
An update on the contribution of hot-melt extrusion technology 
to novel drug delivery in the twenty-first century: part I

Venkata Raman Kallakunta1, Sandeep Sarabu1, Suresh Bandari1, Roshan Tiwari1, Hemlata 
Patil1, Michael A Repka1,2,*

1Department of Pharmaceutics and Drug Delivery, The University of Mississippi, University, MS 
38677

2Pii Center for Pharmaceutical Technology, The University of Mississippi, University, MS 38677

Abstract

Introduction: Currently, hot melt extrusion (HME) is a promising technology in the 

pharmaceutical industry, as evidenced by its application to manufacture various FDA-approved 

commercial products in the market. HME is extensively researched for enhancing the solubility 

and bioavailability of poorly water-soluble drugs, taste masking, and modifying release in drug 

delivery systems. Additionally, its other novel opportunities or pharmaceutical applications, and 

capability for continuous manufacturing are being investigated. This efficient, industrially 

scalable, solvent-free, continuous process can be easily automated and coupled with other novel 

platforms for continuous manufacturing of pharmaceutical products.

Areas covered: This review focuses on updates on solubility enhancement of poorly water- 

soluble drugs and process analytical tools such as UV/visible spectrophotometry; near-infrared 

spectroscopy; Raman spectroscopy; and rheometry for continuous manufacturing, with a special 

emphasis on fused deposition modeling 3D printing.

Expert opinion: The strengths, weakness, opportunities, threats, (SWOT) and availability of 

commercial products confirmed wide HME applicability in pharmaceutical research. Increased 

interest in continuous manufacturing processes makes HME a promising strategy for this 

application. However, there is a need for extensive research using process analytical tools to 

establish HME as a dependable continuous manufacturing process.
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1. Introduction

Over the past three decades, hot melt extrusion (HME) has emerged as an essential 

processing technology in the pharmaceutical industry, and it is steadily rising owing to its 

utilization to manufacture novel pharmaceutical products [1, 2, 3, 4]. Most pharmaceutical 

industries are moving towards HME technology mainly to improve the dissolution profile of 

poorly water-soluble drugs to enhance bioavailability and achieve therapeutic plasma drug 

concentration [5, 6, 7]. Lately, HME is being explored for various applications, and it is 

found successful in the development of various drug delivery strategies. Literature reports 

showed the use of HME in the development of pharmaceutical cocrystals [8], co-extrusion 

for producing fixed-dose combinations [9], chronotherapeutic systems [10], self-emulsifying 

drug delivery systems [11], twin-screw granulation [12], semisolid dosage forms [13], 

abuse-deterrent formulations [14], novel three-dimensional (3D) printing filaments [15], and 

other miscellaneous applications [2, 3, 4, 16]. Figure 1 illustrates the volume of research 

publications on HME for preparing different drug delivery sytems during the last five years. 

This suggests that the use of HME is predominantly devoted to solid dispersions. 

Remarkably, in a relatively short period of time, the use of 3D printing has exploded for the 

development of dosage forms.

In a previous review [4], the authors focused on the advantages of HME applications, such 

as solubility enhancement, taste masking, and targeted and shaped drug delivery systems, 

with special emphasis on innovations in HME. As an update to this earlier review, the 

current review focuses on the innovative opportunities and continuous manufacturing (CM) 

of HME in pharmaceutical drug delivery.

The quality by design (QbD) principle is used in drug product development and 

manufacturing to improve process capability, reduce product variability, enhance product 

quality, and enable CM. This QbD principle involves the use of experiment design, data and 

risk analysis, and process analytical tools to collect real-time data to produce quality product 

[17, 18, 19]. This principle initiated the pharmaceutical industry to shift into CM. Thus, in 

this new era of pharmaceutical product development, there is an increased interest in the use 

of CM to produce pharmaceutical products [20, 21, 22, 23, 24]. Application of CM and the 

required process controls for traditional manufacturing processes are challenging tasks for 

the pharmaceutical industry; therefore, single batch operations are used to manufacture most 

pharmaceutical products. However, advanced manufacturing processes, such as HME and 

3D printing, promise to offer an advanced manufacturing approach to develop a CM process 

[25]. The structure of this review is categorized into Part I and Part II. Within this Part I the 

authors emphasize strengths, weakness, opportunities, and threats (SWOT) analysis of 

HME, process analytical tools, and CM. In addition, an update on solubility enhancement is 

presented, as well as HME based fused deposition modeling (FDM) 3D printing with case 

studies are detailed.

1.1. SWOT analysis of HME

SWOT analysis of HME was presented in the literature from the same group in “Melt 

extrusion with poorly-soluble drugs: An integrated review” [3]. In the current review, 
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strengths of HME and its application on CM are discussed, along with a special emphasis on 

3D printing using HME technology.

