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Abstract

3D printed drug delivery systems have gained tremendous attention in pharmaceutical research due to their inherent benefits
over conventional systems, such as provisions for customized design and personalized dosing. The present study demonstrates
a novel approach of drop-on-demand (DoD) droplet deposition to dispense drug solutions precisely on binder jetting-based
3D printed multi-compartment tablets containing 3 model anti-viral drugs (hydroxychloroquine sulfate - HCS, ritonavir and
favipiravir). The printing pressure affected the printing quality whereas the printing speed and infill density significantly
impacted the volume dispersed on the tablets. Additionally, the DoD parameters such as nozzle valve open time and cycle
time affected both dispersing volume and the uniformity of the tablets. The solid-state characterization, including DSC,
XRD, and PLM, revealed that all drugs remained in their crystalline forms. Advanced surface analysis conducted by microCT
imaging as well as Artificial Intelligence (AI)/Deep Learning (DL) model validation showed a homogenous drug distribution
in the printed tablets even at ultra-low doses. For a four-hour in vitro drug release study, the drug loaded in the outer layer
was released over 90%, and the drug incorporated in the middle layer was released over 70%. In contrast, drug encapsulated
in the core was only released about 40%, indicating that outer and middle layers were suitable for immediate release while
the core could be applied for delayed release. Overall, this study demonstrates a great potential for tailoring drug release
rates from a customized modular dosage form and developing personalized drug delivery systems coupling different 3D
printing techniques.

Keywords 3D printing - artificial intelligence (Al) - binder jetting - deep learning (DL) - drop-on-demand - machine
learning (ML) - MicroCT - modular dosage forms

Introduction

Three-dimensional (3D) printing technology has been
applied in manufacturing pharmaceutical products with
innovative 3D structures to achieve ideal functions since the
1990s, such as manipulating the drug release profile, print-
ing multiple drugs into one tablet, and enabling personalized
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precise drug delivery [1-3]. In recent decades, various 3D
printing techniques have been applied in pharmaceutics.
For instance, fused deposit modeling, semi-solid extrusion,
inkjet printing, selective laser sintering, stereolithography,
and powder-based binder jet 3D printing [4—19]. In 2015,
U.S. Food and Drug Administration (FDA) approved the
first commercial 3D printed tablet, Spritam®, which was
manufactured by Aprecia [20]. Spritam® has applied
powder-based binder jetting technology into product manu-
facturing, which is considered a milestone in 3D printing
technology-assisted pharmaceutical product development.
[21] Binder jetting (BJ) is one of the most widely used
additive manufacturing techniques. The powders are evenly
spread on the supporting bed with a roller and liquid binder
is deposited on the specific area as designed on the surface
of the powder layer-by-layer repeatedly. The binder func-
tions as an adhesive that holds the loose particles and forms
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a 3D construct. Various studies have employed BJ to print
drug-loaded tablets using a mixture of active pharmaceuti-
cal ingredients (APIs) and liquid binders or powders. [2, 3,
22-26]. However, most BJ printers are designed for mass
production, which is unsuitable for small-scale dose tailor-
ing for individualized drug delivery. To solve this problem,
a three-in-one concentrical tablet model with three compart-
ments (outer shell, mid-layer, core) was applied, enabling
loading multiple drugs. In the present study, we designed
a novel precise droplet deposition i.e., an electro-magnetic
droplet deposition based on a drop-on-demand (DoD) con-
cept on BJ printed muscular concentric cylinder tablets. The
DoD printing technology was designed for dispensing solu-
tions with a broad range of viscosities with high precision.
The change in the magnetic field drives electrodes to trigger
the printing process. When a magnetic field is applied, the
magnetic valve on the nozzle opens for extruding inks out
by pressure, and when the magnetic field is disappeared, the
magnetic valve closes [27]. In this case, each module of 3D
printed tablets could load with different drug solutions and
be assembled after the solutions dried. Moreover, the dose
of the drug loaded could be tailored by changing the print-
ing area, the number of layers, cycle time, infill density, and
nozzle travel speed. Therefore, a tablet is produced with the
personalized formulation and precise dose.

