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1. Introduction

3D printing provides a programmable path-
way for the fabrication of customized and
on-demand materials.[1] The scientific
and technological impacts of 3D printing
in various sectors, including engineering,
automotive, and health care have progres-
sively increased since the first commercial
3D instruments were introduced in the
1980s.[2] One of the opportunities provided
by 3D printing in health care is to move
toward the grand vision of personalized
medicine, where treatments are tailored
to individual needs rather than the broad
patient population.[3] Personalized medi-
cine has been mainly developed to address
the inherent limitations of systemic, gener-
alized therapies in health care. 3D printing
technology intersects with personalized
medicine by creating systems that take
individual variabilities into account. In
the context of personalized drug delivery
systems (DDSs), 3D printing provides
invaluable advantages over conventional
pharmaceutical manufacturing methods

(e.g., molding and compacting) that are based on representative
response profiles from associated divisions of the target popula-
tion. In particular, 3D printing allows for: 1) the manufacture of
customized drug tablets and/or drug-eluting implants with pre-
cise geometries; 2) flexibility in terms of drug dosages and
release profile of medications personalized to the needs of indi-
vidual patients; and 3) the fabrication of complex drug testing
systems that resemble in vivo conditions.

The U.S. Food and Drug Administration’s approval of the
first 3D-printed drug SPRITAM for epilepsy (marketed by
Aprecia Pharmaceuticals in 2015)[4] prompted increasing interest
in using 3D printing in personalized medicine.[3] Thus far,
3D printing technology has shown great promise in pharmaceu-
tical manufacturing processes,[5] especially for oral solid
dosage,[6,7] transdermal delivery,[8] and drug-eluting implants.[9]

Nevertheless, 3D printing in personalized medicine is still in its
early stage of development and there are several challenges
before mainstream adoption.[5] Aside from regulatory clearance
and clinical trials, one of the foremost challenges is the selection
of appropriate 3D technologies and formulations suitable for the

A. Bagheri, A. A. Rosser, C. M. Fellows, T. C. Brown
School of Science and Technology
University of New England
Armidale, NSW 2351, Australia
E-mail: ali.bagheri@une.edu.au

M. Asadi-Eydivand
Department of Biomedical Engineering
Amirkabir University of Technology
Tehran 15914, Iran

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adem.202201785.

© 2022 The Authors. Advanced Engineering Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adem.202201785

3D printing via reversible addition-fragmentation chain transfer (RAFT) poly-
merization has been recently developed to expand the scope of 3D printing
technologies. A potentially high-impact but relatively unexplored opportunity that
can be provided by RAFT-mediated 3D printing is a pathway toward personalized
medicine through manufacturing bespoke drug delivery systems (DDSs). Herein,
3D printing of drug-eluting systems with precise geometry, size, drug dosage,
and release duration/profiles is reported. This is achieved through engineering a
range of 3D models with precise interconnected channel-pore structure and
geometric proportions in architectural patterns. Notably, the application of the
RAFT process is crucial in manufacturing materials with highly resolved mac-
roscale features by confining curing to exposure precincts. This approach also
allows spatiotemporal control of the drug loading and compositions within
different layers of the scaffolds. The ratio between the polyethylene glycol units
and the acrylate units in the crosslinkers is found to be a critical factor, with a
higher ratio increasing swelling capacity, and thus enhancing the drug release
profile, from the drug-eluting systems. This proof-of-concept research demon-
strates that RAFT-mediated 3D printing enables the production of personalized
drug delivery materials, providing a pathway to replace the “one-size-fits-all”
approach in traditional health care.
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pharmaceutical product.[10] A particularly versatile and promis-
ing 3D printing technology uses photopolymerization in stereo-
lithography (SLA) and digital light processing (DLP).[11,12] These
techniques work by decoding a digitally sliced 3D model into
physical materials in a layer-by-layer curing process.[13–20] The
SLA technology is based on point-by-point exposure as opposed
to DLP with the light source illuminating each layer all-at-once.
SLA has been used to 3D print oral dosage materials containing
4-aminosalicylic acid and paracetamol,[6] multi-layer oral tablets
containing antihypertensive drugs,[21] and ibuprofen-loaded
hydrogels.[22] DLP 3D printing has been employed to manufac-
ture oral tablets with different release profiles of theophylline
drugs.[23] The impact of resin components on the release profile
of paracetamol from DLP-printed tablets has been studied.[24]

