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Selective Laser Sintering 3D Printing of Drug-Loaded
Intravitreal Implants

Iria Seoane-Viaño,* Carlos Bendicho-Lavilla, Haya Alfassam, Bárbara Blanco-Fernández,
Abdul W. Basit,* and Francisco J. Otero-Espinar*

Frequent intravitreal injections are the standard treatment for chronic
retinal diseases, but they are costly and inconvenient and carry potential
complications. Intravitreal implants have emerged as an alternative approach
capable of delivering sustained drug levels over extended periods. However,
current implant manufacturing techniques, predominantly extrusion-based,
present limitations when processing labile drugs. In this study, biodegradable
implants are introduced, fabricated via selective laser sintering (SLS)
3D printing to achieve extended, controlled release of dexamethasone and
riboflavin. By adjusting laser scanning speeds, diverse release profiles over
7 months are generated, after which the implant matrix fully degrades in the
release medium. SEM-EDX and Raman spectroscopy confirmed uniform drug
distribution in the implant, while XRPD, FTIR, and DSC analyses indicated that
the drugs remained stable postmanufacturing. Additionally, investigations
with ARPE-19 retinal cell cultures demonstrated excellent cytocompatibility
of the implant. Overall, the findings confirm that SLS 3D printing is
a promising approach for manufacturing intravitreal implants. This technique
not only offers compatibility with a wide range of pharmaceutical compounds
but also enables the tailoring of drug release by controlling the porosity
of the implant. Consequently, SLS-based implants may improve patient
outcomes by reducing injection frequency and associated complications.
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1. Introduction

Chronic retinal diseases, such as age-
related macular degeneration, diabetic
macular edema, and diabetic retinopathy,
are major contributors to visual impair-
ment globally.[1] These conditions are
commonly treated via intravitreal injec-
tions of drugs (e.g., anti-VEGF agents
and corticosteroids). However, because
most of these medications currently lack
a controlled-release carrier, patients often
face the inconvenience, cost, and poten-
tial complications of frequent injections,
sometimes every few weeks. Medicated
intravitreal implants have been proposed
to maintain stable drug levels within the
vitreous chamber over extended periods.
This approach can significantly improve
patient outcomes by reducing the need
for repeated injections and lowering
treatment-related costs and risks.[2] One
such example is Ozurdex (Allergan), which
is composed of a poly(lactic-co-glycolic
acid) (PLGA) matrix containing 700 μg of
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dexamethasone.[3] Ozurdex is one of the few commercially avail-
able injectable and biodegradable treatments currently used to
treat certain types of macular edema. Another example, Retisert
(Bausch & Lomb), which was withdrawn in 2007, was formulated
with a non-biodegradablematrix that ultimately required surgical
removal once drug release was complete.[4]

An ideal intravitreal implant should meet three fundamental
criteria. First, it must provide sustained drug over extended peri-
ods. Second, it must be biocompatible and biodegradable within
a reasonable timeframe, eliminating the need for surgical re-
moval. Lastly, the drug and its dose should be tailored to meet
the needs of each patient and their specific retinal condition.
Poly (D, L lactic-co-glycolic acid) (PLGA) is a biodegradable, bio-
compatible polymer widely employed in controlled drug delivery.
PLGA-based drug delivery systems provide flexible release rates
over varying periods, accommodating a diverse range of drugs,
from small molecules to biologics.[5,6] Most common techniques
for preparing PLGA-based implants involve high-temperature ex-
trusion methods such as hot melt extrusion and fused deposi-
tion modeling 3D printing.[7,8] Although effective for many com-
pounds, these high-temperature methods are unsuitable for la-
bile drugs, which can degrade under harsh processing condi-
tions. Consequently, there is a pressing need for alternative fabri-
cation strategies that offer precise control over implant architec-
ture and release profiles while preserving drug integrity.
Selective laser sintering (SLS) 3D printing presents a promis-

ing approach to overcoming these limitations. SLS is a 3D print-
ing technique capable of creating 3D structures by sintering pow-
dered materials using a laser beam.[9,10] When using low tem-
perature melting polymers such as PLGA, SLS can operate at re-
duced temperatures, laser energy, and scanning speeds, thereby
making it more suitable for labile compounds.[11–13] Moreover,
SLS enables the production of porous structures with control-
lable pore density and interconnectivity by adjusting parame-
ters such as laser power, scan speed, spot diameter, and cham-
ber temperature, as well as by modifying the characteristics of
the powder feedstock.[14,15] This porosity becomes crucial in drug
delivery because diffusion through the polymer matrix is the
primary mechanism governing drug release; hence, controlling
porosity allows for tailoring the release kinetics of the therapeutic
agent.[16,17]

The present work focuses on developing biodegradable in-
travitreal implants engineered to release two model drugs, dex-
amethasone and riboflavin, over prolonged periods, with com-
plete biodegradation and clearance from the vitreous chamber
upon drug release completion. SLS 3D printing has been se-
lected as the manufacturing technology to create these implants
with different porosities using Generally Recognized As Safe
(GRAS) excipients.[18,19] This strategy uses the technology’s ca-
pability to design delivery systems that accommodate multi-
ple drugs. By modifying laser speed and implant composition,
distinct drug release profiles can be achieved, demonstrating
how this manufacturing platform can adapt to diverse clinical
scenarios.[9,20] Furthermore, the implants were comprehensively
characterized, assessing their morphological properties, physic-
ochemical properties, biocompatibility, and cytotoxicity. Alto-
gether, these findings emphasize the potential of SLS as an in-
novative manufacturing method for next-generation intravitreal
implants.