Artificial intelligence (AI) and machine learning (ML)
have gained considerable research attention in pharmaceuti-
cal science over the past decade, particularly in drug design
and discovery, preformulation, and formulation [28]. The
powerful ML platform could be applied to predict the phys-
icochemical properties and in vivo performance of different
types of pharmaceutical formulations such as tablets, cap-
sules, injections, etc. For an example, Yang et al. employed
different ML models to predict the disintegration time and
cumulative dissolution profile of two types of pharmaceu-
tical dosage forms, oral sustained release tablets and oral
fast disintegrating films [29]. Moreover, with the discovery
of a new drug, the ML platform could accurately predict
the most suitable drug/excipient composition and the best
dosage form. For instance, for the new drug against SARS-
CoV-2, advanced ML models are expected to predict the
best excipient types and the most suitable formulations to
maximize therapeutic efficacy, which can significantly accel-
erate the drug development for COVID-19 treatment. With
such remarkable advances, Al-based modeling techniques
provide a great opportunity to predict successful pharma-
ceutical formulations, save on experimental costs, accelerate
formulation development, and push the boundaries of digital
pharmaceutical science. In this study, we applied Al and
ML concepts to determine drug distribution in the printed
tablets. A similar study was conducted earlier where ML was
successfully implemented to study the distribution of drugs
on hot-melt extruded formulations [30].
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There are four primary aims for this investigation: 1) design
and print the modulated tablets via BJ; 2) comprehensively
understand the DoD process by printing on fixed-size cylindri-
cal tablets; 3) investigate the effects of valve open and print
cycle time of the DoD printing process; 4) design and print
with DoD mode on the surface of the modular tablet compart-
ments containing 3 model anti-viral drugs (hydroxychloro-
quine sulphate - HCS, ritonavir and favipiravir). In detail, solid
and concentric cylinder tablets were designed and printed with
the dimension of 12x12x4 mm (d1=4, d2=8, d3=12 mm).
The reactive orange 16 solution was applied as a dye to study
the dispersion efficiency and accuracy of the DoD deposition.
In addition, the printing pressure (changed from 5 to 20 kPa),
open time (1-20 ms), cycle time (50-1000 ms), print speed
(1-10 mm/s), infill density (20-30%) were tested to identify
the volume dispensed on each tablet. To date, our study dem-
onstrated that dispersing drug solutions on the surface of the
modular tablet is feasible for loading various drugs, including
proteins, within different compartments and tailoring the dose
for personalized drug delivery.

Materials and Method
Materials

The carrier matrices for BJ printing were purchased from
CAD BLU (Grand Junction, CO, USA). Core materials
contain 80-100% calcium sulfate hemihydrate, and the
binding liquid contains 0-1% 2-pyrrolidone and 90-100%
non-hazardous ingredients [31-33]. Reactive Orange 16
was bought from Sigma-Aldrich. Plastic syringe barrels
(3 cc), pistons and connectors were purchased from Opti-
mum® Nordson EFD Corporation LLC (Plano, TX, USA).
Ritonavir and Favipiravir were obtained from Hangzhou
Longshine Biotech Co., Ltd. (Hangzhou, Zhejiang prov-
ince, China). Hydroxychloroquine sulfate was acquired
from Tokyo Chemical Industry (Portland, OR, USA). The
food coloring set was from Ktdorns (Shenzhen Sichuang
Yi Technology Co., Ltd.). The ingredients in the coloring
agents are water, sodium carboxymethylcellulose, sorbitol,
propylene glycol, and glycerin. The colors used are sunset
red (E110, E124), grape violet (E123, E133) and royal blue
(E110, E123, E133). Ethanol 200 Proof was provided by Lab
Alley (Spicewood, TX, USA). Acetonitrile (HPLC grade,
99.7% +) was supplied by Thermo Scientific ™ (Waltham,
MA, USA).

Preparations of Drug-Loaded Tablets
3D Printing Solid and Concentrical Cylinder Tablets

The solid (12 mm X 12 mm X4 mm) and concentric cylin-
drical tablets (d,,=12 mm, d;q=8 mm, d,,=4 mm,
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height=4 mm) were printed using ProJet®360 printer (3D
Systems, Rock Hill, SC, USA) equipped with HP 11 print-
head. The printing build height is 4.0 mm, layer thickness is
0.1016 mm and in total has 39 layers. The volume of a tablet
(all three parts) is 0.615 cm?®, surface area is 10.99 square
centimeters, and the surface to volume ratio is 45.37. The
estimated binder usage per tablet is 2.7 ml. The printing
and overnight drying process were conducted at room tem-
perature with shield covered. The 3D models were designed
using 3D builder software, saved as. STL file and then con-
verted to. ZBD file using the 3DPrint software (3D Systems,
Rock Hill, SC, USA). Overall, Fig. 1i representing a deci-
sion flow chart for selecting print parameters was utilized to
include the key printing parameters and variables and how
they affect the decision making of BJ printing of the tablets
reported herein.

DoD Printing on Blank Tablets

An azo dye, reactive orange 16 (RO16), is used as the ink
for better observation. In detail, 1-3 ml RO16 (1 mg/ml
in deionized water) was aspirated by a plastic syringe and
then loaded into a three cc Optimum® syringe barrel via
a plastic syringe connector. First, the syringe barrel was
assembled with a syringe adapter and the electro-magnetic
DoD droplet deposition printhead was attached to a bench

top 3D printer (BioX, Cellink, San Carlos, California) and
the adapter was connected to the pressure control system
in the printer. The 12 mm X12 mm X 4 mm solid tablets
were used to test printing conditions. The printing pressure
(5-20 kPa), open time (1-20 ms), cycle time (50—1000 ms),
print speed (1-10 mm/s), and infill density (20-30%) has
been adjusted to explore suitable conditions for printing. A
conceptual image of this DoD droplet deposition technique
is depicted in Fig. lii.

