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A B S T R A C T   

Three-dimensional printing (3DP) technology offers unique advantages for pharmaceutical applications. How
ever, most of current 3D printing methods and instrumentations are not specifically designed and developed for 
pharmaceutical applications. To meet the needs in pharmaceutical applications for precision, compatibility with 
a wide range of pharmaceutical excipients and drug materials without additional processing, high throughput 
and GMP compliance, an extrusion-based 3D printer based on Melt Extrusion Deposition (MED™) 3D printing 
technology was developed in this study. This technology can process powder pharmaceutical excipients and 
drugs directly without the need of preparing filament as required by FDM 3D printing. Six different tablet designs 
based on compartment models were used to demonstrate the precision and reproducibility of this technology. 
The designed tablets were fabricated using the GMP-compliant MED™ 3D printer and were evaluated in vitro for 
drug release and in vivo for selected designs using male beagle dogs. Tablet designs with one or more com
partments showed versatile release characteristics in modulating the release onset time, release kinetics, duration 
of release and mode of release. Multiple drugs or formulations were fabricated into a single tablet to achieve 
independent release kinetics for each drug or to fine-tune the pharmacokinetic profile of a drug. Building upon 
the theoretical analysis of models, precision and reproducibility of MED™ 3D printing technology, a novel 
product development approach, 3D printing formulation by design (3DPFbD®) was developed to provide an 
efficient tool for fast and efficient pharmaceutical product development. The MED™ 3D printing represents a 
novel and promising technology platform encompassing design and development of modified drug release 
products and has potential to impact the drug delivery and pharmaceutical product development.   

1. Introduction 

Three-dimensional (3D) printing is capable of creating objects with 
complex 3D structures based on digital models, thereby providing 
unique opportunities in the development of pharmaceutical products. 
The computer-controlled layer-by-layer formation process of 3D print
ing provides a tool for pharmaceutical scientists to create the function
ality of drug delivery system beyond the current methods can do and 
enables the delivery system to tailor virtually any desired release profile 
to achieve a pharmacokinetic profile that meets the patient’s clinical 
needs. With the structures built by 3D printing in delivery systems, the 
release of active ingredients can be modulated by simply varying their 
geometries and/or printing parameters using the same material feed
stocks as employed in conventional tablets. The versatility of creating 

drug delivery systems using 3D printing offers an exciting opportunity 
for pharmaceutical scientists and could revolutionize the design and 
fabrication of solid dosage forms, such as tablets. In addition to creating 
novel drug delivery systems, the pharmaceutical applications of 3D 
printing also has potential for use in individualized dosing [1,2] by 
utilizing its flexible and quick formation features for creating at the 
point of care dosage forms with doses customized for an individual pa
tient, although the regulatory aspects for widely deployment of indi
vidualized dosing using 3D printing technology are yet to be clearly 
defined. 

Michael Cima of the Massachusetts Institute of Technology was the 
first to adapt 3DP for pharmaceutical applications [3,4]. In the past 
decade, the application of 3D printing technology has been the subject of 
significant interest among pharmaceutical scientists. Various 3D 
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printing technologies, such as binder jetting, material extrusion, mate
rial jetting, powder bed fusion, and VAT photopolymerization have been 
explored for pharmaceutical applications [1–14]. For example, drug 
release rates have been varied by either altering the infill parameters 
[5,7,8], or changing the shape, size, and surface area of the drug- 
containing component in 3D printed dosage forms [6,9,11]. For 3D 
printed capsules with a core–shell structure, release onset time from the 
core has been controlled by altering the thickness of an erodible outer 
shell [15]. Such an outer shell can also be comprised of a pH-responsive 
material, as with conventional enteric-coated tablets, thereby causing 
drug to release after passing through the stomach [16]. The feasibility of 
combining multiple active ingredients, sometimes with differing phar
macokinetics or release characteristics, has been demonstrated by 
creating multi-layer or multi-compartmental polypill formulations using 
selective laser sintering (SLS) [12], fused deposition modelling (FDM) 
[17], or material extrusion-based 3D printing technologies [18,19]. 
Among the various 3D printing technologies mentioned above, fused 
deposition modeling has been the most evaluated method for pharma
ceutical applications due to its low-cost and relatively high resolution, as 
well as compatibility with a relatively wide selection of pharmaceutical 
grade/GRAS excipients that can be adapted for printing. FDM method 
requires time-consuming filament processing developments that limited 
the choice of pharmaceutical excipients and also diminished the rapid 
prototyping advantage of 3D printing (3DP) for early-stage drug 
development. 

The existing 3D printing technologies and printers are not specif
ically designed for pharmaceutical use, and there are several disad
vantages that need to be overcome before the extensive application of 
3D printing technologies can be realized in the pharmaceutical areas. 
There is a need to design and develop 3D printing method and equip
ment specifically for pharmaceutical applications. The needs in phar
maceutical applications for the 3D printers include precision and 
accuracy of each printed unit, reproducibility, use of pharmaceutic ex
cipients without additional processing, coordination of printing multiple 
materials, high throughput and good manufacturing practice (GMP) 
compliance. Currently, Aprecia, Triastek and FabRx have developed 
GMP-compliant 3D printers specifically for pharmaceutical applications. 
Triastek and FabRx independently developed novel material extrusion- 
based 3D printing technologies using powdered starting materials to 
eliminate the burden of filament preparation [20,21]. 

The ability to control dose, drug release rate, onset time, site of 
release, and mode of release within a dosage form can provide signifi
cant advantages in the development of new oral drug products as the 
control of these factors can deliver the right amount of drug at the right 
time in the right GI location(s) to optimize therapeutic outcomes. Indi
vidualized dosing also has the potential to develop tailor-made dosage 
forms with customizable dose and release profiles specifically for a 
specific patient. Additionally, the ability to incorporate multiple drugs 
independently in a tablet, particularly when these drugs require 
different release kinetics or have compatibility issues can provide sub
stantial therapeutic and product development advantages. In these cir
cumstances, the capability of multi-material printing presents new 
possibilities in creating different functional structures inside the dosage 
form to achieve the aforementioned drug design options, rather than 
simply changing infill pattern or infill density. Due to the limited flexi
bility of commercial FDM printers in creating complex internal struc
tures using multiple materials, many researchers have explored 
complicated fabrication methods to circumvent these instrumentation 
limitations, for example, by combining FDM printing with injection 
molding [22], injection filling [15], or manual dispensing [23] to ach
ieve programmed drug release characteristics and/or to combine mul
tiple drugs in the same dosage forms with independent release 
characteristics. The design of multi-material 3D printers can potentially 
obviate these complicated fabrication methods. Heretofore, FabRx and 
DiHeSys Digital Health Systems GmbH, have developed material 
extrusion-based pharmaceutical 3D printers that can adapt 3 and 4 

nozzles, respectively, for flexible preparation of personalized medicines 
[24]. 

