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ABSTRACT: Controlling the microstructure of materials by means of phase
separation is a versatile tool for optimizing material properties. Phase separation
has been exploited to fabricate intricate microstructures in many fields including
cell biology, tissue engineering, optics, and electronics. The aim of this study was
to use phase separation to tailor the spatial location of drugs and thereby generate
release profiles of drug payload over periods ranging from 1 week to months by
exploiting different mechanisms: polymer degradation, polymer diluent dis-
solution, and control of microstructure. To achieve this, we used drop-on-demand
inkjet three-dimensional (3D) printing. We predicted the microstructure resulting
from phase separation using high-throughput screening combined with a model based on the Flory−Huggins interaction parameter
and were able to show that drug release from 3D-printed objects can be predicted from observations based on single drops of
mixtures. We demonstrated for the first time that inkjet 3D printing yields controllable phase separation using picoliter droplets of
blended photoreactive oligomers/monomers. This new understanding gives us hierarchical compositional control, from droplet to
device, allowing release to be “dialled up” without manipulation of device geometry. We exemplify this approach by fabricating a
biodegradable, long-term, multiactive drug delivery subdermal implant (“polyimplant”) for combination therapy and personalized
treatment of coronary heart disease. This is an important advance for implants that need to be delivered by cannula, where the shape
is highly constrained and thus the usual geometrical freedoms associated with 3D printing cannot be easily exploited, which brings a
hitherto unseen level of understanding to emergent material properties of 3D printing.
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1. INTRODUCTION

Personalized medicine is often described as providing the right
patients, with the right drug, at the right dose, at the right
time.1 Over recent years, we have seen an evolution toward
personalized medicine with impressive improvements in
treatment outcomes that have been driven by the scientific
and technological advancements in genomic sequencing and
bioinformatics. These advances have shown that people
respond differently to treatments due to the intricacies of
inter- and intraindividual variabilities.2 Delivering personalized
medicine requires technological innovations in drug delivery
systems that meet the demand for customizable therapy to
achieve maximal treatment efficacy with minimal side effects.3

To achieve the desired personalization, formulations and
fabrication production processes need to have a range of
flexibility to be tuned on demand to meet the patients’ needs
and three-dimensional (3D) printing offers a route to this
personalization, through its design freedoms and flexible
multimaterial manufacturing approach that can be tuned on
demand.4

3D printing affords reproducible creation of personalized
pharmaceutical dosage forms by utilizing precise control of

factors such as droplet size5 or filament size to control the
dose6 and compartmentalization of multiple APIs, which
allows the creation of complex drug release profiles.4,7 Several
multimaterial 3D-printing methods have been used to
demonstrate drug delivery, including fused deposition
modeling,8 binder jetting,9 selective laser sintering,10 and ink
jet printing.11 However, 3D printing faces challenges. There
are not always the necessary materials available, and even if on-
demand production is possible, it is difficult for an end user to
know exactly which material or material combination will
result in the desired outcome. Further, sometimes is not
possible to easily exploit design freedoms due to limitations in
the implementation of a device. A pertinent example is the
long-term subdermal implants delivered by cannula, which

Received: April 28, 2021
Accepted: July 9, 2021

Research Articlewww.acsami.org

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsami.1c07850

ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

10
9.

14
5.

17
7.

12
1 

on
 A

ug
us

t 2
4,

 2
02

1 
at

 0
7:

39
:5

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Ruiz-Cantu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gustavo+F+Trindade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincenzo+Taresco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuoxin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yinfeng+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laurence+Burroughs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laurence+Burroughs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elizabeth+A.+Clark"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felicity+R.A.J.+Rose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Tuck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+Hague"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clive+J.+Roberts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clive+J.+Roberts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Morgan+Alexander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Derek+J.+Irvine"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ricky+D.+Wildman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c07850&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07850?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07850?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07850?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07850?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07850?fig=abs1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c07850?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


have restrictions on shape and size. To overcome these
challenges, we have turned to inkjet-based 3D printing, seeking
to develop drug delivery depots that can be “dialled up” to
achieve specified release profiles. We posit that it is possible to
go from material generation, selection, characterization and
manufacture in a rational sequence, with the drug delivery
outcomes predictable from material understanding and high-
throughput screening.
Drug depots, e.g., the hormonal contraceptive implant and

