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A B S T R A C T

Oral drug delivery remains the preferred method of drug administration but due to poor solubility many active 
pharmaceutical ingredients (APIs) are ill suited to this. A number of methods to improve solubility of poorly 
soluble Biopharmaceutical Classification System (BCS) Class II drugs already exist but there is a lack of scalable, 
flexible methods. As such the current study applies the innovative technique of aerosol jet printing to increase the 
dissolution capabilities of a Class II drug in a manner which permits flexibility to allow dosage form tailoring. 
Aerosol jet printing provided a high degree of control allowing effective scaling, by size and layering, and control 
over drug distribution. Aerosol jet printing of pure active pharmaceutical ingredient (fenofibrate) resulted in 
crystalline material but as polymer excipient content was increased, morphological changes occurred and a fully 
amorphous product was generated on inclusion of 75 % (w/w solute) polymer content or above. This amorphous 
product has been found to exhibit a 10-fold increase in drug dissolution relative to comparable physical mixtures. 
In conclusion, aerosol jet printing is a novel and effective, scalable method providing improved dissolution 
coupled with high spatial precision and warrants further investigation.

1. Introduction

Aerosol jet printing is a novel form of inkjet printing. Inkjet printing 
has been investigated as a method for dosage form production in recent 
years due to its potential in personalised medicine and possible higher 
degree of precision than some conventional manufacturing methods 
(Carou-Senra et al., 2024). Inkjet printing is a broad description for a 
range of methods for the digitally controlled formation and deposition of 
small droplets onto a surface (Daly et al., 2015). This can take the form 
of a liquid binder applied to a powder bed consisting of drug and 
excipient to cause particle adhesion. Equally, it can consist of an “ink” 
formulation, either suspension or solution consisting of drug and 
excipient, being applied to a suitable substrate such as acetate or rice 
paper in a similar manner to conventional ink printing on paper (Daly 
et al., 2015; Yun et al., 2009). Inkjet printing can also be used as an 
additive manufacturing technique, building up dosage forms in a mould- 
less fashion by layering slices of material (Yun et al., 2009). This allows a 
degree of flexibility as the dosage form can be built up from polymer 
alone, drug alone, pre-formulated layers or from a combination of the 

two (Wickström et al., 2015).
From a solid state perspective, it has been demonstrated previously 

that inkjet printing can result in formation of amorphous products. With 
amorphous forms generally possessing higher kinetic solubility than 
their crystalline forms, with possible increases of 1.1 to 1000 fold (Aoki 
et al., 2021; Danda et al., 2019; Kawabata et al., 2011; Uchiyama et al., 
2021), this is highly favourable for processing of Biopharmaceutical 
Classification System (BCS) class II and IV drugs. Wickström et al. re-
ported that the amorphous form of indomethacin could be generated by 
inkjet printing, even in the absence of a stabilising polymer, leading to 
greater overall dissolution (Wickström et al., 2015). Likewise, greater 
kinetic solubility was generated by forming an amorphous form of 
felodipine in another study by Scoutaris et al. (Scoutaris et al., 2011). 
However, both studies conceded a need for greater solid state 
investigation.

Whilst inkjet printing offers significant advantages in terms of pre-
cision, flexibility and solid state transition, manufacturing aspects such 
as nozzle size, substrate options, drying time and spatial resolution are 
limited (Carou-Senra et al., 2024). Thus, there is significant scope for 
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development in the printed formulation space and this may be fulfilled 
by novel technique of aerosol jet printing.

An aerosol jet printer functions by passing pressurised nitrogen 
through ink to cause pneumatic atomisation, forming small droplets 
which are then propelled through a virtual impactor, extracting any 
excess nitrogen to condense the stream before traversing the tubing and 
then condensing further to form a usable stream at the print head 
(Wilkinson et al., 2019). Aerosol jet printing can be thought of as a 
miniaturised version of spray drying as the use of volatile solvent in 
combination with atomisation results in formation of microdroplets 
followed by rapid drying of particles (Hyun et al., 2015).

Research with this particular type of printer has been based around 
multiple applications mainly in electronics often using conductive silver 
ink (Abt et al., 2018; Gramlich et al., 2023), for example, the production 
of stretchable electronics with silicon (Goh et al., 2018), conformal 
printing (Goh et al., 2022; Niu et al., 2024), micropillar arrays (Ali et al., 
2022), metal inks in 3D chip interconnects (Lan et al., 2017), nano-
thermites for antennas (Gamba et al., 2023), sensors on non-planar 
surfaces (Pavec et al., 2018), multi-dimensional sensors (Zhou et al., 
2023), batteries (Deiner et al., 2019; Lopez-Hallman et al., 2024), fuel 
cells, and supercapacitors (Deiner et al., 2019), high resolution 
conductive platinum microstructures (Arsenov et al., 2021), transparent 
conductive silver nanowire electrodes (Serbest et al., 2024), wearable 
electromyographic sensors (Perilli et al., 2024), gold and indium oxide 
sensors for simultaneous detection of temperature and strain (Bappy 
et al., 2024a; Bappy et al., 2024b), graphene channels (Pandhi et al., 
2018), and polymer solar cells (Yang et al., 2011). It has also been 
applied to biological solutions such as proteins and silk (Williams et al., 
2020; Xiao et al., 2020) and a range of applications with polymers (Ako 
et al., 2023; Davies et al., 2024; De Silva et al., 2006; Monne et al., 2021; 
Overmeyer et al., 2019; Taccola et al., 2024; Tait et al., 2015, Zhang 
et al., 2024).

