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ABSTRACT 

Three-dimensional (3D) printing is an innovative additive manufacturing technology, 

capable of fabricating unique objects in a layer-by-layer manner. Semi-solid extrusion 

(SSE) is a subset of material extrusion 3D printing, based on the sequential deposition 

of layers of gel or paste to create an object of a desired size and shape. In comparison to 

other extrusion-based technologies, SSE 3D printing employs low printing temperatures 

making it suitable for drug delivery and biomedical applications, and the use of 

disposable syringes provides benefits in meeting critical quality requirements for 

pharmaceutical use. Besides pharmaceutical manufacture, SSE 3D printing has attracted 

increasing attention in the field of bioelectronics, particularly in the manufacture of 

biosensors capable of measuring physiological parameters or as a means to trigger drug 

release from medical devices. This review begins by highlighting the major printing 

process parameters and material properties that influence the feasibility of transforming 

a 3D design into a 3D object, followed by a discussion of the current SSE 3D printing 

developments and applications in the fields of pharmaceutics, bioprinting and 

bioelectronics. Finally, the advantages and limitations offered by this technology are 
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explored, focusing on its potential clinical applications and suitability for preparing 

personalised medicines.  

 

Keywords: 3D printing; Micro-extrusion; Direct Ink Writing; Personalized 

pharmaceuticals and medicines; 3D printed drug products; Rheology and food printing. 

 

1. Introduction 

Three-dimensional printing (3DP) is an additive manufacturing method that enables the 

construction of bespoke objects in a layer-by-layer manner (1-3). The term 3DP 

encompasses an array of different technologies, which can be classified based on the 

American Society for Testing and Materials (ASTM) standards into seven main 

categories: binder jetting, directed energy deposition, material extrusion, material 

jetting, powder bed fusion, sheet lamination, and vat photopolymerization (4). However 

in the pharmaceutical field, only a few technologies and subcategories are currently 

used: binder jetting (5-8), material extrusion (fused deposition modelling (FDM) (9-12), 

material jetting (13-16), direct powder extrusion (DPE) (17-19) and semi-solid 

extrusion (SSE) (20-24)), selective laser sintering (SLS) (25-29) (a subcategory of 

powder bed fusion technology) and vat photopolymerization (30-33) (which includes 

technologies like stereolithography (SLA), digital light processing (DLP) and 

continuous liquid interface production (CLIP)). Independent of the technique used, the 

first step involves the use of a computer aided design (CAD) software to design the 

object to be printed. Next, the 3D model is divided into a series of layers and exported 

to the 3D printer as an .stl file to be fabricated in a layer-by-layer fashion. As a result, 

an individualised object of the desired shape and size can be created (34-37). 

 

Semi-solid extrusion (SSE) is a material extrusion technique based on the deposition of 

a gel or paste in sequential layers to create the 3D object. Upon extrusion, the material 

hardens, allowing the subsequent tiers to be supported by the ones underneath (38). The 

key differences between SSE and the other material extrusion techniques like FDM or 

DPE are in the feedstock materials used (39). In SSE, the starting material is a semi-

solid or semi-molten material, whereas in FDM and DPE the printing material is in the 

form of a solid filament or powder, respectively (17, 40-42). In the literature, SSE is 
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also known as pressure-assisted microsyringe (PAM) printing (43-45), robocasting or 

robotic material extrusion (46), cold extrusion-based printing (47), hydrogel-forming 

extrusion (48), melting extrusion (48), thermal extrusion (49), soft-material extrusion 

(48), melting solidification printing process (50), direct ink writing (51), hot-melt ram 

extrusion (52), hot-melt pneumatic extrusion (53) and micro-extrusion (54). 

 

The physical nature of the feedstock material is what makes SSE especially relevant for 

bioprinting applications (55). The low temperatures needed for printing allows the 

creation of living cell structures, such as aortic valves (56), or the repair of damaged 

tissues (57). Additionally, the use of disposable syringes and pre-filled cartridges 

contributes to this technology meeting the critical quality requirements demanded by 

regulatory agencies. 

 

The unique attributes of this technology are now being explored in drug development to 

produce novel dosage forms (58). Printlets™ (3D printed tablets) and other devices can 

be produced in a matter of minutes in a single-step process, making SSE a perfect 

candidate for its inclusion in clinical settings or research laboratories. SSE 3DP was 

used for the first clinical study that prepared on-demand, personalized printlets in a 

hospital setting (59), where chewable dosage forms in different flavours and colour 

profiles were prepared on site at a pharmacy hospital and administered to children with 

a rare metabolic disease. Chewable printlets have shown to be one of the preferred types 

of formulations by children when compared to printlets prepared using different 3DP 

technologies (DLP, SLS, FDM and SSE) (60). The study evaluated children’s visual 

preferences for the different 3D printed formulations. Although the DLP and SLS 

printlets were the most visually appealing, when the children were informed that the 

SSE printlet was chewable, most changed their preferences and selected the chewable 

dosage form as their favourite. 

 

Nevertheless, the applications of SSE do not end in drug development. This technique is 

also widely used in food printing (61) and is beginning to gain interest in the printing of 

electronic devices (62). The increasing amount of research using SSE and the positive 

results obtained from the work highlighted set a promising precedent for its future 

implementation in healthcare (63). The following section will describe and discuss the 
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SSE 3DP process and crucial parameters that influence the printability and quality of 

the final 3D object,  

2. Semi-solid extrusion printing process 

Similar to other 3DP technologies, the SSE printing process begins with the generation 

of the desired 3D model structure using a computer aided design (CAD) software, 

which is then converted to an .stl file and subsequently loaded to the printer equipment. 

If any changes in the final object are required, it can be achieved by simply modifying 

the starting CAD file (64). Since the entire process is a computer-controlled procedure, 

production time and cost, as well as manual labour are reduced, a major advantage of 

3DP in comparison with conventional manufacturing processes (34).  

2.1. Extrusion 

The most characteristic feature of SSE is the extrusion process. The feedstock material 

is in the form of a solid that possesses a relatively low melting point, or in a semisolid 

state, such as in the form of a gel or paste which is contained within a syringe (38). To 

acquire the right gel consistency, the printing materials can be heated or mixed with a 

solvent or mixture of solvents. The extrusion of the material through the syringe can be 

carried out by means of a pneumatic, mechanical or solenoid-based system (Figure 1) 

(65). 
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Figure 1. SSE 3DP extrusion mechanisms: (A) pneumatic extrusion including (A1) 

valve-free and (A2) valve-based, (B) mechanical extrusion including (B1) piston- or 

(B2) screw-driven and (C) solenoid extrusion. 

2.1.1. Pneumatic-based system 

Pneumatic-based extrusion systems utilize pressurized air to compress and extrude the 

material (55). The air pressure supply is directly connected to the syringe barrel, the 

nozzle of which may have a valve to control the air channel in the printhead via on-off 

valve switching, closing the channel when the valve is off (Figure 1). This valve-based 

mechanism is generally used to prevent material release when no pressure is applied, 

and is highly recommended for low-viscosity materials, such as bioinks (55). On the 

other hand, the valve-free system is widely preferred due to its simplicity, and the 

materials commonly used in pharmaceutical SSE printing, such as hydrogels, present an 

adequate viscosity for use with this configuration (66). Pneumatically driven systems 

generally have a high degree of precision and their response time after starting the 

extrusion process is rapid, as the syringe barrel can be instantly pressurized. 

Additionally, the gas can reach significant pressures without compromising the integrity 

of the system, making this extrusion process suitable for printing highly viscous 

materials (55). 
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2.1.2. Mechanical-based system 

Mechanical-based extrusion systems apply a mechanical force directly to the syringe 

(55), and can be designed in piston- or screw-driven configurations (Figure 1). The 

piston-based system provides greater control over the extrusion flow, while the screw-

based system provides more spatial control and is capable of dispensing materials with 

higher viscosities than the piston-based system (54). The mechanism is simpler than the 

pneumatic system, and is also more affordable and easier to transport, lacking the need 

for an air compressor apparatus (55). In addition, this system allows the easy exchange 

of syringes that can be replaced in a quick manner, resulting in a faster printing process. 

2.1.3. Solenoid extrusion printing 

Solenoid extrusion utilises electrical pulses to open a valve located at the base of the 

syringe (55). The pulse terminates the magnetic pull force generated between a floating 

ferromagnetic plunger and a ferromagnetic ring magnet, which allows the dispensing of 

sub-μL volumes of material (Figure 1). This system is advantageous for the extrusion of 

low viscosity bioink solutions with ionic or ultraviolet (UV) irradiation-based 

crosslinking mechanisms, and is not suitable for printing the viscous materials used in 

pharmaceuticals (55). Moreover, there are a number of factors affecting the 

reproducibility of this extrusion system, such as the time lapse between the energization 

of the coil and the valve opening, which may result in an uneven deposition of material 

(65). 

2.2. Printing process 

During the printing process, the gel or paste is extruded through a nozzle at the base of 

the syringe (38). The nozzle diameter is a parameter that affects the printing precision 

considerably (67). The common rule is to select the smallest nozzle tip that allows for 

easy material extrusion, and to build an object with high resolution and smooth surface. 

Larger nozzle diameters extrude consistent strands but the final object resolution and 

printing accuracy is lower, whereas the smaller nozzle diameters are convenient for 

producing higher resolution objects (68). On the other hand, the risk of collapse is lower 

if a large nozzle is used, since the number of individual strands and therefore the 

number of contact points is lower, making the structure more rigid. Another potential 

reason for greater structure stability may be that the risk of blockage is higher for 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



7 
 

smaller nozzle diameters, causing heterogeneities that may reduce the stability of the 

object (69). It is important to notice that the required printing time increases greatly 

when using a small nozzle size. 

 

The nozzle travel speed and extrusion rate are also important factors in extrusion-based 

3DP (67). In general, a high nozzle travel speed results in less material deposition, 

producing strands with smaller diameters which could also induce extruded strand 

breakage. Conversely, a slow travel speed may result in flow instabilities and the 

formation of imperfections. Regarding extrusion rate, high extrusion rates produce 

larger extruded filament diameters as a result of greater material volume extrusion, 

whilst low extrusion rates lead to an inconsistent material deposition (70). 

 

In printing processes that depend on the heating of the feedstock material, the printing 

temperature is another parameter that should be fine-tuned as the viscosity of the 

material to be printed is in direct correlation with the temperature (20). Prior to printing, 

the syringe mixture is heated until it reaches a viscosity low enough to be extruded 

through the tip nozzle. However, if the material is too extensively liquefied, the 

structure will be incapable of retaining its shape (71). A printing temperature that is too 

high may also result in over-extrusion, whereby material flows in an uncontrollable 

manner. On the other hand, if it is too viscous, the nozzle may clog and the material 

would not flow, which could also damage the extrusion mechanism. Not only the 

heating of the syringe, but also the composition of the feedstock material can be 

modified to obtain a more viscous or liquefied formulation (65). 

 

The positioning of the extrusion head when printing is also a critical factor in achieving 

successful extrusion printing (67). The distance between the nozzle and the build plate 

(or printing platform) must be calibrated according to the viscosity of the material. If the 

distance is too large, the extruded material may accumulate at the tip of the nozzle and 

not adhere to the printing platform properly; whilst if it is too close, there could be an 

insufficient and inconsistent material flow, resulting in incomplete deposition. After 

calibration, some printers are pre-programmed to print an arbitrary shape to ensure a 

continuous flow of material (38). The position of the printer head is orientated using a 

computer-controlled motor system and can move up-down and left-right to cover the Z, 

X and Y axes. 
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After the material extrusion, the effect of gravity may cause the material to change 

shape over time, and the object size may vary depending on the cooling or drying 

process (72). Moreover, the initial extruded layer should display good adhesion to the 

build plate, but not too much so that the printed object can be easily removed once the 

process is complete. Build plates can be made of different material, being glass 

commonly used, however, it is not the best surface for most of the extruded materials. 