others12−15 must meet clinical demands/benefits associated
with their use, such as temporal control of the payload release
for hours, days, and months, minimization of frequent repeat
dosing,16 and capable of being delivered subcutaneously via a
cannulathe implants must fit a design envelope with a
maximum diameter of 2 mm and a length between 1 and 4 cm.
In addition, we intend for an implant that will be active for
greater than 6 months, degradable, and customizable for
variation in patient weight, sex, age, genetic profile, and length
of treatment.17,18 These challenges require the development of
materials and an understanding of the behavior within the
manufacturing process. Consequently, in this work, we develop
a library of 3D printable, degradable, and potentially drug
release materials, from which combinations of materials can be
chosen to select desired drug release profiles (Scheme 1).
Since inkjet printing is a drop-by-drop deposition method, we
developed a screening method based on observable phase-
separation behavior in a single drop and extended that to
macroscopic structures via the Flory−Huggins interaction
parameter. From this, we then set out to exploit various
mechanisms available for affecting drug release: polymer
degradation rate, diluent dissolution rate, and phase separation

via the development of a library of formulations/inks that can
be selected to enable the “dial up” of release from a multiple
drugs’ loaded 3D-printed implant. Finally, we exemplify our
approach by fabricating a multidrug implant with release
profiles that are tuneable through the choice of material
combinations.

2. RESULTS AND DISCUSSION
2.1. Material Synthesis and Material Library. The

control of drug release from a 3D-printed implant can be
exerted via control over its composition and microstructure.19

To control the composition, first we chose three core
materials, poly(caprolactone) (PCL), poly(lactic acid)
(PLA), and poly(trimethylene carbonate) (PTMC), which
offer a range of degradation behaviors. Second, we combined
our materials with diluents, n-vinylpyrrolidone (NVP) and
poly (ethylene glycol diacrylate) 250 Mw (PEGDA), that offer
differences in drug affinity and dissolution behavior. Finally, we
synthesized core materials into low-molecular-weight (5 kDa)
biodegradable oligomers with the following head−terminal
group combinations, benzyl-hydroxyl (Bz-OH), methacrylate-
hydroxyl (MA-OH), and methacrylate-acrylate (MA-A)
(Scheme 1 and Figure S1), allowing us to influence phase
separation when combined with diluents. Our choice of core
materials was informed by their existing approvals and use in
the biomedical industry and selected for reduced legislative
barriers to adoption compared to completely new materials.20

Furthermore, oligomers were synthesized by ring-opening
polymerization using metal-free organocatalysis,21 chosen to
minimize the toxicological impact of any subsequent medical
devices.22

Scheme 1. Schematic Diagram of the Design Systema

a(a) Material library formed by the biodegradable oligomers PCL, PLA, and PTMC derivatives with −OH, MA, and MA-A end functionalities) and
reactive solvents (PEGDA and NVP). Abbreviations: poly(caprolactone) (PCL), poly(D,L-lactic acid) (PLA), poly(trimethylene carbonate)
(PTMC), poly(ethylene glycol diacrylate) (PEGDA), N-vinylpyrrolidone (NVP), hydroxyl end terminated (−OH), mono methacrylate (MA)
functionalized, and dual acrylate-methacrylate (MA-A) functionalized. (b) Performance screen. (c) Fabrication of the tuneable drug subdermal
drug delivery implants containing multiple actives for the treatment of coronary heart disease.
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The library was created by combining nine hydrophobic
oligomers in a 1:1 ratio with two relatively hydrophilic reactive
solvents/diluents, giving a total of 18 inks (Scheme 1).
Poly(ethylene glycol) (PEG)-based materials are some of the
most efficient plasticizers used for polymers23−25 due to
advantages such as a broad range of molecular weights,
nontoxicity, and good miscibility. The plasticization of PEG
can effectively increase the chain mobility of some polymers
and improve their ductility and drawability, thus broadening
the range of printability in our application. We selected the
diacrylate version of PEG so it could act as a plasticizer and
reactive solvent at the same time. It is also nondegradable, so it
will not be depleted from the structure. Meanwhile, NVP was
selected because once polymerized into poly (N-vinyl-
pyrrolidone) (PVP), it has the ability to form a water-soluble
composite structure with insoluble active substances and
improve the release and solubility of drugs.18,26 After
degradation studies, we identified that the structures formed
with just NVP had a weak structural integrity and thus, from
then on, combined NVP with PEGDA to improve the
mechanical performance of our printed formulations.
2.2. Screening. 2.2.1. Predicting Phase Separation.

Having established a library of materials with the potential to
deliver a range of differing microstructures from our
formulation combinations, we characterized the emergent
behavior via a single-drop screening (SDS) method. This
method was based on microarrays of single drops (10 pL)
rapidly deposited and cured on a glass slide using an
automated microarray printer.27 Phase-contrast optical images
were taken of each 200 μm spot (Figure 1a), and the surface

chemistry and microstructure/phase-separation properties
were further evaluated using optical microscopy, time-of-flight
secondary ion mass spectrometry (ToF SIMS), automated
peak force quantitative nanomechanics (QNM), and atomic
force microscopy (AFM). This analytical combination
provided information on the phase separation and oligomer
distribution data (Figures 1b and S2) required to create a
phase-separation “taxonomy.” This data was then used to
inform a predictive model based on the Flory−Huggins
interaction parameter (χ), which we proposed to use to
determine the likelihood of phase separation (see the
Supporting Information, Tables S1 and S2) (Figure 1b).
The Flory−Huggins parameter describes the excess free