In additional to the capability of handling multiple materials, the 
output of current commercially available extrusion-based 3D printers is 
mostly limited to print one tablet at a time. Although it may meet the 
need in individualized dosing, it is obvious that the output is not suitable 
for the mass production of drug products. For research development and 
production of pharmaceutical products, a scalable extrusion-based 
pharmaceutical 3D printing system that can be used from preclinical 
stage to manufacturing of commercial products will facilitate the 
seamless translation from early-phase development to commercial 
manufacturing. 

As such, the objective of this report was to introduce an innovative 
3D printing technology, Melt Extrusion Deposition (MED™) that con
verts powder feedstocks into softened/molten states followed by precise 
layer-by-layer deposition to produce objects with desired internal geo
metric structures. Based on MED™ technology, a GMP-compliant 
MED™ 3D printer with multiple printing stations has been designed to 
enable precise fabrication of multi-component tablets with designed 
structures that allow wide range of control over drug release kinetics and 
modes. The advantages of MED™ 3D printing technology were 
demonstrated by using a novel product development approach, 3D 
printing formulation by design (3DPFbD®), for enabling an efficient 
drug product development process. 

2. Materials and methods 

2.1. Materials 

The materials used in the study were as follows: metoprolol succinate 
(Yung Zip Chemical Ind. Co., Ltd., Taiwan), tofacitinib citrate (MSN 
Laboratories Private Ltd., India), levodopa and carbidopa (Yuancheng 
Gongchuang Technology Co., Ltd., Wuhan, China), topiramate (Scino
Pharm Taiwan, Ltd., Taiwan), clonidine hydrochloride (PCAS Finland 
Oy, FI-20101 Turku, Finland), ammonio methacrylate copolymer type B 
(Eudragit® RS PO, Evonik Nutrition & Care GMBH, Darmstadt, Ger
many), hydroxypropyl cellulose (HPC Klucel™ EF & JF, Ashland Spe
cialty Ingredients, DE, USA), hydroxypropyl methylcellulose acetate 
succinate (AquaSolve™ HPMC-AS LG & HG, Ashland Specialty In
gredients, DE, USA), ethyl cellulose, (Aqualon™ EC-N10 Pharm, Ash
land Specialty Ingredients, VA, USA), vinylpyrrolidone vinyl acetate 
copolymer (Kollidon® VA64, BASF SE, Ludwigshafen, Germany), poly
ethylene glycol (PEG 400 & 8000, Dow Chemical Pacific Ltd., LA, USA), 
polyethylene glycol (PEG 1500, Aladdin Biochemical Technology Co., 
Ltd., Shanghai, China), stearic acid (Hesego Industry Sdn Bhd, Selangor, 
Malaysia), triethyl citrate (Vertellus LLC, NC, USA), croscarmellose so
dium (DMV-Fonterra Excipients GmbH & Co, Foxhol, Netherlands). 
HPLC solvents and dissolution media reagents were of analytical grade. 

2.2. Design of MED™ 3D printed tablets 

SOLIDWORKS® Professional 2019 SP4.0 (Dassault Systèmes, 
France) was used to create the structure of tablets and exported as 
stereolithography (.stl) files. All tablets were designed based on the 
compartment models with a core–shell structure where one or more 
drug release compartments are housed in an impermeable shell with 
only one API containing side being exposed to the surrounding medium. 

A series of tablets (A1-A6) containing a multilayered drug 
compartment were designed with different surface area and height of 
the layers (Fig. 1) to produce different release profiles. The amount of 
drug released over a given time can be controlled by varying the surface 
area and the height of the layer. The surface area and height for each 
layer in the drug compartment of Design A are described in Table 1. 

For Designs B and C, a layer of either erodible material or pH- 
responsive material, respectively, was added. Fig. 2 depicts the 
compartmental Design B with an erodible delay layer on top of a 
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cylindrical drug compartment. The thickness of the delay layers evalu
ated ranged from 0 to 0.4 mm. For Design C, a pH-responsive layer was 
designed for drug release at either pH 5.8 or 6.8, as shown in Fig. 3. 

Design D was constructed with different APIs placed in different 
compartments and configured to release at different rates. As depicted in 
Fig. 4, an immediate release (IR) formulation consisting of tofacitinib 
(11 mg) and an extended release (ER) formulation consisting of meto
prolol (25 mg) were combined in a single tablet constructed with three 
compartments. Formulation of metoprolol was incorporated into 

compartment 1, while formulations containing 42% and 58% of the dose 
of tofacitinib were incorporated into compartments 2 and 3, respec
tively. A delay layer was used to seal compartment 3 to acquire a two- 
pulse release profile for metoprolol. All compartments are physically 
isolated by shell material for independent release. 

For Design E and F, immediate release (IR) and extended release (ER) 
components of the same drug were combined in one or separate com
partments in a single tablet. As depicted in Fig. 5, immediate release (IR) 
formulation and extended release (ER) formulation consisting of a total 
of 70 mg of levodopa were combined in Design E tablet constructed with 
two compartments. For Design F, IR formulation and ER formulation of 
topiramate (100 mg) were layered in single compartment for sequential 
release, as shown in Fig. 6. 

2.3. Simulation of drug release profiles 

For Design A tablets (variable layer thickness and surface area 
design), the theoretical release percentage Q(t)% with time (t) can be 
expressed using a general equation: 

Q(t)% =
D(t)

Dtotal
=

RD
∫ t

0 S(t)dt
V

× 100% (1)  

where Dtis the amount of drug released from the drug compartment at 
time t, Dtotalis the total dose contained in the drug compartment, RD is 
the matrix dissolution rate in depth per unit time, t is the dissolution 
time, S(t) is the exposed surface area of drug compartment at time t, and 
V is the total volume of the drug compartment. The volume of matrix 
within which the drug is dissolved at a specific time t is expressed as the 
integration of the exposed surface area of the drug compartment over 
time and multiplying by the dissolution rate. The release percentage Q 
(t)% at time t is then calculated by dividing volume within which the 
drug is dissolved by the total volume of the drug compartment. The 

Fig. 1. Design A: Multilayered drug compartment in core–shell structure tablets with constant or varied surface area (SA). Drug compartment (teal), shell (pale 
white), fillers (bluish). (1) Drug compartment with constant SA. (2) Drug compartment with stepwise decreasing SA. (3) Drug compartment with continuous 
decreasing SA. (4) Drug compartment with stepwise increasing SA. (5) Drug compartment with increasing–decreasing SA. (6) Drug compartment with decreasing- 
increasing SA. 

Table 1 
Structural parameters of MED™ 3D printed tablets with multilayered drug 
compartment.  

Design 
A 

Trend of surface area 
exposed 

Layer 
1 

Layer 
2 

Layer 
3 

Height of 
layer (mm) 

Surface area (SA, mm2) 

1 Constant 25π 25π 25π h1 = h2 = h3 

= 1 
2i Stepwise decreasing 33.64π 25π 16π h1 = h2 = h3 

= 1 
2ii Stepwise decreasing 40.96π 25π 9π h1 = h2 = h3 

= 1 
2iii Stepwise decreasing 46.24π 25π 4π h1 = h2 = h3 

= 1 
2iv Stepwise decreasing 49π 25π π h1 = h2 = h3 

= 1 
3 Continuous 

decreasing 
56.25π – 4π h = 3 

4 Stepwise increasing 9π 25π 40.96π h1 = 0.8, h2 =

h3 = 1 
5 Increasing- 

decreasing 
9π 40.96π 25π h1 = 0.8, h2 =

h3 = 1 
6 Decreasing- 

increasing 
40.96π 9π 25π h1 = h3 = 1, 

h2 = 0.8  
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assumption for Eq (1) is that the rate of drug released from the drug- 
containing matrix is equal to the rate of dissolution within the matrix. 