Specialised tape (e.g. painter’s tape, Kapton tape) are often employed to improve the 

adhesion of the material to the printing bed (20). In addition, the distance from the 

nozzle to the build plate should be kept to a minimum to prevent cooling of the 

extrudate before coming into contact with the build plate (73). A common problem 

arising during the printing process is material warping or ‘curling’, which is the twisting 

of layer outer edges as a result of exposure to heat or moisture (74). It is most evident in 

the first printed layer and is caused by uneven cooling of the extrudate. Depending on 

the characteristics of the material, some bed plates can be heated or cooled. A heated 

build plate can minimize material warping by limiting stress on the base layers, while a 

cooled build plate can aid in the solidification process of less viscous materials (71). In 

either case, the temperature requires adequate control to ensure the best performance of 

the printing process. 

2.3. Solidification process 

The use of heat or solvents will define the cooling or drying post-printing process, 

although there are other less known strategies to achieve solidification (75): 

i) If the material is extruded using heat, this can be done immediately prior to 

extrusion and the solidification process will be determined by the cooling of the 

material. The printing temperature must be optimized to achieve an adequate 

material viscosity. Excessive heating can liquefy the material too much and 

make it difficult to rapidly cool it down to allow successive layers to print on 

top, and insufficient heating could cause the material to solidify at the tip of the 

syringe nozzle and cause blockage (71).  
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ii) In the event that a solvent or combination of solvents are used, a final step of 

solvent evaporation will be required to ensure solidification via solvent removal 

by placing the dosage forms in, for example, a vacuum oven. 

iii) Other strategies to achieve solidification of the object include the use of inks 

composed of monomers/oligomers and photoinitiator that upon exposure to a 

light source (e.g. UV light) are subjected to a process called 

photopolymerisation, where monomers/oligomers cross-link resulting in 

hardening of the object (76, 77). Ionic crosslinking is also employed to achieve 

solidification, the most common example is the application of calcium chloride 

as a solution on 3D printed objects made of alginate (78). An alternative 

approach is found in the use of materials that undergo chemical reactions when 

they come into contact with each other. These materials can be printed in a 

coordinated fashion creating a solid structure without the need for further 

processing (79). Since these strategies are the least common in the 

pharmaceutical arena, and therefore there are not many examples of research 

works that have employed them, this review will mainly focus on the first two 

approaches described (use of heat or solvents). 

 

3. Rheological properties of the materials 

The feasibility of transforming a 3D design into a 3D object strongly depends on the 

rheological features of the material to be printed. Despite the agreement on this general 

statement, there is still a lack of knowledge on how to screen the materials and what 

limits can be set as references for the viscoelastic properties. The wide variety of 3D 

printing technologies, the great number of applications and the big list of potential 

materials make the task even more difficult (80). Rheological properties are critical to 

design fidelity. They may depend on product quality attributes such as drug content and 

drug crystallinity, but at the same time, adequate rheological properties may determine 

the homogeneous distribution of the drug and even the crystalline state. Knowledge 

about the material requirements for SSE 3DP is still limited (81, 82), and most 

information is derived from trial-and-error approaches. The 3DP process involves 

processing steps that demand from the material unique and somehow contradictory 

rheological performances. In a simplified overview of the process, three main steps can 

be highlighted and qualitatively described as follows (Figure 2):  
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i) The material contained in a barrel or syringe should be delivered through a 

nozzle of a given diameter at a constant flow to obtain continuous deposition of 

a homogeneous strand. This step requires material flow when a pressure is 

applied on the barrel or syringe, but not before. Also, relevantly, no material 

should be extruded when the pressure is stopped. The feasibility of having a 

certain flow under a laminar regimen is mostly determined by the loss modulus 

(G’’, or viscosity) of the material. It should exhibit high viscosity during rest 

(i.e. inside the barrel), flowability (viscosity drop) under a reasonable shear 

stress through the nozzle, and a rapid recovery of the viscosity to avoid further 

flow once deposited on the platform. Ideally, this performance demands shear 

thinning behaviour without thixotropy, i.e. a rapid recovery of the initial 

consistency in a few seconds. The viscosity of the 1
st
 layer should be completely 

restored before the 2
nd

 layer is deposited to avoid the collapse of the growing 3D 

object. Such a rapid restoration of the material network properties can be 

achieved by an adequate balance between the loss modulus (that determines the 

flow properties) and the storage modulus (G’, determines the elastic and 

immediate recovery), which can be quantified using the parameter tan δ 

(=G’’/G’). 

 

ii) The material strand should maintain the cylindrical shape of the nozzle. This 

feature is directly linked to the balance of G’’/G’ moduli described above. 

Objects that demand high resolution, as in the case of pharmaceutical dosage 

forms, require the use of nozzles with diameters in the range of a few hundred 

micrometres. Therefore, the material component size (e.g. insoluble fillers or 

crystalline drug particles) should be at least ten times smaller than that of the 

nozzle diameter to avoid obstruction (67). The shape of the material strand is 

given by the section geometry of the nozzle, and thus the extrudate must deform 

and adopt such a geometry, and such a change should be retained. If G’ is too 

high, the stress stored as elastic deformation during the transit through the 

nozzle may be released in the exit point causing the swelling of the strand. 

Alternatively, when the viscous component predominates, the recovery of the 

viscosity after shearing due to the component’s re-entanglement may cause 

shrinking. Therefore, for valid translation of data obtained in the rheometer to 

the in-situ performance in the 3D printer, the gap in the rheometer and the 
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diameter of the nozzle should be similar. The experiment settings should 

simulate the high shear stress generated at the tip of the nozzle during extrusion 

and subsequently at rest to fully characterize the self-healing properties of the 

extruded material. Nevertheless, prediction of the magnitude of 

swelling/shrinking of the nozzle extrudate is still a challenge (83). 

 

iii) The strands should support the weight of further layers and act as bridges 

between adjacent strands of lower layers. In the manufacture of 3D printed 

dosage forms, the infill percentage can be modified to obtain printlets with 

different mechanical properties and different release profiles (84). However, 

100% infill is uncommon in most biomedical applications since a certain 

porosity aids regulation of the release profiles of active substances and the 

interaction with proteins and cells. Object fidelity demands that the strands do 

not comb more than ¼ of their diameter in the middle of the bridge (85). 

Therefore, the deposited material should perform as a spring that barely deforms 

under the action of gravity. This demands a relevant G’. It should be noted that 

many attempts to prepare 3D printed foods and mortar-based constructions have 

failed due to residual stresses at the deposited layers, which deform the structure 

of the printed object (86, 87). The pressure induced by self-weight can be 

estimated as 𝜏=𝜌gh, where 𝜌 is the material density, g the gravitational constant 

and h the height of the layer. Similarly, the pressure induced by the weight of 

multiple layers can be inferred as as 𝜏=𝜌gH/3, where H is the total height of 

cumulative upper layers (87). 

In this simplified view of the 3DP process, other non-rheology dependent factors also 

participate, such as the interface tension of the platform and the material, which should 

be high to avoid the lateral spread of the material and to maintain the circular section of 

the strand. The rate of drying, cooling or curing of the material should also be rapid to 

contribute to the hardness of the material without causing uncontrolled contractions. 
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Figure 2. Schematic diagram of material extrusion through a nozzle under pressure and 

the rheological challenges that should be overcome. 

 

Overall, to fulfil the main three rheological requirements described above, an ideal 

material should be highly structured in the barrel/syringe with the components 

entangled and thus showing high viscosity but also G’  G’’ (tan δ 1). Under the high 

shear strain conditions at the tip of the nozzle, the intermolecular bonds should be 

destroyed and the material should exhibit not only a decrease in the viscosity and G’’ 

but also a decrease in G’ of higher magnitude. Values of tan δ above 1 have been shown 

to favor flow and formation of section-stable strands at the nozzle tip. After deposition, 

the rapid restructuring of the strand components must lead to an increase in viscosity 

and to even faster increment in G’ with respect to G’’, decreasing tan δ values. This 

enhances the self-supportiveness and mechanical strength of the material. Thus, SSE 

3DP requires the material to be extrudable and self-supportable (88). 

 

Most reports have focused on shear rate tests to characterize the shear-thinning features 

of the extrusion materials, and less attention has been paid to the viscoelastic properties. 

For example, gels of gelatin and cellulose nanocrystals were subjected to a shear rate of 

0.1 s
-1

 for 60 s (in a barrel), 100 s
-1

 for 10 s (flow through nozzle) and then 0.1 s
-1

 for 60 

s (after extrusion) (83). The best performing mixture showed a drop in viscosity from 

838 Pa·s to 6.7 Pa·s under high shear rate conditions. The viscosity rose to 718 Pa·s at 

30 s after the shear rate was minimized; namely, the gels required 30 s to recover 85.7% 

viscosity. When a fixed nozzle size of 0.21 mm diameter was used, extruded strands 

showed remarkably larger diameters (from 0.6 to 1.4 mm) as the printing temperature 

was increased from 5 to 25 ºC. This finding was attributed to the fact that an increase in 
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temperature facilitates the relative movement of the components, which in consequence 

decreased the viscosity more. Temperature-dependent rheological properties may 

facilitate the printing since a temperature induced weakness of intermolecular bonds at 

the nozzle contributes to a decrease in the viscosity and G’ with respect to G’’. The 

behavior of pea protein paste, alginate gel solution and their mixtures has been 

evaluated at a constant strain of 0.01%, heating from 25 to 85 ºC and subsequent 

cooling to 25 ºC (86). Mixtures exhibiting G’ values close to 1000 Pa and G’’ values 

above 500 Pa at 45 ºC, and showing strong shear-thinning behavior (viscosity drop from 

6773 Pa·s to <1000 Pa·s) created objects with the highest fidelity. 

 

Rheological analysis of drug-loaded materials before 3DP are still scarce. Mixtures of 

hydroxypropyl methylcellulose (HPMC, METOLOSE 90SH-100000SRm HPMC2208 

type) 1 and 2 % gel with mannitol, PEG4000 and Kollidon were investigated to prepare 

printlets of naftopidil (10 mm in diameter, 1 mm thickness, 50% fill density) (66). The 

criterion used to screen the materials as a function of shear rate in the 0.01 to 100 s
-1

 

was the mass with a high yield value without further analysis. A more detailed study 

was carried out using Carbopol 794 gels that incorporated a powder mixture of 

diclofenac sodium, lactose (soluble filler), Avicel PH101 and PH105 (insoluble fillers), 

polyplasdone (disintegrant) and glycerol (plasticizer) (82). Creep, recovery and critical 

strain tests revealed that an increase in the soluble components allowed for a faster flow 

during printing, while swellable components increased the material elastic component 

and exhibited higher elastic recovery after printing. However, no conclusion on the 

effects of the rheological parameters on the printlet quality was drawn.  

 

Recently, a direct correlation between mechanical properties, reproducible printability 

and fidelity of the obtained printlets was found for HPMC (Methocel F4M) gels mixed 

with croscarmellose sodium (Ac-Di-Sol
®
 SD-711) and hydroxypropyl-β-cyclodextrin 

(HP-β-CD; fixed content 72.1% w/w), and loaded with carbamazepine at a fixed 

proportion of 24% w/w (89). The printability of the material was optimized by 

following the rheological behavior as a function of the relative proportions of HPMC 

and Ac-Di-Sol
®
 SD-711 and the volume of solvent (ethanol:water 10:90 % v/v). 

Orodispersible (flash) printlets were designed containing HPMC F4M 1.4% w/w and 

Ac-Di-Sol
®
 SD-711 2.5% w/w (formulation I), while immediate release printlets were 

designed with HPMC F4M 3.9% w/w as the only gel component (formulation II). As 
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depicted in Figure 3, the rheological test consisted of five steps in amplitude sweep 

mode at 1 Hz: i) 0.5% shear strain for 300 s; ii) 100% shear strain for 120 s; iii) 0.5% 

shear strain for 300 s; iv) 100% shear strain for 120 s; and v) 0.5% shear strain for 300 

s. The materials suitable for SSE 3DP showed self-healing features. At near rest 

conditions (i), they exhibited balanced viscoelasticity with G’ values similar to those of 

G’’. Under a high shear strain (ii), the materials underwent a brusque decrease in both 

moduli, but more remarkably in G’, which means that the viscous component (G’’) 

predominates over the elastic component (G’) during extrusion from the nozzle tip. 