energy of mixing and governs phase behavior for polymer
blends and block copolymers.27 For chemically dissimilar
polymers, it can be assumed that the enthalpy is the dominant
contribution to the Gibbs free energy, and thus χ (which can
take negative or positive values) determines the mixing state.
For nonpolar polymers, this term is taken to describe the
mismatch in cohesive energy density between different
monomer units. A large mismatch in cohesive energy density
results in a larger magnitude in χ and, hence, a greater
tendency for demixing.28 To calculate the χ parameter of
different combinations of oligomers, we used the Hansen
solubility parameter (HSP) of each individual component,
which is drawn from their dispersion (δD), polarity (δP), and
hydrogen bonding (δH) values. The closer the HSP value of
the molecules are to each other, the more alike they are and
the more likely they are to be miscible.29,30 The correlation
between the χ, HSP, and the oligomers/solvents can be

Figure 1. Phase-separation screening on single droplets of materials. (a) Optical microscopy images of droplets on a microarray format and
schematic representation of the microarray (b) ToF SIMS images, microscopy images, and topographical AFM images representing different types
of phase separation observed on the materials. PCL-MA/PVP represents phase separation with 50 μm scale features, PTMC-MA/PVP represents
phase separation with 1 μm scale features, and PLA-MA/PVP represents homogenous samples. ToF SIMS images represent negative ions PCL-MA
(C4H5O3

−), PTMC-MA (C6H9O2
−), and PLA-MA(C3H3O2

−), respectively. The bright band around the rim of the spots on the microscopy
images, second and third from top to bottom, are optical artifacts. The phase-separation taxonomy graph is based on χ values and different phase-
separation morphologies from the spots on the microarray.
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exemplified with the material combinations PTMC-MA-A/
PEGDA and PTMC-MA-A/NVP, which have the highest and
the lowest χ values, respectively. The calculated HSP of
individual components were PTMC-MA-A 20.8, PEGDA 18.5,
and NVP 20.8 (Table S1), showing that PTMC-MA-A and
NVP are more alike, and therefore, no phase separation is
favored.
Our observations indicated that the polymer spots exhibit

three different types of microstructures: (a) two phases with
domains of 50 μm size, (b) two phases with domains of 1 μm
size, and (c) homogeneous spots (Figures 1b and S2).31

Consequently, materials were ordered according to their χ
values and compared to the observed microstructure taxonomy
(Figure 1b). Broadly, the material microstructure conformed
to classification by χ and approximate χ values demarking

boundaries between microstructure types were identified: (a)
below 0.025 presented homogenous distribution, (b) with
values between 0.025 and 0.07 presented phase separation with
1 μm features, and (c) above 0.07 exhibited phase separation
with 50 μm features. Some of them (PTMC/PVP, PTMC-
MA/PVP, and PTMC-MA/PVP/PEGDA) presented both
phase separation at 1 and 50 μm scales, which reflected the fact
that the boundaries were not distinct and could be influenced
by other physical properties, such as viscosity and curing rate.
The boundaries were chosen such that we included all of the
samples that exhibited 1 μm features in one classification.
Consequently, we estimated the likely error in the boundary by
calculating the average difference between χ at the boundary
and at the exceptions, resulting in an approximate error of
±0.01.

Figure 2. Materials screening on cast samples. (a) Representative results of different degradation profiles observed on the 18 formulations (n = 3,
±SD). (b) Representative images of the macroscopic changes observed after 4 weeks of degradation. (c) Cumulative release of trandolapril from
oligomer: PEGDA/PVP samples after 3, 15, 35, and 53 days (n = 3, ±SD). The schematics in the graphs represent the phase separation on the
materials observed on the droplet screening. The oligomers (PTMC-MA-A and PLA-OH) marked with an asterisk are those that the χ values
showed that the drug has more affinity for the oligomer rather than the diluent, therefore will stay with the oliger when phase separation ocurrs.
Data are presented as mean values ± SD.
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2.2.2. Degradation Rate. To determine the influence of
microstructure on the cured ink’s macro-material/degradation,
cast cylinders (length 4 mm, radius 0.5 mm) of the 18 inks
were prepared and subjected to degradation studies. The
duration of degradation was 16 weeks, and the mass loss rates
are shown in Figures 2 and S3. As most of the structures
printed with NVP did not maintain their integrity following
curing, we replaced the NVP only formulations with PEGDA/
NVP solvent combinations. These were used in the
biocompatibility (Figure S5) and drug release studies to
enable faster degradation than PEGDA alone while maintain-
ing some structural integrity.
2.2.3. Drug Release. To gauge the drug releasing propensity

of our ink, an angiotensin-converting enzyme (ACE) inhibitor,
trandolapril, was used as a model drug in the drug release
screening from candidate formulations. For this study, we used
the same sample shape as for the degradation study. The drug
release profile was screened for a period of 8 weeks on 16 of
the formulations, with PCLMAA/PEGDA and PLAMAA/
PEGDA being eliminated as they were not within the
printability range (Figure S4 and Tables S4 and S5). With

