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Vat polymerization (VP) 3D printing with biodegradable resins has recently emerged as a potential
method to fabricate patient specific drug delivery devices. The unique advantage of VP printing is the
ability to print complex geometries with high resolution and intricate details that can offer a high level of
control of drug release kinetics. However, non-degrading and slow-degrading photoreactive resins are
often used to print these devices as fast degradation of the device can lead to uncontrolled drug release
rates. Therefore, drug release from these devices often tends to be Fickian or diffusion-controlled in
that drug release gradually decreases over time. Some studies have shown that device degradation
could be an advantage in controlled release, but there is currently no fundamental understanding on
how it can be utilized to control long-term drug release from 3D-printed devices. In this study, we
employ VP 3D printing of relatively fast degrading polyester resins loaded with surrogate drug
rhodamine b (RhB) as a model system to investigate the role of degradation in achieving controlled drug
release. Degradation of the resulting devices was modified by varying key geometric parameters such as
surface area to volume ratio, strut beam size, and pore size and the effect of these parameters on the
release on RhB was determined. The results revealed that print geometry affected the degradation of

Received 28th February 2025, devices, and long-term controlled release of RhB could be achieved by modifying print geometry. It was

Accepted 6th May 2025 also implied that onset of degradation-controlled release could be a crucial factor in achieving constant
drug release. The insights obtained from these studies provide a better understanding of how 3D

printing with biodegradable resins can be applied towards the engineering of long-term controlled
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rsc.li/materials-b release from clinically relevant devices.

Introduction

In the past century, innovations in modern pharmaceutical
technologies as well as advances in biotechnology have led to a
new class of drugs that have significantly improved the lives of
patients and reduced the number of deaths caused by disease.
Examples of this can be seen from development of drugs to
combat cancer to the rise of vaccine technologies."” Conven-
tionally, drugs have been administered via the oral or intravenous
route. Oral dosage forms are generally preferred since they are
usually painless, uncomplicated, and self-administered. However,
many drugs administered orally are degraded within the gastro-
intestinal tract or are not adsorbed in sufficient quantities to be
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effective due to first pass metabolism in the liver.> Therefore,
repeated dosing is often required to maintain the drug concen-
tration within a desired therapeutic window. While the intrave-
nous route does increase the bioavailability of drugs in the system,
it can often cause discomfort to the patient, requires a healthcare
provider, and can lead to drug overdose.*

One aspect of drug-related research is improving upon the
disadvantages of conventional drug delivery by fabricating devices
that deliver drugs at a controlled rate at the target site as precisely
as possible to achieve maximum efficacy and safety.>® This
controlled release is often in the form of constant and sustained
release over time, thereby maintaining drug concentrations within
the therapeutic window for an extended period of time. Additive
manufacturing, or three-dimensional (3D) printing with polymers
has emerged as a promising way to fabricate these controlled drug
delivery devices as it offers a layer-by-layer approach to fabricate
devices with a high degree of controllability. Through careful
design and modification of geometric parameters such as surface
area, porosity, pore size and internal structures, and considering
material properties and print resolution, one can tailor the drug

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Hydrolytic degradation of photo-crosslinked polyesters. (b) Schematic describing drug release over time from hydrolytically degradable

devices.

release characteristics to meet specific therapeutic needs.””® This
has been demonstrated with melt-based 3D-printing techni-
ques.'®"* Furthermore, biodegradable polyesters have been used
to 3D print these devices as they do not require surgical inter-
vention for removal after they have served their purpose.’*™**
However, there are some disadvantages of using melt-based 3D
printing techniques in that the drugs can be degraded at the
relatively high temperatures (i.e., ~170-280 °C) needed to process
the devices can degrade the incorporated drug.

Vat polymerization (VP) techniques such as stereolithogra-
phy and digital light projection (DLP), utilize light instead of
heat to 3D print objects.’®™*® In the VP printing process, a build
platform is submerged in a vat of liquid photoreactive polymer
resin, and ultraviolet (UV) light is used to cure a layer of the
resin. The platform moves upward or downward, depending on