Once the strain ceased (iii), the materials progressively recovered the G’ and G’’ values. 

Interestingly, in the absence of Ac-Di-Sol
®
 SD-711 (formulation II), there was greater 

and faster recovery. The rheological tests also evidenced how a minor change in the 

wetting of the materials could lead to the failure of the 3DP process. In formulation I, 

under-wetting caused the material to become too hard (higher G’ and G’’ values) and 

the flow was not sufficiently homogeneous under the pressure of the piston. On the 

contrary, over-wetting decreased the material G’ values and delayed the recovery. 

Therefore, rheological assessment of the material before 3DP may be useful for quality 

control of successive batches, as also demonstrated for formulation II (89).  

 

Figure 3. (A) SSE of a carbamazepine-loaded material to prepare printlets of 15 mm 

diameter, 3 mm height, with a diagonal (45°) infill pattern. (B) Rheological behaviour 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



15 
 

of formulations I and II, which differ in the relative proportions of HPMC and Ac-Di-

Sol® SD-711 and the volume of solvent (ethanol:water 10:90 % v/v) added. (C) SEM 

images of formulation I (A-C) and II (D-F) printlets (89). 

 

It is interesting to note that the printability region for cellulose ether-based materials 

occurred for G’ values in the region of 10
4
-10

5
 Pa at rest, which is in the 10

3
-10

5
 Pa 

interval found as suitable by other authors testing pastes or bioinks containing dispersed 

colloidal components (90-93). Therefore, such a G’ value interval together with shear-

thinning behavior may be used as the first tentative targets to reach when preparing 

drug-loaded soft materials for SSE 3DP. 

4. Pharmaceutical applications of SSE 3DP 

The use of SSE 3DP in pharmaceutics offers the possibility of creating complex dosage 

forms whilst avoiding the potentially harsh conditions sometimes associated with other 

printing techniques (e.g. FDM) (94). The nature of the feedstock material allows the 

extrusion process to be carried out at low temperatures without compromising the 

accuracy, and the use of pre-loaded and disposable cartridges facilitates the entire 

process (95). First used to produce polypills and tablets, this technology has rapidly 

evolved to manufacture other types of dosage forms and medical devices, from 

chewable tablets (59) and orodispersible films (96), to rectal suppositories (20) and 

implantable patches (97) (Table 1). 

 

Table 1. Examples of dosage forms and medical devices produced by SSE 3DP 

Formulation 

type 

Formulation details/Properties API Excipients Ref. 

Polypill  An osmotic pump and 

sustained release 
compartments  

Captopril (18.5%), 

nifedipine (10.7%) 
and glipizide 

(3.5%) 

Cellulose acetate, D-

mannitol, PEG 6000, 
MCC, sodium starch 

glycolate and HPMC 

(98) 

 Combination of five different 
drugs via two release 

mechanisms 

Pravastatin (20%), 
atenolol (30%), 

ramipril (15%), 

aspirin (28.62%) 

and 
hydrochlorothiazide 

(5.86%) 

Cellulose acetate, D-
mannitol, PEG 6000, 

sodium 

starch glycolate and PVP 

(75) 

 Three different drugs with 
programmed release profiles 

Metformin 
hydrochloride, 

glyburide and 

acarbose (ND%) 

Pluronic F-127 (99) 

 Controlled release fixed dose Efavirenz (25.5%), Brown humic acid sodium (100) 
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combination comprising of 

three anti-HIV-1 drugs 

tenofovir disoproxil 

fumarate (12.8%) 

and emtricitabine 
(8.52%) 

salt, 

hydroxyethylcellulose 

ethoxylate, quaternized 
and cellulose acetate 

phthalate 

Immediate 

release tablets 

Immediate release tablets Levetiracetam 

(ND%) 

Polyvinyl alcohol-

polyethylene glycol graft 
copolymer (PVA-PEG) 

and 

Polyvinylpyrrolidonevinyl 
acetate copolymer (PVP-

PVAc) 

(43) 

 Immediate release tablets Levetiracetam 
(ND%) 

Polyvinyl alcohol-
polyethylene glycol graft 

copolymer (PVA-PEG), 

Kollicoat IR 

(44) 

 Subdivided printlets as an 
alternative to the splitting of 

conventional tablets 

Spironolactone and 
hydrochlorothiazide 

(ND%) 

Lactose, corn starch, 
MCC, HPMC, sucrose 

and dextrin 

(101) 

 Immediate release tablets  Carbamazepine 
(24%) 

Hydroxypropyl-β-
cyclodextrin, HPMC, 

PVP, sodium 

carboxymethylcellulose 
and croscarmellose 

sodium 

(89) 

 Immediate release tablets Puerarin (ND%) PEG 4000 (49) 

 Printlets fabricated with two-
component cross-linkable gels 

Prednisolone and 
bovine serum 

albumin (ND%) 

Four-armed polyethylene 
glycol (PEG4) and ε-

caprolactone monomer 

(CL) 

(79) 

 Immediate release tablets with 

high drug loadings 

Paracetamol (80%) Croscarmellose sodium 

and PVP 

(102) 

 Immediate release tablets with 

high drug loadings in 
different geometries 

Levetiracetam 

(96%) 

Croscarmellose sodium 

and hydroxypropyl 
cellulose (HPC) 

(103) 

 Immediate release tablets with 

different volumes 

Levetiracetam 

(93%) 

Carboxymethylcellulose 

sodium, croscarmellose 
sodium and PVP 

(104) 

 Immediate-release 

formulations using 
thermosensitive gelatin pastes  

Ibuprofen (10%) Gelatin, glycerine, MCC, 

mannitol, lactose and 
HPMC 

(105) 

Controlled 

release tablets 

Controlled release bilayer 

tablets 

Guaifenesin (81%) HPMC, sodium starch 

glycolate and MCC 

(106) 

 Tablets with different 
composition and dissolution 

profiles  

Naftodipil (20%) HPMC, mannitol, PEG 
4000 and Kollidon CL-F 

(66) 

 Semi-solid tablets  Theophylline 
(5.36%, 7.14% or 

8.93%) 

HPMC 4KM and 4EM (107) 

 Tablets with pre-designed 

structures  

Glipizide (1.7%, 

2%, 2.3%) 

HPMC, lactose, MCC and 

PVP 

(108) 

 Gastro-floating tablets Dipyridamole 

(8.5%, 7.25%, 

6.5%) 

HPMC, MCC, lactose and 

PVP 

(109) 

 Floating sustained-release Ricobendazole Gelucire 50/13 (50) 
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systems (ND%) 

 Printable formulations after 

several days of storage 

Levetiracetam 

(23.4%) 

PVA-PVP copolymer, 

HPMC and silicon 
dioxide  

(95) 

 Sustained-release 

formulations using 
thermosensitive gelatin pastes  

Diclofenac (6.45%) Gelatin, glycerine, MCC, 

mannitol, lactose and 
HPMC 

(105) 

Chewable 

printlets 

Clinical study, printlets 

prepared in a hospital setting 

with various flavours, colours, 
doses, and sizes 

Isoleucine (ND%) Sucrose, pectin and 

maltodextrin 

(59) 

 Chocolate-based printlets in 

different shapes resembling 
cartoon characters 

Paracetamol and 

ibuprofen (ND%) 

Bitter chocolate and corn 

syrup 

(110) 

 Lego
TM

-like chewable bricks Paracetamol and 

ibuprofen (ND%) 

Locust bean gum and 

glycerol 

(111) 

 

 Gummies Lamotrigine 
(ND%) 

HPMC and gelatin (23) 

 Gummies Ranitidine 

hydrochloride 
(ND%) 

Corn starch, carrageenan, 

xanthan gum, gelatine 

(93) 

Orodispersible 

films (ODFs) 

ODFs fabricated in a one-

step-process using disposable 

syringes 

Warfarin (1.3%) HPC and PVA (112) 

 To develop a platform to 

support the extemporaneous 

production of ODFs 

Levocetirizine 

hydrochloride 

(ND%) 

Glycerine, glycine and 

titanium dioxide 

(24) 

 Multi-layered ODFs 

fabricated with in-process 

drying 

Benzydamine 

hydrochloride 

(ND%) 

Hydroxyethylcelulose 

(HEC) of different 

viscosity grades 

(96) 

 ODFs  Paracetamol 

(37.5%, 25% and 

12.5%) 

Maltodextrins with a 

dextrose equivalent equal 

to 6 and 12 

(52) 

 ODFs  Olanzapine (5%) PEO, Kollidon VA 64, 
poloxamer 407 and 

poloxamer 188 

(53) 

 ODFs prepared in a hospital 
setting, in comparison with 

the established compounded 

formulations 

 

Warfarin (1.5%) 
 

Lactose monohydrate, 
HPC and propylene 

glycol (PG) 

 

(113) 

 ODFs for veterinary use Prednisolone (1%) PEO, HPC, pure liver 

powder 

(114) 

Solid self-
emulsifying 

formulations 

Solid self-microemulsifying 
printlets in various geometries 

Fenofibrate (7%) 
and cinnarizine 

(7%) 

Gelucire 44/14, Gelucire 
48/16 and Kolliphor 

(71) 

 Solid lipid tablets Fenofibrate (ND%) Maisine CC, Captex 355 

EP/NF, Capmul MCM 
EP, Soybean oil, 

Kolliphor 

EL, Tween 85 and methyl 
cellulose 

(115) 

 Self-emulsifying 

suppositories prepared in 

different sizes without the aid 

Tacrolimus (0.12%) Gelucire 44/14, Gelucire 

48/16 and coconut oil 

(20) 
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of moulds  

 Self-emulsifying 

suppositories with a size 
adapted for administration to 

rats 

Tacrolimus (0.9%) Gelucire 44/14 and 

coconut oil 

(22) 

Medical 

devices 

Devices cured with UV light Prednisolone 

(0.5%, 1% and 
1.5%) 

Silopren UV LSR 2030 (77) 

 Patches 5-fluorouracil 

(ND%) 

Poly(lactic-co-glycolic 

acid) PLGA and 
polycaprolactone (PCL) 

(97) 

 Hydrogel patches Doxorubicin 

(ND%) 

Semi-synthesized fish 

gelatin methacryloyl (F-
GelMA), carboxymethyl 

cellulose sodium (CMC) 

(116) 

 Microneedles Insulin (ND%) Alginate, hydroxyapatite, 

calcium chloride 

(78) 

 Biopierces  Mupirocin (20%, 

30% and 40%) 

PLGA (117) 

 Patches Propolis (56%) Pectin from apple and β-
cyclodextrin 

(118) 

*ND% (not clearly disclosed %) 

4.1.Polypills 

Polypills combine multiple active pharmaceutical ingredients (APIs) in one dosage form 

(Table 1) (119). SSE 3DP has been applied to the production of polypills containing 

multiple drugs in individual compartments, to obtain different release profiles for each 

drug. This is the case for a polypill that incorporates nifedipine and captopril (both used 

to treat arterial hypertension in type II diabetes) and glipizide (treatment for type II 

diabetes) (Figure 4A) (98). Incorporating all three drugs into the same solid dosage 

form would be highly beneficial in treating diabetic patients, however, the formulation 

would require distinctive and independent release profiles for each drug. To do so, 

captopril was included in a compartment encapsulated by a porous cellulose acetate 

shell to restrict drug release through osmosis, resulting in a zero-order release profile. 

