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Abstract  

This study demonstrated the first case of combining novel continuous granulation with powder-

based pharmaceutical 3-dimensional (3D) printing processes to enhance the dissolution rate and 

physical properties of a poorly water-soluble drug. Powder bed fusion (PBF) and binder jetting 

3D printing processes have gained much attention in pharmaceutical dosage form manufacturing 

in recent times. Although powder bed-based 3D printing platforms have been known to face 

printing and uniformity problems due to the inherent poor flow properties of the pharmaceutical 

physical mixtures (feedstock). Moreover, techniques such as binder jetting currently do not 

provide any solubility benefits to active pharmaceutical ingredients (APIs) with poor aqueous 

solubility (>40% of marketed drugs). For this study, a hot-melt extrusion-based versatile 

granulation process equipped with UV-Vis process analytical technology (PAT) tools for the in-

line monitoring of critical quality attributes (i.e., solid-state)  of indomethacin was developed. 

The collected granules with enhanced flow properties were mixed with vinylpyrrolidone-vinyl 

acetate copolymer and a conductive excipient for efficient sintering. These mixtures were further 

characterized for their bulk properties observing an excellent flow and later subjected to a PBF-

3D printing process. The physical mixtures, processed granules, and printed tablets were 

characterized using conventional as well as advanced solid-state characterization. These 

characterizations revealed the amorphous nature of the drug in the processed granules and 

printed tablets. Further, the in vitro release testing of the tablets with produced granules as a 

reference standard depicted a notable solubility advantage (100% drug released in 5 minutes at 

>pH 6.8) over the pure drug and the physical mixture. Our developed system known as DosePlus 

combines innovative continuous granulation and PBF-3D printing process which can potentially 

improve the physical properties of the bulk drug and formulations in comparison to when used 

in isolation. This process can further find application in continuous manufacturing of granules 

and additive manufacturing of pharmaceuticals to produce dosage forms with excellent 

uniformity and solubility advantage. 

Keywords: 3D printing, DosePlus, Flow properties, Solubility enhancement, Selective laser 

sintering, Continuous manufacturing, Hot melt extrusion 
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1. Introduction 

Additive manufacturing (AM) has gained much attention amongst researchers across the field of 

engineering and technology since the early 1970s [1,2]. This interest has extended to the 

pharmaceutical field in the past two decades mainly due to the versatility of designing [3,4], rapid 

prototyping [5], and the possibility of 3-dimensional (3D) printing of personalized (patient-

specific) dosage forms [6,7]. AM techniques use ‘STL’ (standard tessellation language) or ‘AMF’ 

(additive manufacturing file) formats by slicing them into g-code (x, y, z coordinates for 

constructing 3D computer-aided design (CAD) constructs) [8]. Pharmaceutical researchers have 

employed material extrusion techniques such as fused deposition modeling (FDM)/fused 

filament fabrication (FFF) [9], and semi-solid extrusion (SSE) [10] due to their inherent advantage 

of complex structure designing. On the other hand, powder bed-based 3D printing such as binder 

jetting, and powder bed fusion (PBF) has found application in creating highly porous dosage 

forms where the powder bed supports the 3D constructs [11,12]. Each of these enlisted 

techniques have specific material considerations where FDM utilizes thermoplastic polymeric 

filaments with optimum hardness and flexibility [13], SSE requires solvent considerations to 

prevent structure deformation post extrusion [14], binder jetting needs extensive binder 

formulation considerations to prevent print head overheating [2], and PBF requires material 

consideration to prevent drug substance degradation due to increased temperature and high 

power lasers [15]. Apart from individual material considerations, both powder bed-based 

techniques require a power batch with excellent flow properties, uniform particle size 

distribution, and uniform drug distribution [11].  

Flow properties are crucial in the powder bed-based techniques, as feedstock from the feed 

region is repeatedly conveyed to the powder bed where the particles are either combined by the 

means of a binder (binder jetting) or are fused using a high power laser in laser sintering (LS) 

[16,17]. Particle size distribution holds importance as agglomerates/aggregates can create print 

defects and disturb the build surface leading to print failures [11]. Moreover, both these 

processes expose the feed region to vibrations. The difference in particle densities, shape, size of 

the blend components (drug substance, polymer, excipients) can lead to component segregation 

which can, in turn, impact the drug content of the manufactured dosage forms [18]. Furthermore, 

these 3D printing techniques work best with materials with particle sizes less than or equal to 

100µm, for instance commercially available polyamide (PA 12) suitable for LS processes has a size 

range of 45-90µm [19–21].  

Shear cell testers have been used to evaluate the flow properties of pharmaceutical 

compositions. They produce consolidated shear initially (pre-shear), and then expose the sample 

to a series of normal stresses in a range while recording the corresponding shear stresses (the 

yield locus) [22]. The yield locus analysis is used to determine the angle of internal friction and 

cohesion for a sample material which then calculates the overall strength of the sample under 

compressive load.  The points observed can be imagined as the shear stress required for the flow 

to initiate at a given normal stress. The flow function coefficient derived (ffc=σ1/ σc) is the ratio 
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between σ1 (consolidation stress) and σc  (unconfined yield strength) at a particular pre-

consolidation condition. A smaller ffc corresponds to poor flow which means the powder 

components are more cohesive. Megarry A. J. et al., (2019) used a historical data set (3909 

experiments) from a shear cell apparatus to establish the general flow properties of 

pharmaceutical compositions (pure drug substances, blends, granules). Megarry A. J. and 

colleagues further found that out of the 199 unique pure drug substance samples, >66% samples 

had an ffc value of <4, and >50% samples had an ffc value of <2, i.e., they had extremely poor flow 

properties. Whereas >87% blends had ffc values of >4 with most blends within the values of 4-6. 

The study also depicted that ffc values of >10 (excellent flow) were predominantly observed for 

granules [22]. This case study observed that pharmaceutical drug substances generally have poor 

flow properties and thereby require additives, or additional processing (granulation, 

micronization) to facilitate the efficient mass transfer, which is essential in pharmaceutical unit 

processes.  

In conventional pharmaceutical processes, granulation techniques have been utilized to solve 

these mass transfer issues [23–25]. Unfortunately, conventional pharmaceutical granulation 

methods (wet granulation, dry granulation, melt granulation) are not particularly suitable for the 

3D printing techniques under discussion as the produced granules from such processes are 200-

400µm in size [26]. With the upsurge of interest in the pharmaceutical applicability of powder 

bed-based techniques, research on processes to develop materials having the capability to 

circumvent the aforementioned mass transfer challenges is of paramount importance. This study 

discusses an inventive technique for manufacturing granules suitable for the discussed 3D 

printing processes. 

Currently, the only 3D printed (binder jetting) dosage form approved by the United States food 

and drugs administration (USFDA) contains levetiracetam which is highly water-soluble 

(1.04g/mL) pyrrolidine with anti-epileptic activity under the brand name Spiritam® [27]. The 

technique manufactures highly porous tablets with rapid disintegration time and finds 

applicability for drugs with disintegration limited absorption. This means the drug gets absorbed 

as soon as the dosage form disintegrates as it has high water solubility and permeability [28]. 