Moreover, the influence of cure time and wavelength of the
photon source (used in a light-based 3D printing) on the release
profile of ibuprofen from 3D-printed tablets has been
investigated.[25]

Photocuring in light-based 3D printing relies on conventional
radical polymerization. Materials produced in this way contain
dead polymer chains/strands that cannot be modified after print-
ing. One way to enable post-manufacturing modification is by the
application of reversible deactivation radical polymerization
(RDRP) to the polymer networks. Dormant RDRP species can
be reactivated in a post-synthetic stage to allow the shape, struc-
ture, functionality, and/or properties of an already fabricated
network to be modified.[26–28] Recently, our group[29–31] and
others[32–36] have applied reversible addition fragmentation chain
transfer (RAFT) polymerization,[37–44] in light-based 3D printing
to realize “living” 3D printing; that is, to manufacture reprocess-
able 3D materials that could undergo repeatable modifications in
a post-printing stage. The development of this technology was
inspired by studies of polymeric networks containing dynamic
covalent bonds[45,46] and studies of polymeric networks incorpo-
rating trithiocarbonate chain transfer agents.[28,47]

The scope of RAFT-mediated 3D printing has been progres-
sively evolving, and different photoreaction mechanisms such
as photoiniferter,[29,48] photoinduced electron transfer (PET)-
RAFT,[30,36] and cationic RAFT[35,49] have been investigated.
Applications of RAFT-based 3D printing in self-healing poly-
mers,[31,50] direct laser writing/surface patterning,[33] surface
functionalization,[30,32,48] and polymerization-induced micro-
phase separation[51,52] have been reported. Recently our group
reported on RAFT-mediated 3D printing of scaffolds with tai-
lored hierarchical porosities and highly resolved micro- and mac-
roscale features.[53] Building on our previous research,[53] we
hypothesized that the interconnected channel-pore architecture
of 3D-printed scaffolds may allow for a uniform flow distribution
of release media inside the scaffolds for the controlled drug
release process. Additionally, different pore sizes, porosity per-
centages, and surface areas may further enable customization
of drug release profile and duration. To the best of our knowl-
edge, there is no report on RAFT-mediated 3D printing of cus-
tomized DDSs with controlled interconnected channel-pore
architecture.

Herein, we report on the 3D printing of on-demand DDSs
with precise architecture, geometry, and size, and with custom-
izable drug dosage and release profiles based on a range of 3D
models and using a commercially available DLP 3D printer. The

first step of the process was generating 3D computer-aided
design (CAD) models with a variety of structures and porosities.
These models were then exploited to 3D print drug-containing
materials using poly(ethylene glycol) diacrylate (PEGDA)-based
resin formulations. The inclusion of RAFT (as an alternative
to commonly used light-absorbing dyes) in the formulations
enabled the 3D printing of materials with highly resolved
features throughout the continuous architecture, which is
not achievable using conventional radical polymerization.
Moreover, the impact of the PEGDA molecular weight on the
paracetamol release from the 3D-printed scaffolds was studied.
The procedure is technically simple and relatively inexpensive.
This research represents a significant advancement over our ear-
lier work,[53] in which we showed that 3D printing using RAFT
could produce polymers with customized hierarchical porosities.
This study demonstrates that RAFT-mediated 3D printing pro-
vides additional and complementary possibilities to move toward
personalized medicine by producing customizable DDSs that
can be used as drug-eluting implants.