Both nifedipine and glipizide were enclosed in two different compartments which were 

encapsulated in the porous shell on all but the superior face to enable release of the drug 

by diffusion, resulting in a first order release profile. Moreover, a HPMC hydrophilic 

matrix was employed to reduce the drug release for both nifedipine and glipizide. In 

contact with aqueous liquid, HPMC swells and forms a viscous gel that acts as a 

diffusion barrier, inhibiting water from reaching the drugs. 
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Figure 4. (A) On the left, schematic diagram of a polypill containing three different 

drugs separated into different compartments with different release mechanisms and on 

the right, a photograph of the printed polypill (98). (B) On the left, a schematic diagram 

of the polypill design; above, the immediate release compartment and below the three 

sustained release compartments and on the right, a photograph of the printed polypills 

(75). (C) On the left, top-down photographs of the 3D printed hydrogel Pluronic F-127 

polypills containing core–shell, multilayer, and gradient concentration profiles acquired 

after the 90 min processing interval. A red dye facilitates the measurement of the radial 

concentration profile using image processing techniques and below, top-down 

photographs of the same 3D printed Pluronic F-127 polypills acquired after the 12 h 

post-processing interval. On the right, a schematic figure showing the concept of 

programming temporal release profiles of individual actives from a single polypill by 
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controlling their spatial distributions (99). Figures reproduced and modified with 

permission from (75, 98, 99). 

 

The same approach has been applied to fabricate a polypill containing five different 

drugs with two independent release profiles (Figure 4B) (75). The polypill was aimed to 

treat cardiovascular pathologies that require the intake of multiple tablets by patients. It 

was comprised of an immediate release compartment with aspirin and 

hydrochlorothiazide and three sustained release compartments that contained atenolol, 

pravastatin and ramipril. As in the study described above, a cellulose acetate shell was 

also employed in this work to contain the active drugs, in this case atenolol, pravastatin 

and ramipril, which were also mixed with a hydrophilic matrix formed by HPMC. 

Aspirin and hydrochlorothiazide mixed with a disintegrant were extruded on top of the 

sustained release compartments, forming a separate immediate release compartment. 

Finally, dots were printed on the surface of the polypill to facilitate identification. 

 

SSE 3DP was also utilised to produce a polypill containing three drugs used for the 

treatment of type II diabetes (metformin hydrochloride, glyburide and acarbose) (99). 

Pluronic F-127 was selected as an excipient due to its ability to form free-standing 

hydrogel structures. The drug-loaded hydrogel was printed with three different spatial 

distributions of the drugs within the polypill, these being core-shell, multilayer, and 

gradient structures. These three concentration profiles generated delayed, pulsed, and 

constant release profiles, respectively, that can be maintained for at least 5 hours. 

However, the study of mass transfer processes showed that the programmed 

concentration profiles changed throughout the processing and post-processing intervals. 

This means that the concentration profiles obtained after pill shrinkage and 

solidification did not match the programmed structures, although the photographs 

shown in Figure 4C suggested that the programmed distributions persisted after the 

post-processing interval. The level of complexity achieved in such polypills would be 

difficult to attain with conventional tablet manufacturing processes. SSE 3DP provides 

a suitable solution, given its ability to extrude multiple feedstocks at the same time.  

 

SSE 3DP was used to prepare a tri-therapeutic tablet matrix that included three anti-

HIV-1 drugs (efavirenz, tenofovir disoproxil fumarate and emtricitabine) (100). Humic 

acid-polyquaternium 10 complex (HA-PQ10) was used as the polyelectrolyte 
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framework to achieve controlled drug release. The 3D printed formulations were 

assessed in vivo in a pig model and compared with the commercial tablet (Atripla
®
). 

Sustained drug release within the therapeutic index was obtained for the 3D printed 

tablets, with improved relative bioavailability of all three drugs compared to the 

conventional formulation. 

4.2. Tablets 

SSE 3DP is being widely applied in the field of tablet manufacturing. 3D printed tablets 

(also known as Printlets™) can be produced to avoid swallowing (chewable printlets), 

with different release profiles (e.g. immediate or controlled release), or with unique 

characteristics (e.g. high-drug loadings) that can be tailored to each patient’s needs. 

4.2.1. Immediate release tablets 

SSE 3DP has demonstrated to be a suitable technology to produce immediate release 

tablets (Table 1). An important benefit that 3DP brings to drug manufacture is the 

possibility to tailor treatments to the requirements of each patient. Such is the case in a 

study that prepared immediate release levetiracetam tablets (43). Levetiracetam is used 

to treat epilepsy, where the dose in paediatric patients is subsequently increased over the 

weeks. Thus, this work takes advantage of the flexibility offered by 3DP to prepare 

tablets that can be easily modified to follow the required dosage regimen. The tablets 

released the drug between 10-20 minutes, depending on the excipients employed; the 

use of organic solvents, generally used to prevent clogging of the printer nozzle, were 

avoided. In a subsequent work, levetiracetam tablets with different numbers of layers 

were prepared to mimic different doses for paediatric subgroups (44). The drug 

dissolution was dependent of the number of layers and an increase in the number of 

layers resulted in a decrease of the drug release rate. However, all formulations 

disintegrated within 3 min, thus complying with the requirements of the European 

Pharmacopeia. Moreover, SSE 3DP was also employed to prepare subdivided tablets of 

spironolactone and hydrochlorothiazide as an alternative to conventional subdivided 

tablets by manual splitting (101). The 3D printed tablets were superior to the split ones 

in terms of drug content and mass variation and complied with the European 

Pharmacopeia specifications.  
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Cyclodextrins, oligosaccharides widely used in pharmaceutics to increase drug 

solubility, were used as hydrophilic fillers to prepare orodispersible and immediate 

release carbamazepine printlets (Figure 5A) (89). Both formulations were able to 

completely release the drug in less than 60 min, a faster release compared to the 

dissolution profile of the drug in powder form, highlighting the beneficial effect of 

cyclodextrins on drug solubility. Besides cyclodextrins, other excipients have been 

explored to act as a suitable matrix for the fabrication of rapid-release tablets. For 

instance, polyethylene glycol (PEG) 4000, a polymer often employed to prepare solid 

dispersions due to its low melting point, was used to prepare immediate release tablets 

loaded with puerarin (49). PEG 4000 is not used in direct powder compression for tablet 

manufacturing due to its adhesive behaviour but has been proven to be suitable for 3DP 

of solid dosage forms. Moreover, the possibility of extruding two copolymers in a 

coordinated fashion to react with each other and form the printlet has also been explored 

(79). The pre-polymer used was a combination of a four-armed PEG with a 

pentaerythritol core polycaprolactone (PEG4-PCL), which was subsequently 

functionalised with N,N-disuccinimidyl carbonate (PEG4-PCL-SC) or with amine 

groups (PEG4-PCL-NH2). The two copolymers underwent a cross-linking reaction upon 

contact that formed a stiff gel, capable of forming an object without the need for 

solvents, UV irradiation or heat. 
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Figure 5. (A) Disintegration of a carbamazepine printlet in a Petri dish containing 

distilled water after: i) 5 s; ii) 120 s; iii) 360 s; and iv) 540 s (89). (B) Levetiracetam 

loaded printlets in three different shapes (cylinder (i), torus (ii) and oval (iii)) (103). (C) 

Photograph of immediate release tablets loaded with paracetamol (102). (D) Side view 

of levetiracetam printlets with increasing volumes (104). Figures reproduced and 

modified with permission from (89, 102-104). 

 

Furthermore, the manufacture of immediate release tablets with high drug loads is also 

possible using SSE 3DP, as demonstrated for paracetamol tablets with drug loads of up 

to 80% (w/w) (Figure 5C). These tablets were able to release at least 90% of the drug 

within 10 min and their physical and mechanical properties were within the standards of 

the United States Pharmacopoeia (USP) (102). Another example of the high drug loads 

that can be achieved using SSE can be found in a work in which levetiracetam tablets 

with a drug load of 96% (w/w) were prepared (Figure 5B) (103). The tablets were 

prepared in different geometries (cylinder, torus and oval), obtaining in almost all cases 

a drug release of more than 85% within 15 min. However, the fastest drug release 

(97.45% within 2 min) was achieved with the torus-shaped tablets of 50% infill. Other 
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work has also used levetiracetam to prepare immediate release tablets, but through 

manipulation of the tablet volume it was possible to obtain varying drug loads (Figure 

5D) (104). 

 

4.2.2. Controlled release tablets 

SSE is also capable of producing dosage forms with controlled release properties (Table 

1). Controlled release bilayer tablets containing guaifenesin were prepared and then 

compared to commercially available bilayer tablets (106). The 3D printed tablets 

displayed the same initial burst release followed by a sustained release over a period of 

12 h as the commercial tablets. To achieve this, the two layers were prepared using 

different viscosity grades of HPMC. Moreover, the highest concentration of HPMC 

(14%) of all tested for the sustained release layer, obtained the release profiles most 

similar to commercial tablets. In a different study, naftopidil tablets were prepared using 

hydrogel-based materials as the printing ink (66). Different amounts of HPMC 

hydrogels (30%, 40% and 50% gel) were incorporated into the printer ink and it was 

observed that the amount of HPMC hydrogel greatly affected the characteristics of the 

final formulation. As the amount of HPMC hydrogel was increased, a more delayed 

drug dissolution was obtained, and the weight and hardness of the tablets decreased. 

Also using HPMC as the main excipient, extended-release theophylline tablets were 

prepared using hydrogels made from two different types of HPMC: K4M and E4M 

(107). The hydrogel containing HPMC K4M (12% w/w) showed the best extrudability 

and shape retention ability (Figure 6A). The in vitro dissolution test showed that the 

drug is released from the 3D printed tablets over 12h. 

 

The use of thermosensitive gelatin pastes to achieve different drug release patterns has 

also been reported (105). Gelatin is a temperature-sensitive polymer and its behaviour 

can be altered with the addition of certain additives. For instance, the extrusion of 30% 

(w/w) gelatin pastes with 25% (w/w) microcrystalline cellulose (MCC) resulted in 

extruded filaments with a smooth, uniform surface compared to those without MCC, 

demonstrating that the addition of MCC can improve the extrudability of the gelatin 

pastes. However, when the MCC concentration was increased from 25% to 35% (w/w) 

the pastes were highly viscous and had low fluidity, greatly affecting their printability. 

Moreover, the effect of another additive, HPMC, on the release behaviour of the 
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formulations was evaluated. With the increase in HPMC from 15% to 30% (w/w), the 

drug release lasted for a period of 24h in comparison to the 4h release obtained with the 

addition 15% and 20% (w/w) HPMC. Rheological studies confirmed that the addition of 

MCC or HPMC resulted in better shear-tinning and adequate paste viscosity, beneficial 

to the smooth extrusion and rapid deposition of the gelatin pastes. In addition, 

immediate or sustained release formulations can be obtained depending on the addition 

of HPMC to the gelatin matrix. 

 

Alternatively, drug release can be modulated by changing the internal structure of the 

3D printed tablets. The dissolution profiles of twelve tablets designed with different 

outline and grid width values showed that the structural design influenced the drug 

release profile (108). As the grid width increased, the drug release was greater, which 

can be explained by the increased surface area of the tablets that facilitated dissolution 

and drug diffusion (Figure 6B). 
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Figure 6. (A) Photographs of increasing weight 3D printed tablets made with different 

concentrations of HPMC 4KM: i) K4M10% and ii) K4M12% (107). (B) Image of 3D 

printed tablets displaying different grid width values in their structures (108). (C) 3D 

printed gastro-floating tablets with different infill percentages (109). (D) Floating 

sustained-release printlets with different fill densities (50). (E) 3D printed tablets with 

different infill designs and varying distances between printed strands (95). Figures 

reproduced and modified with permission from (50, 95, 107-109). 