This journal is © The Royal Society of Chemistry 2025

the printer’s design, allowing the next layer to be cured onto the
previous one to create the solid 3D object or geometry. This
technique provides more versatility than melt based 3D print-
ing technologies in that they offer the ability to produce devices
with high resolution and intricate detail. Therefore, specific
geometries with a high degree of controllability can be fabri-
cated."® Furthermore, drug delivery devices fabricated with VP
can be produced at room temperature, avoiding the risk of
thermal drug degradation. Additionally, biodegradable photo-
reactive polyesters can be used to print these devices (Fig. 1(a)).
Due to these advantages, there have been several investigations
in utilizing VP to fabricate controlled release devices.?™>®
However, the geometries in these studies are often printed
with non-degradable or poly(caprolactone) (PCL) based photo-
reactive resins which have a relatively slow degrading rate.
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As a result, the release profiles obtained from these devices
often follow Fickian diffusion kinetics in that the concentration
of drug released gradually decreases over time.>’® These
diffusion-controlled devices printed from non-degradable
or slow degrading polymers are often preferred because degra-
dation can lead to inconsistent or uneven drug release, in that a
secondary accelerated phase of drug release is often observed
leading to biphasic or triphasic release profiles, which may not
meet the therapeutic needs of the patient.”* > Furthermore, it
is often easier to describe the drug release behavior through
mathematical models as degradation adds a level of complexity
to the models due to drug diffusivity changing over time as the
polymer matrix degrades. However, the applicability of these
diffusion-controlled devices in long-term controlled release
applications is limited as they are often limited to drugs with
large therapeutic windows.

Despite the disadvantages of polymer degradation in achiev-
ing controlled drug release, it can also be an advantage because
as the drug loaded device degrades, drug diffusivity and release
increase (Fig. 1(b)). Therefore, degradation could compensate
for the reduction in drug release observed in Fickian systems.
This has been shown with drug loaded poly(lactic-co-glycolic
acid) (PLGA) microspheres.**?* Although PLGA microspheres
often exhibit catastrophic bulk hydrolytic degradation, which
could lead uncontrolled drug release rates, the degradation was
controlled by modifying the microsphere size. PLGA degrades
through hydrolysis and by modifying microsphere size or sur-
face area to volume ratio, the rate of water penetration into the
bulk or acidic degradation byproducts out of the bulk is also
modified. The thereby alters the degradation rate of the poly-
mer and offers a lever for control of degradation. However,
a disadvantage of this method is the difficulty in fabricating
uniform microspheres. In another study, Amsden et al., fabri-
cated photo crosslinked drug delivery devices from fast degrading
photoreactive biodegradable polyesters composed of lactide,
caprolactone, trimethylene carbonate monomers.** By ranging
the ratios of these monomers and the degradation rate of the
resulting polymer network, they were able to obtain nearly
constant and sustained release of model drug triamcinolone.
While this shows promise for controlled release applications,
due to the limitations of the fabrication process, a simple 1 mm
cylindrical geometry was chosen as the device. 3D-printing can
be used to fabricate more complex geometries, and there have
been some studies in utilizing 3D printing with fast degradable
materials to deliver controlled release. For example, Yang et al.,
3D printed PCL-chitosan based drug delivery implants and
evaluated the release of model drug ibuprofen from different
complex geometries.>® While they saw controlled and sustained
release of ibuprofen from some of the printed structures, the
length of release was only 120 min undermining its applic-
ability for long term release. This is also seen in a study done by
King et al. in their use of DLP 3D-printing with fast degrading
salicylic acid photopolymers for sustained release of model
drugs Nile blue and fluorescein.?” While this presents a novel
approach to control drug release, the length of release only
approximately 7 d. Therefore, an in-depth analysis on the role
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of degradation in achieving long-term controlled release was
not done.

The aim of this study is to bridge this gap by providing a
systemic investigation on the role of degradation in achieving
long-term controlled release from 3D-printed devices through
the modification of device geometry. Here, we exceed prior
studies by utilizing VP-3D printing with a fast-degrading photo-
reactive polymer resin to achieve long-term controlled release
of the small molecule drug surrogate rhodamine b (RhB). First,
simple cylinders with different surface area to volume (SA/V)
ratios were 3D-printed and the release RhB from the cylinders
were measured. Different mathematical models were then fit to
the release data to examine and understand how the interplay
of drug diffusion and device degradation impacted controlled
release of RhB. The results obtained were then translated to
more complex geometries and the effect of different geometric
parameters such as SA/V ratio, strut beam length, and pore size
on the controlled release behavior of RhB were examined.

Materials and methods

Photoset®™ resin (linear triblock methacrylated polymer of
poly(caprolactone), poly(glycolide), poly(trimethylenecarbonate))
and was provided by poly-Med, Inc (Anderson, SC). Rhodamine
B (RhB), isopropanol (IPA), acetone, phosphate buffer saline
(PBS), and dichloromethane (DCM, 99.8%) were purchased
from Sigma-Aldrich.

Preparation of rhodamine B (RhB) loaded formulation

Resin formulations were prepared by adding RhB to the photo-
set resin at 0.2 wt%. 2 mm yttrium beads were added to the
mixture at 50 wt%. The formulation was then mixed in a centri-
fugal mixer (DAC 150.1 FVZ-K speed mixer, FlakTek, Landrum,
SC, USA) at 2500 rpm for 1 min and 3000 rpm for 1 min.