2. Experimental Section

2.1. Materials

Resomer RG 502 H (PLGA) (Mw: 7–17 kDa; lactide:glycolide
= 50:50) was purchased from Evonik (Essen, Germany). Hy-
droxypropyl cellulose (HPC) grade L (140 000 g mol−1) was
obtained from NISSO (Tokyo, Japan). Riboflavin was obtained
from Alfa Aesar (Thermo Fisher Scientific, Heysham, UK). Dex-
amethasone base was purchased from Acofarma (Barcelona,
Spain). Hydroxypropyl-𝛽-cyclodextrin (HP𝛽CD) was purchased
from Roquette (Lestrem, France). Cell culture reagents (alamar-
Blue (DAL1025), FBS (Gibco 10270106), Anti-Anti (15240062),
F12/DMEM (21331020), and L-glutamine (A2916801) were ob-
tained from Thermo Fisher Scientific (Heysham, UK).

2.2. Methods

2.2.1. Manufacturing of Implants Using Selective Laser Sintering

A total amount of 10 g of PLGA, HPC-L, riboflavin, and dexam-
ethasone was mixed using a mortar and pestle for each formu-
lation (Table 1) and sieved through an 850 μm sieve. Afterward,
the pharma-ink was transferred to the SLS printer (Sintratec Kit,
AG, Brugg, Switzerland). A cylindrical implant template (10 mm
length × 2 mm height) was designed using 123D Design (Ver-
sion 14.2.2, Autodesk Inc., San Rafael, CA, USA). The 3D model
was exported as a stereolithography (.stl) file into the 3D printer
Sintratec central software (Version 1.1.13, Sintratec, AG, Brugg,
Switzerland).
The pharma-ink in the platform reservoir (150× 13× 150mm)

of the printer was moved by a sled to a building platform (150
× 13 × 150 mm), creating a flat and homogeneously distributed
layer of powder. A surface temperature of 40 °C and a chamber
temperature of 28 °C were chosen. The 2.3 W blue diode laser
(445 nm) sintered the pharma-ink on the building platform in a
pre-defined pattern based on the. stl file. Then, the reservoir plat-
formmoved up, the building platformmoved down, and the sled
distributed a thin layer of powder on top of the previous layer.
This process was repeated layer by layer until completion. Im-
plants were removed from the powder bed, and any excess pow-
der was brushed off.

2.2.2. Structure Analysis

The implants’ dimensions (diameter and length) were measured
using a digital Vernier calliper (GNW Instrumentation, South-
port, UK). The mass of each implant was determined using
an analytical balance (Sartorius Quintix 35-1S, Gottingen, Ger-
many). The implants’ morphological analysis was conducted by
observing their external structure through a stereomicroscope
with a digital camera (Olympus SZ-CTV/Olympus SC100). The
implants’ surface topography and internal structure were exam-
ined using field emission scanning electron microscopy (FE-
SEM) (ZEISS EVO LS15 Scanning ElectronMicroscope (Thermo
Fisher, UK)). All samples were mounted on metal stubs with the
aid of carbon. The images were taken at 20 kV.
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Table 1. Formulation composition % (w/w) and varying laser scanning speeds (mm/s) employed in the printing of implants.

Implant Laser speed [mm/s] PLGA % [w/w] HPC-L % [w/w] Dexamethasone % [w/w] Riboflavin % [w/w] HP𝛽CD % [w/w]

SLS65 65 65 24 10 1 -

SLS100 100 65 24 10 1 -

SLS100h 100 65 16 10 1 8

SLS100/2 100 65 24.5 10 0.5 -

SLS130 130 65 24 10 1 -

SLS130h 130 65 16 10 1 8

SLS160 160 65 24 10 1 -

2.2.3. Texture Analysis

Texture analysis was performed using a precision Universal Test-
ing Machine AGX-X series (Shimadzu, Kyoto, Japan), equipped
with a 50 N load cell and Trapezium X software (Shimadzu, Ky-
oto, Japan). For this purpose, a blade was secured in the upper
support while the implant was positioned on the lower plate. The
blade was then gradually lowered at a 1 mm min−1 speed until
the implant ruptured. The force displacement curve was subse-
quently recorded fromwhich three key material parameters were
derived: breaking strength, failure work, and elasticity.
Breaking strength was determined as the maximum force

recorded on the force–displacement curve at the point of mate-
rial fracture. This was the point at which the implant fails under
applied load. Failure work was calculated as the area under the
force–displacement curve (AUC) up to the breaking point, repre-
senting the energy required to break the material. Elasticity was
quantified as Young’s modulus, which was the slope of the initial
linear portion of the force–displacement curve and reflects the
stiffness of the material.