In general, the advantages of HME technology are the absence of solvents, which prevents 

risk of chemical degradation (in case of aqueous solvents) and residual organic solvents 

limits [26]; ease of scalability and CM by adapting process analytical tools [27, 28]; few 

processing steps, which makes it cost- and time-effective [29, 30]; improved solubility and 

bioavailability of poorly water-soluble drugs [26, 31, 32]; modification of drug release to 

delayed or sustained release [33, 34]; and development of various pharmaceutical drug 

delivery systems [35, 36, 37, 38, 39, 40]. Figure 2 represents the critical parameters involved 

in the development of various dosage forms by HME. Likewise, its disadvantages are high 

processing temperatures and high energy input, which may affect the stability of processing 

materials [41, 42]. Feedstock materials with suitable properties for HME, such as flow 

characteristics, and use of additional additives may overcome this issue to a certain extent 

[28, 43]. Alternative technologies or threats for HME technology include spray-drying and 

KinetiSol® technology. However, these technologies may be helpful at times when HME is 

not appropriate (as in thermolabile drugs) to enhance the solubility of poorly water-soluble 

drugs. Finally, considering the overall applicability of HME techniques (CM, 3D printing, 

potential alternative to dry granulation, cocrystals, fixed-dose combination products), it is a 

versatile platform technology in the pharmaceutical industry.

2. Continuous manufacturing and process analytical tools

In recent years, there is an increased interest in the development of CM of pharmaceutical 

products. The use of process analytical tools for real-time monitoring is a suitable option for 

designing CM processes. The concept of Process Analytical Technologies (PAT) was 

introduced by the United States Food and Drug Administration (FDA) in 2004 for a greater 

understanding of fundamental manufacturing processes to ensure end-product quality [44, 

45]. The main objective was to implement suitable tools for in-line or on-line monitoring 

and data analysis through a scientific approach, such as the QbD approach and 

chemometrics [46].

In the pharmaceutical industry, for CM, HME can be supported with different PAT tools, 

such as UV/visible (UV/VIS) spectrophotometry, near-infrared spectroscopy (NIR), Raman 

spectroscopy, and rheometry. These tools enable real-time analysis in CM and immediate 

process control to correct deviations. The schematic representation of in-line, on-line and 

off-line analysis in hot melt extrusion is shown in Figure 3. In summary, PAT tools may 

potentially improve safety, reduce batch losses, and meet applicable specifications [28].

2.1. UV/Visible spectrophotometry

In-line UV/VIS spectrophotometry has been used for many years in inline-colorimetric 

monitoring of polymer extrusion [47] and in the food industry [48]. In UV/VIS 

spectrophotometry, only the color coordinates obtained from the spectra can be used for 

process control. However, UV/VIS in-line spectrophotometry in extrusion, in addition to the 

color, provides information on particle size, solid state, and concentration [28].
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Wesholowski et al. [49] used in-line UV/VIS spectrophotometry as a PAT tool for 

manufacturing solid dispersions of carbamazepine and theophylline with copovidone. The 

method was proved to be accurate and repeatable for the formulations tested. The range of 

linearity differed with different formulations because the range of linearity for 

carbamazepine formulations was 5–30%, whereas that for theophylline formulations was 

2.5–10%. Evaluation of recorded data was appropriate because univariant data analysis was 

found to be adequate for the evaluated range of experimental parameters.

Becker et al. [50] used inline-visible spectrophotometry to determine particle size 

distribution density of polypropylene/clay composites. Particle distribution density was 

obtained from transmission spectra and using numerical linear equation systems. From the 

results, it is evident that distribution density depends on parameters such as dosage and 

screw speed.

2.2. Near-infrared spectroscopy

NIR is a nondestructive monitoring tool to measure the effect of critical process parameters 

(temperature, feed rate, and screw speed) on product quality and process efficiency. Due to 

this feasibility to make adjustments to the process, correction can be performed in real-time 

when deviations in the process are noticed during the HME process [51]. In the HME 

process, a transmission NIR probe can be used for in-line monitoring of extrudates, with the 

probe inserted in the die. Detection of physicochemical transformations can produce vital 

information about product quality and performance [52].

Islam et al. [51] used two NIR probes as in-line monitoring tools for extrusion of poorly 

water-soluble indomethacin (IND) with Soluplus® and Kollidon® VA 64. Two probes were 

used to increase the rationale for studying the transitions during the process. The first 

reflectance probe near the feeding zone collects the spectra of a crystalline drug and the 

transmission probe at the die collects the spectra of a molten drug. The NIR data provided 

valuable information on the relation between torque or die pressure and screw speed, as well 

as transparency of extrudates and peaks, revealing amorphous conversion of IND and drug-

polymer interaction. Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) 

data were in accordance with the results provided by NIR spectra. Thus, NIR data provide 

valuable inputs regarding the optimization of process and formulation parameters.