Although aerosol jet technology has not been applied previously in 
pharmaceutical manufacturing, this previous work has demonstrated 
numerous technological advantages over standard inkjet printing that 
may be applicable in pharmaceutical systems:

1.1. Improved material deposition

Aerosol jet printing holds significant benefits over standard inkjet 
printing techniques as it is contactless and thus eliminates the sweeping 
and tugging actions normal inkjet printers exhibit, aiming to reduce the 
chance of accidental removal of the previous surface on the application 
of a new surface (Buanz et al., 2011).

1.2. Substrate flexibility

The contactless nature of the printer also offers the advantage that 
different substrates may be used as they do not have to pass through a 
printer mechanism.

1.3. Improved manufacturing efficiency

Unlike conventional inkjet printing, it also dries more quickly 
allowing a fresh layer to be added more efficiently (Werner et al., 2013), 
potentially leading to faster manufacturing times.

1.4. Higher spatial resolution and nozzle size options

It may also allow significantly narrower deposition lines to be ach-
ieved compared with conventional inkjet printing as the more focused 
nozzle stream allows greater control (Feng et al., 2021; Seifert et al., 
2015; Werner et al., 2013).

As this type of aerosol jet printer offers advantages over inkjet 
printing and has never previously been applied in pharmaceutical 
manufacturing, the current study aimed to investigate the application of 

aerosol jet printing to the production of solid oral dosage forms with a 
view to determining the capabilities and limitations of the technique. 
Printer capabilities were tested by programming different output shapes 
and sizes, along with nozzle size and different substrates, enabling po-
tential in the personalised medicine field. Printed systems were tested 
for content and physical characteristics including dissolution. The model 
biopharmaceutical classification system Class II drug fenofibrate was 
utilised due to its very poor aqueous solubility and proven increase in 
dissolution capability on solid dispersion formation by prior means such 
as thin film freezing (Zhang et al., 2012) and hot melt extrusion 
(Kallakunta et al., 2020). This new technique may offer benefits over 
these prior techniques as it does not require application of heat or 
cooling, and thus may allow a greater range of Class II APIs to be 
formulated in the future.

2. Materials and methods

2.1. Materials

Fenofibrate and phosphoric acid were obtained from Sigma-Aldrich 
(Dorset, UK). Polyvinylpyrrolidone K30 (PVP K30) was obtained from 
Sigma-Aldrich (Dorset, UK) and BASF (Ludwigshafen, Germany). So-
dium hydroxide and potassium dihydrogen phosphate were obtained 
from Merck Millipore (Burlington, MA, USA). Ethanol (ABS) and 
acetonitrile were obtained from VWR International (Lutterworth, U.K.) 
and Honeywell International (Bucharest, Romania). Rice paper was 
obtained from Easy Bake (U.K.). Deionised water was produced using a 
Merck Millipore purification system (Watford, U.K.).

2.2. Methods

2.2.1. Ink rheology
Inks were measured using a Thermoscientific Haake Mars Liquid 

Rheometer with a double cone DC60/1◦TiL and a TMP60DC lower plate 
using Haake Rheowin Job Manager, over a range of 0–1000 s− 1 shear 
taking incremental measurements at 25 ◦C. Data was analysed using 
Haake Rheowin Data manager.

2.2.2. Dosage form manufacture by aerosol jet printing
Ink was prepared by dissolving either fenofibrate alone or with PVP 

K30 in ethanol to achieve a solution viscosity of less than 1000 cP as 
required by the aerosol jet printer. The inks were prepared with a 
fenofibrate concentration of 30 mg/ml as standard and a varying con-
centration of polymer: 0, 15, 30, 45, 60, 90 and 120 mg/ml (Table 1).

Aerosol jet printing was performed using an Optomec Aerosol Jet® 
200 3D Inkjet Printer (Optomec Ltd., Albuquerque, U.S.A). The chosen 
ink solution was loaded into the pneumatic atomiser and atomised to a 
vapour capable of traversing the tubing and the deposition head. 
Pneumatic atomisation was achieved by applying nitrogen to the printer 
at 90 psi, lowering this to 45 psi within the printer and using this 
pressurised nitrogen to vaporise the ink. A bubbler was not used due to 
the lack of control over solvent content. The Optomec program KEWA 
Process Control 2.5.6 was used to control the pressure entering the 
atomiser, tubing and deposition head by setting the sheath flow rate to 

Table 1 
Ink Solute Components.

Polymer content (%, w/ 
w solute)

API concentration 
(mg/mL)

Polymer concentration 
(mg/mL)

0 30 0
33 15
50 30
60 45
67 60
75 90
80 120
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60 cm3/min, the exhaust flow rate to 550 cm3/min and the atomiser 
flow rate to 600 cm3/min, as optimised by Optomec Ltd..