Working curves to determine print parameters

DLP-VP printing parameters for the RhB loaded resin was
obtained with working curve measurements based on Jacob’s
fundamental working curve equation:*®

Cq=Dyln (Eg“) (1)
C

where Cjy is the depth of a cured resin or height of a polymerized
resin, En,.x is the incident energy dosage per area (a product of
light irradiance and exposure time), E, is the critical energy dosage
needed for polymerization, and D, is the “depth of penetration”
of light into the resin, which is the depth at which light is
attenuated to 1/e (i.e. 37%) of incident light irradiance.

In the working curve process, the RhB loaded resin was
loaded on a 50 mm x 64 mm X 0.17 mm glass side. A hollow
film of cross-linked polydimethylsiloxane (PDMS) with a depth
of 4.5 mm was placed around the edges of the slide to contain
the resin. The loaded slide was placed directly on the build
window of the DLP-VP printer (Kudo 3D Micro, MicroSLA,
Dublin, CA, USA) and the resin was exposed to UV light
at an irradiance of 45 mW c¢m > to form a crosslinked grid of

This journal is © The Royal Society of Chemistry 2025
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5 mm x 5 mm square cells at a range of exposure times.
Following light exposure, residual resin was removed and
cleaned with a Kimwipe. The cure depth of the square cells in
the grid was measured with a 3D optical profilometer (VR5000,
Keyance, Itasaca, IL). A semi-log plot of cure depth as a function
of exposure time (energy dosage) was created. Following this,
a logarithmic regression was performed to create a best-fit
model to predict the exposure time necessary to cure a 30 pm
layer height during the prints. Working curve values (E, Dy,
and 30 pm exposure time) obtained for the non-loaded and RhB
loaded resin is shown is Table S1 (ESIY).

Assessment of geometric limitations and print accuracy of RhB
loaded resin

To assess the geometric limitations and print accuracy of the
RhB loaded resin, a custom test model was designed in Solid-
Works SP3.1 (Dassault Systemes, Vélizy-Villacoublay, France)
comprising of solid cylinders with a range of beam diameters
(0.1 to 3 mm) and hollow cylinders with a range of pore-sizes
(2.8 to 0.4 mm). The test models were printed (n = 3) using
parameters estimated from the working curve process described
prior at the same irradiance with a layer height of 30 um. After
printing, excess resin was removed from the printed models using
a Kimwipe. The printed models were then washed with 40 mL of
70/30 IPA/acetone for 2 min, then IPA for 2 min. This cycle was
repeated two more times. After the solvent washes, the surface
solvent was removed by exposing the device to a compressed air
stream for 5 s. The samples were then scanned, and the beam
diameter and pore sizes were measured using a 3D optical
profilometer (Keyence VR5000). The accuracy of the beam dia-
meter and pore size of the prints were calculated relative to the
design dimensions on the model.

Design and fabrication of solid and lattice cylindrical drug
delivery devices

To study the effects of device geometry on the release of RhB,
models with different geometric parameters were designed and
3D-printed. First, solid cylinders with diameters of 6 mm, 3 mm
and 1 mm and heights of 12 mm were designed on SolidWorks
to serve as a simple evaluation of the effect of surface to volume
(SA/V) ratio on the release of RhB (diameter series). Following
this, more complex cylindrical geometries were generated
with lattice software generator Altair Sulis (Altair Engineering,
Troy, Michigan, USA). Three series of lattice architectures were
designed. In the first series (unit cell series), the effect of strut
length was evaluated by creating a cylindrical gyroid lattice
structure that is 6 mm by 12 mm cylinder with unit cell sizes
4 mm, 2 mm, and 1 mm. The pore-size of this series was kept
the same at 1.6 mm. In the second series (lattice type series),
the unit cell size was held constant at 3 mm, but the unit cell
type changed from gyroid type to primitive or Fisher Koch to
create different lattice types. The cylindrical part geometry
was held constant at 6 mm x 12 mm. In the third series (pore
size series), the effect of pore-size was evaluated by creating a
cylindrical gyroid lattice structure with the same part geome-
try but keeping the unit cells size constant and varying the

This journal is © The Royal Society of Chemistry 2025
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pore-size at 2.45 mm. 1.6 mm, and 0.75 mm. Geometric
parameters were calculated using the CAD model (Fig. S1 and
Tables S2-S5, ESIT). All structures were printed with 30 um
layer height using the DLP-VP MicroSLA printer at same
irradiance and parameters used to print the test models. After
printing, excess resin was removed from the samples using a
Kimwipe. The lattice samples were cleaned with compressed air
for 1 min to remove any residual resin trapped in the pores.
Afterwards, the samples were post cured for 200 s under a UV
spot lamp (Bluewave 200, Dymax, Torrington, CT, USA) at the
same print irradiance.