2. Results and Discussion

2.1. 3D Printing Drug-Eluting Materials using Conventional
Radical Polymerization and RAFT-Mediated Polymerization

Resin formulations containing the following components
were prepared: diphenyl (2,4,6-trimethylbenzoyl) phosphine
oxide (TPO) as a photoinitiator, poly(ethylene glycol) diacrylate
(PEGDA250, average Mn= 250 gmol�1) as a crosslinker,[47]

poly(ethylene glycol) (PEG300, average Mn= 300 gmol�1) as a
plasticizer/solubilizing agent and paracetamol as a model drug
(Figure 1, see Supporting Information for methods). TPO ena-
bles relatively fast 3D photopolymerization when fully open to
air.[54,55] PEGDA is nontoxic, and biodegradable and it has been
widely used in materials suitable for tissue and drug delivery
applications.[39,56,57] Paracetamol has been chosen as the drug
molecule, while PEG is an FDA-approved component commonly
used in biomaterials.

Paracetamol absorbs ultraviolet (UV) light with maximum
absorbance (λmax) at 243 nm. TPO exhibits strong absorbance
in the UV from 300 to 400 nm (λmax= 380 nm) and weak absor-
bance from 400 to 420 nm. To avoid absorbance overlap,
the printability of formulations without the presence of paraceta-
mol was initially studied using a commercially available digital
light processing (DLP) 3D printer with 405 nm LED lights
(1.8mW cm�2). A series of formulations with different feed
ratios were prepared and the 3D printing parameters were
adjusted using slicing software. In the first optimization step,
a CAD model of a full cylinder (1 cm diameter and 5mm thick)
was used (Figure S1, Supporting Information,). A formulation of
[PEGDA250]: [PEG300]:[TPO] = 1:4:0.01 was used with a cure
time of 30 s per 500 μm layer (Table 1, entry 1). This system
did not allow for the production of a well-defined structure,
which was attributed to the low amount of crosslinkers rela-
tive to the filling agent. The structures of the layer-by-layer
3D-printed objects were confirmed by both optical and scanning
electron microscopy (SEM) and considered well-defined as
specified in our previous study.[53] We then kept the same
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printing parameters, while a resin formulation with higher
content of PEGDA250 crosslinker was used ([PEGDA250]:
[PEG300]:[TPO]= 1:2:0.01). Under these conditions, overcuring
around the object was observed (Table 1, entry 2), which could be
avoided by reducing exposure time. It was found that 3D printing
of a formulation of [PEGDA250]: [PEG300]:[TPO]= 1:2:0.01 with
a cure time of 12 s per 500 μm layer allowed the 3D printing of
well-defined objects (Table 1, entry 3).

Having determined the formulations and conditions for the
manufacture of well-defined objects in the commercial DLP
3D printer, the next step was to include paracetamol. When
2% w/w of paracetamol is added to the formulation, the cure
time needed to be extended from 12 to 50 s per 500 μm layer
to achieve a well-defined 3D-printed construct (Table 1, entry
9). This increase in cure time was attributed to the light absor-
bance of paracetamol in the UV range (Figure S2, Supporting
Information), competing with the TPO photoinitiator in light
absorbance, resulting in a lower rate of radical generation and
thus a lower rate of photopolymerization/curing.

Inspired by scaffolds exploited in drug delivery systems,[58,59]

cylindrical scaffolds with tailored hierarchical porosities
and interconnected morphologies were engineered using
3D design software, SolidWorks 2012, and exported as STL
(Standard Triangle Language) files (Figure 1). These CAD mod-
els were then employed for 3D printing using [PEGDA250]:

[PEG300]:[TPO]= 1:2:0.01% and 2% w/w of paracetamol with
a cure time of 50 s per 500 μm layer. Under these conditions,
polymerized mass formed within the pores, producing materials
with poor resolution (Table 1, entry 10 and Figure 1b). To
enhance the Z-axis resolution, 3D printing of thinner layers with
shorter cure times was attempted (400 μm and 40 s; 100 μm layer
and 25 s (Table 1, entry 11 and 14). Under these conditions,
3D-printed samples also showed polymerized mass within the
pores. While adjusting the 3D printing parameters to 25 s cure
time per 100 μm layer resulted in materials with better resolu-
tion, polymerized mass within the pores was still obvious
(Figure S3, Supporting Information).