The ink deposition was programmed by creating a shape on AutoCAD 
2015 and then running the file using KEWA Motion 2.5.0 (Table 2). The 
KEWA VH Tools R2 plug in for AutoCAD was utilised to generate the 
appropriate circle fill for KEWA to follow, which took the form of a spiral 
starting from the outside of the circle and working inwards. The print 
speed was maintained at 3 mm/s. To build up layers and generate a 3D 
structure, the file was rerun until the desired height was reached. Printer 
capabilities were tested by programming different shapes and sizes via 
the KEWA Motion 2.5.0, and different nozzle sizes (150, 200, 250 and 
300 µm). The print stage was maintained at ambient temperatures to 
avoid potential temperature induced phase transformation or additional 
polymer swelling. Ink was printed on to different substrates depending 
on the needs of the study. Rice paper was used for powder x-ray 
diffraction (PXRD) and Ultra High Performance Liquid Chromatography 
(UHPLC), and the ink was printed directly into 25 µl aluminium pans for 
differential scanning calorimetry (DSC), onto glass coverslips for contact 
angle, onto custom made sample cups for dissolution, and onto 
aluminium stubs for scanning electron microscopy (SEM). Care was 
taken to ensure substrates were completely free of dust or contamination 
to limit substrate effects on inkjet printed materials (Genina et al., 2013; 
Planchette et al., 2016). Process drift was minimised by ensuring the 
atomiser jet inlet was always a minimum of 1 mm below the surface of 
the ink within the pneumatic atomiser chamber. Should less ink ever be 
required borosilicate beads were added to the bottom of the chamber to 
reduce the atomiser volume. Future work could develop this through 
modification of the pneumatic atomiser chamber (Tafoya and Secor, 
2020).

2.2.3. Optical microscopy
Images of the printed outputs were taken using a Leica DM6000M 

Automated Research Microscope coupled with the Leica Application 
Suite (Leica Microsystems Ltd., Milton Keynes, U.K.). A 2.5x objective 
was utilised with a differential interference contrast method utilising the 
transmitted light source for optimum representation of material 
distribution.

2.2.4. Ultra high pressure liquid chromatography
Ultra high pressure liquid chromatography (UHPLC) was carried out 

using an Agilent 1290 UHPLC, 6530 Q-TOF (Agilent Technologies, Santa 
Clara, California, USA) with detection at 280 nm and a mobile phase 
consisting of acetonitrile: water (pH 2.5 H3PO4) 80:20 running at 1 ml/ 
min on a C-18(2) 100 Å silica reversed phase column. Samples were 
prepared by printing on rice paper for ease of dissolution and dissolved 
in 10 ml acetonitrile. Calibration curves covering a range of 5–100 µg/ 

ml were produced for each UHPLC session using the area under the 
curve and concentrations of samples were calculated using the resultant 
equation of the line. The chromatographs were collected using Mass-
Hunter Workstation Software Data Collection and Qualitative Analysis 
B.07.00.

2.2.5. Depth analysis by laser triangulation
Printed samples were measured by laser triangulation using an LK- 

H057 (Keyence Corporation of America, Illinois, USA). Samples were 
analysed by initially taking a background measurement of the rice paper 
and then moving the sample so the centre was in line with the laser. 
Sample height was then collected on the LK-navigator software and 
compared.

2.2.6. Powder x-ray diffraction
Powder x-ray diffraction (PXRD) was carried out using a Bruker D8 

Discover X-ray diffractometer (Bruker Corporation, Massachusetts, 
USA). Samples were printed onto rice paper and the signal generated by 
the rice paper was subtracted using the analysis software Diffrac. EVA. 
Samples were tested over a range of 5-35◦2θ at 0.01 s. Samples were 
analysed using DIFFRAC.EVA.V4.1. Samples were stored for 6 months 
under ambient conditions and analysed again at 2 days, 5 days, 8 days, 
15 days, 22 days, 29 days, 60 days and 180 days.

2.2.7. Differential Scanning calorimetry
Differential Scanning Calorimetry (DSC) was carried out using a 

Netzsch STA449 F1 Jupiter (NETZSCH-Gerätebau GmbH, Wolver-
hampton, West Midlands, UK). Powder samples were prepared in the 
standard manner, weighing the aluminium pans before and after 
loading. Dosage form samples were prepared by printing directly into 
the pans for a period of 20 min to produce samples of 1 – 5 mg. All 
samples were run in pierced pans. Analysis was carried out over a range 
of room temperature to 150̊C, over 30 min, cooling with liquid nitrogen 
between samples. Results were analysed using Netzsch Analyser.

2.2.8. Scanning Electron microscopy
Scanning Electron Microscopy (SEM) was carried out using a 

U9320B Filed Emission Scanning Electron Microscope (Keysight, USA) 
using back scattering mode. Ink was deposited directly on to SEM stubs, 
using a 2 mm circular deposition pattern (Table 2), before the samples 
were subjected to a 20 nm gold coat and then measured at x1,500 
magnification.

2.2.9. Contact angle
Samples were tested for wettability using a Krüss DSA 100 Drop Size 

Analyser (Krüss, Hamburg, Germany) by applying 20 µL droplets to the 
surface using a 0.7 mm needle. The instrument was driven and samples 
were analysed using the Krüss software Drop Size Analysis. A deionised 
water drop was initially created on the needle surface and then the 
needle was lowered until it was just above the sample surface, as 
observed in the drop window. A video recording was started and then 
the needle was lowered until the droplet detached onto the sample 
surface. The changes in the sample were observed in real time on the 
video and once recorded the video was analysed. The point of initial 
contact was established and this was designated point zero. The baseline 
was then lined up with point zero and the contact angle measured. Care 
was taken to ensure the measurement reflected the shape of the actual 
droplet. Due to the nature of the samples utilised in this study the results 
were based on the initial contact angle taken at point zero.