DoD Printing on Modulated Tablets

To optimize the tablets’ printable surface area, the dimen-
sions have been modified to d =14 mm, d;;=10 mm,
d ore =6 mm, height =4 mm). 100 mg Hydroxychloroquine
sulfate (HCS) was dissolved in 10 ml of deionized water, fol-
lowed by adding five drops of sunset red. 120 mg favipiravir
and 80 mg ritonavir were dissolved in 10 ml of ethanol and
marked with grape violet and royal blue, respectively. The
red HCS solution was applied to the core using a designed
g-code file (6 mm X6 mm X 0.5 mm, cylinder). The violet
favipiravir was applied on the middle layer (10 mm x10
mm X 0.5 mm — 6 mm X6 mmXx0.5 mm hollow cylinder).
Moreover, the blue ritonavir was applied on the out layer
(14 mm X 14 mmx 0.5 mm —10 mm X10 mm X 0.5 mm
hollow cylinder).

(ii)

Fig.1 (i) Decision flow chart for selecting print parameters.; (ii) Schematic diagram of the working principle of the DoD droplet deposition
printing technology. Before printing, the system is closed (a); after printing, the valve is opened (b, ¢, d) and the pressurized fluid can flow. Open
time and cycle time determine how long and how often the valve opens, changing the droplet size and frequency of droplet discharge. For exam-
ple, if only the cycle time is reduced, the frequency of droplet discharge decreases while the droplet size remains the same (b, ¢). If the open
time is reduced while the cycle time remains the same, it will only reduce the droplet size (¢, d). [Figure adapted from manufacturer’s respective

Printhead User Manual Page 44].

@ Springer



Pharmaceutical Research

Characterizations
Solid-State Characterizations

The solid-state of raw materials was investigated via
PXRD using the Rigaku MiniFlexII instrument (Rigaku
Corporation, Tokyo, Japan). All the samples were scanned
from 5 to 45° 20 with a scan speed of 2°/min, the scan
speed of 2°/min, and a scan step of 0.02° (45 V, 15 mA).
The data were collected and viewed using MDI Jared 9
software. Then, the data were exported as .txt files and
plotted as 20 scale versus intensity using Jupiter Notebook.

About 3 mg of raw material samples were placed
in T-zero aluminum differential scanning calorimetry
(DSC) pans and evaluated by DSC Q20 (TA® instru-
ments, New Castle, DE, USA). The samples were
ramped from 20 to 200-260°C at a 3°C/min rate. In all
DSC experiments, ultra-purified nitrogen was purged at
a 50 mL/min flow rate. Data were collected and trans-
ferred to TA® instruments Universal Analysis 2000
software, then exported as .txt files and plotted using
Jupiter Notebook.

The crystallinity of raw materials was observed using
an Olympus BXS53 polarized photomicroscope (Olympus
America Inc., Webster, TX, USA) at room temperature.
QICAM Fast 1394 digital camera (QImaging, Tucson, AZ,
USA) and Linksys 32 software® (Linkam sci ins Ltd.,
Tadworth, UK) were applied to capture the images.

The 3D-printed tablets were analyzed by A Zeiss
MicroCT scanner (Oberkochen, Germany) at the Univer-
sity of Texas at Austin (Austin). Each dataset of tablet
consists of 1282 slices with a voxel size of 3.5 pm. All
samples were scanned using the following parameters:
Flat panel, 60 kV, 6.5 W, 0.1 s acquisition time, 5 sam-
ples per view, detector 210.18 mm, source —10.3 mm,
XYZ [-123, —2854, 575], camera bin 1, angle +180,
3001 views, no filter, dithering, and multi reference.
All images were reconstructed by Xradia reconstructor
(Zeiss, Oberkochen, Germany) with parameters of center
shift of —3.618, beam hardening of 0.4, theta of 0, byte
scaling of [—0.002, 0.02], binning of 1, and recon filter
smooth (kernel size =0.7). Reconstructed images were
saved at TIFF files. DragonFly 4.1 software by Object
Research Systems Inc. (Quebec, Canada) was used for
artificial intelligence (Al)-based image segmentation
and visualization [34].

Optical Microscopy Images
The general morphology of BJ printed tablets and EMD

printed compartments were captured by Dino-Lite™ using
Dino Capture software (magnification: 6.3x).
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Scanning Electron Microscope (SEM) Images
and Energy-Dispersive X-Ray (EDX) Spectroscopy

The drug distribution on the tablet surface was characterized
by Quanta FEG 650 ESEM (FEI company, Hillsboro, OR,
USA). Before observation, the blank and drug-loaded sam-
ples were coated with conductive material by EMS Sputter
Coater under vacuum (Hatfield, PA, USA). The images were
taken under 200x magnification, and 10 kV accelerated volt-
age. The element analysis was carried out with the embed-
ded EDX spectroscopy and analyzed by Esprit 2.1 software.

Drug Loading

The weight of tablets before printing and after drying was
taken by Sartorius Cubis® microanalytical balances (accu-
rate to 0.001 mg). Drug amount was determined by drug
concentration and dispersion volume (1). The dispersion
volume could be learned by direct collection or calculation
based on flow rate and printing time (2) and (3). Drug load-
ing is the percentage of drug amount to total tablet weight
ratio (4).