These drugs fall under class I of the biopharmaceutical classification system [29]. The powder 

bed-based 3D printing techniques have not found any applicability in improving the solubility of 

BCS class II (low solubility, high permeability) and IV (low solubility, low permeability) yet. BCS 

class II drugs account for >40% of drug substances, these drugs suffer dissolution limited 

absorption i.e. their solubility is the rate-limiting step for their absorption and thereby their 

therapeutic action [30]. This directs the discussion to the second objective of this study where 

the manufactured granules demonstrate a significant increase in their dissolution rate as 

compared to their crystalline counterpart and unprocessed blends. 

For this study indomethacin (IND) was selected as a model drug. IND is a non-steroidal anti-

inflammatory drug (NSAID) that inhibits cyclooxygenase (COX-I and COX-II) enzymes non-

selectively [31]. IND is deemed practically insoluble in water (0.937e-6g/mL), moreover, it also 
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exhibits poor flow properties because of its highly irregular crystal habits and inter particulate 

cohesion [32,33]. Thereby IND was the ideal candidate to test the granulation technique’s 

applicability for powder bed-based 3D printing (PBF) of drug substances with poor solubility and 

flow properties. The drug crystals were completely fragmented into their amorphous form by the 

means of heat and shear-induced by twin-screw processing and absorbed onto the surface of 

highly porous silicates, this process was monitored using an in-line ultraviolet-visible (UV-Vis) 

reflectance probe. The manufactured granules were blended with a thermoplastic vinyl 

pyrrolidone-vinyl acetate copolymer (Kollidon® VA 64) and potassium aluminum silicate-based 

pearlescent pigment (Candurin®) which is a food-grade visible laser absorbing thermally 

conductive excipient. This blend was processed into tablets using LS 3D printing. The 

manufactured tablets released >80% of their drug load in <5 minutes into the dissolution testing 

apparatus, whereas its crystalline counterpart released ≅60% of an equivalent drug load over two 

hours.   

2. Material and methods 

2.1 Materials 

Indomethacin (Tokyo Chemical Industries, Lot no. D3NIJJR), magnesium aluminometasilicate 

(Neusilin US 2, Lot no. 901002, Fuji chemical industries co., ltd Toyama pref., Japan), silicon 

dioxide (FujisilTM, Lot no. 906003, Fuji chemical industries co., ltd Toyama pref., Japan), 

polysorbate 80 (Lot no. BCCB4768, Sigma-Aldrich®, Missouri, USA),  vinyl pyrrolidone-vinyl 

acetate copolymer (Kollidon® VA 64, Lot no. 94189624U0, BASF, Ludwigshafen, Germany), 

potassium aluminum silicate-based pearlescent pigment (Candurin®, Lot no. W150645X08, 

Merck KGaA, Darmstadt, Germany), HPLC grade acetonitrile was purchased from Fisher Scientific 

(Pittsburg, PA); all other chemicals and reagents were ACS grade or higher. 

2.2 HME based granulation process 

To ensure the reproducibility of the process, three batches of the physical mixture were prepared 

using the geometric dilution technique. Each 200g batch of the physical mixture contained a 40% 

IND drug load, 27.5% of each of the inorganic highly porous absorbents (silicon dioxide and 

magnesium aluminometasilicate), and 5% of polysorbate 80 (non-ionic surfactant) (here on out 

this composition will be referred as PM-I). This mixture was transferred to a twin-screw 

gravimetric feeder with stirring agitators (Brabender Technologie, Ontario, Canada) which was 

calibrated for the blend to quantify and control the amount of feed going into the system, post-

calibration the feed rate was set to 5g/min. The feed was processed using a twin-screw extruder 

with a 12mm outer diameter (OD) (ZSE 12 HP-PH, Leistritz Advanced Technologies Corp., 

Nuremberg, Germany). The temperature for each zone has been outlined in fig. 1 along with 

other processing parameters required to define the process. The granules were collected after 

the process was stabilized. The physical mixture and the collected granules were subjected to 

bulk property testing, a series of solid-state characterizations, and performance testing before 

using them for LS 3D printing. 
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Figure 1. A schematic of the processing conditions employed during the granulation process.  

2.3 In-line process monitoring 

The aforementioned HME processing parameters were optimized by using a UV-vis reflectance 

probe with a 316L Stainless Steel/Nickel alloy tip and sapphire window. The probe was later used 

as a process analytical tool (PAT) for monitoring the uniformity and amorphous conversion of the 

subsequent batches (Equitech Int'l Corporation, New Jersey, USA). Indomethacin has a unique 

property, in its crystalline γ-form, it exhibits a pinkish white appearance, whereas on amorphous 

conversion its color changes to yellow [34]. During the granulation process, CIELAB yellow-blue 

color space coordinate (b*), custom selected wavelength (600-700 nm), yellowness index (‘E313-

00 YI’ which is supposed to trend with b*), the wavelength of maximum reflectance over the 

measured region (PWL), and reflectance value at the PWL (Peak) were observed by the 

reflectance probe and were used as an indicator of amorphous conversion and inspect the 

stability of the process. The physical mixture was processed with the probe in place with different 

temperature conditions ranging from 140-155°C (below indomethacin’s melting point), the 

samples were collected, and the yellowness values attained from the probe were noted. These 

samples were tested using powder X-ray diffraction (pXRD) analysis. Processing conditions where 

the samples observed no crystalline peaks were selected and the corresponding yellowness 

values were used to observe the uniformity of subsequent processes.  

2.4 Bulk properties testing 

2.4.1 Digital light microscopy 

Digital microscopy was used to investigate the morphology of the drug crystals, PM-I, and 

manufactured granules (Dino light, Torrance, California, USA). The microscope was set to a 

magnification of 65X which was sufficient to observe the particle characteristics of samples. This 

technique was used as a convenient quality control tool to observe the absence of any drug 

crystals in the manufactured granules post-processing. It was also used to understand the crystal 

morphology which provided deeper insight into the flow characteristics of the drug. Although 

digital microscopy was suitable for investigating particle morphology, it was not suitable to study 

and observe the particle surface pre- and post-processing. Moreover, it did not provide any 
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insight into the solid-state of the drug in the samples. Hence, polarized light microscopy and 

scanning electron microscopy were conducted for all the aforementioned samples to further 

investigate their surface properties. 