Krier et al. [53] used NIR as an in-line technique in a process involving celecoxib and ethyl 

vinyl acetate 2803G to monitor co-extrusion of implants. Spectral intensity of the active 

pharmaceutical ingredient (API) data was found to be directly proportional to drug 

concentration and can be correlated to increasing polymer concentration. These changes in 

drug concentration according to the experimental conditions reflect the ability of NIR to 

analyze the process in real-time. NIR assay values were in close agreement with those of 

off-line high performance liquid chromatography (HPLC) methods. This NIR technique 

employed was found to be very fast (5 sec) and sensitive compared to the reference methods 

used (4 min). Experimental data infer that the employed NIR tool monitors the critical 

quality attributes (CQAs) of the process and allows modification of the critical parameters of 

the process (such as drug content and extruder diameter).
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2.3. Raman spectroscopy

Raman spectroscopy is a possible analytical technique for in-line quantification of API. This 

technique is a molecular vibrational spectroscopic method that is nondestructive and fast 

[44]. Additionally, it is a useful PAT tool requiring no sample pretreatment and containing 

multivariate data as quantitative and qualitative physicochemical information. Compared 

with NIR spectroscopy, owing to its much lower sensitivity to water interference, Raman 

spectroscopy is also suitable as a monitoring tool for wet granulation process. There are few 

applications of Raman spectroscopy in determining the endpoint of a blending process. De 

Beer et al. [54] used Raman spectroscopy to determine end point in a high shear mixing 

process. Hence, the collected Raman spectra were matched with reference spectra using 

SIMCA models. Nagy et al. [55] employed Raman spectroscopy successfully in a 

continuous blending and tableting process. They used it for the first time for quantitative 

analysis in a continuous real-time monitoring and to evaluate drug content in the blending 

step performed by a twin-screw blender.

Recently, Ibrahim et al. [56] employed terahertz Raman (THz Raman) imaging to 

characterize the solid-state characteristics of acetaminophen (APAP)/ hydroxyl propyl 

methyl cellulose (HPMC) solid dispersions manufactured via HME. The peak from the 

crystalline lattice vibrations provides clear discrimination between the crystalline and 

amorphous portions of APAP in the extrudates. Extrudates manufactured at different screw 

speeds and temperatures were evaluated and the results showed that both higher thermal 

energy and screw speed successfully assisted the amorphous conversion of APAP. High-

spatial-resolution Raman images confirmed the amorphous nature of APAP dispersed in 

HPMC matrix. The study proves the suitability of THz Raman imaging for identifying the 

solid state of API in solid dispersions. This technique also provides visual distribution 

patterns of formulation ingredients in solid dispersions.

Harting et al. [57] evaluated Raman spectroscopy as a PAT tool for quantifying ibuprofen 

and diclofenac sodium in a twin-screw wet granulation process. A Raman probe was 

installed in front of the barrel and spectra were collected upon continuous flow of granules. 

The first step was to develop a partial least square (PLS) calibration model and the second 

step was to develop an in-line Raman spectroscopy method for both APIs through a split-

feeding method. When the in-line method was applied for the process with both APIs, the 

detectable saturation concentration range of API was found to be different for both APIs. 

The in-line analysis was further checked by an off-line UV analysis, which proved that the 

twin-screw granulation process was suitable for monitoring drug content uniformity in the 

granules.

Netchacovitch et al. [58] used in-line Raman spectroscopy for real-time monitoring to 

determine drug content. Two approaches, univariate and multivariate analyses, were 

employed to determine content uniformity of itraconazole in dosage forms. Extrusion was 

performed at 155°C with a screw speed of 100 rpm and drug contents ranging from 70–

110%. In-line Raman measurements were performed, and drug concentrations of extrudates 

were analyzed by a valid off-line confocal Raman microscopic reference method. Drug 

content values, as determined by in-line and off-line analyses, were closer in multivariate 

analysis than in a univariate method, proving the accuracy of multivariate method. This 
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study provided valuable information on successful application of in-line Raman 

spectroscopy for regulating content uniformity in dosage forms.

2.4. Rheometry

In the HME process, primary process variables, such as pressure and temperature, can be 

freely monitored to test process stability (such as process and product homogeneity). In CM, 

in-line measurement of rheological characteristics plays an important role in real-time 

monitoring of torque, influence of drug load, and effect of formulation ingredients on the 

process [59].