The occurrence of overcuring in light-based 3D printing
systems is mainly due to light scattering and penetration into
deeper layers.[1] Limiting overcuring is always a challenge,
especially in the process of manufacturing highly porous
materials with small internal features. Typically, light-absorbing
dyes and radical quenchers are added to the resin formulations to
prevent light scattering/penetration and therefore lessening
the overcuring.[59] These dyes normally give intense coloring
to the printed materials, which can be undesirable. More criti-
cally, for materials that are designed for in vivo applications,
the release of dyes that are not covalently bonded to the polymer
network is highly possible, leading to undesirable reactions/side
effects.

Figure 1. 3D design and 3D printing approaches used in this study; a) Chemical structures of the resin formulation components used in this work:
poly(ethylene glycol) diacrylate (PEGDA250, Mn= 250 gmol�1 or PEGDA700, Mn= 700 g mol�1), polyethylene glycol (PEG300, Mn= 300 gmol�1),
diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO), 2-(butylthiocarbonothioylthio) propanoic acid (BTPA), and paracetamol was used as a drug;
b) optical image of a 3D-printed scaffold using conventional radical polymerization; c) optical image of a 3D-printed scaffold using RAFT-mediated
polymerization in presence of BTPA; d) a representative microscopic image of the scaffold taken using a Nikon SMZ25 stereo microscope which
was equipped with DS-Ri1 color-cooled digital camera; e) representative SEM image of a RAFT-based 3D-printed cylinder with 500 μm layer thickness.
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Our group[53] and others[34] have recently reported that RAFT-
mediated polymerization as opposed to conventional radical
polymerization can significantly improve the resolution of the
3D-printed materials by preventing overcuring of the polymers
within both the build layer and deeper layers. RAFT agents
can act as both photoabsorbers and chain transfer agents.
Through light absorption, light scattering can be reduced, and
confining curing to exposure precincts. Moreover, the control
of molar mass by RAFT agents may result in more controlled
photopolymerization within the build layer.[34] Note that
RAFT-mediated 3D printing offers additional possibilities that
are not achievable using conventional manufacturing techni-
ques. In particular, RAFT enables the production of 3Dmaterials
with “living” character, making post-printing modification/pat-
terning possible through reactivation of the dormant network-
bound RAFT species.[26] Once the final product is fully formed,
RAFT end-groups can be also readily removed or transformed
into benign/bioactive functionalities.[60]

To investigate the possibility of enhanced resolution
with RAFT polymerization, a commonly used RAFT agent, 2-
(butylthiocarbonothioylthio) propanoic acid (BTPA) was added
to the resin formulation using a molar ratio of [PEGDA250]:
[PEG300]:[BTPA]:[TPO]=1:2:0.01:0.01 containing 2% w/w of
paracetamol (Figure 1). TPO photoinitiator enables relatively
fast oxygen-tolerant RAFT-mediated 3D photopolymerization
via a “polymerization through” mechanism.[54,55] That is, a

portion of generated radicals (through homolytic cleavage of
TPO under light exposure) consumes dissolved oxygen through
conversion to inert peroxy radicals, allowing propagating radicals
to undergo RAFT processes. A CAD model of a porous cylinder
with 45% porosity was designed and 3D-printed with 40mm
height and 20mm diameter, while 3D parameters were set at
50 s cure time per 500 μm layer (Table 1, entry 15). Optical
microscopy and SEM were used to demonstrate the resolution
of scaffolds printed using RAFT-based formulations. Optical
microscope images show that the 3D-printed scaffolds have
well-defined geometries as per CAD models with μm resolution
throughout the continuous structure and within the pores
(Figure 1c,d). SEM images show that the 3D-printed scaffolds
have highly resolved micro- and macroscale features, with high
accuracy in layer uniformity and thickness as predefined using
slicing software (Figure 1e). 3D printing of thinner layers with
shorter cure times was also successful (400 μm and 40 s;
100 μm layer and 25 s (Table 1, entry 16 and 17). Under similar
conditions, cylindrical scaffolds (Table 2) with 65% porosity
(pore size of 4.5 mm) and 31% porosity (pore size of 2 mm) were
successfully 3D-printed with well-defined features as shown
in Figure 2. These experiments confirm that RAFT-mediated
photopolymerization allows for the manufacture of drug-eluting
systems with precise shape, size, and features.