For a gradually decreasing surface area of the drug compartment in 
the Design A3 tablet, the radii of the top and bottom surfaces were set as 
r1 and r2 respectively (r1 > r2), and the total thickness of the drug 
compartment as h. At a specific time t, the height of the dissolved drug 
compartment is equal to RD∙t, and the radius of the dissolution front is 
equal to r2 − r1

h ∙RD∙t + r1. Therefore, the cumulative release percentage Q 

(t)% can be presented using the following equation: 

Q(t)% =
AB2

3
t3 +ABRt2 +AR2t (2)  

where A = π∙RD
V , B = r− R

h ∙RD. 
For a constant surface area, Design A1 tablet the release percentage 

Q(t)% at time t can be expressed by: 

Fig. 2. Design B: modified release tablets with and without a delay layer. Shell (pale white), drug core (teal), delay layer (lavender). (a) Tablet without a delay layer. 
(b) Tablet with a 0.2 mm delay layer. (c) Tablet with a 0.4 mm delay layer. 

Fig. 3. Design C: modified release tablets with and without a pH-responsive layer. Shell (pale white), drug core (orange), pH-responsive layer (transparent blue). (a) 
Tablet without a pH-responsive layer. (b) Tablet with a 0.1 mm pH-responsive layer. 

Fig. 4. Design D: multi-compartment tablets for independent release of drug combination. Shell (pale white), IR formulation of tofacitinib (orange), delay layer 
(lavender), ER formulation of metoprolol (teal). 

Fig. 5. Design E: multi-compartment tablets for concurrent release of IR 
formulation and ER formulation. Shell (pale white), IR formulation of levodopa 
(orange), ER formulation of levodopa (teal). 

Fig. 6. Design F: single-compartment tablets for sequential release of IR 
formulation and ER formulation. Shell (pale white), IR formulation of top
iramate (orange), ER formulation of topiramate (teal). 
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Q(t)% = AR2t × 100% (3) 

For Designs A2 and A4-A6 tablets that are configured with a stepwise 
change in surface area for the drug compartment, their drug compart
ment can be treated as sequentially stacked multiple cylindrical drug 
compartments with varying surface areas, and the cumulative release 
percentage Q(t)% at time t can be expressed using the following 
equation: 

Q(t)% =
RD

V
∙

(∫ t1

0
S1dt+

∫ t1+t2

t1
S2dt+⋯+

∫ ∑n

1
tn

∑n− 1
0

tn
Sndt

)

× 100% (4)  

where Sn and tn are the surface area and dissolution duration of the 
specific drug layer n in the multilayered compartment, respectively, 
andtn = hn

RD 
where hn is the thickness of the specific drug layer n in the 

multilayered compartment. 
The similarity factors (f2) were used to assess similarity of in vitro 

drug release profiles and the simulated drug release profiles. The f2 
values were calculated using the following equation [25]: 

f2 = 50 × log{[1 +
1
n

∑n

t=1
(St − Tt)

2
]
− 0.5

× 100} (5)  

where n represents the time points, St and Tt are the cumulative drug 
release rate of the simulation and test sample at each time point, 
respectively. 

2.4. Fabrication of tablets 

As depicted in Fig. 7, a MED™ 3D printer is comprised of a material 
feeding and mixing module, a material conveying module, multiple high 
precision printing stations and an XYZ moving plate. The printer consists 
of multiple printing stations for handling different materials or active 
pharmaceutical ingredients (API), with each printing station containing 
either a single nozzle or an array of nozzles. The printing stations co
ordinate with each other to build a tablet with the desired design. 
Briefly, pharmaceutical grade excipients possessing the necessary 
physicochemical and rheological properties were chosen from a material 
database for construction of each part of the structure (i.e., core, shell, 
delay layer, etc., Table 2). The stereolithography (.stl) file of the 
designed structure was converted into a G-Code file using slicer software 
(Slic3r Prusa Edition v. 1.40.0, Germany). A proprietary D3 software 
program was used for conversion of this G-Code file to an NC-Code 
containing a customized print path and other parameters for MED™ 
3D printing. API and pharmaceutical excipients were mixed and melted 
in the material feeding and mixing module with multiple temperature 
zones and conveyed into the high precision printing station. With pre
cise temperature and pressure control, the molten/softened material 
was extruded through printer nozzles and then deposited onto the XYZ 
moving plate, layer-by-layer, to form tablets with the designed 

structures. 
A concentric infill was used for printing of core and filler of Design A 

tablets. A rectilinear infill was used for the printing of shell, delay layer, 
pH-responsive layer, and core of Design B-F tablets, where a subsequent 
layer was offset by 90 degrees to the previous layer in the X-Y coordi
nate. Other printing parameters such as nozzle diameter, temperature 
setting, perimeter and infill speed, infill density, and layer thickness are 
summarized in Table 3. The print speeds utilized were dependent on the 
structure complexity, size of the designed tablet, and nozzle diameter 
and are also listed in Table 3. The time to print the tablet designs pre
sented herein on the R&D scale MED™ printer ranged from 4 min to 10 
min. The printing rate or throughput increases when the printing nozzle 
array is used. Print speeds of up to 25 mm/sec with high precision can be 
achieved. 

For the preparation of the small quantity of tablets used in this study, 
some tablets were fabricated using a two-step process instead of 
continuous feeding of powder material. The materials were premixed 
through a twin-screw extruder and then filled into a feed cartridge. A 
cartridge-and-piston design was used in place of the twin-screw design 
depicted in Fig. 7. Formulations for all designs were screened in the pre- 
formulation to ensure the chemical and physical stability and compati
bility prior to fabrication of the tablets used in this study. 

2.5. In vitro dissolution of printed tablets 

The in vitro drug release from the 3D printed tablets was evaluated 
using the USP-II dissolution setup consisting of an Agilent 708-DS 
dissolution apparatus operated at 37 ± 0.5 ◦C and a paddle speed of 
50 rpm in 900 mL of release medium. For Design C tablets constructed 
with a pH-responsive layer, the tablets were evaluated at pH 1.2 for two 
hours, then switched to pH 5.8 for an additional two hours, and then 
finally placed in pH 7.2 buffer for two hours. For Design E and F tablets, 
the drug release study was carried out in pH 1.2 and pH 7.5 release 
media, respectively. For the remaining 3D printed tablet designs, the 
dissolution test was carried out in pH 6.8 phosphate buffer. Samples (2 
mL) were withdrawn at predetermined time intervals and replenished 
with the same amount of fresh release medium. The concentration of 
drug contained in the collected samples was determined using HPLC- 
UV/RID (Agilent 1260 Infinity II). The HPLC methods are described in 
Table 4. The percentage of drug released at each time point was repre
sented as mean ± standard deviation. All measurements were made in 
triplicate and sink conditions were maintained throughout the drug 
release study. For Design A tablets, the cumulative amounts of drug 
released were plotted against time and the slope of the regression line 
through the time points corresponding to the dissolution of a specific 
layer was calculated to obtain the dissolution rate (mg/h) of each layer. 