2.4.2 Polarized light microscopy (PLM) 

Polarized light microscopy using an Olympus BX53 polarizing photomicroscope (Olympus 

America Inc., Webster, TX, USA) was used to investigate the crystallinity of IND, PM-I, and the 

granules. The microscope had a Bertrand Lens and a 10X objective lens. The samples were evenly 

dispensed on a glass slide which was later dusted off to remove excess powder and a coverslip 

was placed onto it. The sample slides were then observed using a 10X magnification lens and an 

appropriate zone was selected to observe the state of the sample. The magnification was then 

increased to 20X to further observe the crystals with more clarity. Crystalline particles possess 

the property of birefringence, which is characteristic of crystalline substances, hence it was 

predicted that the granules will not depict any birefringence. After focusing on the sample, 

snapshots were taken with a  QICAM Fast 1394 digital camera (QImaging, BC, Canada). These 

images were taken with and without a 530 nm compensator (U-TP530, Olympus® corporation, 

Shinjuku City, Tokyo, Japan). The snapshots were processed using Linksys 32 software® (Linkam 

Scientific Instruments Ltd, Tadworth, UK).  

2.4.3 Scanning electron microscopy 

To understand the surface morphology of the drug crystals, physical mixture, and the processed 

granules, a scanning electron microscope (Quanta FEG 650 ESEM, FEI Company, Hillsboro, OR, 

USA) was used. The samples were first exposed to vacuum gold sputtering (EMS Sputter Coater, 

Hatfield, PA, USA) before observing them under the microscope. Microscopic images were 

captured at an accelerated voltage of 10 KV, emission current of 15µÅ, the working distance of 

≈10 mm, and a spot size of 3. The magnification was varied from 100X to 2000X based on the 

purpose of the observation.  

2.4.4 Powder flow  

A United States Pharmacopoeia (USP) compliant flowability tester, with funnel attachments 

(BEP2, Copley Scientific Limited, Nottingham, UK) was used for the flow-through orifice study. 

The purpose of this test was to stimulate the flow in a hopper or other mass transfer situations 

(Taylor et al., 2000). The funnel was placed 40 mm above the collecting beaker, and the beaker 

was placed on a measuring scale. The nozzle was fixed onto the funnel and the shutter 

mechanism was used to prevent any premature flow from the funnel. 100 g of the sample powder 

was transferred to the funnel and the test was started 30 seconds after the transfer (this 

facilitated floccule formation). The weight was recorded for the samples with respect to the time 

in triplicates (n=3) for each nozzle diameter (10, 15, and 25 mm) and samples (PA 12 (reference), 

granules, and drug). Time versus weight curves were constructed for the processed granules and 

the properties were compared with PA 12. 
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2.4.5 Angle of repose 

A 100 mm circular test platform together with a digital height gauge having a range of 0-300 mm 

and an accuracy of 0.03 mm was used (BEP2, Copley Scientific Limited, Nottingham, UK). The test 

platform had a protruding outer lip in order to retain a layer of the powder upon which the cone 

was formed. The surplus powder was collected in a tray below the test platform. The nozzle (10 

mm nozzle for the angle of repose)  of the funnel was placed 75 mm above the test platform, and 

the nozzle was secured using the shutter mechanism. 100 g of the sample (drug, and granules) 

were placed in the funnel, and the shutter was moved gently but rapidly to allow the powder to 

flow. The powder formed a conical on the test platform and started overflowing. The sample was 

allowed to overflow until the pile height was observed to be constant, this was protocol was 

repeated thrice (n=3). The height of the powder cone was measured using the digital height 

gauge and the diameter of the cone was 100 (diameter of the platform was 100 mm). Equation 

2 was used to calculate the angle of repose. 

tan 𝜃 =
ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑒, 𝑚𝑚

𝐻𝑎𝑙𝑓 𝑜𝑓 𝑐𝑜𝑛𝑒 𝑏𝑎𝑠𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑚𝑚
 

 

1 

𝜃 = 𝑡𝑎𝑛−1 ∗
ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑒, 𝑚𝑚

50 𝑚𝑚
 

2 

2.5 Laser sintering 3D printing 

Granules (25% w/w) were mixed with Kollidon® VA 64 (72% w/w), and candurin (3% w/w) (this 

mixture composition here on out will be referred to as PM-II). PM-II was used as the feedstock 

for the PBF based LS 3D printing process. This powder batch was introduced to the feed region 

of the benchtop LS 3D printer (Sintratec kit, Sintratec, Switzerland) equipped with a 2.3W 455nm 

laser. A powder batch of 150g was used for each build cycle. For the system set up the CAD file 

with twelve printlet having 5 mm height and 12 mm diameter were loaded on to the Sintratec 

central software, the coordinates of which have been depicted in fig. 2. Moving forward the layer 

height was set to 100µm, with the number of perimeters set to 1, and the perimeter offset set 

to 200µm. The Hatching offset was set to 120µm, and the hatch spacing was set to 25µm. After 

setting up the print parameters, the printing conditions were established where the chamber 

temperature was set at 80°C and the surface temperature was maintained at 105°C, which are 

both below the glass transition point of the polymer (>120°C) and the melting point of the drug 

(>160°C). Chamber temperatures maintained close to or higher than the surface temperature 

have been observed to form agglomerates and caused fusion of the blend in the feed region 

which ultimately leads to print failure [11]. The laser speed was maintained at 50mm/s. These 

process parameters were maintained for each build cycle and the build cycle was repeated thrice 

each time with a virgin powder batch to prevent possible degradation of the drug substance. 

Each manufacturing lot composed of twelve tablets and all the tablets were tested for their 

weight, and dimensions using a calibrated vernier caliper to evaluate the repeatability of the AM 

process. Moreover, the tablets from each printed batch were tested for hardness (n=3) (using a 
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TA-XT2 analyzer (Texture Technologies Corp, New York, NY, USA)), disintegration time (n=3), 

dissolution studies (n=3), and other solid-state characterization techniques. Using the observed 

dimensions of the tablets, their volume was calculated using equation 3 where ‘r’ is the radius 

and ‘h’ is the height of the tablets. The density was then calculated using the volume and the 

weight of the tablets using equation 4. HME reference was manufactured using PM-II at 165°C 

instead of 155°C employing the same setup as described in fig. 1. 

𝑉𝑜𝑙𝑢𝑚𝑒 (𝑉) = 𝜋𝑟2ℎ 
 

3 

 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝜌) =
𝑚𝑎𝑠𝑠

𝑣𝑜𝑙𝑢𝑚𝑒
 

 
4 

 

Figure 2. Positions of the parts (referred to as printlet or tablet in this manuscript) in the build 

platform with a maximum build volume 110 x 110 x 110 and a recommended build volume of 90 

x 90 x 90 (units are in mm).  

2.6 Solid-state characterization 

2.6.1 Powder X-ray diffraction (pXRD) 

To investigate the solid-state of IND, PM-I, granules, Kollidon® VA 64, PM-II, 3D printed tablets, 

and hot-melt extruded samples pXRD analysis was conducted. 100-150mg of the samples were 

dispensed onto the sample cell, the surface was flattened using a glass slide, the excess powder 

was discarded, and these cells were placed on the sample holders. The samples were then 

analyzed using a benchtop pXRD instrument (MiniFlex, Rigaku Corporation, Tokyo, Japan). The 

measuring conditions were set to a 2θ angle from 5 to 60 degrees, a scan speed of 2 
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degrees/minute, scan step of 0.02 degrees, where the resultant scan resolution observed was 

0.0025. Moreover, the voltage and the current for the analysis were maintained at 45V and 

15mV, respectively. The data were collected and plotted as a graph of intensity versus 2θ. 