2.2.10. Dissolution Testing
Drug release and intrinsic dissolution rate were measured using a 

Sirius Surface Dissolution Imager I (SDI I) with a 280 nm UV filter (Sirius 
Analytical Instruments Ltd., Forrest Row, East Sussex, U.K.). Samples 
were tested in simulated intestinal fluid pH 6.8 (without enzymes) 
prepared following the standard British Pharmacopoeia methods 

Table 2 
Printer deposition design specifications.

Deposition 
diameter 
(mm)

Line length 
(mm, 
circumference 
and infill)

Area based 
on 250 µm 
diameter 
nozzle 
(mm2)

Area based 
on 300 µm 
diameter 
nozzle 
(mm2)

Use

2 32.54 8.14 9.76 Dissolution, 
scaling by 
area

5 199.78 49.94 59.93 Scaling, 
distribution, 
thickness, 
Raman, DSC, 
SEM

7 389.77 97.44 116.93 Scaling by 
area

10 792.53 198.13 237.76 Scaling by 
area, PXRD

20 3155.63 788.91 946.69 Contact angle
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(British Pharmacopoeia Commission Secretariat of the Medicines and 
Healthcare Products Regulatory Agency, 2025). A molar extinction co-
efficient value was obtained by analysing 3 sets of standards over a range 
of 1 – 10 µg/ml prepared with dissolution buffer and 10 % (v/v) 
methanol. A similar method to a previously published study was utilised, 
manually infusing the flow cell with each standard in turn over a 20 min 
period (Etherson et al., 2020). Powder control compacts were prepared 
(using the standard Sirius Analytical method (Ward et al., 2017)), by 
adding the powders to the sample cup within the micro-compressor die 
and compressed to two clicks using the torque wrench at 60 cN.m for 10 
min. Samples were then added to the SDI flow cell and media was passed 
over the surface of the sample cup for 20 min at 0.2 ml/min. Formula-
tions were printed directly into sample cups (Paraytec Ltd., York, U.K.). 
Drug release was observed using the program Sirius Data Analyser, 
recording the absorbance over time. Samples were then analysed using 
this data analysis software with the average molar extinction coefficient 
and molecular mass values for fenofibrate (14831 M− 1 cm− 1 and 360.83 
g/mol respectively).

2.2.11. Statistical analysis
Results were plotted and statistical analysis was carried out using 

Origin Pro 2017, values presented as mean ± standard error with the 
number of replicates as stated.

3. Results and Discussion

3.1. Ink and printing properties

3.1.1. Ink rheology
The ink formulations showed an increase in viscosity with polymer 

concentration as demonstrated by a comparison of the viscosity taken at 
the shear rate value of 1000 s− 1 (Fig. 1). The relationship was linear with 
the exception of the latter two concentrations which demonstrated a rise 
to the curve in a more exponential fashion. Statistical analysis in Origin 
Pro 2017 gave a P-value of 5.95 × 10− 5 suggesting the relationship 
between polymer concentration and viscosity was significant. This 
relationship between PVP viscosity and concentration has been 
observed a number of times in the literature such as in water comparing 
K-values (Mehrdad et al., 2013; Swei and Talbot, 2002) and with cerium 
(III) 2,4-pentadionate hydrate and zirconium(IV) 2,4-pentadionate in 
propionic acid comparing high molecular weight and low molecular 
weight PVP (Calleja et al., 2014). Fenofibrate and PVP have also pre-
viously been studied for viscosity in the literature but only in a 50:50 
ethanol and dichloromethane solution with 20 % w/w solute content 

(Ng et al., 2013). Therefore, although there is no direct comparison for 
the system under study, the behaviour was consistent with the literature 
and the inks within the required printer performance parameters.

3.1.2. Optical microscopy
An example printed dosage form can be observed in Fig. 2. The spiral 

printer pattern governed by KEWA were clearly seen, as were the par-
ticles which formed the overall structure. There was some suggestion of 
the coffee ring effect associated with inkjet printing which has been seen 
previously in the literature both in aerosol jet (Seifert et al., 2015; Tait 
et al., 2015) and more traditional inkjet printing (Jabari and Toyserkani, 
2015; Luan et al., 2016). However, the spiral pattern did ensure the 
material was distributed throughout the dosage form in a consistent 
manner.

3.1.3. Drug content control
Fig. 3 demonstrates the various measures by which drug content can 

be controlled using the aerosol jet technique. Nozzle size showed a linear 
relationship with mass of drug deposited with an r-squared value of 
0.92. On statistical analysis a P-value of 0.04 was obtained confirming 
there was a significant relationship between nozzle size and drug mass 
deposited. Changing the nozzle size from the minimum to the maximum 
allowed a 3-fold increase in mass deposited, with the error slightly 
higher for the smaller nozzle sizes. Significant differences were recorded 
on performing an ANOVA where the 150 to 200 µm nozzles showed a P- 
value of 2.29 × 10− 3 Nozzle size was very dependent on the manufac-
turer’s stated nozzle diameters and, as it was such a small scale, any 
slight variation was magnified. Thus, there was a chance of variation 
between nozzles of the same size and a chance that nozzles were not 
exactly the size specified. Nozzles of 150 and 200 µm also suffered from 
bigger variations between samples as they were less forgiving of vis-
cosity and thus droplet size than 250 and 300 µm as exhibited by bigger 
error bars than the latter two nozzle sizes. Although there is little evi-
dence of study of the relationship between nozzle size and mass previ-
ously, nozzle size has been studied as a means of changing droplet size in 
piezoelectric printers (Liou et al., 2010). Linearity was observed be-
tween the droplet size and nozzle size which may explain the linearity 
between nozzle size and mass observed in the current study. The effect of 
nozzle size on deposition has been previously demonstrated in another 
aerosol jet system, the Optomec Aerosol Jet M3D Printer, with 100, 150 
and 200 µm nozzles. However, this was with silver ink and thus, 
although changes in the line width were observed, it was not directly 

Fig. 1. The effect of PVP concentration on ink viscosity. Viscosity measured at 
1000 s− 1, drug concentration 30 mg/ml, n = 3 ± standard error.