In vitro drug release studies

For in vitro drug release studies, samples were immersed in
20 mL on 0.01 M PBS (pH 7.4). However, for the diameter series
the same SA/V ratio to release medium was used in the study to
account for differences in the loading of the cylinders. There-
fore, the 6 mm was immersed in 20 mL of PBS, while the 3 mm
and 1 mm cylinders were placed in 10 mL and 4 mL of PBS,
respectively. The samples were placed in an incubating shaker
(Innova 4300, New Brunswick Scientific, Edison, NJ, USA) at
37 °C under constant oscillation at 50 rpm. At each designated
time point, 1 mL of the release medium was collected, and the
absorbance was measured using a UV/Vis spectrophotometer
(Lambda 365+, PerkinElmer, Waltham, MA, USA). The amount
of drug released at each timepoint was quantified by extra-
polating against a standard curve on known concentrations in
PBS using the UV/Vis spectrophotometer. At this point, the
remainder of the release medium was removed and replenished
before placing the samples back in the incubating shaker.
The cumulative release (%) was calculated using the equation
shown below:

Cf+ECl*1 >

Cumulative release (%) = C
0

100 (2)

where C; is the amount of drug released at time ¢, C,_; is the
amount of drug released before time ¢, and C, is the initial
amount of drug.

In vitro degradation studies

To examine the degradation behavior of the samples, an in vitro
degradation study was performed using a protocol based on
ASTM F1635-16: Standard Test Method for in vitro Degradation
Testing of Hydrolytically Degradable Polymer Resins and
Fabricated Forms for Surgical Implants. Briefly, the samples
were pre-weighed (W) and added to a 50 mL centrifuge tube.
20 mL of phosphate buffer solution (100 nM) at pH 7.4 with
0.01% (w/v) sodium azide was added to the centrifuge tubes.
The samples were placed in an incubated shaker (Innova 4300)
at 37 °C under oscillation at 50 rpm for the duration of
the study. The buffer was replaced weekly to account for pH
changes during degradation. At each desired timepoint, the
cylinders were removed from the buffer (n = 3) and the wet
weight (W,,) was recorded. The samples were then dried under

J. Mater. Chem. B, 2025, 13, 6456-6468 | 6459


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00456j

Open Access Article. Published on 07 May 2025. Downloaded on 8/2/2025 10:24:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

vacuum to a constant dry weight (Wg). The mass loss and due to
degradation were determined using the following equation:

Wq — Wy
— X
0

Mass loss (%) = 100 3)

Gel fraction

To determine gel content of the samples, they (n = 3) were first
placed in a 20 mL glass scintillation vial and the initial weight
was obtained (W;). 10 mL of DCM was added to the vials and
the vials were placed under constant oscillation (Innova 4300)
at room temperature for 7 d. Afterwards, the samples were
removed from DCM, the surface solvent was removed by gently
blotting the surface with a Kimwipe. The swollen solvent was
then transferred to a tared and capped vial. The samples were
then dried under vacuum at room temperature for 3 d and the
dry weight was recorded (Wy). The gel fraction of the samples
was determined according to the following equation:

14
Gel fraction (%) = Wd x 100 (4)
0

Results and discussion
Assessment of print accuracy of RhB loaded photoreactive resin

One of the advantages of using VP in biomedical applications
is that devices with complex and intricate geometries can be
fabricated with high precision and accuracy. In drug delivery,
there are additional advantages in that drug delivery devices
can be fabricated to provide precise control of drug release to
suit a desired release profile. In VP, the accuracy of a print is
determined by the printer’s light source and resin properties.
DLP 3D printers like the one used in this study utilize projector
or LCD screens as the light source and the x-y resolution of a
print is determined by the pixel size of the illuminated image.
On the other hand, resin properties also play a role in print
resolution, in that the resin used should have a low depth of
light penetration (as close to the layer thickness of the 3D
printing process) and suitable polymerization kinetics that
allow for controlled reactivity on the x and y plane limiting
propagation out of the pixel of irradiation.’**° Therefore, to
fabricate intricate geometries with high precision and accuracy,
there must be an understanding of the composition and
properties of the material as well as the capabilities of the VP
printer being used. The DLP printer (Micro, MicroSLA) used in
these studies has a pixel size resolution of 25 um indicating
that very intricate and complex geometries can be manufac-
tured. However, the depth of penetration measured for the RhB
loaded resin was approximately 360 pm which could limit the
resolution of printed parts that can be achieved (Table S1,
ESI+).%%%