Drug amount (ug) = drug concentration (m—‘i) * dispersion volume (ul) (D
m

ul known volume(ul)
> = (2)

Flow rate | — -
K flow time(s)

l

Dispersion volume (ul) = flow rate<”—> * printing time ()
s

3)

drug amount(mg)

Drug loading(%) = *100%  (4)

total tablet weight (mg)

Then, UV and HPLC methods were used to detect drug
content. A determined mass of the drug coated tablet was
thoroughly dissolved in 10 mL 1 N HCI for each drug
individually. Samples were analyzed by a Tecan Infinite
M?200 Plate Reader UV-Visible to detect their absorbance
at 326 nm, 344 nm and 250 nm to determine concentration
and thereby mass of favipiravir, hydroxychloroquine sulfate
and ritonavir, respectively. For Drug loading was calculated
using the following Eq. (5).

concentration( 2 )  dilution index + volume (m)

m w1002 (5)

total tablet weight (mg)

Drug loading (%) =

All the drug coated tablet was thoroughly dissolved in
50 mL mobile phase of each drug individually. The samples
were then filtered by a 0.2 um filter and diluted to twice the
original volume. The HPLC methods for all three drugs were
separately developed using a Vanquish UHPLC (Thermo



Pharmaceutical Research

Scientific, West Palm Beach, FL., USA) with a C18 column.
The mobile phase of hydroxychloroquine sulfate is metha-
nol: acetonitrile=90:10 (v/v), flow at 0.8 ml/min and the
samples were detected at wavelength 220 nm. For favipira-
vir and ritonavir, the mobile phase is acetonitrile: deionized
water (pH 2.2) adjusted with phosphoric acid=30:70 (v/v)
and 70:30 (v/v), respectively. The flow rate is 1 ml/min and
the wavelength is 323 nm (favipiravir) and 215 nm (ritona-
vir). The drug loading was calculated using the same equa-
tion as UV method (5).

In Vitro Drug Release Study

The in vitro drug release study of the assembled DoD printed
BJ tablets followed the guidance of USP type II apparatus
using the Varian VK 7000 dissolution system (Varian, Inc.,
Cary, NC, USA). Tablets were dissolved in 100 ml simu-
lated intestinal fluid (standard phosphate buffer solution,
PBS, at pH 6.8) in 150 mL vessels. The temperature of the
dissolution medium was set at 37 +£0.5°C, and the paddle
speed was set at 100 RPM. Samples were taken automati-
cally at 5, 15, 30, 45, 60, 75, 120, 180 and 240 mins to deter-
mine the amount of released drug. Then, the samples were
loaded into a Vanquish UHPLC (Thermo Scientific, West
Palm Beach, FL, USA), flushed with 1 ml/min acetonitrile/
deionized water (50/50, v/v, pH=2.1) in the reversed-phase
C18 column. The data was measured at 227 nm wavelength

and analyzed using Chromeleon 7 software. This new HPLC
method was able to separate and detect three drugs at once
with retention times of 3.1, 3.6 and 8.1 min for hydroxy-
chloroquine, favipiravir and ritonavir, respectively as seen in
Fig. 2. The standard curves were developed at concentrations
of 5,25, 50, 75, and 100 pg/ml using serial dilution.

Result and Discussion
Printability Test of DoD Printing Process

To find suitable printing conditions for further studies, vari-
ous parameters were optimized to accomplish successful
printing. Print design, printing pressure, and valve open time
were changed while the infill density, print speed, and cycle
time remained constant (Table I). In Table I, for tests 1 and
2, the total volume of the solution was so large that the tab-
let’s surface was partially dissolved. When the surface ten-
sion was not strong enough to hold the liquid, it spilled, and
the bottom of the tablet was soaked in the solution. When
the pill was dried for 2 hours, it was stuck to the petri dish,
which could hardly be removed. (Fig. 31). For tests 4-7 and
9, the released droplets accumulated at the bottom of the
printhead and formed large droplets due to insufficient pres-
sure. Tests 5,8,9 have the same printing conditions, however,
the results were inconsistent. Thus, the printing pressure of
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Fig.2 Representation of retention time of hydroxychloroquine, favipiravir and ritonavir at 3.1, 3.6 and 8.1 min, respectively.

@ Springer



Pharmaceutical Research

Table| Drop-on-Demand

ok - No Print design (mm  Open time Cycle time (ms) Pressure (kPa) Printability/Description

(DoD) Prmtmg Cf)ndmon Test X mm X mm) (ms)

on BJ Printed Solid Tablets
1 10x10x2 10 100 20 overflow
2 10x10x2 10 100 5 overflow
3 10x10x0.5 5 100 5 printable
4 10x10x0.5 1 100 5 poor printability
5 10x10x0.5 2 100 5 poor printability
6 10x10x0.5 3 100 5 poor printability
7 10x10x0.5 5 100 5 poor printability
8 10x10x0.5 2 100 5 printable
9 10x10x0.5 2 100 5 poor printability
10 10x10x0.5 2 100 10 printable
11 10x10x0.5 2 100 10 printable
12 12x12x0.5 2 100 10 printable

Infill density, print speed and cycle time remain the same as the default setting (25%, 10 mm/s, and 100 ms)

(iii)

Fig.3 (i) Optical microscope image of the tablets with different amounts of liquid printed on the surface. If the volume of printed liquid exceeds
the upper limit of the tablet, after drying, the overflowed liquid will stick to the tablets to the petri dish, making it hard to be collected; (ii) A.
Schematic illustration of DOD printing when the cycle time is increased with open time at the same ratio, and (iii) Images of tests 11 and 16-22

taken by Dino-Lite.