PEGDA alone, Figure 2c, we observed that the fastest release
profiles were those from PCL-MA/PEGDA and PTMC-OH/
PEGDA, each of which presented a phase separation with 50
μm feature microstructure in the SDS. PTMC-MA/PEGDA
exhibited the next fastest release and presented a phase
separation with a microstructure containing 1 μm features. In
each of these cases, χ analysis predicted that trandolapril had
more affinity for and would migrate toward the PEGDA (Table
S3). In contrast, those materials that had a significantly slower
release had a propensity for homogeneous microstructure and,
additionally, a greater drug affinity for oligomers over PEGDA.
This suggests that the phase separation leads to a structure
whereupon the drug has a relatively easy path to escape from
the implant, but that when no phase separation occurs, the
mixture is a relatively hydrophobic material with a low
permeability and exhibits slow drug release. As we will see
when dissecting 3D-printed structures, when phase separation
occurs, there results a network, and it is this structure that
affords the drug a faster release from the implant.
Using NVP to form PEGDA/PVP-based mixtures (Figure

2c) leads to very similar dissolution rates across all of the

Figure 3. 3D-printed formulations containing the API trandolapril and pitavastatin with tuned release profiles. (a) Schematic of different phase-
separation morphologies and representative image of the 3D-printed PCL-MA/PEGDA/PVP formulation. (b) Release profiles of different 3D-
printed formulations containing trandolapril and pitavastatin for a period of 60 days (n = 3, ±SD). The asterisk represents the component of the
ink that trandolapril or pitavastatin has more affinity with according to the χ values. (c) 3D reconstruction of ToF SIMS depth profiles, showing
that the phase separation represents the negative ions PCL-MA (C4H5O3

−), PLA-MA(C3H3O2
−), PTMC-MA (C6H9O2

−), PEGDA (C2H3O
−),

PVP (C4H6NO
−), trandolapril (C24H33N2O5

−), and pitavastatin (C20H15FN
−). Data are presented as mean values ± SD.
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formulations. Thus, it was concluded that NVP leads to an
increase in the rate of drug release and that delivery is
seemingly unaffected by the microstructure due to the drug
release being dominated by the PVP behavior. Nuances in this
behavior are likely to depend on the affinity of the drug with
NVP, PEGDA, and the oligomers and thus are complex and
difficult to predict with a simple assessment of microstructure
and/or affinity.
2.3. 3D Printing. 2.3.1. 3D Inkjet Printing Single Drug-

Eluting Samples. Our screening showed that we could indeed
influence the drug release rate either through our choice of
solvent and its dissolution rate or through the composition of
the material leading to phase separation or homogeneous
structures. Consequently, for our 3D-printed samples, we
subselected formulations that exemplified this behavior, as well
as that offered by changing the core material and, thus, core
polymer degradation rate. We then chose five materials,
allowing us a direct comparison of these influences, and a route
to demonstrating their efficacy in 3D printing: PCL-MA/
PEGDA, PTMC-MA/PEGDA, PCL-MA/PEGDA/PVP,
PTMC-MA/PEGDA/PVP, and PLA-MA/PEGDA/PVP (Fig-
ure 3). We also incorporated a second active into these
formulations to demonstrate the predictions’ effectiveness for
multiple actives. As the second active, we selected pitavastatin,
which is a statin used for the treatment of high cholesterol.
Pitavastatin offers an effective contrast since it has a similar
log P to trandolapril (3.97 and 3.45, respectively) but different
aqueous solubility (0.426 and 2.5 mg/L, respectively). The
amount of drug released from 3D-printed constructs was
quantified on day 3, 15, 30, and 60, and 3D OrbiSIMS was
used to unambiguously identify each compound32 (Figure S6),
and ToF-SIMS microscale resolved maps of bulk composition

(via depth analysis) were used to understand the role of phase
separation on drug distribution and release (Figure 3).
Examining the data, we can see that the use of PLA-MA/