2.6. In vivo pharmacokinetic studies 

The in vivo pharmacokinetics of 3D printed tablets were evaluated in 

Fig. 7. Melt Extrusion Deposition (MED™) 3D printing process using multiple printing stations to coordinate the construction of core–shell structure tablets with a 
delay layer. 
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three male beagle dogs (age: 1–1.5 years, body weight: 9–12 kg). The 
dogs were fasted overnight for at least 14 h prior to dosing. Each dog was 
then administered 150 mL fluid food intragastrically and dosed orally 
with a test 3D printed tablet (Design A-E). Only two beagle dogs were 
used for evaluation of in vivo pharmacokinetics of Design F tablets, with 

each dog received a single oral administration of a test Design F tablet in 
fasted states. Drinking water was available ad libitum throughout the 
study, and food was available at 6 h post dosing. Blood samples (~0.5 
mL for each sample) were collected by venipuncture in tubes containing 
K2EDTA at predetermined timepoints. The samples were immediately 

Table 2 
Formulation Compositions of MED™ 3D Printed Design A-F Tablets.     

Components Ratio (% w/w)  

Components Function A1, A2i-iv, A3-A6 A2v B C D E F 

Filler HPC-EF Matrix 85 – – – – – – 
PEG 400 Plasticizer 15 – – – – – – 

Delay layer HPC-EF Matrix – – 90 – 85 – – 
PEG 400 Plasticizer – – 10 – – – – 
glycerol Plasticizer – – – – 15 – – 

pH-responsive layer HPMC-AS LG/HG Matrix – – – 75 – – – 
de-ionized water Plasticizer – – – 12.5 – – – 
triacetin Plasticizer – – – 12.5 – – – 

Compartment 1 metoprolol Model API 40 – – 25 40 – – 
tofacitinib Model API – – 30 – – – – 
levodopa/carbidopa Model API – – – – – 32/8 – 
topiramate Model API – – – – – – 28 
clonidine Model API – 0.25 – – – – – 
HPC-JF Matrix 40 79.8 – – 40 35 – 
HPC-EF Matrix – – 60 – – – 52 
Kollidon® VA 64 Matrix – – – 60 – – – 
triethyl citrate Plasticizer – 19.95 – – – – – 
PEG 400 Plasticizer 20 – 10 15 20 25 20 

Compartment2 tofacitinib Model API – – – – 40 – – 
levodopa/carbidopa Model API – – – – – 48/12 – 
topiramate Model API – – – – – – 60 
Kollidon® VA64 Matrix – – – – 35 – – 
PEG 8000 Matrix – – – – – 36 35 
croscarmellose sodium Disintegrant – – – – – 4 5 
PEG 1500 Plasticizer – – – – 25 – – 

Compartment3 tofacitinib Model API – – – – 40 – – 
Kollidon® VA 64 Matrix – – – – 35 – – 
PEG 1500 Plasticizer – – – – 25 – – 

Shell Eudragit® RS PO Matrix 90 90 90 65 60 90 90 
ethyl cellulose N10 Matrix – – – 15 20 – – 
steric acid Plasticizer 10 10 10 20 20 10 10  

Table 3 
Printing parameters of MED™ 3D printed design A-F tablets.  

Design Component(s) Diameter of Nozzle 
(mm) 

Temperature of Nozzle 
(̊C) 

Print Speed (mm/ 
s) 

Infill Density 
(%) 

Layer Thickness 
(mm) 

Perimeter Infill 

A1, A2i-iv, A3- 
A6 

Shell 0.4 110 10 10 100 0.2 
Core 0.4 105 10 10 100 0.2 
Filler 0.4 95 10 10 100 0.2 

A2v Shell 0.3 135 25 25 100 0.2 
Core 0.4 115 15 15 100 0.18 

B Shell 0.4 110 10 10 100 0.2 
Core 0.4 114 10 10 100 0.2 
Delay layer 0.4 116 10 10 100 0.2 

C Shell 0.4 110 15 20 100 0.2 
Core 0.4 90 – 15 100 0.2 
pH-responsive layer 1 (HPMC-AS 
LG) 

0.2 85 6.7 10 100 0.1 

pH-responsive layer 2 (HPMC-AS 
HG) 

0.2 85 6.7 10 100 0.1 

D Shell 0.4 110 15 15 100 0.2 
Compartment 1 0.4 105 10 10 100 0.2 
Compartment 2 0.4 90 10 10 30 0.2 
Compartment 3 0.4 90 10 10 100 0.2 
Delay layer 0.4 85 10 10 100 0.2 

E Shell 0.4 120 20 20 100 0.2 
Compartment 1 0.4 100 20 20 100 0.2 
Compartment 2 0.4 70 20 20 100 0.2  
Shell 0.4 125 25 25 100 0.2 

F Compartment 1 0.8 70 25 25 100 0.2  
Compartment 2 0.6 75 25 25 100 0.2  
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centrifuged at 4 ◦C, 1500 g ~ 1600 g for 10 min. Plasma was separated 
and transferred into new labeled tubes and placed at below − 60 ◦C until 
analysis using liquid chromatography-tandem mass spectrometry 
(QTRAP® 5500 Mass Spectrometer, AB Sciex LLC, USA). Data are pre
sented as mean ± standard deviation. All animal studies were conducted 
under an IACUC-approved animal study protocol. 

2.7. Simulation of theoretical pharmacokinetic profiles 

For 3D printed tablets consisting of both immediate release and zero- 
order extended release components, the contribution of drug release 
from each component to plasma concentration can be expressed using 
the following equations: 

Immediate release: 

Ci =
FikaDi

V(ka − k)
(
e− kt − e− kat) (6) 

Extended release: 

Ce =
k0

r

kV

(

1+
ka

k − ka
e− kt
)

−
k0

r

V(k − ka)
e− kat (7)  

where k0
r = Fe×De

tf − ton
,Ci and Cerepresent the plasma concentration of im

mediate release and extended release components, respectively; Fiand Fe 
represent the bioavailability of immediate release and extended release 
components, respectively; Diand De denote the dose of immediate 
release and extended release components, respectively; ka and k are the 
absorption rate constant and elimination rate, respectively; V is the 
apparent distribution volume, k0

r is the zero-order release constant for 
the extended release component, ton denotes the onset time for extended 
release, tf is the final time for extended release, and t represents the time. 
The calculation of plasma concentration is based on the assumption that 
the model drug is absorbed and eliminated following first-order kinetics. 

The total plasma concentration for the composite tablet can then be 
calculated as the sum of the plasma concentrations for the different 
components: 

C = Ci +Ce (8)  

where C is the total apparent plasma concentration. 