 

Gastro-retentive drug delivery systems are used to prolong the gastric residence time of 

drugs that, for example, are locally active in the stomach or soluble at acidic pH and 

unstable at basic pH (120). Using SSE, it was possible to fabricate gastro-floating 

tablets loaded with dipyridamole with three different infill percentages (30%, 50% and 

70%) (Figure 6C) (109). The internal low-density lattice structure provided buoyancy to 

the tablets, and the drug release analysis showed that a sustained release profile was 

obtained for at least 8h. The tablets with infill percentages of 30% and 50% possessed 

longer float time due to their lower density and greater air encapsulation. The tablet 

with 50% infill achieved a perfect compromise between suitable drug release and 

floating time. These results open the possibility of tailoring these systems to each 

patient, depending on their individual variations in gastric physiology. 

 

Floating medicines may also improve the bioavailability of some drugs with enhanced 

solubility in acidic environments by means of retaining the formulation in the stomach 

(121). Such is the case for ricobendazole, a drug employed in the treatment of parasitic 

diseases, whose bioavailability is further improved when it is included in lipid-based 

formulations. Using Gelucire 50/13, a fatty PEG ester with a low melting point and 

rapid solidification, it was possible to prepare floating devices loaded with 

ricobendazole (50). Although the authors of the study called the process “solvent-free 

melting solidification printing process”, the described process is the conventional SSE 

3DP and the Gelucire excipients have been previously reported for the production of 

printlets (20, 71, 122) (Figure 6D). 

 

A mixture of HPMC, polyvinyl acetate/polyvinylpyrrolidone copolymer (PVAc-PVP) 

and highly dispersed silicon dioxide (SiO2) was used as the polymer matrix to obtain a 

sustained release of levetiracetam (Figure 6E) (95). Similar sustained drug release 
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dissolution profiles were obtained using freshly printed tablets or tablets printed from 

stored organic solvent free inks. Moreover, the printing formulations were analysed by 

X-ray powder diffraction (XRPD), showing no changes in the drug solid-state during 

storage. 

4.3. Chewable printlets 

Among the possibilities offered by this technology, the production of chewable 

medicines is one of the most applicable and relevant (Table 1) (59). The production of 

easy-to-swallow formulations could greatly improve patient acceptability, especially 

amongst geriatric and paediatric populations. In children, the taste, smell and viscosity 

are also important features that determine the acceptability of the formulation (123). 

 

The suitability of using SSE 3DP to manufacture personalised treatments has already 

been reported in a study carried out in a hospital setting with paediatric patients 

obtaining satisfactory results (59). Chewable printlets of isoleucine in various colours 

and flavours were prepared as a treatment for a rare metabolic disease that mainly 

affects children (Figure 7A). Isoleucine blood concentrations after three months of 

treatment with printlets were compared to the blood levels obtained with the 

conventional isoleucine capsule formulation prepared by pharmaceutical compounding 

at the hospital. There were no significant differences between the isoleucine blood 

levels obtained with printlets or with the compounded formulation. However, isoleucine 

printlets showed less variability in drug blood concentration and were closer to the 

target levels. Moreover, the printlets were well accepted by the children, although each 

patient had their own preferences regarding colour and flavour. Thus, 3DP should be 

considered as a potentially novel technique to prepare compounded medicines in a cost-

effective and automatic way, avoiding the common safety problems related to manual 

compounding such as compounding errors, which could lead to inaccurate dosing and 

undesirable side effects. 
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Figure 7. (A) Chewable isoleucine printlets prepared in different sizes, flavours and 

colours (59). (B) 3D printed chocolate-based dosage forms (110). (C) Side views (i and 

ii) and bottom (iii) of an oral Lego™-like gelatin-based dosage form of paracetamol 

(blue) and ibuprofen (red) (111). (D) 3D printed gummies in different shapes: heart, 

gummy bear and disk (93). (E) 3D printed gummies in various shapes and colours (23). 

Figures reproduced and modified with permission from (23, 59, 93, 110, 111). 

 

In another study, chocolate-based dosage forms were fabricated using bitter chocolate 

and corn syrup as excipients (110). The formulations loaded with ibuprofen and 

paracetamol were printed in different shapes resembling familiar cartoon characters 

(Figure 7B). A variant of SSE 3DP consisting of extruding semisolids within a 

solidifying liquid matrix to produce Lego
TM

-like chewable printlets was also proposed 

(Figure 7C) (111). Paracetamol and ibuprofen powders were suspended in a locust gum 

solution, forming a paste that was directly printed into a gelatin-based matrix. One 

advantage of this system is the possibility of encapsulating the drug paste within a 
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matrix that masks its flavour, as in the case of some bitter-tasting drugs. Following 

these strategies to make medicines more pleasant for children, 3D printed gummies 

were fabricated with different shapes (heart, bear and disc) using mixtures of gelatin, 

carrageenan, xanthan gum and sweeteners (Figure 7D). Ranitidine hydrochloride was 

used as model drug and it was observed that the addition of corn starch amongst the 

components obtained a greater extended release of the drug (93). Also using gelatin and 

HPMC hydrogels, gummies in different shapes and colours were prepared incorporating 

lamotrigine (Figure 7E) (23). The viscosity and strength of the formulations were easily 

modified by varying the amounts of the two main excipients, HPMC and gelatin. 

4.4. Orodispersible films 

Another interesting approach to improve patient acceptability of medicines in 

population groups with dysphagia is the preparation of orodispersible films (ODFs), 

especially if they can be administered without water (Table 1). Such is the case of a 

study in which ODFs containing warfarin, a drug used for the treatment and prevention 

of thromboembolic events with a narrow therapeutic index, were prepared using SSE 

(Figure 8A) (112). Conventional warfarin therapy is based on the administration of 

commercially available tablets of fixed doses, which commonly lead to tablet splitting 

to tailor the dose to the patient. The preparation of ODFs makes it possible to tailor the 

dose to each patient’s requirements with the additional advantage of being especially 

suitable for patients with swallowing difficulties. Although geriatric patients fall into 

the category of dysphagia patients, the administration of ODFs to this group is generally 

not recommended due to the difficulties they may experience in picking up the thin 

ODF films. Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



30 
 

 

Figure 8. (A) From left to right: 25, 50, 100 and 200 mm
2
 drug loaded films (112). (B) 

Blank ODFs, 45 to 205 µm model height (left to right) (96). (C) Warfarin-loaded ODFs 

in different sizes (113). Figures adapted and reproduced with permission from (96, 112, 

113). 

 

ODFs containing levocetirizine hydrochloride, a H1-receptor agonist used to relieve 

symptoms of allergic rhinitis, were also fabricated using this approach (24). In children, 

the dose of this drug depends on the age of the patient and is commonly administered in 

the form of an oral solution and fixed-dose tablets. SSE allows printing ODFs with a 

dose tailored to each age group, avoiding the need to split commercial tablets and 

preventing dosing errors derived from the use of oral solutions. In another study, the 

possibility of implementing an in-process drying to improve the mechanical properties 

of the films and shorten the overall drying time was investigated (Figure 8B) (96). This 

was possible by adjusting the viscosity of the dispersion to be printed using 

hydroxyethyl cellulose (HEC) as a thickening agent. Moreover, the drug content could 
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be modified by changing the thickness of the film or the concentration of the drug in the 

print dispersion. On the other hand, simply wetting of the mixture of drug and powdered 

excipients with glycerine enabled the printing of the films directly on the packaging foil 

(52). 

The concept of producing ODFs using 3DP in hospital settings as potential formulations 

to replace conventional compounding was explored by the preparation of warfarin 

loaded ODFs for paediatric patients (Figure 8C) that include QR codes containing 

information about the dosage form (113). The conventional formulation was composed 

of oral powders in unit dose sachets obtained from the crushing of commercially 

available tablets. Amongst the advantages shown by 3D printed ODFs, the more 

accurate drug content compared to conventional formulations and easier administration 

directly into the patient’s mouth without the need for water can be highlighted. On the 

contrary, the powder in the unit dose sachets needs to be dissolved in a liquid before 

administration. Apart from children or patients with swallowing difficulties, this 

approach could be used to administer drugs to patients who are non-adherent, such as 

psychiatric patients (53), as ODFs are more difficult to purposely expel from the mouth 

and do not cause choking during administration.  

Another interesting application of ODFs is for the administration of veterinary 

medicines. Since the number of approved veterinary drugs is limited, it is common to 

use off-label human medicines. The manufacture of prednisolone loaded ODFs for 

veterinary use in an animal clinical setting has set a precedent for dose personalisation 

for animals (114). 

4.5. Solid self-emulsifying formulations 

Some examples of semisolid materials that are generally used as printing inks in SSE 

are polymers such as PVP, polysaccharides such as cellulose, starches and gelatin. 

However, the feasibility of using lipid-based inks to manufacture dosage forms has been 

recently explored (122). Lipid-based excipients are obtained from vegetable oils, waxes 

or fatty acids that are widely used as suitable carriers for the delivery of poorly water 

soluble drugs (124). Self-emulsifying and self-micro emulsifying drug delivery systems 

(SEDDS and SMEDDS, respectively) represent an effective strategy to enhance the oral 

bioavailability of poorly soluble drugs.  
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In contact with aqueous media, SEDDS and SMEDDS form kinetically stable oil-in-

water (O/W) emulsions or microemulsions, whereby the drug is solubilised within the 

small lipid droplets (125). Generally, these formulations are filled into gelatin capsules 

to facilitate oral administration or formulated as tablets, pellets or granules using 

solidifying techniques (126). However, to generate a solid dosage form, such 

approaches generally require a large amount of solid carriers such as cellulose and 

lactose, and their administration as liquid forms within the gelatin capsules may lead to 

stability issues. To date, there are few studies that describe the use of SEDDS or 

SMEDDS in 3DP. For instance, drug loaded solid-SMEDDS (S-SMEDDS) were 

fabricated in different geometries (cylindrical, prism, cube, and torus) without the need 

for a solid-phase carrier (Figure 9A) (71). The use of a refrigerated build plate 

facilitated the solidification of the printed strands, with only a minor slumping of the 

lower layers. The dispersion time of the printlets was clearly affected by the geometrical 

shape, with the torus having the lowest dispersion time due to its higher surface area to 

volume (SA/V) ratio. 

 

A different approach is found in the preparation of solid lipid tablets based on emulsion 

gels (115). Unlike previous approaches where blends of lipid excipients are directly 

printed, these formulations are printed using preformed oil-in-water (O/W) emulsions 

loaded with the poorly soluble drug fenofibrate. The formulations obtained disintegrated 

in less than 15 min. Besides being possible to print the tablets at room temperature, 

which is particularly useful for thermolabile compounds, these types of formulations are 

especially indicated for poorly-water soluble drugs as they help to improve their oral 

bioavailability. 

 

Besides oral dosage forms, lipid excipients with self-emulsifying properties can also be 

employed to prepare suppositories. Suppositories loaded with the immunosuppressant 

tacrolimus, commonly used in patients with therapy resistant inflammatory bowel 

disease (IBD) have already been prepared (Figure 9B) (20). Due to the lack of 

commercially available tacrolimus suppositories, these are commonly compounded in 

hospital pharmacy settings by a moulding technique, which requires several steps and 

long periods of solidification. Using SSE and a suitable combination of lipid excipients, 

self-supporting suppositories were directly printed without the aid of moulds. Moreover, 

the suppositories were fabricated in various sizes to suit the patient’s comfort and dose 
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requirements. They were prepared using a mixture of Gelucire 44/14 or Gelucire 48/16 

and coconut oil, the latter used as a plasticising agent. Both formulations displayed good 

printability properties without the need for solid-phase carriers or a cooling system in 

the build plate. Furthermore, both suppository types released more than 80% drug 

within 120 minutes. In a subsequent study, the therapeutic activity of the lipid 

suppositories was tested in an animal model of ulcerative colitis (22). To do so, the 

suppositories were adapted in size and dose for their administration to rats and PET/CT 

imaging was used as a non-invasive tool to monitor the disease progression. The 

successful results of the study highlighted the usefulness of 3DP to test the efficacy of 

new formulations in preclinical studies. 