To investigate the role of print geometry on drug release, the
geometric limitations and print accuracy that can be achieved
by the print formulation must first be assessed. A test model
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was designed to assess the capability of a RhB loaded photo-
reactive resin to print defined architectures (Fig. 2(a)).*"*?
Two geometric parameters were evaluated (beam diameter and
pore-size) by measuring the outer diameter or inner diameter of
different sized solid and hollow cylinders showcased on the test
model (Fig. 2(b)). The print accuracy was calculated by comparing
the measured dimensions to the theoretical dimensions of the
cylinders. Fig. 2(c) and (d) show the print accuracy of solid
cylinders (beam diameter) and hollow cylinders (pore size),
respectively. Measurements of the solid cylinders showed
that the RhB resin formulation were capable of printing solid
cylinders with beam diameters up to 0.4 mm with print
accuracy >95% for all solid cylinders printed. This represents
the apparent minimum feature size that can be printed with the
parameters (light intensity, exposure time, and layer height) for
the subsequent print geometries used in this work. Interest-
ingly, no target diameters below 0.2 mm survived the printing
process. These cylinders most likely delaminated from the print
stage as the forces imparted during the layer-by-layer printing
process were too large to maintain adhesion to the print stage.
However, this can be resolved by including support structures
in the model. Measurements of the hollow cylinders also
showed that the RhB resin formulation were capable of printing
pore sizes up to 0.4 mm. However, the print accuracy starts to
decrease after 0.8 mm (<95%) with the 0.6 mm and 0.4 mm
showing print accuracy of less than 90%. This was most likely
due to the overcuring in the x- and y-plane of the cylinders
which can be mitigated by adding a higher concentration UV
absorbers or dyes.*>** This was avoided as it could affect the
spectroscopic measurement of RhB in the release studies.
All geometries investigated in this work, however, were above
the geometric limitation of the printed formulation used to 3D
print them.

Effect of SA/V on RhB release from 3D printed cylindrical
devices (diameter series)

Modifying the SA/V ratio of a polymeric drug delivery device is a
well-known approach to tailor release kinetics.””®** Drug
release from a polymeric device is typically through diffusion
through the polymer matrix or network and changing the SA/V
of a device alters the diffusion distance of the drug which
affects release. There have been some investigations on the
effect of SA/V ratio on the release of small molecule drugs from
devices 3D printed with VP. Typically, it has been shown that
increasing the SA/V ratio of a device or part translates to an
increase in drug release as the drug has less distance to travel
in the matrix or network of the device. However, these studies
have been done with non-degradable silicone resins or slow
degrading PCL based resin formulations, which yield relatively
slow degrading devices. Therefore, the effect of degradation on
drug release was not investigated. Furthermore, while drug
release was modified, controlled or constant release was sel-
domly achieved. In this study, we assessed how modifying SA/V
ratio affects the release of RhB from drug delivery devices 3D
printed with relatively fast degrading Photoset photoreac-
tive resin.**® To determine the effect of SA/V on release, RhB

This journal is © The Royal Society of Chemistry 2025
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loaded cylinders were printed with a height of 12 mm and
diameter of 6 mm, 3 mm, or 1 mm. Visible light images of
the fabricated cylinders are shown in Fig. 3(a). As expected,
decreasing the diameter of the cylinder increases the SA/V ratio
(Fig. 3(b)). The SA/V ratios obtained from measurements of the
cylindrical models were 4.2 mm ™%, 1.5 mm ™ *, and 0.8 mm ™ * for
the 1 mm, 3 mm, and 6 mm cylinders, respectively.

Fig. 3(c)—-(e) shows the cumulative release of RhB from the
cylinders as measured using a UV/Vis spectrophotometer.
The 1 mm cylinder showed higher release rates followed by
the 3 mm, and 6 mm cylinders. At 56 d days, more than 60%
of the RhB has been released compared to 20% and 10% for the
3 mm and 6 mm cylinders, respectively. This was expected and
attributed to the increase in SA/V ratio as discussed prior. The
release of RhB did plateau at approximately 70%. This was first
attributed to degradation of the drug during printing. However,
extraction studies of the 6 mm cylinders show that actual drug
loading was very close to the theoretical drug loading (Table S6,
ESIYt). Therefore, this is most likely not the case. It can however
be reasoned that for a diffusion dominant drug release mecha-
nism, drug release will reach an equilibrium which could serve
as an explanation for the plateau. The study was not expanded
past 112 d due to difficulties running the release study as the
3 mm and 6 mm had undergone significant degradation and
interfered with UV/Vis absorbance measurements. Therefore, it
is expected that further degradation of the cylinders could lead
to a second burst in release.