3. Results and discussion 

3.1. MED™ 3D printing 

MED™ 3D printing is developed to address the needs of producing 
pharmaceutical products including precision, handling multiple mate
rial, use of wide range of excipients and drugs without additional pro
cessing, large scale production, and GMP compliance. In this article, 

model compounds and pharmaceutical inactive ingredients in powder 
form were used directly for MED™ 3D printing without additional 
processing. The filament-free additive manufacturing process of MED™ 
also allows the printing of a relatively wide range of thermoplastic 
polymers with high drug loading (60%) that is difficult to be achieved 
using conventional FDM due to the inadequate mechanical properties of 
the prepared filaments. The GMP-compliant MED™ 3D printer provided 
a reliable pharmaceutical fabrication method using various excipients or 
combination of excipient with relatively low printing temperature. Since 
there is no need to prepare filament with properties that will fit the FDM 
printers, a wide range of selection excipients can be used to formulate 
the drug products. With a proper pre-formulation study, no degradation 
product or compatibility issues were found for the drug substances 
during the MED™ 3D printing process. This could be attributed to the 
lower printing temperature and wider selection of excipients in formu
lation development. With each printing station containing a single 
nozzle, the multiple printing stations in the MED™ 3D printer coordi
nated with each other to construct the specific parts of the structure (i.e., 
core, shell, filler, delay layer, etc.) and built a multi-component tablet 
with high accuracy, precision and reproducibility. As an example, in a 
continuous production of GMP-manufactured batch of Design B using 
single nozzle MED™ 3D printer with three printing stations, 347 tofa
citinib citrate delayed release tablets (target weight 205.0 mg) were 
fabricated and an average weight of 204.9 mg with an RSD of 0.39% 
were obtained. The continuous feeding of powder materials and the 
process of MED™ 3D printing technology possess inherent advantages to 
creating a high throughput production line for end-to-end automated 
continuous manufacturing. Based on the same technology used in the 
R&D scale MED™ 3D printer, a GMP-compliant MED™ 3D printing 
system consisting of a continuous material feeding and mixing module, 
MED™ workstations, unloading and packaging modules, Process 
Analytical Technology (PAT) modules, and Supervisory Control and 
Data Acquisition (SCADA) module has been built. Production scaling (up 
to 30,000 tablets per day) has been achieved through nozzle array and 
can be further expanded via chaining of modularized printing head 
units. The integration of real-time Process Analytical Technology (PAT) 
and feedback control enables continuous monitoring of the 
manufacturing process to assure production quality, reduce 
manufacturing cost, and to provide convenience for regulatory audit. 
Many desirable features for modern pharmaceutical production are also 
incorporated to make the MED™ 3D printing system to be compact, 
modular, capable of continuous manufacturing, scalable, flexible, and 
intelligent. The system allows modified release drug tablet products to 
be manufactured efficiently at any desired scales, presenting a prom
ising direction of the next generation pharmaceutical manufacturing. 

Table 4 
HPLC methods for the analysis of metoprolol, tofacitinib, levodopa, topiramate, and clonidine.  

Model API Column Volume injected 
(μL) 

Mobile phase Flow rate 
(mL/min) 

Detector Column 
temperature(℃) 

metoprolol YMC C18 (150*4.6 mm, 5 
μm) 

20 0.48% ammonium acetate: ACN = 75:25 1.0 UV (275 
nm) 

30 

levodopa YMC C18 
(150*4.6 mm, 5 μm) 

20 Gradient elution: 0.01 mol/L phosphate buffer (pH 2.0): 
ACN = 97:3(0 ~ 3 min); 
80:20 (3 ~ 7 min) 

1.0 UV (280 
nm) 

25 

tofacitinib Agilent Eclipse Plus C18 
(150* 
4.6 mm, 5 μm) 

20 0.02 mol/L phosphate buffer (pH 3.0): ACN = 80:20 1.0 UV (290 
nm) 

30 

topiramate Agilent Eclipse Plus C8 
(150* 
4.6 mm, 3.5 μm) 

100 0.01 mol/L phosphate buffer (pH 4.0):ACN = 65:35 1.0 RID 30 

clonidine YMC Triart C18 (150*4.6 
mm, 3 μm) 

20 Water with 0.1% (v/v) TFA: ACN = 75:25 1.0 UV (210 
nm) 

40 

ACN: acetonitrile; TFA: trifluoroacetic acid; UV: ultraviolet; RID: refractive index detector. 
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3.2. Designs for modulation of release rates 

Utilizing the compartment model, Design A (varying surface area 
and layer height) with metoprolol in the compartment (Fig. 8a), a range 
of metoprolol release profiles were achieved. The Eudragit RS®-based 
shell remains intact throughout the metoprolol release process, whereas 
the HPC-based drug core dissolves layer-by-layer via a surface erosion 
mechanism. As summarized in Table 5, the metoprolol content 
measured from the in vitro dissolution studies agreed well with the 
theoretical metoprolol content (100 mg) of the Design A tablets, con
firming that no significant drug loss occurred during the printing pro
cess. Tablet Design A1 produced an in vitro metoprolol release profile 
that followed zero-order release kinetics (Fig. 8b), since the surface area 
remained constant for each core layer. The dissolution rate (RD) of drug- 
containing matrix (0.25 mm/h) was determined from the slope of 
metoprolol release profile. The dissolution rate and the height of the 
metoprolol-containing compartment were used to generate the theo
retical release profiles for the remaining Design A tablet series that 
consisted of various drug compartment shapes. Although about 7% more 
metoprolol was released from the A1 tablet design within the first hour 
of dissolution as compared with the theoretical predictions, the rate of 
release is consistent with the theoretical simulation and the entire 
dissolution curve was shifted slightly upward after the first hour as well 
as for some of the other designs (Fig. 8a). The shift was probably due to 
slight swelling of the matrix polymer upon contact with water, and 
further improvement of the design is ongoing to address the issue of 
increased release in the first hour that deviated from the theoretical 
predictions. 

Using the release profile of A6 as an example (Fig. 8c) for variable 
rate release, the tablets designed with stepwise changes in surface area 
exhibited a stepwise change in release rate corresponding to the surface 
area of the multilayered drug in the compartment. Predicted drug 
release characteristics based on the shape and surface area of the 
multilayer compartment, such as stepwise decreasing (A2i-iv), contin
uous decreasing (A3), stepwise increasing (A4), increasing–decreasing 
(A5), and decreasing-increasing (A6) release rates were successfully 
demonstrated. The release rate for each metoprolol-containing layer 
within the drug compartment is summarized in Table 5. The relationship 
between the surface area of the exposed layer from which metoprolol 
can be released and the actual metoprolol release rate is depicted in 
Fig. 8d. A linear relationship (slope = 0.3214, R2 = 0.9832) was noted, 
indicating that the metoprolol release rate was directly proportional to 
the surface area of the exposed layer from which metoprolol can be 
released. Therefore, the release rate or amount at a given time point or 
over a time interval can be controlled by altering the surface area for 
drug release in the delivery system. The similarity factor f2 (Table 5) 
demonstrated the agreement between the experimental and simulated 
metoprolol release profiles for Design A tablets. All of the f2 values 
obtained were above 54 for each of the Design A formulations. The 
agreement observed between the theoretical calculations and the 
experimental results provides a foundation for the formulation by design 
process that will be discussed in Section 3.5. 