PEGDA/PVP resulted in the fastest release. This result is most
likely due to the combination of PLA being the fastest to
degrade among all of the core materials33 and the ability of
PVP to dissolve quickly in aqueous environments creating the
conditions for rapid release. A very similar behavior was
previously observed on polymer films of a PLA-g-PVP
copolymer, where it was shown that degradation was
accelerated by increasing the amount of PVP on the
copolymer. This is due to the increased hydrophilicity by the
addition of PVP and the channels generated after PVP
dissolution which allowed more water entry through the
sample.34 For other formulations, adding PVP to the
formulation was expected to result in increases in release.
However, we see different results for PCL-MA and for PTMC-
MA, which suggests that in 3D-printed formulations the
dominant lever was not necessarily the addition of PVP, but
the microstructure obtained from the phase-separation
behavior.
Comparing PCL-MA and PTMC-MA, we see that for

PTMC-MA the addition of PVP resulted in a change in
microstructure accompanied by a significant enhancement in
drug release, but for PCL-MA, there was no change in
microstructure, nor was there a significant difference in drug
release profile. This is highlighted in our ToF-SIMS maps of
the microstructure (Figure 3c). We see that the addition of
PVP to PTMC-MA results in a shift from a broadly
homogeneous mixture of drug and polymer to a system
where there is significant phase separation and network
through which the drug can elute quickly. This phase

Figure 4. 3D-printed multidrug implant exemplar for the co-delivery of the drugs pitavastatin (top) and trandolapril (bottom). (a) Schematic
representation of the implant showing the relative positions of drug-loaded portions and image of the 3D-printed implant showing its appearance.
(b) Cumulative drug release of both drugs over 5 and 15 days (n = 3, ±SD). (c) ToF SIMS images on the implant cross section representing the
negative ions of pitavastatin (C20H15FN

−) on the top image and trandolapril (C24H33N2O5
−) on the bottom image. The images show the vertical

drug’s distribution through the implant. Data are presented as mean values ± SD.
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separation and network is similarly observed for PCL-MA/
PEGDA, resulting in a similar release profile.
We thus conclude that all of these levers for controlling

release are at play in our structureswhere degradation and
dissolution are fastthis can lead to rapid release, but that
microstructure also plays a significant role in determining the
rate of release. These observations provide us the tools by
which a formulator can tailor implant composition by rational
design and offers control over the release of multiple actives.
2.3.2. 3D Inkjet Printing of Multidrug Implants. Finally, we

combined our two drug actives into two separated depots
within the same cannular deliverable implant, the ACE
inhibitor trandolapril (bottom) and the statin pitavastatin
(top) (Figure 4), to demonstrate the targeting of combined
treatment of coronary heart disease.35 In this case, we targeted
relatively rapid release of our drugs over 15 days and so used
PVP-containing polymer blends. We observed that release of
both actives from our construct and that the drug release
(Figure 4b) was in close agreement with that observed when
released separately, demonstrating the effective manufacture of
a tailorable multidrug implant, deliverable by conventional
implantation procedures. We also confirmed with ToF SIMS
the drugs’ distribution through the entire bulk of the implant
(Figure 4c).

3. CONCLUSIONS

We have demonstrated that we can control drug release
through multiple mechanismschoice of material, choice of
reactive solvent, and by tailoring the composition to achieve
predictable phase separation forming reproducible features on
scales ranging from 1 to 50 μm. We have shown that the
microstructure formed in our polymer blends was process
dependent and arose as a function of the drop-by-drop
deposition technique. As a result, we demonstrated that it is
possible to functionally tailor the composition of 3D-printed
constructs to successfully control the release of drugs
incorporated within them. We selected suitable 3D-printing
inks using complementary high throughput (HTP) method-
ologies that allowed us to screen for various desired properties
and down select formulations from these screens. Screening of
behavior in single drops using microscopy, AFM, and ToF
SIMS, combined with the Flory−Huggins interaction param-
eter, provided a prediction of phase separation, and thus drug
release, in 3D-printed structures. Consequently, we demon-
strated a method that allows us to dial up desired drug release;
we have created a library of material blends which can be
selected to achieve their desired rate of release, and we have
shown how they can be used to create a multidrug implant,
meeting the demand for personalizable, degradable, and
implantable polyimplants. In summary, this has resulted in a
reliable toolkit for the predictable control and selection of
behavior of 3D-printed constructs, and we have shown as an
exemplar how this be used to control long-term drug release.

4. EXPERIMENTAL SECTION
4.1. Materials. D,L-lactide 99% was purchased from Alfa Aesar (by

Thermo Fisher Scientific). Trimethylene carbonate (TMC) was
purchased from polysciences. ε-caprolactone, extra dry dichloro-
methane (DCM), deuterated chloroform (CDCl3), acrylic acid,
hydroxyethyl methacrylate (HEMA), benzyl alcohol (BA), poly
(ethylene glycol) diacrylate 250, N-vinyl-2-pyrrolidone (>99%), 4-
dimethylaminopyridine, and triazabicyclodecene (TBD) were ob-
tained from Sigma-Aldrich. Hexane, diethyl ether, N,N-dimethylfor-

mamide (DMF), and methanol were obtained from Fisher.
Trandolapril and pitavastatin were purchased from Carbosynth. In
all cases, the vials were dried in an oven at 50 °C overnight prior to
use, and HEMA and DCM were stored over molecular sieves and
under an inert atmosphere.