This journal is © The Royal Society of Chemistry 2025

Drug release mechanism of RhB from diameter series

Mathematical models are often used to describe the mechanism of
drug release from a polymeric device. This mechanism can depend
on several factors such as drug diffusivity, the intrinsic and/or
extrinsic properties of the material, and environmental conditions
like pH and temperature. For a one-dimensional radial release
from a cylindrical device under sink conditions, with constant
drug diffusivity, the solution for Ficks second law can be used to
describe drug release over time with the following equation

M[ o 4
o~ 1— ; ey exp(—Da,’t) (5)

where M, is the cumulative release of the drug release at a given
time, M, is the initial mass of the drug within the device, D is the
drug diffusion coefficient in the polymer network, r is radius of the
cylinder, ¢ is the time, and o, are the positive roots of the zero-order
Bessel function Jy(rx,) = 0. An alternative solution highlighted by
Siepmann and Siepmann®’ useful for short-time and long-time
behavior is given as

M, _(Di\'"? Dt . M,
M, 2 72

M,
for — > 0. 7
orM0>06 (7)

M, 4 2405Dr
M, 24052 P 7
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For mass fractions less than 25%, the contribution of the
second term on the right side of eqn (6) is negligible and the
mass fraction can therefore be expressed as

M, _ (D 172
My, \m?

The diffusion coefficient of RhB within the polymer network
was estimated by fitting eqn (8) to the cumulative release data
obtained from the 3 mm cylinder up to 56 d using Matlab (Fig. S2
and Table S7, ESIT). The diffusion coefficient was calculated to be
3.1 x 107" em® s7" with a 95% confidence interval of £0.2 x
10", Eqn (6) and (7) was used to predict the release profile
expected from a monolithic cylindrical device with the same radius

®)

as the cylinders used in diameter series with the calculated
diffusion coefficient. The plot of the predicted release curves

6462 | J. Mater. Chem. B, 2025, 13, 6456-6468

obtained from the diameter series are shown in Fig. 3(c)-(e). The
predicted curves provide good agreement to actual release curves
initially but begin to deviate over time. This was attributed to the
degradation of the cylinders over time with the difference in release
kinetics most likely due to differences in degradation behaviors of
the cylinders. Degradation of biodegradable polyesters occur
mainly via hydrolysis, a process in which water causes the cleavage
of ester bonds in the polymer chain, generating acidic oligomers or
monomers as byproducts and is typically quantified by measuring
molecular weight reduction or mass loss over time.*®** The release
data was fit to the semi-empirical equation Korsmeyer-Peppas
kinetic model (eqn (9)) to the first 60% of RhB release to estimate

the role of degradation in release.'®**>°"°
M
=k ©)

This journal is © The Royal Society of Chemistry 2025
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where M,/M, is the fraction of drug released at time ¢ and % is a
constant incorporating the structural and geometric characteristics
of the device under investigation. In the Korsmeyer-Peppas model,
the diffusional exponent n is an important indicator of the
mechanism of drug release. For a cylindrical geometry, the value
n < 0.45 indicates a Fickian diffusion-controlled mechanism
whereas n > 0.89 indicates drug release dominated by a degrada-
tion mechanism. For values 0.45 < n < 0.89, the release is
described as anomalous, implying a combination of diffusion
and degradation contributes to the release of the drug. As seen
in Fig. S3 (ESIt), the release exponent n was less than 0.45 for the
1 mm, 3 mm, and 6 mm cylinders up to 35 d, 56 d, and 84 d
respectively, indicating that the release up to these timepoints was
diffusion controlled. However, the release starts to deviate from
diffusion-controlled release (n > 0.45), at approximately 47 d for
the 1 mm cylinder, 65 d for the 3 mm, and 89 d for the 6 mm
(Fig. 4). This also matches when we start to see this deviation of the
actual release from the predicted release. The difference in devia-
tion time of the different cylinders is attributed to the onset of
degradation as a rate limiting mechanism of release. This onset of
degradation-controlled release in the 1 mm cylinder is faster than
the 3 mm and 6 mm cylinders. This is likely due to faster release of
acidic degradation byproducts formed during the chain scission of
the ester bonds in the 1 mm cylinder as a result of the higher SA/V
ratio whereas the degradation byproducts accumulate in the bulk
of the 3 mm and 6 mm cylinders.** This is confirmed by visual
inspection of the cylinders at 84 d showing that the 6 mm and
3 mm cylinders degraded significantly more than the 1 mm
cylinder (Fig. S4, ESIt). This increase in degradation is most likely
the reason for the accelerated phase of RhB observed at 56 d from
the 3 mm cylinder and 84 d from the 6 mm cylinder.

The release data obtained up to the plateau was fitted to a
zero-order kinetic model (eqn (10)) to evaluate controlled
release with a higher fit or R* value corresponding to more
constant or controlled release.’®*’

(10)

where k, is the zero-order release constant. The 1 mm cylinder
showed the most significant fit to the zero-order kinetic model

This journal is © The Royal Society of Chemistry 2025
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with an R” of 0.98 followed by the 3 mm and 6 mm cylinders
with R* values of 0.90 and 0.64, respectively (Fig. S5, ESI%).
Therefore, the 1 mm cylinder offers the likeliest pathway for
RhB release at a constant release rate. This could indicate that
the onset degradation is important in the zero-order kinetic
release as degradation could compensate for the reduction in
diffusion pathlength over time observed in Fickian (slow or
non-degrading) systems. As the device degrades, there is an
increase in pathway through the polymer network, hence
diffusivity of RhB and subsequent release rate from the device
increases. Therefore, we propose that having the ability to
modify the onset of degradation-controlled release by adjusting
print geometry could serve as an advantage in the goal of
achieving long term constant and controller release.