2.6.2 Modulated differential scanning calorimetry (mDSC) 

To investigate the presence of crystallinity or degradation mDSC analysis of IND, PM-I, granules, 

Kollidon® VA 64, PM-II, 3D printed tablets, and hot-melt extruded samples were conducted (DSC 

Q20, TA® instruments, Delaware, USA). The observations from the analysis were also used to 

determine the temperatures for the LS-AM process as well as HME processing. Samples weighing 

5-15mg were dispensed in standard aluminum pans (DSC consumables incorporated, Minnesota, 

USA) using a microbalance (Sartorius 3.6P microbalance, Göttingen, Germany) and sealed using 

standard aluminum lids. The analysis was conducted from 60°C to 200°C, where the ramp rate 

was set to 5°C/minute, and modulation of ±1°C every 60 seconds. The collected data were 

analyzed by developing temperature (°C) versus reverse heat flow (mW) plots. 

2.6.3 Fourier transform infrared spectroscopy (FT-IR) 

FT-IR provides insight into the post-processing interactions between different functional groups 

present on the components. FT-IR analysis was used to investigate the changes in the IND 

spectrum after each process and the interactions between IND and other components (iS50 FT-

IR equipped with a SMART OMNI-Sampler, Nicolet, ThermoFisher Scientific, Waltham, 

Massachusetts, USA). A sample of 20-25 mg of IND, excipients, PM-I, granules, PM-II, LS printed 

tablets, and extruded filaments (powdered for the analysis) were dispensed on the sample holder 

and their % transmittance was measured using a range of 3100-700 cm-1. The resolution of the 

test was set to 4 cm-1 with 64 scans per run. To ensure the absence of contamination from 

previous samples, the cell was cleaned using isopropanol and the background spectrum was 

collected between each sample. The raw data were translated into spectra which were then 

investigated for intermolecular interaction, stability, and the solid-state of the samples using 

OMNICTM series software (ThermoFisher Scientific, Waltham, Massachusetts, USA). 

2.6.4 Raman mapping  

Raman surface mapping was conducted for the pure drug, the physical mixture, as well as the 

granules to evaluate the changes in the inelastic scattering between the samples and also check 

the drug distribution on the surface of the sample using an iSTM 50 Raman module (ThermoFisher 

Scientific, Waltham, Massachusetts, USA) equipped with an Indium Gallium Arsenide (InGaAs) 

detector, and an XT-KBr beam splitter. The samples were loaded on the sample holder and the 

sample surface was focused on using the associated microscope and camera, three different 

zones were analyzed for each sample to investigate the difference in the intensity of their 

spectrum which could be an indicator of the drug distribution throughout the sample. The power 

was set to 0.50W, the spectra were collected from 100-4000cm-1 with a resolution of 4cm-1, and 

the number of runs was set to 32 to reduce the noise. The data were collected as shifted spectrum 

and were plotted against the observed intensity. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 14, 2021. ; https://doi.org/10.1101/2021.02.13.430988doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.13.430988
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 
 

2.7 HPLC method of analysis 

The HPLC method was adopted from a previously conducted study [36]. IND was estimated using 

reverse phase-high performance liquid chromatographic (RP-HPLC) analysis (Agilent 1100 series, 

Agilent Technologies, Santa Clara, California, USA). A 250mmx4.6mm, 5µm particle size, stainless 

steel C-18 column (Nucleosil®100-5C18 (Suppleco series), Millipore Sigma, Burlington, 

Massachusetts) was used for the analysis. 0.2% o-phosphoric acid with acetonitrile (30:70) was 

used as the mobile phase. The flow rate and the injection volume were set to 1.2mL/min and 

5µL, respectively. The retention time (RT) was observed to be 4.8 min and hence the run duration 

was maintained at 6 min. Indomethacin was detected using a UV-vis detector (Agilent 1100 

series, Agilent Technologies, Santa Clara, California) at a wavelength of 237 nm. A calibration 

curve ranging from 0.5-8µg/mL was used for the quantification of indomethacin (R2=0.999).  

2.8 In vitro release testing (IV-RT) 

The performance of the manufactured granules and the 3D printed tablets were tested against 

pure crystalline IND, PM-I, PM-II, and HME samples using in-vitro release testing. For this pH-shift 

dissolution test, the aforementioned samples (n=3) were introduced into 750mL of HCl-KCl buffer 

(pH 2, 0.1M, hydrochloric acid-potassium chloride buffer) for 2 hours using a 900mL vessel. 

150mL of phosphate buffer (pH 6.8, 0.1M) was then introduced to each vessel shifting the pH 

from 2 to 6.8, with a final volume of 900mL. It is important to note that the phosphate buffer 

should be prepared for a final volume of 900mL, hence the aforementioned 150mL volume is the 

concentrated buffer. The dissolution of the samples was tested at the final pH of  6.8 for an 

additional 2 hours. The test was conducted using a Paddle type assembly (USP type II). The test 

was conducted using a standard dissolution apparatus (Vankel VK 7000, Agilent Technologies, 

Santa Clara, California, USA) at 37.5°C, and the paddles were maintained at 50RPM throughout 

the study. Sample media of 1mL were drawn using 0.2µm polyethersulfone filters (VWR 

International, Radnor, Pennsylvania, USA) with an autosampler (Vankel VK 8000, Agilent 

Technologies, Santa Clara, California, USA) at predetermined time points. The sample volume 

was replaced with 1mL fresh buffer (HCl-KCl/Phosphate buffer) to maintain the volume in the 

vessels. Acetonitrile was used to dilute (2-fold) the drawn samples and the previously described 

method of analysis was used to quantify the API in the samples. 

3. Results 

3.1 Granulation and in-line monitoring  

The hot-melt extrusion-based granulation process was developed using a modified screw design 

with mixing zones throughout the barrel to induce shear mediated melting, mixing, and 

absorption of the drug on to the inorganic excipients, and the process was monitored using UV-

Visible reflectance probe placed in the ‘zone 6’ of the barrel where the drug was expected to 

have completely converted into its amorphous form under the right conditions. The granulation 

process was monitored using the process analytical tool (PAT) to monitor the stability of the 

process and to monitor the amorphous conversion of IND. CIELAB yellow-blue color space 
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coordinate (b*), and yellowness index (E313-00 YI) were monitored to exploit indomethacin’s 

unique property as in its crystalline γ-form it exhibits a pinkish white appearance, whereas on 

amorphous conversion its color changes to yellow [34]. Fluctuations in these aforementioned 

parameters were expected to indicate a combination of crystalline and amorphous indomethacin 

in zone 6. These fluctuations can be observed in fig. 3 (A, B, and C) which depict incomplete 

amorphous conversion of indomethacin which was also observed in the pXRD patterns for the 

collected samples at these temperatures i.e., 140-150°C. The other monitored parameters such 

as the custom selected wavelength (600-700 nm) which depicts the average response between 

600 and 700 nm, wavelength of maximum reflectance over the measured region (PWL), and 

reflectance value at the PWL (Peak) were utilized to monitor the stability of process as the 

fluctuations in these parameters were expected to be a result of improper mixing which would 

eventually lead to a content uniformity with a broader standard deviation. All the monitored 

parameters stabilized at 155°C as seen in fig. 3 D. The samples collected at 155°C after the process 

was stabilized were found to be amorphous on pXRD analysis hence the batches for LS 3D printing 

were manufactured at 155°C and the process was monitored using the aforementioned PAT and 

parameters.  