 

Figure 9. (A) Images of drug-loaded S-SMEDDS formulations in various geometrical 

shapes (cylindrical, prism, cube, torus and cube) (71). (B) Lipid-based suppositories 

with self-emulsifying properties intended for human administration, printed in three 

different sizes as an example of personalisation (20). Figures adapted and reproduced 

with permission from (20, 71). 

4.6. Drug-medical devices combination products 

Although other 3DP technologies, such as vat photopolymerization (30), have been 

more widely applied to the production of medical devices, some examples of devices 

produced using SSE 3DP can also be found. For instance, polydimethylsiloxane 

(PDMS), a polymer widely used in reservoir devices such as implants and inserts, can 

be extruded at room-temperature and then crosslinked with UV light to manufacture 

prednisolone-loaded structures (Figure 10A) (77). Moreover, implants and patches 
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made by SSE have also been applied in the local treatment of some cancers showing 

promising results. Flexible patches incorporating high drug loadings of the anti-cancer 

drug 5-fluorouracil were fabricated using a blend of poly(lactide-co-glycolide) (PLGA) 

and polycaprolactone (PLA). The patches were found to be capable of releasing the 

drug over four weeks and exhibited a suppressive effect on the growth of subcutaneous 

pancreatic cancer xenografts in mice (Figure 10B) (97). In other work, patches for 

implantation in cancer tissue were prepared using a semi-synthetic fish-gelatin polymer 

(fish gelatin methacryloyl) and carboxymethyl cellulose sodium (CMC), in which 

PEGylated liposomes loaded with the drug doxorubicin were entrapped (Figure 10C) 

(116). The structures were fabricated in three different shapes (cylinder, torus and 

gridlines) and were crosslinked using UV light. The release rate of the drug from the 

patches was found to be dependent on the UV exposure time; the longer the devices 

were exposed to UV light, the more delayed the drug release. 
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Figure 10. (A) Photographs of prednisolone-loaded structures. From left to right: 

placebo, 0.5%, 1.0% and 1.5% drug containing structures (77). (B) Above, 3D printed 

patches on different shapes (square without loops, circle and oval shapes with loops on 

each side for suturing). In the middle, 3D printed patches with three different types of 

pores (latticed, slanted, and triangular) (scale bar: 5 mm). Below, photographs 

demonstrating the flexible and stretchable properties of the 3D printed patches (scale 

bar: 2 mm) (97). (C) Images of 3D printed patches with PEGylated liposomal 

doxorubicin before UV irradiation (116). (D) On the left, 3D printing of the drug-

eluting scaffold (biopierce). On the right,  photograph of the biopierce assembled on a 

piercing stud (117). (E) Optical microscopy images of 3D printed pectin patches with: 

(a) 0%, (b) 2.5%, 5%, (c) 10%, (d) 20% and (e,f) 30% w/w chitosan and 

cyclodextrin/propolis extract inclusion complex particles (118). (F) On the left, 

photograph of 3D printed microneedle patch and on the right, SEM images of the 
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microneedle patch with 5 × 6 needle array and 2 × 2 needle array (78). Figures adapted 

and reproduced with permission from (77, 78, 97, 116-118). 

 

An interesting application of SSE for the manufacture of medical devices is found in the 

creation of drug-eluting and bio-absorbable scaffolds called ‘biopierces’, capable of 

remaining in human tissue after piercing, whilst also simultaneously releasing 

antimicrobial drugs to prevent infection during the healing process (Figure 10D) (117). 

PLGA biopierces loaded with the antibiotic mupirocin showed an effective release of 

the drug against S. aureus, as confirmed by antimicrobial sensitivity testing. The zone 

of inhibition of the scaffolds was consistently maintained for 14 days. 

 

SSE has also been applied to produce patches for wound-dressings applications as 

shown in a study where biodegradable patches with anti-microbial and wound-healing 

properties were developed (Figure 10E) (118). The inks used to create the patches were 

composed of a combination of methoxylated pectin and Manuka honey. To enhance 

their antimicrobial properties, inclusion complexes of propolis with beta-cyclodextrin 

combined with chitosan were added to the films, and in vitro wound-healing tests 

confirmed the improvement of the in-vitro wound-healing process. The transdermal 

administration of biotherapeutics through the use of microneedle patches represents an 

alternative to circumvent the low transdermal flux from conventional transdermal 

systems (127). Minimally invasive microneedle patch systems loaded with insulin were 

printed using alginate with different concentrations of hydroxyapatite as printing 

materials (Figure 10F) (78). Then, calcium chloride in solution was sprayed on the 

surface to crosslink the entire structure of the patches. The microneedle patches were 

tested in type 1 diabetic mice by the application of the patches in the dorsal skin of the 

animals by thumb pressing, and blood samples were collected to measure the 

concentration of insulin in plasma over time. The results showed that microneedles 

swollen and responsively released insulin in accordance with the glucose levels of the 

mice. 

5. Other applications of SSE  

5.1. 3D bioprinting  
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3D bioprinting involves layer by layer deposition of cell-laden biocompatible materials 

and supporting components to form complex and functional 3D living structures (128). 

At this point, it is worth mentioning the proposed difference between ‘bioink’ and 

‘biomaterial ink’ since the meaning of both terms is often confused. Bioinks describe 

materials that include cells in their composition. Hydrogel and polymer formulations 

containing biological factors could be considered biomaterial inks, but are only 

considered bioinks after the incorporation of cells. Additionally, printed materials that 

are subsequently seeded with cells but not directly printed with cells, should not be 

considered bioinks (129). 

 

Although different 3DP techniques are used in bioprinting such as inkjet printing, SLA, 

and laser induced forward transfer (LIFT), SSE 3DP is the most common (130). 

Amongst the advantages offered by SSE in bioprinting processes, its ability to extrude 

bioinks with high-cell densities and the possibility of depositing different types of cells 

within a predesigned structure can be accentuated. Moreover, this technology is 

relatively affordable and the instrumentation can be customised according to the bioink 

or the desired structure (130). The main disadvantages of applying SSE in bioprinting 

are that the mammalian cell viability may be compromised, due to the shear stress from 

the extrusion process, the lowest resolution achieved and longer deposition times 

compared to other techniques (131). 

 

More recently, “time” has been integrated within 3D bioprinting as the fourth 

dimension, giving rise to a novel technique called four-dimensional (4D) bioprinting 

(76) (132) (Figure 11). In 4D bioprinting, live printed cellular constructs can evolve 

over time, changing their functionalities or reshaping themselves in response to certain 

external stimuli, such as temperature (133). Many studies have reviewed the use of SSE 

in bioprinting (133-136) so this review article only outlines below some of the most 

recent advances in this field.  
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Figure 11. Photographs of 3D printed objects with shape memory properties that change 

from temporary shapes to permanent shapes when heated with a heat gun. Above, a 

compressed plate returns to its original shape as a standing hollow vase. Below, a 

gummy toy strand recovers to its original shape. Scale bars are 6 mm (132). 

 

Vascularized and perfusable cardiac patches that match the anatomical and 

immunological characteristics of the patient have been prepared using SSE bioprinting 

(Figure 12A) (137). This was made possible by reprograming the patient’s cells to 

become pluripotent stem cells and subsequently differentiate into cardiomyocytes and 

endothelial cells, which were later combined with hydrogels to form bioinks. These 

personalized patches will not elicit an immune response after transplantation since the 

bioinks used were originated from the same patient, thus avoiding the need for 

immunosuppression treatment. Moreover, it was also possible to fabricate cellularized 

hearts, demonstrating the potential of bioprinting to replace organs after failure (Figure 

12A). However, several challenges remain to achieve this goal, such as obtaining the 

large number of cells necessary for engineering an organ or creating adequate blood 

vessel networks. 
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Figure 12. (A) On the left, image of a bioprinted patch transplanted in between two 

layers of a rat omentum. Dashed white lines delimit the edges of the patch. On the right, 

a bioprinted and cellularized small scale human heart with the right and left ventricles 

stained in blue and red, respectively (137). (B) Above, corneal structure removed from 

the printing support. Below, the same corneal structure beginning to unravel 1 day after 

printing due to the combination of keratinocytes in the bioink (138). (C) On the left, 

optical microscopy image of human skin and on the right, optical microscopy image of 

bioprinted skin after 26 days of culture (139). (D) 3D bioprinted human ear composed 

of human fibroblasts and bioink (139). Images reprinted and modified with permission 

from (137-139). 

 

In 2018, human corneal stroma equivalents were printed for the first time using SSE 

bioprinting (Figure 12B) (138). The printed cornea stroma was anatomically analogous 
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to a human corneal model obtained from the topographic data of a human cornea. 

Corneal keratocytes obtained from cadaverous human corneal tissue were selected as 

the cell type to include in the biomaterial ink, which was composed of type I collagen 

and sodium alginate. High cell viability was observed even 7 days after printing, 

highlighting the potential of this ink for cell printing purposes. However, more research 

is required to analyse the corneal biocompatibility after transplantation or to improve its 

ability to support cell growth, among others. Furthermore, a human skin model 

generated with primary human skin cells was also developed using SSE. Following a 

scaffold-free approach, the cell-laden bioink composed of alginate, gelatin and 

fibrinogen was printed, generating a 5 mm thick skin (139). Significant similarities were 

identified between the bioprinted and human skin in the tissue cellular structuration and 

composition (Figure 12C). Apart from printing flat skin models, highly complex skin 

architectures, such as an ear, were also attempted (Figure 12D). 

5.2. 3DP of electronics and bioelectronics 

3DP of bioelectronics involves the production of wearable electronic devices capable of 

performing multi-parameter measurements and transmitting the obtained data, as well as 

the fabrication of biomedical devices that can mimic or enhance functionalities of 

biological systems (62). Bioelectronic devices are designed to be integrated into 

biological systems, however, the degree of integration of devices produced by 

conventional manufacturing technologies is limited (63). 3DP enables the creation of 

devices using nano and microscale inks, achieving a multiscale manufacturing approach 

in addition to unique geometries and functionalities (140). Moreover, the printing 

process is often performed at room temperature which avoids harsh conditions, and the 

assembly of materials in three dimensions follows a bottom-up assembly process, which 

is in accordance with how organs and tissues are made in biological systems (141). 

 

In this sense, some remarkable studies that have used SSE 3DP can be highlighted. For 

instance, by the direct extrusion of a concentrated silver nanoparticle ink it was possible 

to construct flexible, stretchable and extensible microelectrodes that can be patterned on 

a wide variety of surfaces (142). In this context, strain and pressure sensors were 

fabricated by employing a hybrid 3DP technique that combined SSE with an automated 

pick-and-place of surface mount electronic components (Figure 13A) (51). The 

insulating and conductive inks developed could be patterned and integrated with 
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electronic components of arbitrary shapes and sizes. By using SSE in combination with 

computer-vision-based control techniques, other researchers were capable of printing 

conductive inks on moving free-form surfaces (Figure 13B) (143). Specifically, both 

wirelessly powered devices and moisture sensors were printed on a moving human 

hand. Silver flakes were used as conductive fillers and added to PEO using water and 

ethanol as solvents. The use of ethanol increased the rate of evaporation and thus the ink 

drying time was reduced. In the same work, the equivalent approach was used to print 

living cell-laden hydrogels into the wound bed of live mice. Such developments open 

the possibility of directly printing wearable electronic devices on living organisms or 

could even be used in surgical settings. Instead of directly printing the devices on the 

human hand, it is also possible to extrude the ink into an elastomeric reservoir (used as a 

glove), as shown in a study (144) in which strain sensors were created by embedded 

3DP of conducting carbon grease in the elastomeric polymer (Figure 13C). 

