

printed tablet (%) 

E10 10 100.81 ± 1.356 100.69 ± 2.146 

E30 30 100.41± 0.689 99.96 ± 1.246 

E60 60 101.65 ± 1.567 100.40 ± 1.209 

P10 10 99.94 ± 1.212 100.53 ± 1.895 

P30 30 101.06 ± 0.908 100.42 ± 1.419 

P60 60 100.62 ± 0.765 100.36 ± 1.403 

The drug content was not exactly 100%, because of subtle lot-to lot variations 

and irregular pores as seen in the x1000 resolution images of SEM. However, this 

type of under-content or overage is common in pharmaceutical products and 

acceptable across the regulatory agencies (52). Furthermore, the range of drug loading 

in the filaments was 10-60% w/w, which allowed for dose flexibility in printing of 

tablets without altering the tablet size. 
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4.4.3.7. In-vitro dissolution study 

The drug release mechanism is a complicated integration of drug and polymer 

crystallinity, drug loading which take into account for the matrix porosity and 

extrusion temperature which affected the relative amount of amorphous and 

crystalline drug (53). It was observed that EPO-based tablets (E10, E30 and E60, blue 

lines, Fig. 28) showed faster drug release rate than PVP/VA-based tablets due to the 

dissolution rate of the polymer (24), polymer type and polymer permeability (53). The 

higher pH threshold of EPO than PVP/VA achieves the rapid ionizing of side chains 

in polymer in pH 1.2 (24). At this pH, the dimethyl aminoethyl side chains in EPO 

ionizes, leading to electrostatic repulsion between the cationic polymeric chains. 

Consequently, this improves the polymeric chain spaces thus allowing the dissolution 

of the polymer and drug release (20). Of these EPO-based tablets, the tablets with 

30% drug loading showed a slightly faster drug release rate than the other two drug 

loadings with T85% = 30 min. This is likely due to the partially amorphous solid 

dispersion, which was caused by the synergistic effect of rising the extrusion 

temperature and high shear condition produced by the faster screw speed (12).  

 

Figure  28. In-vitro drug release profiles of FDM 3D printed tablets from EPO (blue 

lines) and PVP/VA (green lines)-based filaments. 
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However, tablets with 10% and 60% drug loads exhibited a rapid drug release 

of T85% = 50 and 48 min, respectively. On the other hand, printed tablets with the 

PVP/VA polymeric matrix demonstrated a considerably slower drug release because 

PVP/VA caused some extent of swelling and formation of gel layer in acid stage (54). 

30% drug loads tablets displayed faster THY release (T85% = 90 min.) compared to 

that of the 10% drug loaded tablets which showed T85% = 130 min. There may be due 

to the fact that the use of large polymer ratio (40%) of HPC with high molecular 

weight in such 10% drug load sample engenders high density of polymeric network 

with limited porosity, thus resulting in long drug release patterns (13, 17, 20, 55-57). 

The slowest drug release pattern was observed in 60% drug loads PVP/VA 

formulation over 180 min.  

According to the six formulations, it is difficult to conclude which material 

factors have the main impact on drug release. The previous report stated that low 

concentration of drug (10%) possessed faster dissolution rate than high drug loads 

(50%) (58). There may also be the fact that the impact of drug loading is directly 

correlated to the quantity of drug exposed on the surface of the printed tablets, seen by 

SEM image (section - 4.4.3.1), the dissolution of which is not controlled by diffusion 

mechanism. Moreover, when drug crystals may dissolve and form pores for water to 

infiltrate into the tablet, and for the drug to diffuse out of it. However, its effect (drug 

loading) gradually drops on drug release rate over time, probably due to the presence 

of exhausted THY particles externally exposed the medium, leading to diffusion-

controlled release (60). 

Here, the 10% THY systems, which are partially amorphous solid dispersion, 

did not show the fastest drug release, possibly caused by the polymer blending. 

Moreover, 10 and 30% THY systems with a higher amount of disintegrant did not 

always show a significant impact on dissolution rate, indicating that both polymer and 

disintegrant type could significantly modulate tablet dissolution (54). Overall, EPO-

based tablets tend to have an immediate theophylline release. Therefore, EPO system 

was chosen for further investigation with specific experimental design. 
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4.4.4. Design of Experiment  

The previous sections showed that drug, polymers and disintegrant 

concentrations have a relatively complicated effect on the drug release behavior. 