Real-time evaluation of rheology in the extrusion process can be achieved by determining 

the pressure drop inside an extruder die connected to the instrument. In-line process 

measurement is an evaluation made inside the main process stream, rather than in the sample 

obtained from the main flow (on-line). In-line rheological characterization enhances process 

control and understanding. Recently, Kelly et al. [60] used in-process rheometry as a PAT 

tool for HME. The API (a developmental API), was dispersed in polyvinylpyrrolidone-

vinylacetate (PVP-VA) copolymer (Kollidon® VA 64). The ranges of % drug load and 

temperature studied were 0–40 and 120–140°C, respectively. A 16-mm extruder was fitted 

with a rheological slit die with a temperature control adaptor and slit-die block. A linear 

fitting was performed between the change of pressure along the slit length and predicted 

pressure at the die exit. The results reflected a trend of miscibility between the API and 

polymer, as well as a plasticizing effect of the API on the polymer. The viscosity of pure 

polymer was reduced by approximately 30 folds at 40% drug load and by 20 folds with 

increment of the process temperature from 120°C to 160°C. The observed relation between 

shear rates and pressure drop due to shear thinning provided a valuable real-time data about 

process control.

Monteyne et al. [61] employed vibrational spectroscopy to study the relation between 

continuous twin-screw melt granulation (TSMG) and rheology. There is a possible 

relationship between chemical changes or interactions and physical properties such as the 

micro-structure of granules. Modified physical properties may reflect the modification of 

chemical properties, indicating the changes brought by the applied process. Therefore, an in-

line Raman and in situ Fourier-transform infrared spectroscopy (FTIR) were applied to study 

rheological changes during the melt granulation process based on analysis of 

physicochemical properties. This study aimed to detect molecular level changes in a caffeine 

anhydrous/Soluplus® combination in the TSMG process, with reference to changes in 

rheometric analysis. With the applied pressure and force in the twin-screw granulation 

process, the materials, while being converted into the granule form, showed changes in 

rheological properties, which were further reflected in their chemical properties, as showed 

by in situ FTIR. Changes in the chemical properties of the formulation, such as polymorphic 

conversion at specific process settings applied, including temperature and shear, showed a 

correlation between the data measured by plate-plate rheology and FTIR data.

This in-line rheometric analysis can be a valuable tool for HME and CM. The data on 

viscosity and degradation provided by this technique could play a vital role in setting 

process parameters and thus improving product quality.
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3. Solubility enhancement by HME

The use of HME for improving the solubility and dissolution rate of poorly water-soluble 

drugs through dispersion or distribution in suitable carriers is well-established, as reflected 

by its use in the manufacturing of commercial products on the market (Table 1) [62, 63, 64]. 

The different mechanisms used to improve drug solubility are improving wettability, 

modifying physicochemical properties of API, preventing recrystallization, and stabilizing 

amorphous formulations[65]. The melt-mixing process during HME converts crystalline 

APIs to the amorphous form by dispersing it in a carrier and prevents drug recrystallization 

through formation of non-covalent bond between the drug and the carrier chain or through 

the stearic hindrance phenomenon [2]. Because the drug is dissolved in the hydrophilic 

carrier, its dissolution in gastrointestinal fluids is enhanced compared to that of the native 

crystalline form of APIs. This improvement is caused by Gibb’s free energy and absence of 

lattice energy barrier. The hydrophilic nature of the carriers aids in improving drug 

dissolution in aqueous fluids, whereas the nature and concentration of the carrier plays a 

vital role [66]. These solid dispersions may tend to recrystallize based on polymer 

characteristics and processing conditions employed [65]. Figure 4 shows spring-parachute 

effect and the various HME strategies studied for enhancing the solubility for poorly water-

soluble drugs.

Various reports on solubility enhancement through HME were discussed in recent reviews 

[3, 52, 63], including solid dispersions of tadalafil [67], co-amorphous system of 

indomethacin/arginine [68], solid crystalline suspensions of efavirenz [69], solid solutions of 

artesunate [70], and ternary inclusion complexes of itraconazole/cyclodextrin [71]. In this 

section of this review, we present new reports on HME applications for drug solubility 

enhancement for the readers’ interest.

Recently, Kelleher et al. [72] investigated the effect of process parameters for developing 

solubility-enhanced, fixed-dose combination of ramipril (melting point (M.P) 117°C) and 

hydrochlorothiazide (M.P 272°C) by spray-drying and HME techniques. The hydrophilic 

carriers Kollidon® VA 64 and Soluplus® were employed, and the effect of the plasticizer 

polyethylene glycol (PEG) 3350 on the extrusion process was evaluated. Considering 

ramipril degradation, the maximum temperature used for extrusion was 140°C, which was 

above the glass transition temperature (Tg) of the two APIs and Kollidon® VA 64 or 

Soluplus®. The formulations with Kollidon® VA 64 showed a significant improvement in 

drug dissolution, whereas Soluplus®-based formulations showed relatively low improvement 

in drug release. This might be attributed to the chemical composition of Soluplus®, which 

rearranges itself into multi-chain micelle assembly at increased concentrations [73].

McFall et al. [74] reported pH-modulated solid dispersions of poorly water-soluble 

aripiprazole (137–142°C). The formulations were prepared at 20–40% of drug load and 60–

80% of hydrophilic polymer (Kollidon® 12PF) and at 0–10% concentration of succinic acid. 