Release of RhB from 3D printed lattice structures (unit cell
series)

While the zero-order release kinetics of RhB observed from the
1 mm cylinder presents a promising approach for long term-
controlled delivery, there was a large difference in the total
amounts of RhB released in the cylinders. As seen in Fig. 3(f),
the total amount of RhB released from the 1 mm cylinder was
100-fold less than the 3 mm cylinder and 500-fold less than the
6 mm cylinder. This difference in amount release was expected
as the difference in volume, hence drug loading between the
cylinders was large. This would present a challenge in imple-
menting this approach to modify drug release in that tuning
release profile would also result in different drug release
dosages which can be harmful to the patient. However, VP 3D
printing enables the flexibility to design and fabricate more
complex structures that can maintain the zero-order kinetic
advantages of the 1 mm cylinder with increased drug loading.
In this study, we use lattice structures to demonstrate this.
Lattice structures are 3D open-celled porous structures that are
topologically ordered and formed of repeatable units. They are
often used in biomedical applications to improve the mechan-
ical properties of devices. There are several open sources unit
cell types that have been designed and are available to create
lattice structures.”®>® In this study Altair Sulis, a lattice gen-
erator software, was used to design 6 mm x 12 mm cylindrical
lattices with a gyroid unit cell array. The gyroid lattice struc-
tures were designed with three different unit cell sizes (4 mm,
3 mm, or 2 mm) to generate devices with three different SA/V
ratios (Fig. 5(a)). The parts were fabricated with 0.2 wt% RhB
loaded Photoset resin and showed a smaller difference in mass,
thus RhB loading, compared to the diameter series (Fig. 5(b)).
Furthermore, it was shown that decreasing the unit cell size
increases the SA/V ratio with the 4 mm, 3 mm, and 2 mm unit cell
with SA/V ratios of 1.95 mm™ ', 2.87 mm %, and 5.43 mm %,
respectively (Fig. 5(c)). This highlights the versatility of VP as we
were successfully able to design devices with comparable SA/V
ratios as the diameter series, but small differences in drug loading.

A release study was then conducted to determine the effect
of lattice unit cell size on release. To ensure the RhB release was
due to the differences in SA/V ratio, not due to differences in
the polymer network as an effect of printing or posturing, a gel
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Table 1 Zero order kinetic fit of unit cell series and lattice type series

Lattice R

4 mm gyroid 0.95
3 mm gyroid 0.97
2 mm gyroid 0.86
3 mm primitive 0.97
3 mm Fisher-Koch 0.93

fraction study was conducted. It was shown that there was no
significant difference in the gel content of the lattices indicat-
ing that the polymer networks were similar at the molecular
level (Fig. S6, ESIT). Fig. 5(d) shows the cumulative release of
RhB from the 3D-printed lattices. An initial burst release was
observed in all the samples, which was expected as drugs on the
surface of the printed lattices rapidly release but this was
followed sustained release. Similar to the diameter series, the
2 mm unit cell gyroid lattice structure, which has the highest
SA/V ratio, exhibited faster RhB release over 112 d. This was
followed by the 3 mm unit cell lattice, then the 4 mm unit cell
lattice. Furthermore, visible light images of the lattices during
release indicate that there were degradation differences
between the lattices as seen in the diameter series (Fig. 6(a)-
(¢))- Like the 1 mm cylinder, the 2 mm unit cell lattice exhibited
less degradation than the 3 mm and 4 mm unit cell lattices. The
4 mm unit cell lattice showed the highest degree of degrada-
tion. Quantification of mass loss over time also corroborates
this as the 4 mm unit cell lattice showed the highest mass loss
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over 112 d while the 2 mm unit cell mm showed the lowest
mass loss (Fig. 6(d)). This again was attributed to the acid
accumulation effect observed in bulk hydrolysis. As shown in
the diameter series, to achieve controlled RhB release a balance
between RhB diffusivity and network degradation should be
achieved. To determine the effect of lattice unit cell size on
controlled RhB release, the release data was fitted to a zero-
order kinetic model. Results showed that the 3 mm unit cell
lattice had the highest kinetic fit with an R*> value of 0.97
followed by the 4 mm and 2 mm unit cell lattices with R?
values of 0.95 and 0.86, respectively (Table 1). This indicates
that the 3 mm unit cell provided a good balance between initial
RhB diffusivity and onset of the secondary accelerated phase
induced by network degradation when compared to the 2 mm
and 4 mm unit cell lattices. These results highlight the advan-
tages of vat polymerization with fast degrading resins can offer
in controlled release applications.