5 kPa is too low for standardized printing. Increasing the
printing pressure to 10 kPa enables smooth printing. When
the diameter of the printing area matched or was close to the
tablet design, the droplets would splash to unexpected places
on the Petri dish instead of the tablet surface due to inertia.
The optimized printing conditions (No.10) could print about
150 pl ink solution.
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Since the printing condition of test 11 could generate a
reproducible smooth printing, we would like to investigate
how printing parameters affect the dispensing volume (DV).
Changing the print design will directly affect the printing
surface area and the DV (Table II, Test 11-14). Ideally, the
printing surface area was expected to be as large as possible
to get a high DV, however, splash of droplets was observed
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in our previous printing (Test 12) when the printing was
close to the tablet’s edge. Therefore, the print settings of
test 11 were selected as the default printing parameters for
further studies. It is all known that increasing the infill den-
sity would lead to higher DV without causing any overflow.
Based on the experience from test 11, adjusting the infill
density from 25% to 30% led to a flood. In terms of the print-
ing speed, the total printing time was extended when a lower
printing speed was applied, so more valve-open and -close
cycles would increase DV. In this study, even though the
printing speed was changed from 10 mm/s to 9 mm/s, over-
flow printing still occurred. Besides printing design, infill
density, and printing speed, printing pressure is another vital
parameter in droplet-based printing. According to the previ-
ous attempts, pressure lower than 5 kPa could not provide
sufficient force to dispense the ink solution, whereas print-
ing pressure at 10 kPa was suitable for printing. Therefore,
higher printing pressure has been tested to see if it would
carry out different results. Interestingly, when a pressure of
20 kPa was applied, the print showed overflow. This phe-
nomenon was due to the increased velocity and momentum
of each droplet given by the increased pressure, disrupting
and breaking the surface tension of the liquid on the tablet
surface. Therefore, a moderate printing pressure would be
maintained in the following printing.

Then, we moved on to understand how DoD-specific
printing parameters, namely, open time and cycle time,
would affect the DV, and have carried out eight more test-
ing (Table II). The open time affected how large one droplet
could be and the cycle time determined how often the drop-
lets would be generated. As expected, either decreasing the
cycle time or increasing the open time led to overflow print-
ing results (Fig. 3ii B, T16, T17 vs. T11). Interestingly, if

the open time and cycle time were changed at the same ratio,
the DV maintained the same (Table II, T11 and T18-22).
However, as the open time kept increasing, the momentum
increased together with the mass of the droplet. It would
disturb the surface liquid on the tablet, leading to overflow
printing eventually. Additionally, as the cycle time and open
time were longer, the distribution pattern would change and
reduce the uniformity of the dispersion (Fig. 3ii).

Process Optimization

As printing under 10 kPa with 2 ms open time enabled smooth
printing, we moved on to printing more complex structures
using DoD. For example, the BJ printed concentrical cylinder
consists of three parts - outer ring (d,,,=12 mm), middle ring
(dyig=8 mm), and core (d=4 mm). As shown in Fig. 4i, the
RO16 solution could be applied to the surface of the separate
tablet compartments precisely using DoD printing. The
printed file has the same diameter as the 3D model printed by
BJ, and the model thickness is set to 0.5 mm to avoid overflow
during DoD printing. Printing pattern of concentric infill was
applied to print on these compartments. During the printing
process, it was found that although the DoD printing of the
middle and outer rings worked well, it was difficult to calibrate
the center position of the core due to the small diameter. Thus,
the BJ printed concentrical cylinder was adjusted to - outer
ring (d,,= 14 mm), middle ring (d,;;=10 mm), and core
(d=6 mm). The opening time was 2 ms and the pressure
was 10 kPa, producing small droplets while being able to
discharge drop by drop. The cycle time, infill density and print
speed were set to be default — 100 ms, 25%, and 10 mm/s,
respectively, to avoid overflow.

Table Il Study on How DoD-

- Y No Print design Open time Cycle time Pressure Printability/ Volume* (pl)

Specific Prm.tm.g Parameters (mm X mm X mm) (ms) (ms) (kPa) Description

Affect the Printing Results
11 10x10x0.5 2 100 10 printable 150
12 12x12x0.5 2 100 10 printable 217
13 6x6x0.5 2 100 10 printable 44
14 4x4x0.5 2 100 10 printable 26
15 10x10x0.5 2 100 20 printable 150
16 10x10x0.5 2 50 10 overflow -
17 10x10x0.5 3 100 10 overflow -
18 10x10x0.5 3 150 10 printable 150
19 10x10x0.5 4 200 10 printable 150
20 10x10x0.5 5 250 10 printable 150
21 10x10x0.5 10 500 10 overflow -
22 10x10x0.5 20 1000 10 overflow -

*Each print’s dispersing volume (DV) was collected and measured with a micropipette. The printing 3D
model. stl file has been changed to the exact shape with more considerable height
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3D Printed Drug-Loaded Tablet Compartments
and DoD Drug Dispersion