Fig. 2. Image of printed fenofibrate and PVP K30 with 75 % (w/w solute) 
polymer. Captured using a Leica DM6000M Automated Research Microscope at 
2.5x objective, with a differential interference contrast method and a trans-
mitted light source.
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comparable with API mass (Mahajan et al., 2013).
Deposition area was found to be linear and highly reproducible as the 

error bars are often too small to be observed (Fig. 3), which may be due 
to the fact that deposition area can be designed with micrometre reso-
lution in AutoCAD. On statistical analysis a P-value of 6.58 × 10− 4 was 
obtained suggesting a significant relationship between area and mass of 
drug deposited. On increasing the area deposited, up to a 40-fold in-
crease in the drug mass deposited was achieved. On performing an 
ANOVA all the samples showed a P-value of 0.00 suggesting changing 
the size has significant effects. This demonstrates potential for gener-
ating personalised dosing. Changing the area of deposition to alter the 
dose has been employed previously in a personalised medicine context 
by thermal inkjet printing warfarin using a Hewlett-Packard (HP) 5940 
Deskjet. Printing 0.5 × 1-7 cm was shown to result in a fully linear 
relationship between the length and drug mass (Vuddanda et al., 2018).

Layering depositions to generate dosage forms resulted in linearity 
(Fig. 3) with the average deposited drug mass approximately 200 µg per 
layer and statistical analysis (P-value of 1.29 × 10− 5) confirming a 
significant relationship between the layer number and mass deposited. 
This result arose since applying the same AutoCAD drawing for each 
layer eliminated program dependent issues and using the same nozzle 
size eliminated any manufacturer dependent variation. Unlike other ink 
jet printers (Wickström et al., 2015), material was not lost by using this 
method as the dragging action was eliminated by the free moving stage. 
Thus, layering in this manner demonstrates potential for generating 
personalised dosing. Generally, previous printing papers have reported 
layering but have often failed to demonstrate linearity (Akagi et al., 
2014; Wickström et al., 2015). One exception to this was a paper by 
Vakili et al. (2015) which showed a linear relationship between the 
number of layers of theophylline and glycerine printed by thermal inkjet 
printing and the resultant drug loading detected, enabling effective 

personalised medicine (Vakili et al., 2015). Layering has also been 
demonstrated using an aerosol jet printer previously with silver ink 
(Kopola et al., 2012) and with barium titanate based multilayer ceramic 
capacitors (Folgar et al., 2011) but never with active pharmaceutical 
ingredients and thus this finding was novel.

Laser triangulation allows measurement of deposition thickness 
(Fig. 3). It was not possible to measure and separate a single layer 
thickness from the substrate thickness, therefore five layer samples were 
utilised and a calculated single layer was presented for comparison. The 
thickness of the deposition mimicked the exponential curve of the 
rheology trend seen in Fig. 1 in that there was an initial gentle slope up 
to 60 % (w/w) polymer before a rapid increase. Samples of increasing 
polymer content demonstrated similar exponential relationships with 
both rheology and thickness. These properties have been linked in a 
previous paper looking into the relationship between deposition thick-
ness and rheology of PVP by Calleja et al. A semi-log plot illustrated an 
exponential increase in viscosity with concentration of PVP solutions 
and similar plot of concentration against thickness was observed on spin 
coating (Calleja et al., 2014).

It should be noted that variations between samples in terms of 
detected drug content and thickness of samples could also be attributed 
to the principle of system drift, despite minimisation. This is a phe-
nomenon observed in aerosol jet printing where the deposition varies 
over time (Tafoya and Secor, 2020; Yoo et al., 2021). It is believed to be 
due to variations in flow and the supply of ink within the atomiser. This 
has been observed in a number of papers previously, however largely 
only using the ultrasonic atomiser (Hines et al., 2021; Tafoya and Secor, 
2020; Yoo et al., 2021). This could potentially be overcome by addition 
of a circulating ink system, however future work into minimising line 
blockages would be required (Dai and Zhejiang Flashforge Group Co. 
Ltd., 2023; de Danda et al. (2019), Fu and Wuxi Light Industry Univ 

Fig. 3. Printed Drug Content Control. A): Effect of nozzle size on printed drug mass, printed with nozzle sizes 150, 200, 250 and 300 µm at 3 mm/s to print a 5 mm 
diameter circle, r2 = 0.91999. B): Effect of deposition area on printed drug mass, printed with a 250 µm nozzle at 3 mm/s to print a 5 mm diameter circle, r2 =

0.99869. N.B. Some error bars are located within the points. C): Effect of layer number on printed drug mass, printed with a 250 µm nozzle at 3 mm/s to print 5 mm 
diameter circles, r2 

= 0.99903. D): Deposition thickness, based on polymer content as detected by laser triangulation of five layers (triangle) and theoretical one layer 
(circle) samples, n = 3 ± standard error. In all cases ink contained fenofibrate:PVP K30 with 50 % (w/w solute) polymer, n = 6 ± standard error, unless other-
wise stated.
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Printing Factory, 2020; Sui et al., 2023; Xu et al., 2023).