Readily modulating release rates in a predictable manner can be an 
effective tool for generating a desired drug release profile for efficient 
product development and can be of significant interest for clinical 
application. Creating formulations with a constant release rate is clini
cally desirable in maintaining a stable plasma concentration during 
treatment. A predictably decreasing release rate profile could be useful 
when a large initial dose of drug is required to relieve the symptom, such 
as pain, followed by a decreasing dose to maintain the therapeutic effect. 
Development of an increasing release rate profile could be important for 
maintaining a desired plasma concentration for drugs that exhibit a 
reduced rate of absorption as the dosage form moves along the GI tract. 
A few technologies, such as Geomatrix®, have been used to successfully 
develop drug products exhibiting zero-order release [26] and biphasic 
release (quick-slow and slow-quick) profiles. However, it remains a 
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Fig. 8. Metoprolol release profiles of Design A tablets designed with various 
drug compartment shapes. (a) Experimental metoprolol release profiles of 3D 
printed A1-A6 tablets. (b) Simulated and experimental metoprolol release 
profiles of the 3D printed A1 tablets. (c) Simulated and experimental meto
prolol release profiles of the 3D printed A6 tablets. (d) Relationship between the 
designed surface area from which metoprolol can be released and the meto
prolol release rate. Data are presented as mean ± SD (n = 6). 
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challenging task for any single technology to reliably produce a 
formulation with all types of release profiles in a predictable manner. 3D 
printing technology offers new opportunities for developing drug de
livery systems with a wide variety of release profiles, including release 
profiles not currently possible with existing technologies. For example, 

Tagami et al. used a modified dual-nozzle FDM 3D printer to develop 
PVA-PLA composite tablets with varying drug release rates [27]. How
ever, authors encountered challenge in developing composite tablets 
with increasing release rates due to the insufficient exposure of drug 
component to release medium. When constructed with multiple printing 
stations using a multilayered drug compartment design, MED™ 3D 
printer was able to handle multiple materials by incorporating water 
soluble fillers to confine the drug layers within a designed space. 
Dissolution of the fillers occurs at the same rate as the drug layer, 
ensuring complete exposure of the subsequent drug layers to the disso
lution medium. As demonstrated in other designs, tablet dosage forms 
with other types of release profiles, including zero-order release, 
decreasing release, increasing–decreasing release, and decreasing- 
increasing release can be fabricated with excellent reproducibility in a 
single step process based on the multilayered compartment design and 
MED™ 3D printing technology. 

3.3. Designs for control of onset time and release sites 

3D Printed Design B tablets (modified release with delayed onset 
time) containing tofacitinib were fabricated with or without a layer to 
seal the drug containing core. In vitro release profiles of Design B tablets 
with and without a delay layer are shown in Fig. 9c. The amount of 
tofacitinib released from Design B tablets with a delay layer of 0 mm, 
0.2 mm, and 0.4 mm thickness was 10.87 ± 0.28 mg, 11.18 ± 0.15 mg, 
and 11.65 ± 0.11 mg, respectively, all of which agreed well with the 
theoretical drug content (11 mg), indicating that no significant drug loss 
occurred during the printing process. The control tablets without a delay 
layer exhibited no delay in tofacitinib release, while the onset of tofa
citinib release was delayed upon the addition of thicker delayed release 
layers. The delayed onset time was linearly proportional to the layer 
thickness as depicted in Fig. 9d. A delay layer thickness of 0.2 mm or 0.4 
mm resulted in an in vitro onset time of 1.5 h and 3 h, respectively. When 
the zero order release drug core was fabricated in conjunction with the 
delay layer, the onset time shifted accordingly while the in vitro zero 
order release profile remained the same. Compared to the control tablets 
(Tmax = 2.00 ± 0 h), the Tmax of tablets with a 0.2 mm delay layer was 
delayed by 1.33 ± 0.47 h (Fig. 9e), congruent with the 1.5-hour lag time 

Table 5 
Surface areas and metoprolol release rates of each layer within the multilayered 
drug compartment in Design A tablets. Data are presented as mean ± SD (n = 6).  

Design Surface 
area 
(mm2) 

Release 
rate (mg/ 
h) 

Tablet 
metoprolol 
content (mg) 

Similarity 
factor (f2) 

A1 Column 25π 7.5 ± 0.3 * 98.10 ± 1.25 58 
A2i Layer 1 33.64π 10.9 ± 0.2 

* 
100.78 ± 0.90 60 

Layer 2 25π 7.9 ± 0.3 
Layer 3 16π 4.5 ± 0.4 

A2ii Layer 1 40.96π 13.8 ± 0.3 
* 

100.17 ± 2.23 70 

Layer 2 25π 8.5 ± 0.6 
Layer 3 9π 2.8 ± 0.5 

A2iii Layer 1 46.24π 15.1 ± 0.7 
* 

102.55 ± 1.47 59 

Layer 2 25π 8.2 ± 0.9 
Layer 3 4π 0.5 ± 0.3 

A2iv Layer 1 49π 15.5 ± 0.5 
* 

101.22 ± 1.74 61 

Layer 2 25π 7.4 ± 0.9 
Layer 3 π 0.5 ± 0.3 

A3 Top 56.25π – 101.95 ± 0.70 54 
Bottom 4π – 

A4 Layer 1 9π 3.3 ± 0.1 * 101.62 ± 0.46 90 
Layer 2 25π 8.6 ± 0.5 
Layer 3 40.96π 13.2 ± 0.7 

A5 Layer 1 9π 2.5 ± 0.3 * 100.05 ± 0.28 76 
Layer 2 40.96π 12.6 ± 0.2 
Layer 3 25π 9.6 ± 0.3 

A6 Layer 1 40.96π 13.4 ± 0.1 
* 

102.47 ± 0.45 94 

Layer 2 9π 3.4 ± 0.1 
Layer 3 25π 8.9 ± 0.5 

* Linear portion of the data (after 1 h) was taken for regression. 

Fig. 9. In vitro and in vivo studies of MED™ 3D printed Design B tofacitinib tablets. Printed tofacitinib tablets without a delay layer (a) and with a delay layer (b): 
shell (transparent), drug core (white), delay layer (transparent yellow). (c) Release profiles of tofacitinib tablets with a delay layer with increasing layer thickness (0 
mm, 0.2 mm, 0.4 mm). Data are presented as mean ± SD (n = 6). (d) Relationship between thickness of the delay layer and delayed onset of release in vitro. Data are 
presented as mean ± SD (n = 6). (e) Tofacitinib plasma concentration–time profiles in healthy beagle dogs after oral administration of control tablets and tablets with 
0.2 mm delay layer. Data are presented as mean ± SD (n = 3). 
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observed in vitro. The results from this design show the independency of 
each component in the 3D printed tablet and reinforce the predictability 
and reproducibility of this approach. 