Thus, D-optimal mixture design was carried out to identify the possible interactions 

between such factors on drug release at specific timepoints. The results obtained after 

fitting and calculation of the statistical parameters R2 values were shown in Table 9. 

Table  10.  ANOVA results of the 17-formulations design.  

Responses Model F-value p-value R2 R2 

(predicted) 

R2 

(adjusted) 

Y1 Full quartic 15.26 0.010 90.77% 0.00% 75.39% 

Y2 Full quartic 60.91 0.019 91.03% 24.05% 76.09% 

The meaningfulness of responses was well fitted and predicted by the different 

models as R2 had high values (R2 > 0.9) for Y1 (% drug release at 30 min) and Y2 (% 

drug release at 45 min), suggesting that they could predict the responses validly. In 

addition, the impact of each factor yielded different theophylline release rates at 30 

min., ranging from 50.93% in F4 (minimum) to 101.86% in F8 (maximum). The 

observed values of all the 17 formulations were shown in Table 10. The polynomial 

equations were obtained as the followings: 

Y1 = -330X1 + 1345X2 + 8734X3 - 34448X4 - 67340X1*X2*X3 + 227759X1*X2*X4 -                        

          30026X1*X3*X4 + 190822X2*X3*X4 

Y2 = -325X1+ 1016X2 + 703X3 – 29244X4 – 57934X1*X2*X3 +190405X1*X2*X4 + 

          149634X2*X3*X4 

These equations represent the quantitative effect of variables (X1, X2, X3 and 

X4) and their interactions on the responses (Y1 and Y2). The magnitude of each 

predicted regression coefficient specified the relative contribution of the independent 

factors corresponding to the responses. Coefficients with more than one factor term 

and those with higher order terms represent interaction terms and quadratic 

relationships. A positive sign represents a synergistic effect, while a negative sign 

indicates an antagonistic effect (59). It can be interpreted from both equations of Y1 

and Y2 that X2 (EPO) and X3 (HPC) affected the release effectively, whereas X1 
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(THY) and X4 (SSG) had an insignificant effect on drug release in this design space. 

Nonetheless, the significant interaction was observed in combinations of X1, X2 and 

X4 because a stronger interaction appeared between these factors. 

Table  11. Observed values of responses obtained from the D-optimal mixture design. 

Formulations Y1 Y2 

1 59.92 80.22 

2 59.42 73.84 

3 61.13 83.33 

4 50.93 72.22 

5 55.42 75.06 

6 60.67 83.21 

7 70.53 98.37 

8 101.86 109.67 

9 57.54 75.17 

10 81.53 99.78 

11 59.57 80.73 

12 58.29 86.04 

13 90.87 106.39 

14 82.61 95.13 

15 75.37 96.12 

16 86.05 112.88 

17 93.39 107.72 

 

 Furthermore, the main effect of each parameter on the drug release properties 

of 3D printed tablets is shown in Fig. 29. This plot showed that the drug release rate 

was highly affected by EPO (X2) and HPC (X3) which agree well with the two 

equations above. Nonetheless, the relevant concentrations of SSG at 5% and 12.5% 

potentially increase the drug release. While there was no clear trend of different 

concentrations (30-60%) of THY (X1), implying no main effect on the drug release.  
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Figure  29. Main effect plot of all four independent variables (THY, EPO, HPC and 

SSG). 

Generally, darker green regions indicate the higher dissolution rate of 

theophylline (Fig. 30). Fig. 30a shows that the high dissolution rate was obtained with 

the condition of low concentrations range (7.5-10%) of HPC (X3) and almost all range 

(30-35%) of EPO (X2), suggesting the strong influence of EPO on dissolution time. 

Fig. 30b shows the combined effect of HPC and SSG at the lower part of the contour 

plot where the increasing drug release rate can be achieved with the low amount (7.5-

10%) of HPC and 12.5% of SSG. In contrast, the maximum drug release can be seen 

at the left corner of Fig. 30c through a significant effect of high percentage (ca. 35%) 

of EPO and low content (ca. 5-6%) of SSG. It is noteworthy that the highest drug 

release (more than 90% within 30 min, superior than the target) was found in F 8, 13 

and 17 using a high level of THY, EPO and SSG which can be beneficial for dose 

adjustment (up to 55% THY). Thus, the QbD approach suggested that an optimum 

balance among drug, polymers and disintegrant levels is necessary to obtain the 

desired drug release. The result of drug release at 45 min (Y2) had a similar trend as 