The drug-loaded tablet compartments were printed with
the prepared colored drug-concentrated solutions sepa-
rately. The images of the tablets were taken by Dino-Lite™
(Fig. 4ii). SEM examined the surface morphology of the
pills. Figure 5i b., c., d. showed that all three printed tablets
have a different morphology than the blank tablet, indicating
the successful dispersion of drug solution on the surface of
the modular tablets. In terms of tablet surface, as depicted
in Fig. 3i, compared to a., panel b. seems to have a rougher
surface whereas c. and d. have a smoother surface based on
the visual observation. This could be since the drug solution
dispersed on the tablet b is water-based and that of tablet ¢
and d are ethanol-based. This phenomenon can be attributed
to the solvent evaporation rate since water will take longer
to evaporate compared to that of organic solvent like etha-
nol and freely get absorbed in the tablet making the surface
rough. Nonetheless, all four images exhibited porous struc-
ture of the tablet compartments owing to the binder jetting
power deposition layer-by-layer.

Due to the precision of the dispersed drug solution in
each compartment of the 3D printed tablets, a homogenous
particle distribution was observed on the surface (Fig. 5ii).
SEM-EDX was also performed to determine the distribution
of marker molecules like CL or Fl on the printed tablets.
As expected, the most occupied elements were oxygen and

carbon as they are the most abundant elements compris-
ing most of the excipients and additives used in this study.
Moreover, the surface elemental analysis of Chlorine (Cl)
for HCS and Fluorine (F1) for favipiravir showed a homog-
enous distribution. As shown in Fig. 5ii b and c, the HCS has
a particular Chlorine peak, whereas the favipiravir sample
has a specific Fluorine peak. The CI and Fl peaks are less
noticeable than other elements due to the low drug amount
dispersed on the surface. However, the element distribution
could be observed in Fig. 5ii e-h where there’s clear differ-
ences in the elemental analysis maps of CL/F between blank
and drug loaded formulations. For an example, the elemental
mapping for Cl in blank tablet exhibited no evidence of ele-
mental presence whereas HCS tablet showed homogenous
distribution of the marker atom. However, to provide a better
representation of the homogenous distribution of Cl atoms
in HCS tablets, a size-optimized figure of the Cl distribu-
tion has been provided in supplementary Fig. S1. The gold,
silver, and palladium peaks represent the coating material
from the vacuum sputtering.

Solid-State Characterization

XRD, DSC and PLM were used to test the crystallinity of
the raw materials and the tablets. The HCS compartment
has the highest drug loading and as a result crystalline peak
could be visualized. However, the drug loading of favipira-
vir and ritonavir is low which is out of the detection limit

Fig.4 (i) Optical microscope image of the assembled modulated tablet with each compartment (a), Outer layer (d,

(d,iq=8 mm) and core (d,,,

@ Springer

=12 mm), middle layer

out
=4 mm) of the concentric cylinder (height=4 mm). (b), Electro-magnetic droplet printing of reactive orange 16

(1 mg/ml) on solid tablet (up left) and each compartment. EMD printing parameters: print design (same shape as the BJ design, height=0.5 mm),
infill pattern (concentric), infill density (25% as default), pressure (5 kPa), open time (2 ms), cycle time (100 ms), printing speed (10 mm/s as
default). (c), EMD-printed tablet compartments assembled with the blank compartments; (ii) Images of drug-loaded tablet compartments and
assembled tablets taken by optical microscope. (a), out layer: blue ritonavir; middle layer: violet favipiravir; core: red HCS. (b), single compart-
ment assembled with blank tablet compartments to visualize the color change. (c), assembled blank tablets versus drug-loaded tablets.
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Fig.5 (i) Scanning electron microscope (SEM) images of the printed a., calcium sulfate hemihydrate (blank); b., hydroxychloroquine sulfate;
c., favipiravir; d., ritonavir tablets; (ii) Energy-dispersive x-ray (EDX) spectroscopy and element analysis chart. a., calcium sulfate hemihydrate
(blank); b., hydroxychloroquine sulfate; c., favipiravir; d., ritonavir tablets. Element Au, Pd and Ag were from vacuum sputtering. Element dis-
tribution images: Cl surface distribution of blank (e) and hydroxychloroquine sulfate (f); F surface distribution of blank (g) and favipiravir (h).

of the XRD and as a result the characteristic peaks for each
crystalline drug were not visible in the diffractograms pre-
sented in (Fig. 61). However, for HCS 3D printed tablets
some characteristics peaks corresponding to the crystal-
line drug were visible which was largely attributed to the
higher drug amount used in the formations. For HCS 3D
printed tablets characteristics peaks corresponding to the
drug were visible at ~12, 21-23, 29 and 32 2-theta posi-
tions. Similarly, absence of distinctive thermal transition
due to the melting of the crystalline drugs were noticed in
the DSC thermograms which was largely due to the lower
amount of drug present in the formulations. Nonetheless,
the DSC traces of bulk drugs exhibited endothermic thermal
transition corresponding to their melting i.e., at ~190.54°C
for Favipiravir, ~125.33°C for ritonavir and ~243.96°C for
HCS. The Fig. 6ii is the PLM images of the raw materials
and all of them are in crystalline form. Images of crushed
tablets could not be distinguished from the blank sample
(calcium sulfate hemihydrate). The calcium sulfate hemihy-
drate and hydroxychloroquine sulfate are irregular crystals,
the favipiravir sample are flat flakes and the ritonavir sample
are needle-like crystals. In samples of the crushed tablets,
due to the low drug content of the latter two drugs (less than
1% wiw), we could not see the flakes and the needles clearly.
They all look like the calcium sulfate hemihydrate sample;
thus, we could not distinguish between them.