Having determined the 3D printing conditions and resin for-
mulations that allow successful 3D printing, the next step was

Table 1. Details of 3D printing via conventional radical polymerization and RAFT-mediated polymerization using a commercial DLP 3D printer with
405 nm led lights (1.8 mw cm�2).

Entry [PEGDA250]:[PEG300]:[TPO] Drug [2% w/w] 3D CADmodel Target layer thickness [μm]a) Exposure timeper layer [s]a) Well definedobject?b)

1 1:4:0.02 – Full cylinder 500 30 No

2 1:2:0.01 – Full cylinder 500 15 No (overcured)

3 1:2:0.01 – Full cylinder 500 12 Yes

4 1:2:0.01 – Full cylinder 500 8 No

5 1:2:0.01 Paracetamol Full cylinder 500 12 No

6 1:2:0.01 Paracetamol Full cylinder 500 20 No

7 1:2:0.01 Paracetamol Full cylinder 500 30 No

8 1:2:0.01 Paracetamol Full cylinder 500 40 No

9 1:2:0.01 Paracetamol Full cylinder 500 50 Yes

10 1:2:0.01 Paracetamol Porous Cylinder 500 50 Yes/Noc)

11 1:2:0.01 Paracetamol Porous Cylinder 400 40 Yes/Noc)

12 1:2:0.01 Paracetamol Porous Cylinder 100 15 No

13 1:2:0.01 Paracetamol Porous Cylinder 100 20 No

14 1:2:0.01 Paracetamol Porous Cylinder 100 25 Yes/Noc)

[PEGDA250]:[PEG300]:[BTPA]:[TPO]

15 1:2:0.01:0.01 Paracetamol Porous Cylinder 500 50 Yes

16 1:2:0.01:0.01 Paracetamol Porous Cylinder 400 40 Yes

17 1:2:0.01:0.01 Paracetamol Porous Cylinder 100 25 Yes

a)Parameters are adjusted by slicing software; b)A 3D-printed material was considered well-defined from microscope analysis if: i) the layer thicknesses were consistent as
defined in the slicing software, ii) the pore sizes, features, and edges of the printed objects were consistent with the CADmodels, iii) the material adhered to the build platform
throughout the whole 3D printing process, and iv) no significant overcuring around the object or within the pores was observed; c)3D printing was successful, however,
polymerized mass formed within the pores (Figure S3, Supporting Information). All 3D printings were conducted under ambient conditions and without deoxygenation. CAD
models of porous cylinders are in Table 2.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 25, 2201785 2201785 (4 of 9) © 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202201785 by U
niversity O

f N
ew

 E
ngland, W

iley O
nline L

ibrary on [13/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


Table 2. Specifications of the CAD 3D models for cylindrical scaffolds (angled view) with 20mm height and 10mm diameter.

i) Pore size: 3 mm ii) Pore size: 4.5 mm iii) Pore size: 2 mm

Porosity: 35% Porosity: 65% Porosity: 31%

Pore volumea): 549.5 mm3 Pore volumea): 1021 mm3 Pore volumea): 486.7 mm3

Surface area: 1271.6 mm2 Surface area: 1129.6 mm2 Surface area: 1480.4 mm2

a)Pore volume= net volume of a full cylinder� porosity percentage. The values presented in this table are based on a full cylinder with a volume of 1570.8 mm3.