 

Figure 3. Process monitoring of CIELAB yellow-blue color space coordinate (b*), custom selected 

wavelength (600-700 nm), yellowness index (‘E313-00 YI’ which is supposed to trend with b*), 

the wavelength of maximum reflectance over the measured region (PWL), and reflectance value 

at the PWL (Peak) with UV-Visible reflectance probe at different extrusion temperatures at A) at 

140°C  B) at 145°C C) at 150°C D) at 155°C. 
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Moreover, the drug content uniformity conducted by sampling the PM-I from three different 

regions for the three manufactured batches was found to be 101.17±5.64%, 103.68±7.64%, and 

100.25±6.67% respectively, whereas the granules collected after HME processing were found to 

have content uniformity of 100.39±0.51%, 99.86±0.93%, 99.87±0.85% respectively. 

3.2 Bulk properties testing 

Previous research has shown that indomethacin has extremely poor flow properties by the 

means of Angle of Repose (AOR) and Hausner’s ratio [32]. On inspecting indomethacin drug 

crystals using digital microscopy (fig. 4 A-1), polarized light microscopy (fig. 4 B-1, fig. 4 C-1), and 

scanning electron microscopy (fig. 4 D-1) it was observed that indomethacin crystal have uneven 

and rough surfaces which highly contribute to the observed poor flow properties.  

 

Figure 4. A) Digital microscopy images, A-1) Indomethacin crystals, A-2) Physical Mixture-I, A-3) 

Processed granules; B) Polarized light microscopy (530 nm compensator) images, B-1) 

Indomethacin crystals, B-2) Physical Mixture-I, B-3)Processed granules;  C) Polarized Light 

Microscopy (dark mode), C-1) Indomethacin crystals, C-2) Physical Mixture-I, C-3) Processed 

granules; D) Scanning Electron Microscopy, D-1) highlighted Indomethacin crystal, D-2) Physical 

Mixture-I, D-3) Processed granules. 
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The AOR analysis of IND was conducted as a reference to the manufactured granules and it was 

found to have a θ value of 58.2±0.06 degrees, which is classified as ‘very poor’ as per the AOR 

reference table. Furthermore, the flow through orifice analysis of pure IND could not be 

conducted as it clogged the orifice and was observed to have no flow throughout the test.  

Moving forward to the physical mixtures depicted in fig. 4 (A-2, and D-2) which show the 

discrepancies between the sizes of the drug crystals and the inorganic excipients further shed 

light on the broad standard deviations observed for PM-I. Physical mixtures having components 

with different densities tend to segregate when exposed to prolonged vibrations during mass 

transfer processes. PM-I depicted irregular trends because of repetitive clogging of the orifice 

and non-reproducible results when exposed to flow through orifice analysis and hence these 

trends were not depicted in the results section. Further, fig. 4 (B-2 and C-2) depict the PLM images 

of PM-I under the microscope which highlight the presence of crystallinity along with other 

amorphous inorganic excipients in the blend which do not show any birefringence and hence are 

seen as dark spots in the images.  

 

Figure 5. Flow-through orifice ‘weight versus time’ plots for three different orifice diameters (10, 

15, 25 mm) A) Extruded granules  B) PA-12 (LS reference material). 

The granulation technique was designed to break down the crystalline drug and further facilitate 

the absorption of the drug onto the surface of the inorganic excipient. During post-processing, 

as expected, it was observed that the drug crystals completely disappeared (fig. 4 (A-3, B-3, C-3, 
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and D-3)). Moreover, the birefringence observed in fig. 4 (B-2 and C-2) was not present post-

processing in fig. 4 (B-3 and C-3) indicating complete amorphous conversion of the drug from its 

crystalline counterpart [37]. It can also be seen in fig. 4 (A-3, and D-3) that the granules have a 

smooth and round surface which can translate to better flow properties as compared to PM-I. 

The AOR of the extruded granules were observed to have a θ value of 29.49±1.24 degrees, which 

is classified as 'excellent’. On conducting the flow through orifice test for the granules and PA-12 

(LS reference material), it was observed that the granules depicted a reproducible trend just like 

PA-12 with an R2 value of ‘>0.9’ for all three orifices (10, 15, 25 mm). Although both the materials 

demonstrated different weight/minute values, the rationale of this test was to stimulate the flow 

in a hopper or other mass transfer situations and inspect if the flow follows a reproducible trend. 

The granules observed excellent trends and no significant deviation as seen in fig. 5.  

3.3 3D printing process  

During the LS 3D printing process, 100µm thick layers of the PM-II from the feed region were 

spread onto the build platform where the particles were sintered together utilizing a laser as per 

the design of the tablets. During the build cycle, the build surface maintained its smooth texture 

as the PM-II exhibited excellent flow properties as expected and there were no print failures or 

defects experienced during the printing process after the processing parameters were fixed. The 

twelve tablets manufactured per build cycle were isolated from the build chamber and de-dusted 

to remove the part cake using a nozzle-based air dispenser. The tablet dimensions were 

measured and are depicted in Table 1. It was observed that all the tablets were printed as per 

the dimensions of the designed tablet with an insignificant standard deviation and batch to batch 

variation, moreover, the deviation in the weights was within the defined range as per the United 

States Pharmacopoeia (USP). 

Table 1. Quality control characteristics of the manufactured 3D printed tablets. 

Tablet 
batch no. 

Height 
(mm) 

Diameter 
(mm) 

Weight 
(mg) 

Volume 
(mm3)  

Density 
(kg/m3) 

Hardness 
(kp) 

Disintegration 
time (s) 

I 5.06 ± 
0.03 

11.98 ± 
0.03 

301 ± 
4.24 

570.55 ± 
3.86 

527.54 ± 
3.86 

8.44 ± 
0.88 

57 ± 7 

II 5.05 ± 
0.04 

11.99 ± 
0.01 

299 ± 
5.65 

570.93 ± 
3.32 

523.67 ± 
6.86 

8.06 ± 
1.29 

42 ± 13 

III 5.07 ± 
0.02 

12.00 ± 
0.01 

303 ± 
4.24 

573.68 ± 
3.75 

528.15 ± 
3.94 

8.26 ± 
1.40 

58 ± 11 

Average 5.06 11.99 301.00 571.72 526.45 8.25 52 

S.D. 0.01 0.01 2.00 1.71 2.43 0.19 7 

RSD (%) 0.20 0.08 0.66 0.30 0.46 2.30 13.46 

The target weight for these tablets was 300mg and as per USP 7.5% weight variation is acceptable 

for tablets with the mentioned weight, therefore a deviation of ±22.5mg would be considered 

acceptable, although the observed deviation was extremely narrow.  
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Figure 6. Morphology of LS 3D printed indomethacin tablets using HME based granulation 

technique. 