The process was carried out at 120°C, which was the minimum possible temperature for 

extrusion. Further, the extrudates were milled, blended with excipients, and compressed into 

tablets. There was significant improvement in dissolution rate because of the micro-

environment provided by succinic acid, which helps in the dissolution of weakly basic drugs 
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such as aripiprazole. In vivo studies showed the same trend to that in in vitro release studies. 

The applicability of HME with pH modifiers was revealed as a suitable approach for APIs 

with pH-dependent solubility.

Ong et al. [75] used a co-processing/formulation approach to improve the solubility of 

poorly water-soluble drugs. Their study utilized surface-modified dendrimer nanoparticles 

(phytoglucan whose surface was modified by octinyl succinate) as solubility enhancers that 

modify micro-environment by forming locked aliphatic chains and aiding the formation of 

amorphous solid dispersions. Drugs with different hydrophobicities, including ibuprofen, 

phenytoin, griseofulvin, and loratadine, were selected for the study. Based on the crystal 

properties (log X ideal) and hydrophobicity (-log γ) calculated in the preliminary studies, 

the order of hydrophobicity was found to be phenytoin > griseofulvin> ibuprofen > 

loratadine. Results of XRD studies revealed that the crystallinity values of the formulations 

after extrusion were in accordance with the original crystallinity of the respective APIs. 

Results of drug release studies revealed that dissolution rate was markedly improved for all 

APIs owing to the wetting effect of the carrier, except for phenytoin. The reason might be 

mismatched polarity between phenytoin and the C8 chains of the carrier, as well as the 

inability of the atmosphere of the carrier molecule to accommodate a drug with relatively 

low hydrophobicity, such as phenytoin.

Huang et al. [76] prepared an amorphous solid dispersion (ASD) of gliclazide (M.P 166°C) 

and investigated the effect of processing conditions on the formation of amorphous 

compounds and degradation potential of the process while the drug converts to the highly 

energetic amorphous form. During preformulation studies, Affinisol™ HPMC 100LV was 

found to be more miscible with the API than Soluplus®, and a drug load of 10% was found 

feasible for extrusion. This study confirmed that processing conditions such as shear and 

processing temperature affect drug degradation, as well as drug conversion to the amorphous 

form. The minimum energy (mechanical and thermal) required to attain complete, 

amorphous, single-phase solid dispersions without degrading the product is an essential 

factor in developing ASDs for drugs with high M.Ps.

Hanada et al. [77] investigated the effect of process parameters on the ternary ASD of IND/

mesoporous silica/HPMC. The results showed that the trials with 2 and 3 kneading zones 

exhibited a dark yellow/brown color due to the high shear caused by the process, whereas 

the trials with 0 and 1 kneading zone produced products not completely converted to the 

amorphous form. As shown through dissolution studies, the ASDs obtained by using 0 and 1 

kneading zones showed rapid dissolution for 2 h, followed by precipitation. However, the 

ASDs prepared by 2 and 3 kneading zones showed rapid dissolution and demonstrated a 

parachute effect with high drug concentration for up to 24 h. These findings indicate the 

relationship between specific mechanical energy of the process and product performance. 

Results of NMR studies also showed that higher specific mechanical energy results in higher 

drug/polymer miscibility, a greater parachute effect, and reduced recrystallization upon 

exposure to higher temperature/humidity conditions. These studies further confirm the use of 

HME for drug solubility enhancement.
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4. HME and 3D Printing

Recently, 3D printing has emerged as a novel technology for pharmaceutical and biomedical 

applications. It is a process where materials are deposited layer-by-layer using a computer 

design to produce a desired 3D product. The first 3D-printed pharmaceutical product, 

Spritam® (levetiracetam; Aprecia Pharmaceuticals), is a rapidly disintegrating tablet used to 

treat partial onset seizures, and its approval by the FDA in 2015 initiated an increase in 

interest in the development of 3D-printed pharmaceutical products [78, 79]. In recent years, 

various researchers have proposed and developed 3D-printed drug delivery systems of 

various drugs. The various 3D printing techniques reported in literature are fused deposition 

modeling (FDM), binder deposition, material jetting, inkjet printing, photopolymerization, 

powder bed fusion, and pen-based 3D printing [56, 80, 81, 82, 83]. For pharmaceutical 

applications, among the various 3D printing technologies available, FDM is a prominent 

technology that can be coupled with HME to provide patient-centric dosage forms. In this 

part of the review, we highlight applications of extrusion-based FDM 3D printing 

technology for the development of personalized drug delivery systems.