Y1 response (Appendix E, Fig. 40).  
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Figure  30. Contour plot depicting effect of variables on % drug release at 30 min. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

113 

 

Finally, in the response optimization analysis, the optimized formulation ratios 

of 3D printed tablets of X1, X2, X3 and X4 were 30% THY, 35% EPO, 20% HPC and 

15% SSG, respectively which coincidently agree with the screening study. These 

values were verified by a desirability function values of 0.99966 for Y1 and 0.97988 

for Y2. The experimental results were in good agreement with the predicted values for 

the two responses Y1 (% drug release at 30 min) and Y2 (% drug release at 45 min) 

through the optimization study which had low % error (Table 12). 

Table  12. Comparison of predicted and observed value of responses for the optimal 

formulation. 

Responses Predicted 

value (%) 

Observed 

value (%) 

Desirability % error (%) 

Y1 83.01 86.64 0.99966 4.372 

Y2 96.65 96.83 0.97988 0.186 

4.5. Conclusion 

The fabrication of immediate release printed tablets using three different types 

of polymers, (hydroxy propyl cellulose (HPC), Eudragit® EPO, Kollidon® VA 64), 

disintegrant (sodium starch glycolate) and THY drug loadings up to 60% were 

successfully conducted, characterized and optimized by using QbD. The more specific 

range of viscosity of solid dispersion, appropriate for HME and FDM printing, were 

revealed and compared with the previous reports. Surprisingly, the mechanical 

property of the filaments prepared by polymer blending was distinctively improved by 

adding HPC as a flexibility modifier. All extrudable filaments and printable tablets 

after screening study showed reasonable characterizations but characteristic 

dissolution profiles. The D-optimal mixture design was able to explain the effects of 

different compositions on drug release and develop the highly predicted models from 

small number of runs together with the optimum formulation for immediate release 

tablets as referred to a certain amount of drug release in the pharmacopoeia. 

Accordingly, this work will be a useful platform for the formulation development of 

immediate release FDM 3D printed tablets and could step towards an alternative 

scenario for pharmaceutical field of oral products. 
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CHAPTER V 

CONCLUSION 

 

5.1. Conclusion 

In this research, the extended and immediate release FDM printed tablets were 

successfully fabricated using QbD design. The production of controlled release 

formulation using the blending of HPC with SLP, PVP/VA Eudragit® RS, Eudragit® 

RL polymers or disintegrant (SSG, MCC, Cros PVP, CCM and L-HPC) were 

successfully achieved and characterized. It was found that in case of single polymer 

extrusion, HPC filaments showed too soft filament to be loaded into the printer while 

the other polymers (PVP/VA, SLP, Eu RL and Eu RS) filaments displayed brittleness 

character which hinder the printing process. Interestingly, the mechanical resilience of 

all polymer-polymer and polymer-disintegrant blending filaments was considerably 

enhanced by incorporating of HPC as a flexible modifier with 3:1 and 1:1 in polymer 

blending and 3:1 ratio in polymer and disintegrant mixture. HPC is a suitable polymer 

for printing applications in the range of 45-67.5% (w/w). Furthermore, all five 

disintegrants was found to be polymer processability of filaments in both technique 

(HME and FDM printing), thus pointing out a potential application in FDM printing 

for the manufacturing of dosage forms. The defined viscosity range (5,000-11,000 

Pa.s) of polymeric solid dispersions, appropriate for HME and FDM printing was 

described and compared with the previous studies (1,000-10,000 for HME and less 

than 8,000 Pa.s for FDM printing). In this study, the specified temperature, screw 

speed and viscosity range were screened as critical processing parameters for additive 

HME-FDM manufacturing for both controlled and immediate systems by considering 

the critical quality attributes of the products. 

All printable filaments and tablets after screening experiment show the 

satisfactory characterizations including physical properties, molecular interaction in 

FT-IR, thermal property and drug contents. The advanced findings of HPC-

disintegrant blends could propose that the stiff but rather brittle filaments are possible 

for successful FDM printing. The miscibility and intermolecular interactions between 
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IMC and polymeric blends were also confirmed by alterations in the wavenumber and 

peak shape. In TGA analysis, all the excipients and extruded filaments were shown to 

be stable up to 250 °C while the printing process converted all systems to be 

completely amorphous solid dispersions with smooth the halo pattern confirmed by 

PXRD.  The results of drug contents showed uniform distribution of the drug 

throughout the filament as well as in the tablets with little variation. In the dissolution 

study, it was found that the 3D-printed tablets made of polymer-disintegrant mixtures 

showed more sustained drug release than those of polymer-polymer blend tablets 

while the tablets made of HPC-Eu RS and Eu RL combinations displayed incomplete 

drug release (approximately 22%) over 24 h which are less suitable for oral dosage 

forms.  