The volume and the density were calculated from the dimensions and the weight of the tablets, 

the density of a single layer can be used to predict the dimensions for a tablet with the desirable 

weight. The hardness of the tablets was also found to be reproducible. The inherent property of 

LS 3D printing allows the manufacturing of porous tablets. Even though the tablets have sufficient 

hardness, they disintegrate in less than 60s when they come in contact with aqueous buffers.  

3.4 Solid-state characterization 

X-ray diffraction has found applicability as one of the most reliable and straightforward 

techniques for qualitative and quantitative analysis of crystallinity. One of the major aims of this 

research was the complete amorphous conversion of the drug post HME processing and LS 3D 

printing. XRD was used as a tool to optimize the manufacturing temperature and to inspect the 

solid-state of the optimized granules and manufactured tablets. For the pure drug, all the 

characteristic peaks of IND (γ-form) were observed (fig. 7) at 11.5, 19.4, and 21.7 two-theta (2θ) 

degrees, which comply with previous reports [38].  

 

Figure 7. Powder X-ray diffraction analysis of indomethacin, excipients, physical mixtures, 

extruded granules, and 3D printed tablets. 
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Polymers such as Kollidon® VA64 are usually semi-crystalline or amorphous and hence do not 

depict any characteristic peak on pXRD analysis. Although the trace crystallinity of the polymers 

can be observed using techniques such as wide-angle X-ray scattering (WAXS), this technique was 

not used for this research as we wanted to focus on the solid-state of the drug and not the 

polymer. All the characteristic peaks of IND were observed in the PM-I before it was processed 

using twin-screw extrusion. Post-processing all the peaks disappeared which indicates a change 

in the solid-state of the drug from its crystalline to its amorphous form. Further, there are two 

small peaks at 19.8 and 25.2 two-theta (2θ) degrees, out of which one overlaps with the 

characteristic peak of IND at 19.4 two-theta (2θ) degrees. These peaks belong to Candurin® which 

is the photo-absorbing species required for the successful sintering of PM-II and hence should 

not be confused with the presence of trace crystallinity in the LS 3D printed tablets [39]. This can 

further be proven by the mDSC results depicted in fig. 8. The thermal analysis of all the samples 

was conducted to verify the absence of crystallinity in the granules and the LS 3D printed tablets, 

as the drug in its amorphous form does not exhibit a melting endotherm. The melting endotherm 

of IND was observed in both the pure drug and the PM-I sample which represents the melting 

point (Tm = 160.4°C) of IND (for the γ-form). Moreover, mDSC also revealed the presence of 

polymorphism in the IND drug crystals. Indomethacin has a glass transition (Tg) of 42°C (not 

shown here), after which it recrystallizes to its metastable α-form (fig. 8) close to 100°C which 

shows a melting endotherm at 152-154°C as seen in fig. 8,  whereas the more stable γ form melts 

at 160°C on the application of heat energy, this transition has been depicted by the means of 

dotted lines in fig. 8 [40].  

 

Figure 8. Modulated differential scanning calorimetry of IND, excipients, physical mixtures, 

extruded granules, and 3D printed tablets. 
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Observations made from the pXRD data were further bolstered by the DSC data where no melting 

endotherms were observed for the granules or the 3D printed tablets. These results suggest that 

the solid-state of the drug was amorphous in the granules and tablets. Furthermore, it was also 

observed that IND starts to degrade on increasing the temperature over its Tm. It has been 

previously observed that IND starts to degrade over its Tm when exposed to the conditions for an 

extended amount of time and gets converted to decarboxylated IND [41].  

 

Figure 9. Fourier transform infrared spectroscopy of IND, excipients, physical mixtures, extruded 

granules, and 3D printed tablets. 

Hence, the HME conditions selected (155°C) were safe for processing IND as it was below the Tm 

and the degradation temperature (Td) of the drug. Further FT-IR studies conducted on all the 

samples provided further insight into the solid-state as well as the interactions between IND and 

other ingredients in the formulation. FT-IR samples of IND had confirmatory peaks at 2926.6 cm−1 

(O–H stretching vibration), 1717.0 cm−1 (C=O stretching of carboxylic acid dimer), 1691.5 cm−1 
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(C=O stretching of benzoyl group), 1307.7 cm−1 (C–O), and 1068.0 cm−1 (C–Cl) which are 

represented in fig. 9.  

The carbonyl groups part of amides (associated with nitrogen atoms) usually exhibits peaks at 

lower wavenumbers (1640 cm-1) [42]. Although, the group being an indole ketone, experiences a 

reduction in the contribution of the mesomeric effect (where nitrogen can donate its lone pair 

of electrons) in molecules as the nitrogen atom is part of the ring. The mesomerism is responsible 

for the lower wavenumbers observed for the typical amides and since the effect is absent in IND, 

the wavenumber for the benzoyl group in the γ-form is relatively higher [43]. Furthermore, the 

peaks at 1717.0 cm-1 are representative of the carboxylic acid cyclic dimer (hydrogen bonding 

between two sterically unhindered groups of carboxylic acid) [44]. The formation and existence 

of these dimers are crucial for the stability and re-crystallization of IND post amorphous 

conversion. The retention of Peaks 2 and 3 in all samples suggest that there was no chemical 

degradation or unwanted chemical reaction between IND and other excipients. The changes in 

the peaks post-processing were expected due to the amorphous conversion of the drug. Post 

amorphous conversion the benzoyl carbonyl peak shifted from 1691 cm-1 to  1684 cm-1 as in the 

crystalline γ form. The carbonyl group is stabilized by the hydrogen bonds from the hydroxyl 

group of the neighboring IND molecule. The peak for the carboxylic acid dimer shifted from 

1717.0 cm-1 to 1733.0 cm-1.  