3.2. Solid state properties

PXRD showed significant effects of printing the drug and polymer 
together. Fig. 4 compares drug, and drug/polymer physical mixtures, 
where the crystalline drug related peaks were observed to reduce with 
polymer content but did not fully disappear. For the printed drug and 
drug/polymer mixtures, increasing polymer content reduced the crys-
tallinity of the overall formulation gradually until a fully amorphous 
product was achieved on printing formulations with a 75 % (w/w) 
polymer content or higher system F & G in Fig. 4. Furthermore, Table 3
demonstrates that this loss of crystallinity was retained for 6 months and 
thus these solid dispersions can be considered stable. DSC showed a loss 

in crystallinity in the physical mixtures with polymer content but it was 
more a reflection of the mass of drug present rather than the formation 
of amorphous material (Fig. 4). The printed samples showed a gradual 
loss of the crystalline peak as amorphous material was formed with 
higher polymer content, with the signal disappearing in system E where 
the PXRD still detected crystalline drug.

As can be observed in the SEM images (Fig. 5), the formulations with 
lower concentrations of PVP continued to exhibit a degree of crystal-
linity, with the addition of 33 % (w/w solute) polymer resulting in a 
change from ‘driftwood’ like crystalline particles to more plate-like and 
elongated crystals. On addition of 50 % (w/w solute) polymer the drug 
started to form cuboidal and squamous crystals with a light covering of 
polymer. On addition of 60 % (w/w solute) polymer the drug started to 
agglomerate more with large crystalline particles and amorphous 

Fig. 4. Solid State Analysis of Printed Output. Powdered samples (left) and printed samples (right). Top panels: DSC of (A) fenofibrate and mixtures of fenofibrate 
and PVP K30 with (B) 33% (C) 50%, (D) 60%, (E) 67%, (F) 75% and (G) 80% (w/w solute) polymer content, Bottom panels.X-ray diffraction patterns of (A) 
fenofibrate and mixtures of fenofibrate and PVP K30 with (B) 33% (C) 50%, (D) 60%, (E) 67%, (F) 75% and (G) 80% (w/w solute) polymer content.

A.J. Turner et al.                                                                                                                                                                                                                                



International Journal of Pharmaceutics 671 (2025) 125288

7

particles being observed. However, on increasing the polymer concen-
tration to 67 % (w/w solute) the formulation started to appear more 
amorphous with only slight crystallinity present (< 5 % visual assess-
ment). Ultimately on addition of 75 % and 80 % (w/w solute) polymer 
the formulation was fully amorphous as characterised by spherical 
particles throughout (Xia et al., 2016), and in agreement with the PXRD 
and DSC results discussed above.

Previous studies have demonstrated similar solid state changes on 
spray drying fenofibrate with polymers. Vogt et al. investigated nano-
sizing in conjunction with spray drying of fenofibrate, leading to com-
plete loss of crystallinity on analysis by x-ray diffraction (Vogt et al., 
2008). Varshosaz and Ghassami produced amorphous material on spray 
drying fenofibrate with Eudragit E100, Solutol HS15 and HPMC, ana-
lysed by x-ray diffraction and SEM (Varshosaz and Ghassami, 2015). 
Furthermore, Yousaf et al. supported the effect of printing in the absence 
of sufficient PVP with a similar effect on spray drying, where fully 
amorphous products failed to form as only 1:1.8 fenofibrate:PVP was 
present in the starting material (Yousaf et al., 2015). There is also pre-
vious evidence of the thermal effects of producing amorphous fenofi-
brate with PVP as demonstrated by Choi et al. using solvent evaporation 
with 1:1 fenofibrate and PVP (Choi et al., 2013).

The particle size formed on printing was largely governed by the 
viscosity of the starting ink. This study has shown the viscosity increased 
with polymer content and thus it should follow that the droplet size 
achieved on atomisation would also increase, increasing the overall 
particle size achieved. 75 % polymer (w/w solute) printed fenofibrate 
and PVP K30 samples exhibited larger particles than 50 % polymer (w/w 
solute) printed samples. 67 %, 75 % and 80 % polymer (w/w solute) 
printed samples exhibited larger agglomerates. This effect of viscosity 
on particle size has been observed previously in spray drying, which is 
highly significant as the aerosol jet is effectively a miniaturised version 
(Law et al., 2017; Sander and Penović, 2014). In terms of comparison of 
the solid state effects to inkjet printing in the literature, the closest 
comparison is a paper by Scoutaris et al. involving piezoelectric inkjet 
printing of felodipine and PVP in an ethanol:DMSO 95:5 solution, 
resulting in amorphous material as demonstrated by TOF-SIMS. How-
ever, unlike the current study, the amorphous state in Scoutaris et al. 
was found to be lost over the course of an extended spray time (Scoutaris 
et al., 2011). The effect of viscosity on particle size has also been pre-
viously observed on inkjet printing of mannitol, mannitol-ammonium 
bicarbonate mixtures and mannitol-ammonium bicarbonate-PTFE mix-
tures, where the overall spherical particle size increased with viscosity 
in an exponential fashion (Winter et al., 2023). However, there is no 
prior evidence of aerosol jet printing resulting in this effect. Thus it is 
extremely of note that this is the first study using aerosol jet printing to 
produce amorphous pharmaceutical material.