4.2. Benzyl Alcohol (BA) and Hydroxyethyl Methacrylate
(HEMA) Initiated Ring Opening Polymerization (ROP) of the
Oligomers. The oligomers were synthesized by ring-opening
polymerization using metal-free organocatalysis.21 ROP experiments
were performed adopting “standard laboratory” conditions, i.e.,
ambient temperature and atmosphere. −OH-ended macromers were
initiated using BA; -MA and MA-A macromers were initiated using
HEMA. Macromers were synthesized following the procedure by
Ruiz-cantu et al.21 Briefly, 1000 mg of cyclic monomer (caprolactone,
lactide, or trimethylene carbonate) and BA or HEMA ([M]/[I] or
DP0 ratios targeted to produce final molar masses of 5000 g/mol were
weighed into a vial, which had been dried in an oven at 50 °C
overnight and capped with a rubber septum. DCM (5 mL) was then
added via syringe, and the mixture was allowed to dissolve at room
temperature (RT) for 5−10 min. Varying amounts of catalyst (1%
mol/mol of TBD for lactide and trimethylene carbonate, 2% mol/mol
of TBD for caprolactone) were then added to trigger the ring-opening
process. Reactions were observed to occur in time frames ranging
from 15 to 120 min, according to the monomer/initiator/solvent/
catalyst adopted ratios. The reaction was terminated by catalyst
deactivation upon adding an acidic solution, and the polymer was
purified by means of multiple precipitation steps and dried in a
vacuum oven.

4.3. MA-A Macromer End Capping. The MA-OH macromers
were further functionalized with an acrylate end using a Steglich
coupling esterification following the same procedure by Taresco, et
al.36 Briefly, PCLMA, PLAMA, or PTMCMA (0.2 mmol), and
DMAP (0.04 mmol) were added to DCM (5 mL) at room
temperature in a glass vial under magnetic stirring until complete
dissolution. A second solution was prepared by dissolving 1 mmol of
EDC and 1 mmol of acrylic acid in 2 mL of DCM. After dissolution,
both solutions were mixed. The reaction was allowed to stir for 48 h.
The modified macromers were purified under multiple precipitation
steps and dried in a vacuum oven.

4.4. H NMR Spectroscopy. 1H NMR spectra were recorded on a
Bruker AV3400 400.1 MHz spectrometer using CDCl3 as the solvent
reference (7.26 ppm). Chemical shifts are expressed in parts per
million (d) downfield from internal standard tetramethyl silane.

PCLMA: 1H NMR: (400 MHz, CDCl3): δ 6.14 (s, 1H), 5.61 (s,
1H), 4.40−4.30 (m, 4H), 4.08 (t, 2H*[M]:[I]), 3.68 (m, 2H), 2.33
(t, 2H*[M]:[I]), 1.97 (m, 3H), 1.67 (m, 4H*[M]:[I]), and 1.41 (m,
2H*[M]:[I]).

PLAMA: 1H NMR (400 MHz, CDCl3): δ 6.14 (s,1H), 5.61 (s,
1H), 5.19 (t, 2H*[M]:[I]), 4.36 (m, 5H), 1.95 (m, 3H), and 1.59 (m,
6H*[M]:[I]).

PTMCMA: 1H NMR (400 MHz, CDCl3): δ 6.14 (s, 1H), 5.61 (m,
1H), 4.39 (m, 4H), 4.25 (m, 4H*[M]:[I]), 3.74 (m, 2H), 2.04 (m,
2H *[M]:[I]), and 1.96 (m, 3H).

PCLMAA: 1H NMR: (400 MHz, CDCl3): δ 6.64 (s, 1H), 6.29 (s,
1H), 6.14 (s, 1H), 5.61 (s, 1H), 5.59 (s, 1H) 4.40−4.30 (m, 4H),
4.08 (m, 2H*[M]:[I]), 3.68 (m, 2H), 2.33 (m, 2H*[M]:[I]), 1.97
(m, 3H), 1.67 (m, 4H*[M]:[I]), and 1.41 (m, 2H*[M]:[I]).

PLAMAA: 1H NMR (400 MHz, CDCl3): δ 6.64 (s, 1H), 6.29 (s,
1H), 6.14 (s, 1H), 5.61 (s, 1H), 5.59 (s, 1H), 5.19 (m, 2H*[M]: [I]),
4.36 (m, 5H), 1.95 (m, 3H), and 1.59 (m, 6H*[M]: [I]).