Effect of unit cell type on RhB release from lattice structures
(lattice type series)

To further demonstrate the utility of vat polymerization with
fast degrading resins in controlled delivery applications, an
alternative approach to create lattice structures with different
SA/V ratios was investigated. In this approach, the unit cell type
was changed from the gyroid unit cell to a primitive or Fisher
Koch unit cell to generate a 6 mm x 12 mm cylindrical lattice
structure (Fig. 7(a)). The unit cell size was kept constant at
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Fig. 7 Characterization of lattice type series. (a) CAD models of lattice devices. (b) Visible light photographs of 3 mm unit cell primitive, gyroid, and
Fisher—Koch lattices, from left to right. (c) Drug loading and SA/V ratio of different lattices. (d) Cumulative release of RhB from lattice type series (n = 3).

Error bars represent one standard deviation.
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3 mm. The SA/V ratios of the models were measured, and the
Fisher-Koch lattice structure was shown to have the highest
SA/V ratio at 4.58 mm ", followed by the gyroid lattice structure
at 2.87 mm ' and the primitive lattice structure at 1.95 mm ™"
(Fig. 7(c)). The models were 3D-printed with 0.2 wt% RhB
loaded resin (Fig. 7(b)) and the cumulative release of RhB was
evaluated (Fig. 7(d)). Interestingly, the primitive and gyroid
lattices showed similar release profiles even though the gyroid
lattice has a higher SA/V ratio. However, both lattices had
strut beam lengths of 1.4 mm which could indicate that strut
length has a higher impact on release behavior than SA/V ratio.
Furthermore, it was expected that Fisher-Koch lattice would
show the highest release rate since it has the highest SA/V ratio.
However, the release profile obtained was substantially lower
than that observed with the primitive and gyroid lattices.
We hypothesized that this could be due to poor wetting effects
of the smaller pore size obtained with the Fisher-Koch lattice.
Furthermore, fitting the data to a zero-order kinetic model
showed that the gyroid and primitive lattices showed the high-
est kinetic fits with R* values of 0.97 compared to the Fisher-
Koch lattice with an R” value of 0.93 (Table 1).

Effect of pore size on RhB release from lattice structures (pore
size series)

To investigate the effect of pore size on RhB release from lattice
structures, gyroid lattices with pore sizes of 2.5 mm, 1.6 mm
and 0.75 mm were designed and 3D-printed (Fig. 8(a) and (b)).
The strut beam length of the lattice structures was fixed and

6466 | J Mater. Chem. B, 2025, 13, 6456-6468

constrained in the 6 mm x 12 mm cylindrical geometry. The
SA/V was also held constant (Fig. 8(c)). Fig. 8(d) shows the
cumulative release of RhB from 3D-printed lattices. The release
profiles obtained from the lattice series were similar to those
obtained from the lattice type series in that RhB release from
the 0.75 mm pore size was a lot slower than the 2.5 mm and
1.6 mm pore sizes. Furthermore, the 2.5 mm and 1.6 mm
showed similar release profiles. This result confirmed the
hypothesis that pore size has effect on release from the lattice
structures and provides an explanation from the slower release
observed with the Fisher-Koch lattice observed prior. This is
not unexpected as pore size has been shown to be a strong
determinant in release. This phenomenon has also been
observed by the Kyobula et al. in their study on the thermal
inkjet-printed beeswax tablets with honeycomb pores.’® This
indicates that below a certain pore size, the release of RhB is
reduced and the controlled release obtained by changing the
SA/V or device architecture can be disrupted. These results as
well as results obtained from the lattice type series highlight
that controlling drug release by altering SA/V is much more
complex in practice and geometric parameters should be
thoroughly examined and taken into consideration during the
design of controlled drug delivery devices.

Conclusions

Drug loaded structures with complex geometries were fabri-
cated using VP 3D printing with biodegradable resins as the

This journal is © The Royal Society of Chemistry 2025
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printing material and rhodamine B (RhB) as the model drug.
The effect of different geometric parameters including SA/V
ratio, strut beam length, and pore size on release behavior was
assessed. It was shown that long-term controlled release could
be achieved by varying the geometric parameters. This was
attributed to the interplay of diffusion of the drug and degrada-
tion of structures, both of which are influenced by print
geometry. Furthermore, the Korsmeyer-Peppas model was
used to show that the onset of degradation-controlled release
as a drug release mechanism could play an important role in
achieving controlled release. This study not only provides an
understanding of how print geometry can be modified to
achieve controlled release but also showcases 3D printing
with biodegradable devices as a platform to enable controlled
treatment regimes.
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