3.3. Contact angle

The effect of printing on wettability can be observed in Fig. 6. 
Printing fenofibrate in ethanol alone resulted in a high contact angle and 
poor wettability, which was to be expected as fenofibrate is virtually 
insoluble in water. The wettability increased considerably on addition of 

polymer with the addition of 33 % (w/w solute) polymer content 
causing the contact angle to fall from an average of 110.7◦ to 65.02◦. 
This was supported by an ANOVA as the difference between this point 
and that of the fenofibrate has a P-value of 5.62 × 10− 7. The contact 
angle fell with increasing polymer content until 60 % (w/w solute) 
polymer content at an average of 43.24◦, after which the graph was 
observed to level off with values of 45.67◦, 30.52◦ and 40.87◦ for the 67 
%, 75 %and 80 % (w/w solute) polymer content fenofibrate and PVP 
K30 samples respectively. This may be attributed to formation of 
amorphous particles of drug which were encased in the polymer 
increasing the overall wettability of the drug. Thus, the wettability may 
be considered solely a function of the polymer until 60 % (w/w solute) 
polymer content is present, where the amorphous particles began to play 
a part with the fully amorphous 75 % and 80 % (w/w solute) polymer 
content fenofibrate and PVP K30 samples, ultimately showing the 
greatest wettability overall.

3.4. Dissolution

Drug release achieved from control powder-based compacts of 
fenofibrate and PVP K30 (Fig. 7) resulted in an increase in drug release 
relative to drug alone with increasing polymer content. Ultimately, on 
addition of 80 % (w/w) polymer the release increased by 10-fold relative 
to the drug alone but the overall release was low, not reproducible be-
tween the compacts and did not increase in a linear fashion. For 
example, on addition of 33.3 % (w/w) polymer the release was lower 
than that of the drug alone, and samples with 60 % (w/w) polymer 
content exhibited a higher average release than those with 66.7 % (w/w) 
polymer content. On conducting an ANOVA, most of the samples did not 
exhibit a significant change from fenofibrate alone, with the exception 
of those containing 80 % (w/w) polymer content which had a P-value of 
0.04.

The printed materials (Fig. 7), however, showed a 10- to 30-fold 
higher drug release relative to the comparable powder samples. The 
greatest release was achieved by the samples exhibiting amorphous 
particles, with the 60 % (w/w solute) polymer content fenofibrate and 
PVP K30 printed samples showing a substantial increase relative to the 
50 % (w/w solute) polymer content samples, on initial amorphous 
particle formation. Furthermore, the 75 % (w/w solute) polymer content 
samples showed a statistically significant increase (P = 4.0 × 10− 3) 
relative to the 67 % (w/w solute) polymer content samples on the 
complete loss of crystallinity. Ultimately, the 80 % (w/w solute) poly-
mer samples showed the greatest increase overall with up to 4.3 % drug 
released in 20 min, a 40-fold increase relative to printed drug alone. The 
printed materials were also generally more reproducible than the pow-
der compacts as demonstrated by smaller error bars overall.

In a similar manner to drug release, intrinsic dissolution rate 
increased with polymer content in the control compacts but the increase 
was no more than 5 µg/min/cm2, however with printed material this 
increase was up to 40 µg/min/cm2 (Fig. 8), showing nearly a 10-fold 
increase. The 67 %, 75 % and 80 % (w/w solute) polymer content 
samples showed the most notable difference as shown by an exponential 
increase in Fig. 8. This was supported by an ANOVA where 67 % (w/w 

Table 3 
PXRD Peak Count of printed samples over 6 months, where n = 1.

Polymer Content (%, w/w solute, where API ¼ 30 mg/ml) Peak Count (n)

Day 1 Day 2 Day 5 Day 8 Day 15 Day 22 Day 29 Day 60 Day 180

0 36 36 38 38 40 40 40 40 38
33 32 32 32 32 34 34 34 28 28
50 8 10 18 20 21 22 22 19 24
60 2 5 5 0 2 0 1 2 12
67 3 5 10 9 14 15 18 15 15
75 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0
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Fig. 5. Scanning Electron Micrographs of Printed Output. SEM of (A) fenofibrate and mixtures of fenofibrate and PVP K30 with (B) 33 % (C) 50 %, (D) 60 %, (E) 67 
%, (F) 75 % and (G) 80 % (w/w solute) polymer. contenttaken at 1.5 K magnification with the size bar in blue showing 10 µm.
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solute) polymer content samples were shown to have a P-value of 1.65 
× 10− 4, 75 % (w/w solute) polymer content samples were shown to have 
a P-value of 2.72 × 10− 6 and 80 % (w/w solute) polymer content 
samples were shown to have a P-value of 2.10 × 10− 7 compared to their 
powder counter parts.