Figure 2. Characterization of the porous cylinders 3D printed using a bottom-up digital light processing (DLP) printer equipped with 405 nm LED
lights, at room temperature and fully open to air. (Left) Side views of computer-aided design (CAD) models (refer to Table 2 for specifications),
(Middle) optical images and representative SEM images of the 3D-printed scaffolds with 500 μm layer thickness showing the pores and struts of
the scaffolds as per the original CAD designs. Scaffold i) was 3D printed with 20mm height and 10mm diameter, and scaffolds ii and iii) were
3D printed with 30mm height and 15mm diameter; (Right) optical images of 3D scaffolds in a fully swollen state in PBS (original images of the scaffolds
are also presented for the sake of comparison—these samples were all 3D printed with 30mm height and 15mm diameter). Resin formulation of
[PEGDA700]:[PEG300]:[BTPA]:[TPO]= 1:2:0.01:0.01% and 2%, w/w of paracetamol was used in all samples.
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to study the in vitro drug release from the fabricated materials.
The in vitro paracetamol release was done in triplicate and a
phosphate-buffered saline (PBS, pH 7.4� 0.2) was used as the
release media. The concentration of released paracetamol in
the release media at different time intervals was analyzed using
UV–vis spectroscopy at 243 nm (see Supporting Information for
details).[24] Paracetamol release from all materials fabricated
using PEGDA 250 showed less than 15% release over 90 days.
The slow and limited release rate can be attributed to tightly
cross-linked networks formed using PEGDA 250, which limits
solvent ingression, and thus swelling capacity, resulting in lim-
ited drug release. To confirm that the limited release rate was
mainly due to high crosslinking density and not insufficient
solubility, we conducted control experiments using a model com-
pound. A resin formulation of [PEGDA250]:[PEG300]:[TPO]=
1:2:0.01 containing 0.1% w/w of Nile red was prepared and
3D printed. Nile red was selected as a model drug for ease of
quantification as it absorbs light in the visible region. The release
of Nile red in dimethyl sulfoxide (DMSO) as a release media
was monitored using UV–vis spectroscopy over a 90-day period.
Regardless of the CAD model used, the release amount
remained below 10%.

2.2. 3D printing Drug-Eluting Materials using PEGDA700 as a
Crosslinker (PEGDA700 versus PEGDA250)

We then reasoned that increasing the number of ethylene glycol
units between acrylate terminal groups of the crosslinker could
increase the small molecule drug release from the 3D-printed
materials due to decreased crosslink density, increased system
swelling, and increased polymer-water interaction. To test this,
PEGDA250 (average units of ethylene oxide= 3) was replaced
with PEGDA700 (average units of ethylene oxide= 14), while
the other components of the resin formulations were unchanged.
PEGDA700 is a crosslinker frequently utilized in light-based 3D
printing systems, notably in pharmaceutical and bio-related
investigations since it is non-toxic and biocompatible.[61–63] It
should be noted that polymers having a terminal RAFT moiety
have been extensively studied for their toxicity and have been
found to be both easy to remove after manufacture and nontoxic
in vitro.[64]

Changes to the crosslinker average molecular weight can
affect printability, so 3D printing parameters were varied to opti-
mize the printing. Initially, parameters as per entry 17 in Table 1
were used: Cure time of 25 s per 100 μm layer and PEGDA250
was replaced with PEGDA700; all other parameters were kept
constant. This system did not allow for the production of a
well-defined object, which can be attributed to the low crosslink-
ing density that was not sufficient to set the layers. Increasing the
cure time to 50 s and target thickness to 500 μm enabled 3D
printing of well-defined materials using PEGDA700 across all
CAD models, indicating that poor printability caused by reduced
crosslinking density can be counteracted by a higher cure time.