XRCT was performed for the 3D-printed tablets to bet-
ter understand the morphology and internal microstructure
within the tablets. Based on the XRCT images of hydroxy-
chloroquine sulfate tablet, drug displays in dark-gray and
calcium sulfate hemihydrate displays in bright gray, which
corresponds to their density (1.2 g/cm? for hydroxychloro-
quine sulfate, and 2.6-2.7 g/cm? for calcium sulfate hemi-
hydrate). Chen et al. have demonstrated the grayscale of
each component corresponds to their densities [35]. Each
voxel in the XRCT images was then classified as red, yel-
low, and black for hydroxychloroquine sulfate, calcium sul-
fate hemihydrate, and pores or background, respectively.
In this study, a U-Net implemented in Dragonfly software
was used as convolutional networks for image classification
task [36]. Briefly, six slices of XRCT image (No. 100, 300,
500, 800, and 1000 XRCT images) of hydroxychloroquine
sulfate tablet were labelled manually and then were used for
the training of the U-Net. 10 times of image augmentation
was performed by horizontal and vertical flipping, rotation,
scale, and shear. 80% of the dataset was used as training
subset and 20% was used as validation subset. Batch size
and epoch number of the model were set to 32 and 100,
respectively. OrsDiceLoss and OrsDiceCoefficient were
used as loss function and metrics, respectively (Fig. S2).
After the deep learning-based model training and valida-
tion, the U-Net was successfully applied to the remaining
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Fig.6 (i) Powder X-ray diffraction (XRD) and differential scanning calorimetry (DSC) profile of raw material powder(P) and drug-loaded tablet grind-
ing (T); (ii) Polarized light microscopy (PLM) images of a., calcium sulfate hemihydrate; b., hydroxychloroquine sulfate; c., favipiravir; d., ritonavir.

1281 XRCT images for image classification task. In addi-
tion, the visualized 3D reconstruction of XRCT images
shows hydroxychloroquine sulfate was present thought the
whole tablet (Fig. 7e). XZ and YZ cross-section images of
the tablet display that relatively more drugs were dispersed
in the top of the tablet, which is relevant to the spraying pro-
cess. XRCT images of favipiravir and ritonavir 3D-printed
tablets were shown in Supplementary Fig. S3. However, we
couldn’t identify the drug regions within the tablets because
of the physical-chemical properties, morphologies, or the
relatively low drug loadings of these two drugs, which will
be further investigated in future (Fig. 7).

In Vitro Release Study

The in vitro drug release performance of the printed tablets
was investigated using non-sink dissolution testing. The dis-
solution study was carried out in triplicates where the R? val-
ues from the standard curve trendline were 0.9977, 0.9992
and 0.9973 for hydroxychloroquine sulfate, favipiravir and
ritonavir, respectively. During the dissolution study, it was
observed that the tablets completely deformed after 90 min
whereas the color faded after 240 min. Figure 8 revealed
that the extent of drug released was primarily affected by
the initial drug amount. Ritonavir in the outer layer has
the highest drug release rate, followed by favipiravir and
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hydroxychloroquine sulfate. Interestingly, the middle layer
loaded with favipiravir has burst release rate initially fol-
lowed by a slower release pattern.

At the very beginning of dissolution, the tablet absorbs
water and expels air from the pores as reflected by the
release of air bubbles. Because the surface area of the outer
and middle tablets is relatively large, this would make the
drug release faster. After 60 min under turbulent impinge-
ment with continuous stirring, the tablet outer layer begins to
disintegrate, the surface area for drug release increases and
so is the actual drug release. The release profile of ritonavir
at the 60-min time point showed a stepped release. Similarly,
at the 180-min time point, the release profile of Favipiravir
showed a step-up. In contrast, the release profile of HCS
has been very steady and sustained. But the highest amount
release from the core is due to the high dose loaded. From
these results, it can be concluded that different release modes
could be achieved by loading the drug in different parts of
the modular system, such as the outer middle part is suit-
able for quick release, and the inner part is suitable for slow
and sustained release (Table S1). However, the dispersion
volume is not the decisive factor for drug loading, because
the drug loading can also be changed by adjusting the con-
centration of the drug solution.