Overall, the formation of amorphous material had a significant effect 
on dissolution properties resulting in a 10- to 30-fold increase in disso-
lution relative to the comparable physical mixtures. Spray drying has 
demonstrated similar dissolution from fenofibrate and PVP based sys-
tems in previous studies. For example, Hugo et al. demonstrated a 10- 
fold increase in dissolution on spray drying fenofibrate with PVP K25 
in a 1:3 ratio in ethanol, while Choi et al. demonstrated a 4-fold increase 
in dissolution on spray drying fenofibrate and PVP in a 1:1 ratio to form 
nanoparticles (Choi et al., 2013; Hugo et al., 2013). Increases in drug 
release from inkjet printed samples generated from fenofibrate in 
ethanol inks (Hossen et al., 2014; Vialpando et al., 2012) have been 
observed previously but interestingly inkjet printing the combination of 
fenofibrate and PVP in ethanol is not presented in the literature.

3.5. Aerosol ink jet printing – pharmaceutical application opportunities

The aerosol inkjet technology presented in this study successfully 
created amorphous, pharmaceutical dose forms with improved disso-
lution performance. The technology allows for flexible dosing, and 
would allow accurate dosing for high potency drugs: doses of 20 µg to 1 
mg or greater as films (printing highly diluted solutions onto a substrate 
such as rice paper) and theoretically up to full size tablets (with tablet 
core weight ranging from 200–300 mg). High dose products with tablet 
core weights > 300 mg are very likely not viable, however, as the cur-
rent process is too slow. Whilst Additive Manufacturing offers superior 
spatial resolution, it is a slow manufacturing process and cannot be 
compared to traditional pharmaceutical manufacturing processes, such 
as tablet production via a rotary tablet press. The current technology 
used in this study, would require further development to improve 
throughput for commercial manufacture. However, the scale and flexi-
bility of this technology are advantageous for niche applications with 
either small patient populations or where personalisation is required, 
such as dose adjustments due to narrow therapeutic index of APIs or 
patient specific renal clearances (Boehm et al., 2014; Carou-Senra et al., 
2023; Cheow et al., 2015; Kallakunta et al., 2020; Rodríguez-Pombo 
et al., 2024; Vuddanda et al., 2018). In addition, this technology would 
be advantageous for early phase clinical trials covering dose escalation 
studies. The model drug fenofibrate, is commercially available as a 
range of different oral solid dose forms (capsules, tablets and delayed 
release capsules) in a wide range of doses (e.g. a capsule formulation at 
nine different doses, ranging from 30 to 200 mg (Sidhu and Tripp, 2025) 
(Table 4). With dose adjustments for fenofibrate therapy being made at 4 
to 8 week intervals, as well as the vast range of therapeutic doses 
commercially in use (which are not bio-equivalent), a flexible 
manufacturing approach such as an on-demand additive manufacturing 
process would be highly advantageous.

4. Conclusions

The printer technology used in the current study has never previ-
ously been applied in pharmaceutical manufacture and demonstrated a 
number of highly significant advantages over the existing inkjet tech-
nology. It enabled production of fully scalable dosage forms for potential 
use in a personalised medicine context. Printing resulted in the forma-
tion of a crystalline product on printing drug alone but on application of 
polymer this crystallinity was reduced and a fully amorphous solid 
dispersion was achieved on printing 75 % (w/w) polymer to 25 % (w/w) 

°θ

Fig. 6. Average contact angle values taken at point zero against polymer 
concentration of the starting ink where n = 9 ± standard error.

Fig. 7. Drug Dissolution from Powder Compacts and Printed Output. Percentage Drug Release from compacts (left) and printed samples (right) of fenofibrate 
(square) and, fenofibrate and PVP K30 with 33% (circle), 50% (up arrow), 60% (down arrow), 67% (rhombus), 75% (left arrow) and 80% (right arrow) (w/w solute) 
polymer content, n=3 ± standard error.   The 67%, 75% and 80% (w/w solute) polymer content fenofibrate and PVP K30 printed systems are statistically signif-
icantly different to the powder compacts with P-values of 9.86x10-3, 2.09x10-7 and 1.04x10-7 respectively.
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drug as shown by a number of solid state techniques. This allowed 
significantly increased dissolution of a poorly soluble compound as 
demonstrated by a 10- to 30-fold increase in drug release and intrinsic 
dissolution rate relative to comparable physical mixtures. These results 
demonstrated that aerosol jet printing as a unique system, was suitable 
for pharmaceutical applications and capable of high resolution printing 
with potential advantages over conventional ink jet printing for multi- 
layer systems. This may allow production of dosage forms for use in 
clinical trials, niche personalised dosing and other small scale applica-
tions. Despite limitations such as process drift, the careful choice of drug 
and polymer provided control of the drug’s solid form properties in a 
manner equivalent to spray drying. This may hold potential in 
increasing the dissolution capabilities of a range of Class II drugs and 
thus could ultimately allow more drugs to progress through clinical 
trials. In addition, the 3D control and resolution provided by the in-
strument opened the potential for further applications such as the 
printing or coating of preformed structures, for example small medical 
devices. Aerosol jet printing is therefore worthy of further investigation 
for the production of pharmaceutical systems.
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Werner, C., Godlinski, D., Zöllmer, V., Busse, M., 2013. Morphological influences on the 
electrical sintering process of Aerosol Jet and Ink Jet printed silver microstructures. 
J. Mater. Sci:. Mater. Electron. 24, 4367–4377. https://doi.org/10.1007/s10854- 
013-1412-y.

Wickström, H., Palo, M., Rijckaert, K., Kolakovic, R., Nyman, J.O., Määttänen, A., 
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