4.1. HME coupled with FDM 3D printing

FDM is a typical extrusion process in which a thermoplastic polymer filament is extruded 

through a nozzle, where it is heated and then deposited layer-by-layer as designed [84]. This 

FDM technology requires filaments for printing pharmaceutical products. The polymer 

filaments used in FDM should have suitable thermal and mechanical properties because 

these filaments will experience high temperature and compressive forces during the printing 

process, which may hinder the printing of thermolabile drugs. However, most of the 

currently available filaments on the market do not have appropriate characteristics to be used 

directly for FDM 3D printing. The pharmaceutical-grade polymers that can be useful for 

FDM 3D printing are polyvinyl alcohol, polyvinyl pyrrolidine, and polylactic acid [15]. This 

limited availability of polymers restricts the use of FDM 3D printing in the development of 

pharmaceutical products. However, HME is an established technology for extrusion of 

polymers to produce filaments of desired thickness based on die diameter. Consequently, 

there is an increased interest in the development of filaments of various polymers through 

HME followed by FDM 3D printing.

4.1.1. Applications of HME coupled with FDM 3D printing—Tan et al. [85] 

comprehensively discussed pharmaceutical applications of HME coupled with FDM 3D 

printing for personalized drug delivery. This combination of HME and FDM 3D printing is 

utilized and reported in the development of various 3D-printed tablets with different drug-

release characteristics. Likewise, controlled-release tablets of acetaminophen with HPMC 

E5 [86, 87], budesonide with polyvinyl alcohol [88], and glipizide with polyvinyl alcohol 

[89]; modified-release tablets using hydroxypropyl methylcellulose acetyl succinate [90]; 

sustained-release tablets of theophylline and metformin hydrochloride using thermoplastic 

polyurethanes [91]; immediate-release, 3D-printed tablets of pantoprazole sodium with five 

different pharmaceutical-grade polymers (polyvinylpyrrolidone K12, PEG 6000, 20000, 

Kollidon® VA 64, and poloxamer 407) [92]; and intragastric floating system of domperidone 

[93] are discussed elsewhere in the literature. The following are several literature reports that 
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showed extensive research on HME-based FDM 3D printing for the development of various 

types of drug delivery systems.

Solanki et al. [94] screened polymers, studied drug polymer miscibility and printability, as 

well as formulated 3D-printed, rapid-release tablets of haloperidol by FDM. The various 

polymers studied were Kollidon® VA 64, Kollicoat® IR, Affinsiol™15 cP, and hypromellose 

acetate succinate (HPMCAS) either alone or as binary blends (Kollidon® VA 64 and 

Affinisol™ 15 cP, 1:1; Kollidon® VA64 and HPMCAS, 1:1). Finally, HME-extruded 

filaments of the Kollidon® VA 64-Affinisol™ 15 cP mixture were identified as a suitable 

polymer system that is flexible and possesses the desired mechanical 3D printing properties 

and rapid drug-release characteristics. All of the polymers or blends of polymers evaluated 

were commonly employed pharmaceutical-grade materials, which confirms the feasibility of 

FDM 3D printing technology for the development of various pharmaceutical dosage forms.

Recently, Okwuosa et al. [95] for the first time developed a method to produce liquid 

capsules with the potential of drug dose and release modifications. This study coordinated 

the use of HME to produce filaments with the use of modified dual FDM 3D printing and 

liquid dispensing to manufacture personalized dosage forms on demand in a fully automated 

fashion. The polymethacrylate polymers Eudragit® EPO (immediate release) and Eudragit® 

RL (controlled release) were extruded to produce filaments by HME, and the shells for 

optimizing drug release using FDM 3D printing were simultaneously filled using a 

computer-controlled liquid dispenser loaded with the model drug suspension (dipyridamole) 

or solution (theophylline). The 1.6 mm thickness and concentric architecture of the shells 

allowed successful containment of liquid core while maintaining the release properties of the 

3D-printed liquid capsule. The modification of shell thickness modified the release 

characteristics without changing the formulation. This approach also overcomes the 

compatibility of formulation ingredients to the high temperature of FDM 3D printing. Thus, 

owing to its low cost and versatility, this approach can be adapted to a wide spectrum of 

small- or large-molecule liquid formulations. Kollamaram et al. [96] reported low 

temperature FDM 3D printing at 70–90 °C using ramipril and 4-aminosalicylic acid as 

thermolabile drugs as well as Kollidon® VA 64 and Kollidon® 12PF as potential polymers. 

Therefore, this study showed that selection and use of appropriate excipients can overcome a 

major limitation of drug degradation due to thermal heating by FDM, thus making this 

technology suitable for drugs with low melting points.