 

Figure 10.  FT-Raman spectra of A) extruded granules B) Pre-extrusion physical mixture (PM-I) C) 

Shift in ‘carbonyl stretching’ region because of amorphous conversion post extrusion D) Carbonyl 

stretching region of crystalline IND in PM-I. 
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As per previous reports post amorphous conversion, IND exists in two forms i.e. cyclic dimers 

(1706 cm-1) and non-hydrogen bonded carboxylic acid (1735 cm-1) [43]. In this study, post-

processing IND was observed to dominantly exist in just one state i.e., non-hydrogen bonded 

carboxylic acid, which might be because of the surfactant and the inorganic excipients as well as 

their contributions in stabilizing IND in its amorphous form. The absence of dimers might 

significantly reduce the rate of re-crystallization for the granules although the solid-state stability 

studies were beyond the scope of this current research and are being conducted as an extension 

to it. The FT-IR of the 3D printed tablets and the HME samples did not depict strong drug peaks 

for two reasons, firstly the presence of Kollidon® VA64 overshadowed the drug peaks, and 

secondly, the drug and the polymer post-processing were expected to form an amorphous solid 

dispersion. Although there was a resemblance between the FT-IR of the HME and the LS 3D 

printed samples which can be attributed to their similar composition and intermolecular 

interactions. 

Raman spectroscopy like FT-IR, demonstrated the peak shift from 1700 cm-1 to 1680 cm-1 which 

represents the benzoyl carbonyl stretching and hence does not give any information of the 

molecular associations however, it does provide some information on the influence by steric 

hindrance and tension of molecules imposed by hydrogen-bonded associations in dimmers in the 

γ form [42,45]. The sharpness and intensity of this band are associated with the long-range of the 

dimer chains and this is apparent in the Raman spectra of PM-I (fig. 10 B), in contrast, the peak 

reduces in intensity and sharpness in the processed granules (fig. 10 A) where the drug is in its 

amorphous form. Furthermore, the Raman spectra of IND in its amorphous state are expected to 

exhibit a broad band around 1679 cm-1 (1698 cm-1 in its crystalline form, fig. 10 D) which 

corresponds to the dimer associations discussed previously. Although the carbonyl peak from the 

carboxylic acid disappeared from 1698 cm-1 as seen in fig. 10 C, it appears as a weak broad peak 

at 1680 cm-1 which confirms that the dimers do not exist in excessive quantities in the granules. 

This peak shift is prominent, and the intensity is quantifiable when IND is converted to its 

amorphous form by other techniques such as quench cooling [44]. 

3.5 Performance testing 

The in vitro release testing was performed using a pH shift protocol to simulate physiological 

conditions and contrary to the USP dissolution medium i.e., pH 7.2 phosphate buffer. The 

performance test was conducted in 250mL HCl-KCl buffer (pH 2.0) and then in 900mL phosphate 

buffer (pH 6.8). The rationale behind the pH shift dissolution study apart from mimicking the 

physiological condition was the pH-dependent solubility of IND. The drug is weakly acidic 

(because of the carboxylic group, pKa 4.5) and poorly soluble (because of the hydrophobic indole 

group) in nature [46]. IND is practically insoluble in acidic pH and has a solubility of 7-9µg/mL at 

35°C in water, although it has a higher solubility in alkaline pH because of ionization of the 

molecule 33. To understand the impact of the granulation process, and further the LS 3D printing 

on the dissolution of the drug, it was important to conduct a pH shift dissolution test. Moreover, 

because of its pKa and hydrophobicity, and the amorphous nature of the drug in the samples of 
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interest, it was important to expose it to the acidic conditions before exposing it to the relatively 

basic conditions. Weakly acidic and hydrophobic drugs like IND tend to undergo a solid-state 

transfer from their more reactive and less stable amorphous forms (higher chemical potential) 

to less reactive and more stable crystalline form (lower chemical potential) [47–49]. If the drug 

exists in its amorphous form in the formulation, it is crucial to study its stability in the acidic pH 

as in the physiological environment the formulation will be exposed to it first. Even if the 

formulation exhibits excellent dissolution at a relatively basic pH in vitro, but is unstable in acidic 

pH, there is a chance that it might not demonstrate a similar trend and be as effective as 

predicted due to recrystallization in vivo.  

 

Figure 11. A) pH shift dissolution study for pure crystalline IND, PM-I, PM-II, Granules, LS 3D 

printed tablets, hot melt-extruded reference amorphous solid dispersion. B) Dissolution study for 

pure crystalline IND, PM-I, PM-II, LS 3D printed tablets, hot melt-extruded reference amorphous 

solid dispersion at pH 2. 
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The amorphous form of the drug is of importance here as thermodynamically it has a higher 

chemical potential as well as reactivity and hence exhibits better and faster dissolution as 

compared to its stable crystalline counterpart which is less reactive and has a lower chemical 

potential due to the stability induced by its neighboring molecules [50]. This phenomenon is even 

stronger in this case where the IND molecules are stabilized by strong dimers which makes it 

difficult for the water molecules to break these bonds.  

In the case of amorphous solid dispersions, hydrophilic polymers are used to break these 

intermolecular bonds between drug molecules which are originally in their crystalline form and 

forms new intermolecular interactions with the polymers or other excipients such as stabilizers 

and surfactants to prevent recrystallization [51,52]. For this formulation, the drug was absorbed 

onto inorganic carriers and was stabilized using polysorbate 80, moreover, the drug was found 

to be in its amorphous form. When exposed to an acidic environment (fig. 11 B), the pure drug 

crystals did not show any improvement in their solubility which was expected because of the 

above-discussed reasons. When the PM-I was exposed to pH 2, it demonstrated a slight 

improvement over the pure drug which is not significantly different from the pure drug, this slight 

improvement can be attributed to the presence of polysorbate 80 in the formulation which acts 

as a surfactant and facilitates the interactions between the drug and the medium by reducing the 

surface tension. Since the drug in PM-I was still in its crystalline form, the rate of dissolution was 

extremely slow. The performance of the granules on the other hand is significantly faster than 

that of the pure drug and the PM-I, although there seems to be a drop in IND solubility around 

90-minutes into the dissolution studies which might be due to the recrystallization or 

precipitation of the dissolved drug. For this study, 0.2µ filters were used to make sure only the 

solubilized IND is estimated, and any recrystallized nuclei are filtered out. Moreover, the 

dissolution was faster than recrystallization and hence the drug concentration increased again 

on the 120-minute time point. The dissolution rate PM-II was observed to be similar to that of 

the granules. Furthermore, the LS printed tablets and the HME samples demonstrated the 

highest increase in the rate of solubilization as compared to the pure crystalline drug and the PM-

I. The dissolution pattern of the HME samples and the tablets were also identical with little 

variability as both demonstrated around 4% drug release over a 2-hour dissolution test.  

When the pH of the dissolution medium was shifted from 2 to 6.8, the granules, PM-II, LS 3D 

printed tablets and the HME samples demonstrated >80% drug release in <5minutes. This rapid 

dissolution and completeness of the release of these formulations signified minimum to no 

recrystallization in the acidic pH. It can be seen that even though the dissolution rate of the pure 

drug and PM-I is faster as compared to their dissolution in the acidic pH, it is significantly slower 

than the other samples. The pure drug and the PM-I released only 60% of the drug over 2 hours. 