 

 

Figure 13. Images of wearable soft electronics fabricated by 3DP; (A) On the right, 

image of a printed textile-mounted strain sensor and microcontroller circuit and on the 

left, image of a plantar sensor array responsive to the application of pressure by a 
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human foot (51). (B) Image of a 3D printed wireless device on a human hand (freeform 

surface) (143). (C) Above, image of a glove with embedded strain sensors and below, a 

three-layer strain pressure sensor in the stretched state (144). (D) On the left, a 3D 

printed flexible electronic circuit made with conducting polymer ink. On the right, 

image of the 3D printed soft neural probe with 9-channels in magnified view (145). (E) 

On the left, a freestanding 3D printed platform with GelMA and silver nanoparticle ink. 

In the middle, conformal coverage of the same 3D printed platform showing the 

magnified image of the silver tracks. On the right, a 3D printed heating coil design 

(146). Images reproduced and modified with permission from (51, 143-146). 

 

More recently, other conductive polymers have been developed for diverse applications, 

such as flexible electronics and bioelectronics. For instance, a 3D printable ink was 

prepared using the conducting polymers poly(3,4-ethylenedioxythiophene):polystyrene 

sulfonate (PEDOT:PSS) (Figure 13D) (145). The rheological behaviour of the paste-like 

ink was improved by the cryogenic freezing of aqueous PEDOT:PSS solution, followed 

by lyophilisation and subsequent redispersion in a water and dimethyl sulfoxide 

(DMSO) mixture. Using this ink, functional conducting polymer devices, such as a soft 

neural probe capable of in vivo single-unit recording, were manufactured. 

 

In addition to creating electronics by 3D printing of conductive inks, it is also possible 

to deposit electronic materials on platforms manufactured by SSE 3DP. As an example, 

3D platforms were fabricated using gelatin methacryloyl (GelMA) hydrogel and drop-

on-demand microvalve-based printing of silver nanoparticle ink, providing the required 

conductivity (Figure 13E) (146). With this conductive ink, microelectrodes and heating 

coils were printed and embedded in the platform to be employed in various applications. 

Moreover, the potential of 3DP to create complex structures was exploited in another 

work to create electroconductive hydrogels in different forms (disc, puzzle piece design 

and a pentagonal arrangement of five evenly spaced cylindrical cavities) (147). 

 

In 2013, the creation of a bionic ear using a cell-seeded hydrogel matrix along with a 

circular antenna made of a conducting polymer captured the attention of the media 

(Figure 14A) (148). Cartilage tissue was cultivated in vitro around the inductive coil 

antenna in the ear, allowing the reading of inductively coupled signals from cochlea-

shaped electrodes. The ear was capable of receiving radio frequency and both the right 
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and left ears could listen to stereo audio. Importantly, this study demonstrated the 

biocompatibility of a biological structure with printed bioelectronics.  

 

 

Figure 14. (A) Image of a bionic ear with a transmitting loop antenna (scale bar is 1 

mm) (148). (B) On the left, CAD model showing the QD-LED components on the 

curvilinear surface of the contact lens. On the right, electroluminescence output from 

the 3D printed QD-LED (scale bar is 1 mm) (149). (C) Image of the printed electrically 

small antenna in the form of conductive meander lines (150). Images reproduced and 

modified with permission from (148-150). 

 

Furthermore, when 3DP is coupled with 3D scanning technologies, it is possible to 3D 

print electronics on a 3D structure, as shown in a study in which quantum dot light-

emitting diodes (QD-LED) were directly printed on the surface of contact lenses (Figure 

14B) (149). A 3D light-scanning technique allowed the electronics to be tailored to the 

curvilinear topography of the contact lenses. The possibility of printing antennas using 

omnidirectional printing of silver nanoparticle inks was also reported (150). Electrically 

small 3D antennas were printed in the form of conductive meander lines (a series of 

regular sinuous curves) on curvilinear surfaces (Figure 14C). With these miniaturized 

antennas, a near optimal bandwidth was obtained at various frequencies, which could be 

of interest to create compact wireless devices for communications.  
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Despite significant advancements in the field of flexible 3D printed electronics and 

bioelectronics, many challenges need to be addressed (151). For instance, many factors 

such as their mechanical reliability, sensitivity, and system robustness, as well as the 

biocompatibility and potential toxicity of the inks used, must be carefully evaluated 

before implementation in real-world applications. 

5.3. Food printing  

The extensive amount of research using SSE in the area of food applications highlights 

the interest of the scientific community and the food industry towards this technology 

(152). As this review is focused on healthcare applications of SSE, only a few examples 

of food printing are mentioned. SSE is the most popular method in 3D food printing as 

edible materials usually are in a solid or semisolid state. For instance, it is possible to 

create edible chocolate-based (Figure 15A) (153) or baking dough-based (154) 

structures. Also, functional ingredients can be incorporated in the edible inks as shown 

in a study where Bifidobacterium animalis subsp. Lactis BB-12 was added to mashed 

potatoes and printed in different forms (Figure 15B) (155). Potato starch along with 

celluloses and other types of starches are usually employed to improve the rheological 

properties of other ingredients, such as fruit juices (Figure 15C) (156). Moreover, 

oleogels (gels in which the continuous liquid phase is oil) can be used as inks due to 

their ability to incorporate liposoluble active ingredients, as shown in a study (157) 

where printing inks were formed using a mixture of monoglycerides (MG) and 

phytosterols (PS). The optimal printed dosage forms were fabricated using the mixtures 

with the lowest gelling temperatures, which remained partially liquid during the printing 

of the layers, favouring the building process. 

 

As in the case of pharmaceutical products, SSE allows the creation of personalized 

foods that can be tailored according to nutritional needs, calories intake, texture, colour 

and flavour preferences, among others. Personalised food can be highly relevant in 

specific cases such as people with swallowing difficulties (e.g. the elderly), who are 

often provided with unappealing shredded food that affects their appetite and can lead to 

nutritional deficiencies. Also, people with food allergies or some conditions like 

diabetes could be especially benefited from this approach (61).  

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



45 
 

 

Figure 15. 3D food printing. (A) Chocolate-based structures (153). (B) 3D printed forms 

made of lemon juice and potato starch (156). (C) 3D printed structures with probiotics 

incorporated within potato starch (155). Images reproduced and modified with 

permission from (153, 155, 156). 

 

Besides food printing, SSE can also be employed to create nanocomposites and coatings 

with antimicrobial properties for food packaging. One example of this application is 

found where gelatin films containing zinc oxide and clove essential oil were fabricated 

as an internal coating in packaging (158). These types of internal coatings are 

interesting not only for food packaging applications, but also for pharmaceutical 

packaging. 

6. Pharmaceutical SSE 3D printers 

Similarly to other 3DP technologies, SSE has evolved since the appearance of the first 

SSE printers. SSE 3D printers have advanced from the simplest ones that consisted of a 

syringe in a robotic gantry system, to printers with multiple printheads, capable of 

printing more than one material at the same time, with specifically designed software 

and higher resolution (159). An example of the technological evolution of such 3D 
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printers is the multi-material and multi-nozzle 3D (MM3D) printer capable of 

manufacturing voxelated soft matter (160). This 3D printer includes printheads capable 

of depositing up to eight materials that flow through separated channels until fused into 

a single ink before the nozzle outlet. Multiple nozzles and mechanisms that enable rapid 

material switching can be combined to create complex architectures composed of 

multiple materials that can be printed in a voxel-by-voxel manner.  

Several printers have been specially designed and commercialised for bioprinting 

applications like 3DDiscovery (RegenHu) (161), Bioplotter (Envisiontec) (162), 

Regemat (163) and Bio X (Cellink) (164) to cite a few of many. These 3D printers 

include not only SSE, but also allow the use of other printing technologies such as FDM 

or inkjet printing. Some companies also provide syringes loaded with biomaterial inks, 

making the bioprinting process easier for the user. Conversely, to date, the only SSE 3D 

printer designed for pharmaceutical manufacturing is M3DIMAKER™ (FabRx) (165), 

although other 3D printers not designed to manufacture dosage forms are used for the 

same purpose. M3DIMAKER™ is specially designed for printing pharmaceutical 

products and includes interchangeable nozzles for the use of different 3D printing 

technologies, with the entire process being controlled by a validated software.  

7. Regulatory aspects 

As a new manufacturing technology, 3DP faces several challenges for the wide 

adoption in the healthcare sector, especially for highly regulated markets like the 

pharmaceutical industry. In 2017, the Food and Drug Administration (FDA) issued a 

technical guidance on medical devices and prosthetics manufactured using additive 

manufacturing (166). However, technical considerations and regulations concerning 3D 

printed products with drug delivery functions were not addressed and it is expected to 

be issued in the future. To date, Spritam
®

, by Aprecia Pharmaceuticals (167) is the only 

3D printed drug product approved for commercialisation. Unlike the case of Spritam
®
, 

which uses a technology adapted to large-scale manufacture, the on-demand production 

of medicines through 3D printing does not fall under the same regulations and therefore 

its implementation requires new regulatory agreements. 

Another key aspect for the implementation of 3DP in healthcare is the standardization 

of 3D printers to meet regulatory and quality control (QC) requirements, as well as the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



47 
 

use of a validated software to control the entire process. Moreover, whether on an 

industrial scale or applied to the on-demand manufacture of drug products, it is 

convenient to use Process Analytical Technology (PAT) to ensure greater process 

performance and product quality (168). Several studies have proposed non-destructive 

in-line analytical techniques for real time quality control measurements. As an example 

of PAT tools, spectroscopic techniques such as near infrared (NIR) and Raman 

spectroscopy have been shown to be capable of performing quality control measures in 

a non-destructive manner (169, 170). The inclusion of QR codes and data matrices on 

dosage forms as track-and-trace measures to ensure product quality and safety were also 

suggested (171, 172). 

On the other hand, although different 3D printers were used to print dosage forms and 

medical devices in the research field, those 3D printers were not adapted for the 

production of pharmaceutical products and hence do not meet the Good Manufacturing 

Practise (GMP) regulations (168). To date, there is only one commercially available 3D 

printer that has been especially designed for the manufacture of personalised medicines, 

which can be fully validated according to GMP regulations (165). Furthermore, certain 

3DP technologies are more suitable than others for personalised medicine production. 

SSE, for example, has the potential to be one of the first technologies to be employed 

for the production of medicines, as most of the excipients used to prepare the 

formulations are either pharmaceutical or food-grade excipients or are listed as GRAS 

(Generally Recognized As Safe) (173). Conversely, other technologies such as vat 

photopolymerisation techniques, use materials with potential in vivo toxicity or which 

may undergo unexpected chemical reactions with the drug (174). As such, some safety 

issues and regulatory gaps still need to be addressed prior to the implementation of 

these technologies in healthcare. 

8. Advantages and limitations of SSE 3DP  

SSE is perhaps the most suitable technology for producing personalized medicines, 

alongside other 3DP technologies such as FDM and DPE due to the wide array of 

dosage forms that can be formulated (ODFs, chewable printlets, polypills, etc.) in a 

variety of shapes and flavours (20, 24, 59, 75). The main advantage of this technology 

lies in its simplicity, since the drug can be directly mixed with the excipients and filled 

into a syringe or cartridge for printing (38). Alternatively, the use of disposable syringes 
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in a similar fashion to how coffee capsules are used in coffee machines helps maintain a 

clean environment and facilitates GMP compliance (175). In an ideal scenario, the 

physician would make an individualised digital prescription for the patient, followed by 

the preparation of a tailored and personalised formulation. The materials, mixture of 

excipients and drug, to prepare the formulations or ‘ink’ could be i) fabricated in an 

industrial facility by a pharmaceutical company in a similar fashion to commercial 

coffee pods or ii) prepared in the pharmacy in a similar fashion to traditional coffee 

making.  

 

Printlets with the exact dose can be printed directly into the blister packing, saving time 

and reducing the risk of contamination and dosing errors as a result of manual 

compounding. Moreover, SSE is particularly amenable for producing patient-friendly 

formulations to aid medication adherence, as it is possible to create chewable 

formulations for patients with swallowing difficulties like geriatrics. Children’s 

preferences towards chewable dosage forms is also well known, and this technology 

could facilitate the creation of appropriate medicines to meet the needs and preferences 

of these patients (60). 