In addition, the D-optimal mixture design enabled to elucidate the effects of 

different polymers on drug release and generated the estimated models from small 

number of tests. The factors such as X1, HPC and X2, PVP/VA positively affected the 

drug release, while X3, SLP had negatively effect on drug release. The optimum 

formulation (X1, HPC, X2, PVA/VA and X3, SLP) were 49.97%, 19.09% and 20.94%, 

respectively that showed good extended-release tablets as reported to a predetermined 

amount of drug release in the pharmacopoeia.  

In terms of the immediate release tablets, THY drug loadings up to 60% and 

15% SSG using two polymers, EPO and PVP/VA, were successfully conducted and 

characterized as critical quality attributes of produced dosage forms. The more 

specified viscosity range (5,000-14,000 Pa.s) of solid dispersions, appropriate for 

HME and FDM printing was described and compared with the previous studies 

(1,000-10,000 for HME and less than 8,000 Pa.s for FDM printing). Moreover, the 

robust filaments could be perfectly produced when HPC polymer with different ratios 

is adjusted by mixing with water soluble polymers either EPO or PVP/VA polymers 

and different amounts (5-15%) of thermoplastic SSG disintegrant based on the 

mechanical property of the filaments. Moreover, although the amount of SSG used in 

3D printed tablets was a slightly higher (up to 15%) compared to the conventional 

tablet formulations using in the range of 2-8%, it was illustrated to be processable as a 
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thermoplastic starch with an intrinsic property in 3D printing.  However, it also seems 

that more than 15% SSG could affect the printing process by blocking at the nozzles.  

All extrudable filaments and printable tablets obtained from screening study 

showed reasonable characterizations to ensure critical quality attributes of the 

products such as physicochemical property, content uniformity and dissolutions 

profile. The improved filaments properties regarding brittleness and stiffness were 

reflected by the polymer blending when 3-point bend test was used to measure the 

extruded filaments as a preliminary monitoring method. Noticeably, high drug loading 

in the form of crystalline at 60% (both E60 and P60, with less excipients) described the 

lowest breaking distance (<1 mm) and stress values such as 2298 g/mm2 in E60 and 

2692 g/mm2 which lead to less bendable character. The intermolecular interactions 

between THY and polymeric blends in both 10% and 30% drug loads filaments were 

also found by changing in the wavenumber and peak intensity, on the other hand, 60% 

drug loads filaments showed the strong bands of THY due to the higher amount of 

THY than the other components, confirmed by DSC. 

 In TGA analysis, all the polymers, SSG and extruded filaments did not depict 

a significant weight loss. Further, the two systems containing low drug loads (10% 

and 30%) showed partially amorphous solid dispersions with tiny peaks with low 

intensity while 60% drug loads demonstrated more number of diffraction peaks 

confirmed by PXRD. The drug contents showed proper distribution of the drug 

throughout the filament and the tablets with small variation. As dissolution profiles, 

EPO-based tablets showed faster drug release rate than PVP/VA-based tablets due to 

the higher pH threshold of EPO than PVP/VA achieved the rapid ionizing of side 

chains in polymer in acidic medium. 

The D-optimal mixture design was shown to be very advantageous because 

the responses were well fitted and predicted by the different models and R2 had high 

values for both Y1 and Y2. The independent variables such as X2 (EPO) and X3 (HPC) 

affected the release effectively, whereas X1 (THY) and X4 (SSG) had an insignificant 

effect on drug release in this design space. Nonetheless, the significant interaction was 

observed in combinations of X1, X2 and X4 because a stronger interaction appeared 

between these factors. It is noteworthy that the highest drug release (more than 90% 
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within 30 min, superior than the target) was found in F 8, 13 and 17 using a high level 

of THY, EPO and SSG which can be beneficial for dose adjustment (up to 55% THY). 