PTMCMA: 1H NMR (400 MHz, CDCl3): δ 6.64 (s, 1H), 6.29 (s,
1H), 6.14 (s, 1H), 5.61 (s, 1H), 5.59 (s, 1H), 4.39 (m, 4H), 4.25 (m,
4H*[M]: [I]), 3.74 (m, 2H), 2.04 m, (2H *[M]:[I]), and 1.96 (m,
3H).

4.5. Flory−Huggins Interaction Parameter. To investigate the
phase separation in pin-printed droplets, we used a combination of
the Flory−Huggins theoretical model and experimental character-
ization methods. The Flory−Huggins parameter (χ) describes the
excess free energy of mixing and governs phase behavior for polymer
blends and block copolymers.28 To calculate the χ value, we first
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obtained the Hansen solubility parameter of the individual
components of the formulation using the HSPiP program, where
δd, δp, δh, and δTOT were obtained using the DYI tool of the software.
We calculated the χ values following the procedure described by Imre
et al.37 using eq 1

V
RT

( )r
1 2

2χ δ δ= −
(1)

where Vr is the molar volume of the repeating unit of the oligomer, R
is the gas constant, T is the absolute temperature, and δ1 and δ2 are
the total solubility parameter (δTOT) of the solvent and the oligomer,
respectively.
4.6. Degradation. This study was performed on the 18 primary

inks. Cast cylindrical samples with dimensions of 4 mm length and 1
mm radius were used for this test. The samples were prepared by
transferring 15 μL of each ink into a 4 mm piece of silicone tubing
and then placed under UV for 3 min for crosslinking. Triplicates of
each sample were prepared for each of the time points. Samples were
transferred to individual vials containing 5 mL of phosphate-buffered
saline solution and placed in an incubator at 37 °C. Triplicates of each
sample were weighed, vacuum dried, and weighed again at week 1, 4,
8, and 16 to calculate the mass loss at each time point.
4.7. Drug Release Quantification. The drug trandolapril was

selected for this screening. Formulations containing 0.65% w/v of
trandolapril were cast in the same way as for the degradation study.
The dissolution method was adapted from the described method for
the goserelin acetate implant on the FDA dissolution methods
database. Briefly, samples were transferred to individual 20 mL
scintillation vials containing 5 mL of phosphate-buffered saline
solution pH 7.4 and placed in an incubator at 37 °C. Prior to
sampling, the vials were removed from incubation and mechanically
swirled with a digital orbital shake at 205 rpm for 6 s. At each time
point, 500 μL of the phosphate-buffered saline (PBS) solution was
collected and filtered (0.45 μm) for the high-performance liquid
chromatography (HPLC) analysis. The PBS solution was refreshed at
each time point. For the drug release studies of 3D-printed samples,
the formulation was prepared in the exact same way as the cast ones.
4.8. HPLC. Samples were characterized with an Agilent (Santa

Clara) HPLC Series 1260 system, equipped with an autosampler,
degasser, UV lamp, and multidiode array detection. A wavelength of
210 nm was used to quantify trandolapril and 280 nm for pitavastatin.
Method mobile phase compositions were 65% phosphate buffer and
35% acetonitrile (Fisher HPLC gradient grade). Phosphate buffer was
composed of 6.8 g/L monobasic potassium phosphate (anhydrous,
Sigma-Aldrich) adjusted to pH 3.0 with phosphoric acid (85−90%,
Fluka). An Ultimate LP-C18 column (5 μm, 25 cm × 4.6 mm
diameter) was used to separate the samples at 40 °C. A flowrate of
1 mL/min using a 10 μL injection volume was implemented; runtime
was 10 min.
4.9. Cytotoxicity. To determine any evolving cytotoxicity of

leached products, either through residual monomers or products
emerging through polymer degradation, we performed a cytotoxicity
test following the ISO 10993-5 standard. We used the extract test
method; in this method, extracts are obtained by placing the test and
control materials in separate cell culture media under standard
conditions as follows. Triplicates of each formulation cast samples
were sterilized under UV light (0.05 mW/cm2, 265 nm) for 50 min
and transferred into a 48-well plate. Each well containing a sample was
filled with 1 mL of culture medium. Samples were incubated in the
medium for a total of 30 days to allow for leaching of any cytotoxic
components. After day 1, day 3, and day 30 of incubation, 200 μL of
the supernatant was transferred in triplicate to the cells seeded in 96-
well plates. BJ6 fibroblasts were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal calf serum, 1%
minimum Eagle’s essential medium (MEM) nonessential amino acids
solution (Sigma-Aldrich), and 1% antibiotics/antimycotics (100
units/mL penicillin, 100 mg/mL streptomycin, and 0.25 mg/mL
amphotericin B; Life Technologies). Cells were cultured until they
reached 80% confluency and subsequently detached from the culture
surface using trypsin/ethylenediaminetetraacetic (EDTA) (0.25%/