Design C tablets containing metoprolol were fabricated with or 
without a pH-responsive layer to release metoprolol at a desired intes
tinal region after passing through the stomach. Fig. 10 depicts the mean 
percentages of metoprolol released from these tablets in vitro. The per
centage of metoprolol recovered from the drug release study was found 
to be 99.6 ± 0.4%, 101.1 ± 1.0%, 98.4 ± 1.3%, respectively, indicating 
that no significant drug loss occurred during the printing process. Tab
lets without a pH-responsive layer released more than 90% of meto
prolol within 15 min at gastric pH. For tablets sealed with an HPMC-AS 
LG layer, no metoprolol was detected in the acidic dissolution medium 
for the first two hours. The release of metoprolol was only triggered after 
being placed in pH 5.8 phosphate buffer and release was then complete 
in 45–60 min. Tablets sealed with an HPMC-AS HG layer exhibited a 
similar release behavior after being exposed to the pH 6.8 dissolution 
medium after total of 4 h exposure to pH 1.2 and pH 5.8, although about 
3% and 7% of metoprolol prematurely released in pH 1.2 and pH 5.8 
dissolution media, respectively. These results demonstrated that by 
employing different pH-responsive layers, the enteric sealing layer can 
prevent the release of drug in the stomach and delay release until 
reaching the duodenum (pH 5.8) or jejunum (pH 6.8) [28], whereas 
omitting the sealing layer allows release of drug in the stomach. A 
thickness of 0.1 mm or less of enteric sealing layer was deemed critical to 
trigger the release of drug immediately after being exposed to buffer 
solutions mimicking intestinal pH conditions. The structure of the core 
also plays a role in drug release. A fully filled core structure exhibited 
slower metoprolol release rates than a structure with a zig-zag pattern. 
The slower release rate could be attributed to the gelation of Kollidon VA 
64 matrix and insufficient contact with the release medium. 

Modulating onset time has clinical significance. Releasing the drug at 
the right time can optimize therapeutic outcomes. For example, circa
dian rhythm related diseases such as rheumatoid arthritis [29], hyper
tension [30], cardiac arrhythmia [31], and nocturnal asthma [32] often 
are optimally treated with a drug onset time that is not convenient for 
patients to take the medication. Taking a medication at a convenient 
time and having its therapeutic action reach maximal effect at the op
timum time of day can improve or optimize therapeutic outcomes. 3D 
printed tablets with a well-controlled onset time, as demonstrated in this 
study, can provide a platform to address the clinical needs for delayed 
release formulations. 

Another therapeutic option to optimize therapy is the development 
of site-specific drug delivery systems that deliver drugs to specific 

locations in the gastrointestinal tract to maximize plasma concentrations 
by, for example, releasing drug in the stomach or small intestine if 
optimal absorption occurs at one location versus another (i.e., absorp
tion is favored in a more acidic environment or a more basic environ
ment). For drugs that can be or should be absorbed in a specific region of 
small intestine, controlled release of drug can also be achieved by uti
lizing the difference in pH along the gastrointestinal tract to release the 
drug in a specific location to maximize the therapeutic benefits and 
reduce side effects [33]. To date, examples of well controlled release for 
GI site-specific delivery fabricated by 3D printing have been limited. A 
few previous studies have reported the use of FDM 3D printing tech
nology to fabricate site-specific drug delivery systems that release drugs 
in a specified region of GI tract after passing through the stomach 
[34,35], or to prototype delayed release solid dosage forms with an 
erodible shell or layer or control off-release periods of the drug core by 
changing thickness of the erodible component [15,22]. The latter 
methods, however, used a complicated process that required an addi
tional step to incorporate the drug formulation in different forms into 
the printed polymeric shell. When combined with multiple compartment 
designs, the same drug or multiple drugs in single tablet for delivery in 
different GI location can be developed and fabricated using MED™ 3D 
printing process with a predictable and reproducible result. 

3.4. Combination of APIs and release kinetics 

In additon to single compartment structure tablets, multiple com
partments in a single tablet can easily be designed and fabricated using 
MED™ 3D printing technology. A tablet composed of two drugs was 
designed to contain multiple compartments to achieve drug release with 
different release kinetics. Since each compartment can be designed to 
provide independent release kinetics, it simplifies formulation devel
opment and allows for fine-tuning of the release parameters for one of 
the drugs without affecting the release characteristics of other drug. 
Based on this design concept, a three-compartment model (Fig. 4) was 
used to provide the release of one of the two drugs via zero order release 
kinetics and the other drug via pulsatile release. The pulsatile release 
was achieved by creating an immediate release and a delayed release of 
the drug from two independent compartments. 

In vitro drug release profiles of MED™ 3D printed multi- 
compartment tablets, containing metoprolol and tofacitinib are shown 
in Fig. 11b. The amount of tofacitinib and metoprolol released from 
Design D tablets was 10.90 ± 0.40 mg and 25.22 ± 0.17 mg, respec
tively, all of which agreed well with the theoretical drug content (11 mg 
and 25 mg), indicating that no significant drug loss occurred during the 

Fig. 10. In vitro release of MED™ 3D printed Design C tablets. Drug release profiles (top) and appearance (bottom) of (a) tablets without pH-responsive layer, (b) 
tablets with an HPMC-AS LG layer responding to pH 5.8, (c) tablets with an HPMC-AS HG layer responding to pH 6.8. Data are presented as mean ± SD (n = 3). 
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printing process. Tofacitinib exhibited an immediate release of about 
43% of the total dose within the first hour and then a second release of 
the remaining 57% of dose at the fourth hour. Independently, the 
metoprolol component exhibited a six-hour zero-order release kinetic 
profile. An in vivo study in beagle dogs also clearly demonstrated a 
pharmacokinetic profile of a sustained release plasma level of meto
prolol within the period of 6 h and two-pulse release for tofacitinib with 
peak plasma level at 1-hour and 6-hours, respectively (Fig. 11c). 

Application of multiple compartment or multiple formulation design 
can also be used to modulate the release kinetics of a drug by combining 
both immediate release (IR) and extended release (ER) characteristics of 
the same drug in a single tablet (Design E). Using the pharmacokinetics 
data obtained separately from immediate release and extended release 

formulations, the pharmacokinetic profile of a combination of imme
diate release and extended release can be simulated. The target phar
macokinetic profile can be obtained by varying the ratio of immediate 
release and extended release components according to the targeted 
blood concentration. A two-compartment tablet was fabricated with one 
compartment containing levodopa immediate release formulation and 
the other compartment containing levodopa extended release formula
tion. Based on the pharmacokinetic profiles (Fig. 12b) of 3D printed IR 
and ER tablets of levodopa, a simulation of pharmacokinetics was per
formed using the method described in section 2.7 using varying IR to ER 
ratios. The simulation result is shown in Fig. 12c. Based on the simula
tion results, a 1:1 levodopa IR to ER component ratio would provide the 
target pharmacokinetic profile. After fabrication of Design E tablets with 

Fig. 11. In vitro and in vivo studies of MED™ 3D printed Design D tablets containing both metoprolol and tofacitinib. (a) 3-compartment fixed-dose combination 
tablets: shell (pale white), drug core (pale yellow), delay layer (pale yellow). (b) Drug release profiles of the printed fixed-dose combination tablets in pH 6.8 
phosphate buffer: tofacitinib (teal), metoprolol (orange). Data are presented as mean ± SD (n = 6). (c) Metoprolol and tofacitinib plasma concentration–time profiles 
in healthy beagle dogs after oral administration of MED™ 3D printed fixed-dose combination tablets (n = 3), tofacitinib (teal), metoprolol (orange). Data are 
presented as mean + SD (n = 3). 