 

Besides its potential clinical applications, SSE is also beneficial for formulating drugs to 

be used in preclinical studies. In a preclinical setting, SSE enables the production of 

devices and dosage forms tailored to the study requirements, overcoming the problems 

arising from the lack of specially designed equipment to prepare formulations for 

animal testing (176). In addition to oral dosage forms adapted in size and dose for 

administration to animals, this technology could be employed to produce dosage forms 

typically formulated using soft materials, such as rectal forms (20). Moreover, as the 

materials are solids that possess a relatively low melting point or are in a semisolid state 

at room temperature, the use of high temperatures is avoided and thus drug degradation 

is prevented. The low temperatures required during the printing process allow the 

manufacture of implants and patches loaded with live cells, as well as proteins or other 

thermosensitive drugs (97, 137). 

 

While the advantages of SSE are evident, there are some issues that must be considered 

to achieve an optimal printing process. The viscosity of the materials can be easily 

modified by manipulating the temperature, pH, or excipient amount to obtain a printable 
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feedstock. However, these modifications could lead to changes in the physical state of 

the drug and require further optimisation (38). The necessary drying time can vary from 

one formulation to another, depending on the materials being used. Although some 

formulations harden a few minutes after printing, others need a post-printing drying 

process to ensure the correct solidification of the printlet (98). If there are solvents 

involved in the preparation of the feedstock material, a final solvent evaporation step is 

necessary to ensure complete solvent removal. Moreover, the viscosity of the materials 

is directly linked to the requirement for a drying step. Less viscous feedstocks generally 

require more drying time and are also associated with an increased risk of material 

collapse and loss of shape (107).  

 

In terms of printing speed and resolution, the speed rate obtained with SSE is higher 

compared to other technologies, which is a clear advantage in view of its future 

implementation in clinical practice. However, the resolution at which SSE printers are 

capable of printing is often low (122). The resolution can be improved by using nozzles 

with narrower orifices, but this does not always work for highly viscous materials that 

require wider nozzle diameters. Although a lower resolution may affect the accuracy 

with which the printlets are developed, this, on the other hand, allows achieving the 

faster printing speed mentioned above. 

 

Apart from the limitations mentioned above, before these tailor-made dosage forms can 

be implemented in healthcare, there are still some aspects to explore, such as how 

prolonged storage could affect the properties of the printing materials (95). Although 

the printlets could be manufactured immediately before administration and therefore 

long-term stability studies would not be necessary, it might also be beneficial to store 

pre-filled syringes with the formulation ready to be printed when needed. An ideal 

formulation could be stored for on demand production of printlet batches at the point of 

care, for example in hospital settings, saving time and reducing costs that would 

otherwise be used to prepare new formulations each time a compounded formulation is 

required.  

9. Conclusions 

SSE 3DP has the potential to revolutionise healthcare and medicines manufacture. This 

versatile technology that employs semisolid or semi-molten materials can create 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



50 
 

complex structures with personalised characteristics. SSE enables the preparation of 

medicines with different geometries and release profiles that can also be tailored to 

individual patient preferences in terms of flavour profiles and colours. Moreover, the 

use of disposable syringes facilitates the entire process, helping to meet strict quality 

control requirements. Also applied in bioprinting applications, the low temperatures 

required for material extrusion make this technique suitable for printing cell-laden 

tissues such as skin tissue, corneas, and cardiac patches, among others. More recently, 

this technology has shown its potential in the field of bioelectronics, particularly in the 

production of biosensors capable of monitoring physiological parameters of the human 

body. All these achievements are paving the way for a more personalized treatment 

approach, from more accurate diagnosis to patient tailored medicines. 
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Table 1. Examples of dosage forms and medical devices produced by SSE 3DP 

Formulation 

type 

Formulation details/Properties API Excipients Ref. 

Polypill  An osmotic pump and 

sustained release 

compartments  

Captopril (18.5%), 

nifedipine (10.7%) 

and glipizide 

(3.5%) 

Cellulose acetate, D-

mannitol, PEG 6000, 

MCC, sodium starch 

glycolate and HPMC 

(98) 

 Combination of five different 

drugs via two release 

mechanisms 

Pravastatin (20%), 

atenolol (30%), 

ramipril (15%), 
aspirin (28.62%) 

and 

hydrochlorothiazide 

(5.86%) 

Cellulose acetate, D-

mannitol, PEG 6000, 

sodium 
starch glycolate and PVP 

(75) 

 Three different drugs with 

programmed release profiles 

Metformin 

hydrochloride, 

glyburide and 
acarbose (ND%) 

Pluronic F-127 (99) 

 Controlled release fixed dose 

combination comprising of 
three anti-HIV-1 drugs 

Efavirenz (25.5%), 

tenofovir disoproxil 
fumarate (12.8%) 

and emtricitabine 

(8.52%) 

Brown humic acid sodium 

salt, 
hydroxyethylcellulose 

ethoxylate, quaternized 

and cellulose acetate 

phthalate 

(100) 

Immediate 

release tablets 

Immediate release tablets Levetiracetam 

(ND%) 

Polyvinyl alcohol-

polyethylene glycol graft 

copolymer (PVA-PEG) 
and 

Polyvinylpyrrolidonevinyl 

acetate copolymer (PVP-

PVAc) 

(43) 

 Immediate release tablets Levetiracetam 

(ND%) 

Polyvinyl alcohol-

polyethylene glycol graft 

copolymer (PVA-PEG), 
Kollicoat IR 

(44) 

 Subdivided printlets as an 

alternative to the splitting of 

conventional tablets 

Spironolactone and 

hydrochlorothiazide 

(ND%) 

Lactose, corn starch, 

MCC, HPMC, sucrose 

and dextrin 

(101) 

 Immediate release tablets  Carbamazepine 

(24%) 

Hydroxypropyl-β-

cyclodextrin, HPMC, 

PVP, sodium 
carboxymethylcellulose 

and croscarmellose 

sodium 

(89) 

 Immediate release tablets Puerarin (ND%) PEG 4000 (49) 

 Printlets fabricated with two-

component cross-linkable gels 

Prednisolone and 

bovine serum 

albumin (ND%) 

Four-armed polyethylene 

glycol (PEG4) and ε-

caprolactone monomer 
(CL) 

(79) 

 Immediate release tablets with 

high drug loadings 

Paracetamol (80%) Croscarmellose sodium 

and PVP 

(102) 

 Immediate release tablets with 

high drug loadings in 

different geometries 

Levetiracetam 

(96%) 

Croscarmellose sodium 

and hydroxypropyl 

cellulose (HPC) 

(103) 

 Immediate release tablets with Levetiracetam Carboxymethylcellulose (104) 
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different volumes (93%) sodium, croscarmellose 

sodium and PVP 

 Immediate-release 
formulations using 

thermosensitive gelatin pastes  

Ibuprofen (10%) Gelatin, glycerine, MCC, 
mannitol, lactose and 

HPMC 

(105) 

Controlled 

release tablets 

Controlled release bilayer 

tablets 

Guaifenesin (81%) HPMC, sodium starch 

glycolate and MCC 

(106) 

 Tablets with different 

composition and dissolution 

profiles  

Naftodipil (20%) HPMC, mannitol, PEG 

4000 and Kollidon CL-F 

(66) 

 Semi-solid tablets  Theophylline 

(5.36%, 7.14% or 

8.93%) 

HPMC 4KM and 4EM (107) 

 Tablets with pre-designed 

structures  

Glipizide (1.7%, 

2%, 2.3%) 

HPMC, lactose, MCC and 

PVP 

(108) 

 Gastro-floating tablets Dipyridamole 

(8.5%, 7.25%, 
6.5%) 

HPMC, MCC, lactose and 

PVP 

(109) 

 Floating sustained-release 

systems 

Ricobendazole 

(ND%) 

Gelucire 50/13 (50) 

 Printable formulations after 

several days of storage 

Levetiracetam 

(23.4%) 

PVA-PVP copolymer, 

HPMC and silicon 

dioxide  

(95) 

 Sustained-release 

formulations using 

thermosensitive gelatin pastes  

Diclofenac (6.45%) Gelatin, glycerine, MCC, 

mannitol, lactose and 

HPMC 

(105) 

Chewable 
printlets 

Clinical study, printlets 
prepared in a hospital setting 

with various flavours, colours, 

doses, and sizes 

Isoleucine (ND%) Sucrose, pectin and 
maltodextrin 

(59) 

 Chocolate-based printlets in 

different shapes resembling 

cartoon characters 

Paracetamol and 

ibuprofen (ND%) 

Bitter chocolate and corn 

syrup 

(110) 

 Lego
TM

-like chewable bricks Paracetamol and 
ibuprofen (ND%) 

Locust bean gum and 
glycerol 

(111) 
 

 Gummies Lamotrigine 

(ND%) 

HPMC and gelatin (23) 

 Gummies Ranitidine 

hydrochloride 

(ND%) 

Corn starch, carrageenan, 

xanthan gum, gelatine 

(93) 

Orodispersible 
films (ODFs) 

ODFs fabricated in a one-
step-process using disposable 

syringes 

Warfarin (1.3%) HPC and PVA (112) 

 To develop a platform to 
support the extemporaneous 

production of ODFs 

Levocetirizine 
hydrochloride 

(ND%) 

Glycerine, glycine and 
titanium dioxide 

(24) 

 Multi-layered ODFs 

fabricated with in-process 
drying 

Benzydamine 

hydrochloride 
(ND%) 

Hydroxyethylcelulose 

(HEC) of different 
viscosity grades 

(96) 

 ODFs  Paracetamol 

(37.5%, 25% and 
12.5%) 

Maltodextrins with a 

dextrose equivalent equal 
to 6 and 12 

(52) 

 ODFs  Olanzapine (5%) PEO, Kollidon VA 64, 

poloxamer 407 and 
poloxamer 188 

(53) 
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 ODFs prepared in a hospital 

setting, in comparison with 

the established compounded 
formulations 

 

Warfarin (1.5%) 

 

Lactose monohydrate, 

HPC and propylene 

glycol (PG) 
 

(113) 

 ODFs for veterinary use Prednisolone (1%) PEO, HPC, pure liver 
powder 

(114) 

Solid self-

emulsifying 

formulations 

Solid self-microemulsifying 

printlets in various geometries 

Fenofibrate (7%) 

and cinnarizine 

(7%) 

Gelucire 44/14, Gelucire 

48/16 and Kolliphor 

(71) 

 Solid lipid tablets Fenofibrate (ND%) Maisine CC, Captex 355 

EP/NF, Capmul MCM 

EP, Soybean oil, 

Kolliphor 
EL, Tween 85 and methyl 

cellulose 

(115) 

 Self-emulsifying 
suppositories prepared in 

different sizes without the aid 

of moulds  

Tacrolimus (0.12%) Gelucire 44/14, Gelucire 
48/16 and coconut oil 

(20) 

 Self-emulsifying 

suppositories with a size 

adapted for administration to 

rats 

Tacrolimus (0.9%) Gelucire 44/14 and 

coconut oil 

(22) 

Medical 

devices 

Devices cured with UV light Prednisolone 

(0.5%, 1% and 

1.5%) 

Silopren UV LSR 2030 (77) 

 Patches 5-fluorouracil 

(ND%) 

Poly(lactic-co-glycolic 

acid) PLGA and 

polycaprolactone (PCL) 

(97) 

 Hydrogel patches Doxorubicin 
(ND%) 

Semi-synthesized fish 
gelatin methacryloyl (F-

GelMA), carboxymethyl 

cellulose sodium (CMC) 

(116) 

 Microneedles Insulin (ND%) Alginate, hydroxyapatite, 

calcium chloride 

(78) 

 Biopierces  Mupirocin (20%, 

30% and 40%) 

PLGA (117) 

 Patches Propolis (56%) Pectin from apple and β-

cyclodextrin 

(118) 

*ND% (not clearly disclosed %) 
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