This HME coupled FDM 3D printing is combined with nanotechnology to produce novel 

dosage forms. Beck et al. developed 3D-printed tablets loaded with polymeric nanocapsules, 

combining HME and FDM 3D printing with nanotechnology. Initially, 3D-printed tablets 

were produced using FDM 3D printing of poly(ε-caprolactone) and Eudragit® RL100 

filaments with or without a channeling agent (mannitol). These tablets were soaked in 

deflazacort-loaded nanocapsule dispersions for adsorption to obtain drug nanocapsule-

loaded 3D-printed tablets. The drug release characteristics were dependent on the type of 

polymers in the tablets with or without a channeling agent (mannitol). This study again 

revealed the adaptability of HME coupled with FDM 3D printing and approaches to produce 

personalized novel drug delivery systems [97]. Scoutaris et al. developed 3D-printed 

Starmix®-loaded dosage forms for pediatric applications by using HME and FDM. They 
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prepared filaments of IND, HPMCAS, and PEG, which were fed into a 3D printer to print 

ring-, heart-, bottle-, bear-, and lion-shaped tablets. The products were characterized using 

DSC, XRPD, FTIR, and Raman spectroscopy, and the results demonstrated a molecular 

dispersion of IND in the printed tablets, with excellent content uniformity and taste-masking 

efficiency, as well as immediate drug-release characteristics [98]. The use of PEG in the 

formulation in appropriate ratios provided the plasticizing effect of the filaments, which can 

be used for FDM printing. FDM of HME filaments was also utilized for developing 

orodispersible films. Jamroz et al. [99] reported 3D-printed orodispersible films of 

aripiprazole using polyvinyl alcohol. These formulations suggest the feasibility of HME 

coupled with FDM 3D printing as an option for the development of pediatric dosage forms.

Palekar et al. [100] developed a pediatric formulation (minicaplets) of baclofen by a QbD 

approach using HME-based FDM 3D printing. In this study, PVA with sorbitol as polymer 

was used to prepare baclofen-loaded filaments that were printed into minicaplets in different 

sizes, with four different infill patterns and three different infill percentages. Drug release 

was marginally affected by infill percentage but significantly affected by caplet dimension. 

This study yet again proved that low-cost FDM 3D printing can be a promising alternative 

for the development of customized pediatric formulations.

Arafat et al. [101] developed a 3D-printed oral dosage form of tailored, on-demand, 

anticoagulant (warfarin) dosing as a strategy to improve anticoagulation therapy. For 

effective anticoagulation treatment, the target International Normalized Ratio of the patients 

needs to be monitored and maintained in the normal range. To achieve this, the dose of an 

anticoagulant drug needs to be altered accordingly before being administered to patients. In 

this study, sodium warfarin-loaded filaments were produced by HME, and the filaments 

were further fabricated via FDM 3D printing to obtain capsular-ovoid-shaped immediate-

release dosage forms with varying doses. In vivo studies of the obtained dosage forms in 

Sprague-Dawley rats showed proportionate results compared to the drug solution. These 

studies further revealed the applicability of HME coupled with 3D printing in the 

development of personalized drug delivery.

Furthermore, HME coupled with FDM 3D printing has been utilized for the development of 

drug-loaded implants. Kempin et al. produced quinine-loaded filaments using various 

polymers, such as Eudragit® RS, polycaprolactone, poly(L-lactide), and ethyl cellulose. 

These filaments were used in FDM printing to produce drug-loaded, hollow, cylinder-shaped 

implants. Drug release from these implants varied over 51 to 100 days, suggesting that this 

technology can be useful to develop implants in any desired shape for a desired purpose over 

a period [102].

Genina et al. [103] utilized ethylene vinyl acetate (EVA) to produce IND-loaded EVA 

filaments using HME. The drug-loaded EVA filaments were employed in FDM 3D printing 

to produce custom-made, T-shaped intrauterine devices and subcutaneous rods. Similarly, Fu 

et al. developed personalized progesterone-loaded vaginal rings using FDM 3D printing. The 

progesterone-loaded filaments were fed into FDM 3D printers to print vaginal rings in 

different shapes, namely “O”, “Y”, or “M”. These vaginal rings showed long-term sustained-

release of progesterone for more than a week [104]. This HME-based FDM 3D printing was 
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also utilized as a platform for miscellaneous applications, such as development of polypills 

(multiple drugs in one dosage form) as bilayer dosage forms [105], duocaplets, multilayer 

tablets [106], and two compartment capsule dosage forms [107]. This two-compartment 

capsule form can be used for pulsatile release of one drug or two compartments filled with 

two different drugs as polypill. The printing of these two compartments can be tailored with 

different polymer materials for free solubility or gastric resistant.

The abovementioned studies established HME coupled with FDM 3D printing as a versatile 

approach for the development of various drug delivery systems. Thus, the combined 

advantages of HME and FDM 3D printing prompted the exploration of HME coupled with 

FDM 3D printing as a CM process for the development of personalized drug delivery 

systems. In the new era of pharmaceutical product development, there is an increased 

interest in the use of CM to manufacture pharmaceutical products. These two advanced 

manufacturing processes, HME and FDM 3D printing, offer an advanced manufacturing 

approach to achieve CM. This continuous HME coupled with FDM 3D printing, along with 

PAT, will be a novel application for the CM and designing of optimized personalized drug 

delivery products in the future (Figure 5). The availability of Fourier-transform NIR 

spectroscopy and Raman spectroscopy as PAT in conjunction with multivariate analysis 

techniques and PLS provides real-time monitoring of the process and product [19]. The 

combination of these two technologies as a CM process offers advantages of producing 

efficient and cost-effective pharmaceutical products.