For a full cylinder, 3D printed using [PEGDA700]:
[PEG300]:[BTPA]:[TPO= 1:2:0.01:0.01 containing 2% w/w of
paracetamol, the swelling ratio value is found to be between
1.51 and 1.68 in PBS. The swelling ratio is defined as Ww/Wd,
whereWw is the weight of a sample swollen in a specified solvent

at room temperature and Wd is the weight of the sample in the
dry state. These samples remained as an intact network with no
breakage of the matrix in a fully swollen state in PBS. In contrast,
the swelling ratio of full cylinders 3D printed using PEGDA250
remained below 1.05% in PBS, and most of the PEGDA250 sam-
ples showed breakage of the matrix and different degrees of dis-
integration into fragments in water. We then attempted to
determine the swelling capacity of highly porous scaffolds 3D
printed using CAD models in Table 2. The swelling ratios were
found to be 1.32 for structure i), 1.33 for structure ii), and 1.29 for
structure iii). Overall, PEGDA 700 porous scaffolds were stable
and remained as an intact network in fully swollen states (in PBS)
across all samples (Figure 2).

Having demonstrated that greater spacing between crosslink-
ing points facilitates greater swelling and so diffusion of water
within the crosslinked materials, the next step was to study
the release of paracetamol from 3D-printed materials fabricated
using PEGDA700 via the RAFT-mediated process. Three CAD
cylindrical models with distinct interconnected hierarchical
porosities and pore sizes were designed using SolidWorks
2012 and exported as STL files (specifications are listed in
Table 2) The interconnected channel-pore architecture was
designed to enable a homogeneous flow distribution of release
media inside the scaffolds during the drug release process.
Additionally, to enable customization of the drug release profiles
and duration from 3D materials, models with different pore
sizes, porosity percentages, and surface areas were designed
(Table 2). The 3D CAD models were sliced digitally with
500 μm layer/slice thickness (and 50 s cure time per layer) and
then used in a DLP 3D printing with [PEGDA700]:[PEG300]:
[BTPA]:[TPO]= 1:2:0.01:0.01% and 2%, w/w of paracetamol.

The morphology of the 3D-printed materials was studied
using a Nikon SMZ25 stereo microscope. Optical images con-
firmed a precise construction of the original CAD models with
outstanding control over both the exterior and interior features.
As shown in Figure 2, optical images show distinct 500 μm layers
from a cross-sectional view of the RAFT-driven 3D-printed
porous scaffolds. SEM images were also recorded, showing fine
features around the pores and throughout the continuous struc-
ture with μm resolution (Figure 2). Such a high degree of control
in fabricating porous materials is not possible using conventional
manufacturing techniques such as solvent casting, gas foaming
freeze-drying, thermally induced phase separation, and gas
foaming.[65,66]

To study in vitro paracetamol release, the PEGDA700 3D-
printed scaffolds were placed in a glass media bottle containing
50mL PBS (pH 7.4� 0.2), and then incubated at 37� 0.5 °C and
25 RPM with each sample analyzed in triplicate. The concentra-
tion of released paracetamol in the release media was analyzed
using UV–vis spectroscopy at 243 nm. The results in Figure 3a
show that initially the release rate of the drug increases rapidly
and within the first 12 h of incubation in PBS a maximum release
of paracetamol is reached at more than 50%. Release rates over a
2 week period show further fluctuating increases in Figure 3b,
and maximum release was between 60% and 75% from all
the porous samples 3D printed with [PEGDA700]:[PEG300]:
[BTPA]:[TPO]= 1:2:0.01:0.01% and 2%, w/w of paracetamol.
As predicted, drug release profiles differed based on the 3D
designs. We postulated that larger pore sizes would result in
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higher water ingression into the system when infiltrated by an
aqueous release medium, thus causing higher release rates.
This hypothesis was reflected in the paracetamol release results,

with structure ii) (Table 2) with 4.5 mm pore sizes showing a
higher release rate compared to structure i) with 3mm pore sizes
and structure iii) with 2mm pore sizes. We also postulated that

Figure 3. Percentage cumulative release of paracetamol from 3D-printed scaffolds over: a) first 14 h and b) 2 week period. Cylindrical scaffolds with
30mm height and 20mm diameter were 3D printed based on the CAD models listed in Table 2. Resin formulation of [PEGDA700]:
[PEG300]:[BTPA]:[TPO]= 1:2:0.01:0.01% and 2%, w/w of paracetamol was used in all samples.