The drug release of the granules peaked at 91% and then depicted a rapid reduction in the drug 

concentration. This rapid reduction can be attributed to the recrystallization of the solubilized 

IND in the medium which was expected because even though the drug existed in its amorphous 

state in the granules which was responsible for its rapid dissolution, there was nothing in the 

formulation to maintain the drug in its solubilized state (less stable) and hence it recrystallized 
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(more stable) in the medium. PM-II on the other hand peaked at 88% drug release and then 

started to recrystallize in the solution, although the recrystallization rate was slightly slower as 

compared to the granules which can be attributed to the presence of Kollidon® VA 64 in the 

formulation. The dissolution profile of the LS printed tablets and the HME samples were still 

similar, where the HME samples peaked at 92% drug release (30 minutes after the pH shift) 

whereas the LS 3D printed tablets peaked at 100% drug release (5 minutes after the pH shift). 

Furthermore, the HME samples maintained the saturation of the drug in the medium throughout 

the dissolution study and the incomplete release can be attributed to the 2-hour exposure of the 

sample to the acidic pH and recrystallization of the free amorphous drug. Whereas, the LS 3D 

printed tablet demonstrated a 100% release within 5 minutes and a steep decline thereafter to 

90% which can be attributed to the recrystallization of solubilized unstable IND in the medium. 

After the steep decline, the drug concentration for the tablets was maintained above 80% 

throughout the dissolution study which suggests ASD formation and stabilization by Kollidon® 

VA64 during the LS 3D printing process. 

4. Discussion 

Indomethacin along with several other poorly water-soluble drugs have been used as models to 

demonstrated the versatility and applicability of material extrusion AM techniques in solubility 

enhancement and dosage form manufacturing [53,54]. Polymers such as polycaprolactone, 

polyethylene oxide, AffinisolTM HPMC HME 15LV, 100LV, hydroxypropyl methylcellulose K15M, 

hydroxypropyl methylcellulose acetate succinate, and poly(ethylene-co-vinyl acetate) (vinyl 

acetate 12 wt%) have been processed into filaments suitable for material extrusion-3D printing 

processes. Although, most of these FDM based processes were conducted over the melting 

temperature of the drug based on the polymer used. These high processing temperatures can 

lead to the generation of decarboxylated indomethacin as the drug starts to degrade over its 

melting point (i.e. 160°C) [41].  

Considering the high processing temperatures employed in both hot-melt extrusion-based and 

FDM based processes, powder bed based AM techniques such as binder jetting and powder bed 

fusion can serve as alternatives for such thermolabile drugs. Although these processes have their 

challenges such as excipient selection and process repeatability. Furthermore, these powder bed-

based techniques are useful in making porous structures and hence only found applicability for 

processing drugs such as levetiracetam [29] and acetaminophen [15], until we demonstrated the 

applicability of laser sintering 3D printing in the manufacturing of amorphous solid dispersion 

dosage forms for improved solubility of poorly soluble and thermolabile drugs such as ritonavir 

[11]. In our previous study, we encountered multiple printing-related issues leading to print 

failures which were mostly because of the powder bulk properties, which eventually led to weight 

variability and content uniformity issues in some of the formulations. Furthermore, processing 

aids were needed to ensure the proper flow of the physical mixture from the feed region to the 

build platform and consecutive build surfaces [11,17]. It was apparent that granulation principles 

used in conventional manufacturing to facilitate smooth mass transfer and content uniformity 
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can also find applicability in these novel techniques although conventional granulation 

techniques might not be suitable because of the powder particle size (<100µ) requirement in 

these AM techniques [17,21]. In this research, we demonstrated an HME based granulation 

technique using a poorly water-soluble, thermo-labile drug, and inorganic mesoporous carriers, 

where the process was conducted below the melting point of the drug under investigation. These 

granules demonstrated excellent flow properties, stabilized the drug in its amorphous form, and 

also demonstrated immediate dissolution in comparison to the crystalline drug. Indomethacin 

solid dispersions with inorganic excipients such as mesoporous silica have been manufactured 

previously using solvent evaporation techniques such as rotary evaporation, spray drying, and 

vacuum drying [55–57] where hydroxypropyl methylcellulose (HPMC) and Kollicoat® IR were 

used as precipitation inhibitors (PIs) combined with mesoporous silica nanoparticles (MSNs) as 

carriers. The present study manufactured granules with multiple mesoporous inorganic 

excipients, using a solvent-free, continuous process with in-line monitoring. Furthermore, these 

granules were used for LS based 3D printing process which further improved the performance of 

the formulation. It was observed that there was an increase in recrystallization stabilization with 

the presence of the polymer. This enhanced stability has been attributed to the increase in 

viscosity because of the molecular weight of the polymer, which in turn slows down the mobility 

of these systems [58]. However, in the dissolution medium IND interacts with Kollidon® VA 64 by 

the formation of hydrogen bonds between the carboxylate group in the drug and the carbonyl 

group on 2-pyrrolidone in the polymer [59] which can explain the maintained saturation in the 

hot-melt extruded sample and the LS-3D printed sample where the drug exists as an amorphous 

solid dispersion. Furthermore, the role of polymer to inhibit precipitation and sustain the 

supersaturation conditions achieved by silicon dioxide-based formulations have been previously 

demonstrated [60]. Which explains the stability of the amorphous drug in the acidic medium 

before the pH shift and the stable ‘spring-parachute’ effect observed for the IND-inorganic 

carrier-Kollidon® VA64  system both LS 3D printed and hot melt extrusion-based. 

5. Conclusion 

Bulk properties, especially the flow properties of pharmaceutical powders are extremely 

important for the smooth mass transfer of material during pharmaceutical manufacturing, drug 

content uniformity of the dosage forms, and the reproducibility of the process. These concepts 

also extend to novel manufacturing techniques of pharmaceutical dosage forms which include 

powder bed-based AM platforms such as powder bed fusion and binder jetting. In this study, we 

successfully demonstrated a novel granulation technique for developing powders for the LS 3D 

printing process. Further, it was observed that the processed powder not only exhibited excellent 

flow properties, and morphological properties but also demonstrated quicker dissolution 

behavior (>80% release in 5 minutes) attributed to the amorphous conversion of the crystalline 

drug (60% release in 2 hours). This conversion was depicted using polarized light microscopy 

where post-processing the samples did not exhibit any birefringence. These qualitative 

observations were further inspected using powder X-ray diffraction and modulated differential 

scanning calorimetric analysis. The changes in the intermolecular interactions post-processing 
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were investigated using Fourier-transform infrared spectroscopy and Raman spectroscopy. The 

FT-IR and Raman spectra provided important information to understand the stability of the drug 

in acidic and the basic environment during the in vitro dissolution testing.  Furthermore, the 

manufactured granules were successfully used for LS 3D printing tablets. The granulation process 

and the LS 3D printing process were found to be reproducible as all the quality control 

parameters for the granules and the manufactured tablets depicted a narrow standard deviation 

with insignificant variance. This technique can find applicability in manufacturing functional 

granules with enhanced performance for powder bed-based 3D printing techniques and expand 

their scope in pharmaceutical dosage form manufacturing. 
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