5. Conclusion

HME has become an essential technology in the pharmaceutical industry because of its 

numerous advantages and applicability for CM. This solvent-free, environmentally friendly 

technology is utilized in the development of various pharmaceutical drug delivery systems. 

Further, this technology is being explored as a continuous process in various novel 

strategies, specially fused deposition modelling 3D printing. As discussed in Part I of this 

review, process analytical tools may be successfully applied along with appropriate Design 

of Experiments for this technology to understand in-line processing and establish CM 

processes. Nevertheless, the major challenges encountered such as thermal and chemical 

degradation can be overcome by investigating and optimizing the various physicochemical 

properties, such as miscibility and interaction of drug polymer systems, rheological 

properties, physical states, and ultimate stability of hot melt-extruded products.

6. Expert opinion

Increased patents and publications on HME, availability of commercial products, and SWOT 

analysis are indicative of the extensive applicability of HME in the pharmaceutical industry 

as a platform technology. HME is employed for development of various pharmaceutical drug 

delivery systems, such as granules, tablets, oral disintegrating formulations, films, and 

implants. However, increased interest in the use of CM processes has marked HME as an 

effective strategy, which is supported by different PAT tools, such as NIR spectroscopy, 

Raman spectroscopy, and rheometry. PAT facilitates real-time analysis in CM and it 

potentially improves safety, reduces batch losses, and meets the specifications to produce 
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products with critical attributes of quality medicines. However, extensive research is 

imperative to establish HME as a viable CM process.

HME for improvement of solubility and dissolution rate of poorly water-soluble drugs with 

suitable polymers is very well-established, and this trend is evidenced by the availability of 

commercial products on the market. Recently, approval of the first 3D-printed product by 

USFDA resulted in increased interest in the development of 3D-printed pharmaceutical 

products for personalized drug delivery. Especially, the suitability of FDM with HME 

processes for various 3D-printed dosage forms is evidenced by the literature. FDM and 

HME technologies possess a unique opportunity to be coupled for CM of patient-centric 

dosage forms, including pediatric and geriatric products. As presented in Figure 1, the use of 

HME is predominantly devoted to solid dispersions. Remarkedly, however, in a relatively 

short period of time, 3D printing has exploded for the development of dosage forms, 

including patient-centric medicines. Thus, it seems evident that HME coupled with 3D 

printing provides a paradigm shift in pharmaceutical manufacturing.

The limitations of HME, namely potential high processing temperatures and high energy 

input, may affect the stability of hot melt-extruded products. Studies on the physicochemical 

properties, nature of the extrudate products, and use of appropriate additives may overcome 

these issues to a certain extent. Effective strategies and experimental designs are also 

necessary to manage product quality matters. An alternative to the HME process may be 

KinetiSol® technology; however, its shortcomings, such as scalability, need to be further 

investigated.

In summary, the application of HME technology in the pharmaceutical industry has 

expanded its previous focus on the development of pharmaceutical products with improved 

therapeutic efficacy. The United States FDA has been supportive of this versatile technology. 

However, industries are need of regulatory guidance to ensure adequate quality control and 

continuous manufacturing of HME products.
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Article highlights

• This review emphasizes a SWOT analysis and provides updates on solubility 

enhancement and hot-melt extrusion (HME) based 3D printing in formulation 

of different dosages

• HME processing is supported with different PAT tools and can be established 

as a continuous manufacturing process

• Melt extrusion is a solvent free, cost-effective technology for various 

conventional and novel formulations

• HME is an adaptable technology, which can be coupled with Fused 

Deposition Modelling (FDM) 3D printing for various dosage forms

• The high processing temperatures and high energy input in HME need to be 

assessed for HME manufacturing.
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Figure 1. 
Piechart illustrating the percentage of research publications on hot melt extrusion for 

preparation of different drug delivery systems during last five years (Scopus and Pubmed)
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Figure 2. 
Fishbone diagram representing the critical parameters involved in development of various 

dosage forms by hot melt extrusion (HME). TM - melting point, Tg - glass transition, HBA - 

hydrogen bond acceptor, HBD - hydrogen bond donor, MRTD – Mean residence time 

distribution.
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Figure 3. 
Schematic representation of in-line, on-line and off-line analysis within a hot melt extruder
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Figure 4. 
Representation of HME technology studied for enhancement of solubility for poorly soluble 

drugs
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Figure 5. 
Schematic illustration of hot melt extrusion coupled with FDM 3D printing for continuous 

manufacturing.
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