0.02% w/v), centrifuged at 200g for 5 min and resuspended in culture
medium. Cells were seeded in a 96-well plate at a density of 5000 cells
per well and allowed to attach for 24 h before the cytotoxicity
experiments. A new seeded well plate was used for each time point.
Cells cultured in standard medium were used as a negative control.
Cells were incubated for 24 h with the extracts. Cytotoxicity was
measured using Presto BlueTM (Invitrogen) following the manufac-
turer’s instructions. The fluorescent signal was measured with an
automated microplate reader (Tecan) using an excitation wavelength
of 560 nm and an emission wavelength of 590 nm. For the
cytotoxicity percentage calculations, the fluorescent background
control was first subtracted from all of the samples. Then, the
percentage was calculated by multiplying the fluorescence of each
sample by 100 and then dividing the total by the average fluorescence
of the negative control.

4.10. Printability Screening. To investigate the printability of
the inks, we used a HT method developed by Zhou et al.,38 where the
viscosity and surface tension are measured using a liquid handler and
the printability calculated using the Ohnesorge number (Z = 1/Oh).
The Ohnesorge number has been identified as the appropriate
grouping of constants to characterize drop formation.39 Reis and
Derby used a numerical simulation of drop formation to propose 10 >
Z > 1 for stable drop formation.40 To identify printability at different
temperatures, 18 inks formed by the combination of nine different
macromers mixed with PEGDA and NVP were selected and screened
in tempearture ranges from 40 to 70 °C.

4.11. Inkjet 3D Printing. The formulations were printed using a
Dimatix Materials printer (DMP-2830 Fujifilm). The printer was
enclosed in a metallic environment box and filled with nitrogen gas. A
10 pL disposable printhead, Dimatix Materials Cartridge (DMC-
11610, Fujifilm), was used for printing. In-line UV curing was applied
at the cartridge height immediately after each swath of ink droplets
are deposited. The printing temperature was set to 40 °C. The height
of the printhead was set to 700 μm with an increment of 9 μm after
each layer was printed. Single-drug sample dimensions were 5 mm ×
5 mm × 1 mm. Dual-implant sample dimensions were 2 mm × 4 cm
× 1 mm. Individual sessile droplet size when deposited varied
depending on the mixture being processed.

4.12. ToF SIMS. ToF SIMS of printed samples was carried out
using a 3D OrbiSIMS (hybrid SIMS) instrument from IONTOF
GmbH (Muenster, Germany). Secondary ion mass spectra were
acquired in negative ion polarity with delayed extraction mode using a
30 keV Bi3+ primary ion beam delivering 0.3 pA. The ToF analyzer
was set with 200 μs cycle time, resulting in a mass range between 0
and 3493 mass units. For the surface spectra, the primary ion beam
was raster scanned over different areas with the total ion dose kept
under the static limit of 1013 ions/cm2. The 3D depth profiling data
were acquired in dual-beam mode by raster scanning the primary ion
beam over regions of up to 150 μm × 150 μm at the center of 300 μm
× 300 μm sputter craters formed using an argon gas cluster ion beam
(GCIB). The GCIB was operated with 20 keV, and 2000 atoms in the
cluster delivering a pulsed 5 nA beam current. The analysis was
performed in the “noninterlaced” mode with a low-energy (20 eV)
electron flood gun employed to neutralize charge build up. Three
sputter frames were performed per cycle with 15 analysis scans per
cycle and a pause time in between cycles of 0.5 s. Optical profilometry
was used to determine the crater depth after ToF-SIMS depth
profiling experiments and calibrate the depth scale. Scans were
obtained using a Zeta-20 optical microscope (Zeta Instruments, CA).
All maps were produced using SurfaceLab, and 3D visualizations were
produced using the simsMVA software.41 Intensities were normalized
by total ion counts to correct for topographic features. The final 3D
representations were created by combining rendered isosurfaces
ranging from 40 to 90% of the maximum normalized intensity for
each ion.

OrbiSIMS of a cross section of a multi-layer-printed sample
containing all compounds of interest was carried out using a 3D
orbiSIMS (hybrid SIMS) instrument.32 A 20 keV Ar3000+ imaging
GCIB of 5 μm diameter was used as primary ion beam, delivering 18
pA (with duty cycle set to 37.7%). Images were acquired over an area
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of 263 μm × 263 μm using random raster mode. Optimal target
potential was set to −292 V. Argon gas flooding was used to aid
charge compensation. The images were collected in negative polarity,
in the mass range of 75−1125 m/z. The injection time was set to 511
ms. Mass resolving power was 243000 at 200 m/z.
4.13. Statistical Analysis. Statistical analysis was performed using

Prism version 8.0 (GraphPad Software). Statistical significance was
determined by two-way ANOVA followed by a Tukey test. Plots are
means with error bars indicating the standard error. Statistically
significant values are presented as *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.
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