Table III shows the weight of blank tablets, drug-loaded
tablets, and calculated weight difference. Here, the weight
difference does not represent the loaded drug amount
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Fig.7 3D reconstructions of hydroxychloroquine sulfate 3D printed tablet of original XRCT images: black, pores or background; dark-gray,
hydroxychloroquine sulfate; bright-gray, calcium sulfate hemihydrate (Left) and Al segmented images: black, pores or background; red, hydrox-
ychloroquine sulfate; yellow, calcium sulfate hemihydrate (Right). Scale bars: 1 mm. (b) XZ cross-section images of hydroxychloroquine sulfate
3D printed tablet. (¢) XY cross-section images of hydroxychloroquine sulfate 3D printed tablet. (d) YZ cross-section images of hydroxychloro-
quine sulfate 3D printed tablet. (e) Illustration of the 3D Al reconstructed tablets in X, Y, and Z axis.
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Fig.8 The drug release profiles of modulated tablets within 240 minutes (n=3).

because the drug was dispersed within the solution. It is
noticed that not all drug solution was evaporated after dry-
ing. Calcium sulfate hemihydrate, a widely used 3D printing
material, is practically insoluble in ethanol and slightly solu-
ble in water [38—40]. During the BJ printing, calcium sulfate
hemihydrates tend to adsorb water from the liquid binder,
get transformed to a semi-solid calcium sulfate dihydrate
paste, and forms solid tablet after drying [41, 42]. Thus, in
the tablet, some untransformed calcium sulfate hemihydrate,
might also absorb some water from the solution during the
dispersion and drying process.

To determine the drug loading various methods were
used and validated. Out of all four methods used, the direct

dispersion volume method seemed to be the closed one to
the theoretical value and hence it was selected. The flow
rate was determined by loaded ink volume divided by the
time taken for all the ink to run out under the same print-
ing conditions. For example, when the printing pressure
is 5 kPa, open time is 2 ms, cycle time is 100 ms, and
printing speed is 10 mm/s, it takes 7 minutes for 500 ul ink
to finish printing (equivalent to 1.19 ul/s). Then, the dis-
persion time of each printing mode was recorded, and the
total drug amount was calculated accordingly (Table S2).
However, this method could involve some operation errors,
such as the reaction time for the operator to press the start
and stop buttons on the timer. Although this error could

@ Springer
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Table lll Tablet Weight

Drug-loaded tablet (mg)  Calculated weight

difference (mg)

Weight difference to
total weight ratio (%)

X > Drugs Blank tablet (mg)
Difference Before Printing
(Blank) and After Printing and
Drying (n=3) HCS 128.286 + 1.412
Favipiravir ~ 226.080 + 4.167
Ritonavir 336.376 + 6.725

144.056 + 2.074 15.770 + 0.698 2.1
229.583 +3.912 3.503 + 0.261 0.21
340.090 + 6.611 3.714 £ 0.145 0.15

be reduced by increasing the number of measurements, it
is still considered unprecise.

Other than calculating drug amount by flow rate, there is a
method that can measure the dispersion volume directly. The
dispersed liquid of each printing mode was collected within
an Eppendorf tube and measured with a micropipette. The
volume of the micropipette was adjusted to take up all the
liquid in the Eppendorf tubes and recorded in Table S3. All
the dispersion ink was water solution. Determination of drug
mass in each partition of the tablet using UV method was
calculated to be 2.05+0.01, 0.58 +0.02 and 1.88+0.01 mg
for HCS, Favipiravir and Ritonavir, respectively. The final
drug content of the assembled tablet was calculated based on
the weight of each compartment and the total tablet weight.
Favipiravir, ritonavir and HCS content of the tablet were
0.08% (w/w), 0.29% (w/w) and 0.26% (w/w), respectively
(Table S4). Three HPLC methods were developed for each
drug, and the wavelengths of the most intense absorbance
peak were determined by full-wavelength scan. Assessment of
drug mass in each compartment using HPLC method was cal-
culated to be 4.852 +0.01, 0.397+0.02, and 1.574 +0.05 mg
for HCS, Favipiravir and Ritonavir respectively. The drug
loading of HCS, favipiravir and ritonavir were 0.68 +0.01%
(/w), 0.055+£0.01% (w/w), and 0.22 +0.01% (w/w), respec-
tively (Table S5). Among the above methods of testing DL,
the method of directly collecting the liquid and measuring the
volume is the most accurate as it introduces the least error and
directly reflects the drug input.

Conclusion

In this study, modular tablets were 3D-printed using BJ tech-
nology. Novel DoD printing has been applied to disperse
water/ethanol-based drug solution precisely on the surface
of the blank cylinder tablets and the modulated tablet com-
partments which would be suitable for other drug delivery
modalities where ultra-precision and control on the drug
amount dispersed is needed such as potent drugs. The dose
of tablets was determined by the solubility of each drug
and the dispersion volume of the printing. Pressure is the
crucial variable that affected the printing quality (10 kPa
was recommended). The printing speed and infill density
could change the dispersing volume essentially. The open
time and cycle time could affect the dispersing volume and
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the uniformity of the tablets. Advanced surface analysis
conducted by microCT imaging as well as Artificial Intel-
ligence (Al)/Deep Learning (DL) model validation revealed
a homogenous drug distribution in the printed tablets result-
ing in from the ultra-precision DoD process. According to
the dissolution data, the drug loaded in outer layer would be
released over 90% after 4 hours, whereas drug in the core
could only be released about 40%. So, the outer and middle
layer could be suitable for fast release and the core could be
applied for slow release. Our study demonstrated that dis-
persing drug solutions on the surface of the modular tablet is
feasible even at a very low volume and doses, thus opening
numerous opportunities for combining multiple therapeutics
within different compartments and tailoring the release rates.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11095-022-03378-9.
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