Figure 4. a) CAD model and b) optical image of a 3D-printed structure showing spatiotemporal control in Nile red loading and compositions in different
layers; c) CAD model and d) optical image (under 365 nm UV light). of a 3D-printed structure with PyMA loaded in different layers throughout the 3D
printing process. Scale bar= 2mm.
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structures with less porosity would show a lower release rate.
Structure i) with 35% porosity and structure iii) with 31% poros-
ity clearly show lower release rates than structure ii) with 65%
porosity (Figure 3). These findings reveal that the release profile
is dependent on system porosity, pore size, and surface area and
this approach has the capability to control drug release by opti-
mizing the design of the interconnected channel-pore structure
and geometric proportions. That is, 3D-printed DDS can be tai-
lored by carefully adjusting the geometry and porosity of the sys-
tems depending on the needs of the patient. We are now
conducting systematic experiments in our laboratory to deter-
mine how 3D architectures with different features affect the
release profile of medications.

To further investigate the applicability of our system in per-
sonalized medicine, we demonstrated proof-of-concept examples
of 3D-printed drug-eluting scaffolds with more than one drug,
spatially separated and incorporated into the same system.
Traditionally, medications are administered via separate dosage
forms, which is inconvenient and may result in errors and
reduced patient compliance. Preferably, multiple medications
(customized for every individual) are incorporated in a single
dosage form. To demonstrate this, we used a visually distinct
dye, Nile red, as the model drug and 3D-printed materials con-
taining spatially-separated layers with different content of Nile
red. This was achieved through a multi-resin vat, where different
formulations containing different amounts of Nile red were used
in specified layers. A cone (10mm diameter and 10mm height)
CADmodel comprising 20 layers each of depth 500 μmwas used
in this process, showing spatial separation of the Nile red
(Figure 4b). Separation was also demonstrated using a fluores-
cent 1-pyrenemethyl methacrylate (PyMA) monomer. A series
of resin formulations with gradient of PyMA monomer concen-
trations were prepared and used in different layers throughout
the 3D printing process. After 3D printing, the sample was thor-
oughly washed and subjected to a 365 nm UV light, showing a
gradient of excimer emission of pyrene units increasing from
bottom to top (Figure 4d). These examples demonstrate that drug
loading and compositions in drug delivery systems can be spa-
tiotemporally controlled, a feature that is not achievable with con-
ventional pharmaceutical techniques.

3. Conclusion

In this study, we have demonstrated that personalized DDSs with
precise geometry, size, drug dosage, and release duration/pro-
files can be 3D-printed using a range of 3Dmodels designed with
specific geometry and porosity. Importantly, RAFT-mediated sys-
tems as opposed to conventional radical polymerization enabled
3D printing of DDSs with highly resolved features throughout
the continuous macroscale architecture. We have demonstrated
that the crosslinking density, swelling capacity, and therefore
the drug release profile/rate are significantly influenced by the
amount of PEG units between the acrylate functional groups
of the crosslinkers. Moreover, this approach allowed spatiotem-
poral control of the drug loading and compositions within differ-
ent layers of the 3D-printed scaffolds. Our approach is relatively
simple and inexpensive to implement. This methodology has the
potential to produce personalized DDSs in a clinical setting,

using a commercially available 3D printer, immediately follow-
ing prescription. We believe that these results present an impor-
tant step towards achieving the aim of personalized medicine. In
addition to delivering medications, this technique can be
exploited to deliver other active substances with desired release
profiles, and so may have implications in foods, cosmetics, and
the agricultural industries. Future work will focus on the effect of
pore size, porosity, and surface area of the 3D-printed scaffolds
on the release profile of medications.
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