Fig. 12. In vivo pharmacokinetic studies of 
3D printed IR, ER, and combination tablets 
(Design E) containing levodopa. (a) Multi
compartment design that combines IR (or
ange) and ER (teal) components in separate 
compartments in a single tablet (top), and 
the appearance of the printed tablets. (b) 
Levodopa plasma concentration–time pro
files in fed healthy beagle dogs after oral 
administration of IR or ER tablets. (c) 
Simulated levodopa plasma concen
tration–time profiles with variable ratios of 
IR and ER components combined. (d) 
Levodopa plasma concentration–time pro
file (lavender) in healthy beagle dogs after 
oral administration of the Design E tablet 
(IR: ER = 1:1) and the simulated profile 
(green). Data are presented as mean ± SD 
(n = 3).   
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1:1 immediate release and extended release in two separate compart
ments, the prediction that a 1:1 IR to ER ratio would provide the target 
pharmacokinetic profile was verified in an in vivo study by oral admin
istration of 3D printed tablets to beagle dogs fed with low-fat diet 
(Fig. 12d). 

In addition to two-compartment designs, the layering design of two 
formulations in single compartment can also be used to modulate the in 
vivo pharmacokinetic profile by sequential release of drug from one 
compartment. As shown in Fig. 13, sequentially layering IR and ER 
components in Design F tablet can also provide a fine-tuned pharma
cokinetic profile for topiramate with an IR: ER ratio of 1:7 for a desired 
pharmacokinetic profile. 

These two examples of modulating pharmacokinetic profiles can be 
of practical significance in pharmaceutical product development. This 
approach allows formulation scientists to develop a formulation analo
gous to snapping Legos with different release characteristics together to 
obtain a desired in vivo profile, which can aid early-stage formulation 
development and avoid the drawback of compounds with a less than 
ideal half-life. Additionally, it can be used for post-marketing efforts in 
life cycle management of approved drugs by developing once-daily 
products. Such an innovative “Lego Building” design approach can 
also be used efficiently to assembly a tablet with multiple drugs and 
release kinetics in a single 3D printed tablet. 

3.5. 3D printing formulation by design (3DPFbD®) approach 

Current pharmaceutical formulation development still heavily relies 
on the traditional trial-and-error methods, which is time consuming and 
also brings uncertainty to the development process. Because of the 
lengthy and complex process of drug development as well as the cost 
incurred to bring a drug to market, any technology that can accelerate 
the product development timeline will benefit both patients and the 
pharmaceutical industry. The predictability and reproducibility of drug 
delivery systems created using MED™ 3D printing technology as shown 
in the examples of this study form the basis for a 3D printing formulation 

by design (3DPFbD®) approach. A general workflow for 3DPFbD® is 
shown in Fig. 14. 

Using Design A2v as an example, when a desired release profile 
(Fig. 15a) is defined based on the proposed in vitro release profile and 
pharmacokinetics, a multilayered compartment design (Fig. 15b) that 
can achieve the target profile is selected from the model database. Based 
on the selected tablet design, the excipients used to construct different 
components of the designed structure (core and shell, Table 2) are 
chosen from the material database. By dividing the target release profile 
into multiple time segments with each segment corresponding to a 
designed layer in the multilayered drug compartment, the thickness and 
the surface area of each drug layer was determined based on matrix 
dissolution rate (RD), release duration, drug loading percentage in the 
matrix, and the matrix density. The designed tablets are rapidly proto
typed using a MED™ 3D printer followed by characterization in vitro 
and/or in vivo. The experimental results are then compared with the 
target release profiles to determine if minor calibration of structure 
parameters, material parameters, or formulation parameters is neces
sary. As depicted in Fig. 15c, the drug release profile of 3D printed tablet 
with multilayered drug compartment agreed well with the target release 
profile (f2 = 75), and the amount of clonidine released from Design A2v 
tablets (101.5 ± 2.0 μg) agreed well with the theoretical drug content 
(100 μg). The results from developing Design A2v tablet demonstrated 
that 3DPFbD® is a predictable and reliable approach to circumvent the 
traditional trial and error method in formulation development, which 
can lead to a change of the current practice in product development. 

In summary, this study demonstrated that MED™ 3D printing tech
nology and printers developed based on this technology can meet the 
pharmaceutical needs in precision, reproducibility, and GMP re
quirements. Tablets with various release characteristics can be fabri
cated using MED™ 3D printer to provide desired in vitro and in vivo 
profiles for different product development and clinical applications in an 
efficient and predictable manner. 

Fig. 13. In vivo pharmacokinetic studies of 
3D printed IR, ER, and dual release mode 
tablets (Design F) containing topiramate. 
(a) Single compartment design that com
bines IR (orange) and ER (teal) components 
by sequential layering (top), and the prin
ted tablets (bottom). (b) Topiramate 
plasma concentration–time profiles in fas
ted healthy beagle dogs after oral admin
istration of IR or ER tablets. (c) Simulated 
topiramate plasma concentration–time 
profiles with variable ratios of IR and ER 
components combined. (d) Topiramate 
plasma concentration–time profile (laven
der) in healthy beagle dogs after oral 
administration of the Design F tablet (IR: 
ER = 1:7) and the simulated profile 
(green). Data are presented as mean (n =
2).   
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4. Conclusion 

A novel MED™ 3D printing technology has been developed to 
circumvent several drawbacks of fused deposition modeling (FDM) 
including the requirement for pre-fabrication of printable drug-loaded 
filament and printing precision. The MED™ technology uses active 
ingredient and excipient materials in powder form as starting materials 
without the filament formulation burden as in FDM 3D printing. The 
high throughput printer nozzle array, handling multiple materials, and 
precision control of deposition in MED™ 3D printing make the repro
ducibility, accuracy and mass production of 3D printing pharmaceutical 
manufacturing possible. 

Design and fabrication of 3D printed tablets using compartmental 
models provides reliable solutions for controlling the release onset time, 
duration, kinetics and mode for different clinical and product 

development needs. The predictability of release behavior of MED™ 3D 
printed tablet form the foundation for the 3D printing formulation by 
design (3DPFbD®) approach and provides an efficient and reliable tool 
for pharmaceutical product development . The application of MED™ 3D 
printing technology in pharmaceutical areas could lead to a paradigm 
shift in controlled drug delivery and pharmaceutical product 
development. 
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