The optimized formulation ratios of 3D printed tablets of X1, X2, X3 and X4 were 30% 

THY, 35% EPO, 20% HPC and 15% SSG, respectively and the experimental results 

were in good agreement with the predicted values for the two responses Y1 (% drug 

release at 30 min) and Y2 (% drug release at 45 min) through the optimization study 

with low % error. The QbD approach suggested that an optimum balance among drug, 

polymers and disintegrant levels is necessary to obtain the desired drug release. 

Conclusively, the systematic study of printed tablets was conducted to clarify 

the influence of excipients ratios in terms of the various drug release profiles instead 

of changing FDM processing parameters using Quality by design approach. The tablet 

platform is robust to a wide range of excipients variability for the manufacturing of 

individualized dosage forms using FDM printing. 

5.2. Limitations 

The limitations of this study are as follow:  

Methods of testing printable filaments  

Generally, there are two methods to test the mechanical properties of filaments 

such as tensile strength and 3-point bend test. The filaments produced in this research 

cannot be performed tensile strength test because the filaments are slipped and 

dropped during testing with high variations when the filaments were vertically fixed 

to the clamps and stretched gradually during the test. Therefore, 3-point bend test is 

suitable for filaments in this study. 

Effect of plasticizer and SSG on printability 

In this study, the plasticizers and high amount of SSG (more than 15%) cannot 

be applied possibly due to the incompactibility with the printed nozzles. 
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5.3. Suggestion and future work 

Drug release kinetic 

Korsmeyer-Peppas model should be used to identify the release transport by 

considering Fickian diffusion, polymer relaxation/erosion as 3D printed tablets have 

inherently tight structure, where the polymer relaxation/erosion-based release kinetics 

could be more influenced from the compact structures. The Korsmeyer-Peppas model 

was depicted in the following equation (1), is a reliable approach for showing the 

controlled drug release behavior from matrix.  

F = k*tn (1) 

F is the percentage of the drug released at time t, k is the kinetic constant for structural 

and geometric characteristics of the tablet, and n is the release exponent of 

mechanism.  

Furthermore, several mechanisms such as water up-take including water 

diffusion, polymer swelling, drug diffusion, and polymer erosion may influence in of 

solid dispersion filaments made of swellable/erodible polymers. Therefore, the zero-

order model: equation (2) can also be described the constant drug release rate with 

time, where k0 is the release constant. This model can be mostly applied for the matrix 

systems with poorly soluble drugs.  

F = k0*t (2) 

Moreover, the tablets should be weighed before and after the dissolution 

studies or measured the swelling index for the comparison of the change in mass. And 

another way is that hot stage microscopy (HSM) can also be utilized for identifying 

the dissolution of drug and polymer species during testing and helped pre-formulation 

input for the subsequent experimental design. The mechanism of disintegrant 

comprise of swelling, interruption of particle-particle bonds, wicking (capillary 

action), and heat of interaction that cause the tablet-matrix break up in aqueous 

medium and start drug release (3). 

The pharmacokinetic and bioequivalent studies of printed dosage forms will 

be conducted as future study.  
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Figure  31. Strain curves (a) polymeric blends  and (b) polymer-disintegrants 

formulations. 

 

 

Figure  32. Strain curves (a) EPO-based formulations and (b) PVP/VA-based 

formulations. 
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APPENDIX B 

IMAGES OF EXTRUDED FILAMENTS AND 3D PRINTED TABLETS 
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Figure  33. Image of (a) different polymeric-blend (b) polymer-disintegrants filaments 

and printed tablets. 

 

 

Figure  34. Image of different drug loads filaments and printed tablets (a) 10%, (b) 

30% and (c) 60%. 
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Figure  35. SEM image of HPC-disintegrant filaments (a) cross-section (b) cross-

section (x1000) 
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APPENDIX C 

FT-IR SPECTRUM  
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Figure  36. 15. FT-IR spectrum of PVP-based extruded filaments 
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APPENDIX D 

POWDER X-RAY DIFFRACTOGRAM 
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Figure  37. X-ray powder diffractograms of pure API, excipients and printed tablets. 
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APPENDIX E 

RESULTS FROM DESIGN OF EXPERIMENT 
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Figure  38. Interaction plot for different formulation factors (EPO, HPC and SSG)  

 

 

Figure  39. (a) In-vitro drug release studies of controlled release printed tablets 

obtained from DoE runs (b) Optimized formulation. 
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Figure  40. (a) In-vitro drug release studies of immediate release printed tablets 

obtained from DoE runs (b) Optimized formulation. 

 

 

 

Figure  41. Contour plot depicting effect of variables on % drug release at 45 min. 
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