2.2.4. Drug Distribution in the Implant

The distribution of dexamethasone and riboflavin within the im-
plants was analyzed using energy dispersive X-ray analysis (EDX)
and Raman spectroscopy. For EDX, a semi-quantitative micro-
analysis and distribution mapping of the elemental composition
of the surface and the core of the implants was conducted us-
ing an EDS Ultim Max (Oxford Instruments, Abingdon, United
Kingdom) controlled by INCA software (Oxford Instruments,
Abingdon, United Kingdom). The acquisition conditions were 20
Kv and a working distance of 8.5 mm for a more precise analysis.
Raman spectra were recorded at room temperature on a Raman
confocal microscope alpha300 R (WITec, Ulm, Germany) using a
532 nm laser with a power of 7mW. The implants were sliced and
placed in a sampler holder to examine the core of the implant.
A total area of 70 × 70 μm was recorded with a lateral resolu-
tion of 1 spectrum every 300 μm, for 19600 spectra. Project Five
5.3 (WITec, Ulm, Germany) was used for data processing and
imaging.

2.2.5. Crystallinity

The crystal structure and thermal stability of dexamethasone, ri-
boflavin, and excipients, both individually and in their physical

mixtures, as well as implants prepared at different laser scan-
ning speeds, were identified and characterized using X-ray pow-
der diffraction (XRD), differential scanning calorimetry (DSC),
and thermogravimetric analysis (TGA).
The crystallographic properties of the implants and the pow-

dered formulations were ascertained by a Rigaku MiniFlex 600
X-ray diffractometer (Rigaku, Wilmington, MA, USA) equipped
with a Cu X199 ray source (𝜆 = 1.5418 Å). The intensity of 15 mA
and a voltage of 40 kV were applied. Samples were scanned be-
tween 2𝜃 angle range 3°–40° with a step size of 0.02° at a speed
of 5°/min.
The thermal characteristics of the implants and the physical

mixtures were determined using a Q2000 DSC263 instrument
(TA Instruments, Waters, LLC, New Castle, DE, USA). The sam-
ples underwent a heating process from 0 to 400 °C at a consis-
tent rate of 5 °C per minute in a nitrogen atmosphere with a flow
rate of 50.0 mL min−1. Data were collected using TA Advantage
software for the Q series (version 2.8.394, TA Instruments, Wa-
ters LLC, New Castle, DE, USA) and were subsequently analyzed
with TA Instruments Universal Analysis 2000. TA aluminium
pans and pin-holed hermetic lids (Tzero) were employed for these
measurements, with an average sample size ranging from 3.0 to
5.0 mg.
Thermogravimetric analysis was performed with a Discovery

TGA (TA Instruments, Waters, LLC, USA). Samples were heated
from 30 to 195 °C at 5 °C min−1 in open aluminium pans, and
nitrogen was used as a purge gas with a 25 mL min−1 flow rate.
Data collection and analysis were performed and calculated using
TA Instruments Trios software.

2.2.6. Fourier-Transform Infrared Spectroscopy (FTIR)

The infrared spectra of formulations before and after SLS 3D
printing were collected using a Spectrum 100 FTIR spectrometer
(PerkinElmer, Waltham, MA, USA). All samples were scanned
over a range of 4000–650 cm−1 at a resolution of 4 cm−1 for 6
scans. The spectra of pure dexamethasone drug powder, HPC-L,
PLGA, HP𝛽CD, and riboflavin were collected as references.

2.2.7. Near-Infrared (NIR) Spectroscopy and Data Analysis

NIR reflectance spectra were measured using a MicroNIR
1700ES NIR spectrometer (VIAVI, Hertfordshire, UK) equipped
with two vacuum tungsten lamps and an InGaAs photodiode
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array detector for wavelengths between 950 and 1650 nm (10526–
6060 cm−1). Spectra were collected using a probe with a 16 mm
diameter collection optic attached to theMicroNIR device. A 99%
spectralon reference standard (VIAVI, UK) was used to acquire
dark and reference spectra for instrument calibration prior to
spectra acquisition.
Four implants of each formulationwere analyzed at four differ-

ent points. The final spectrum for each formulation was obtained
by averaging the spectra recorded at the four points on each of
the four implants. Data was acquired using VIAVI MicroNIR Pro
software (VIAVI, Hertfordshire, UK). Principal component anal-
ysis (PCA) was performed on the datasets to visualize the high-
dimensional data in low-dimensional space.[21]

2.2.8. Determination of Drug Content

To measure the drug loading of the implants, 3 mg of each im-
plant was dissolved in 10 mL of acetonitrile: phosphate-buffered
saline (PBS) (50:50) (% v/v) (n = 3). Dexamethasone concentra-
tions were measured using ultra high-performance liquid chro-
matography (UHPLC) (ACQUITY UPLC H-Class Plus, Waters,
Milford, Massachusetts, USA) with an FTN injector and PDA de-
tector. The stationary phase was anACQUITYUPLCBEH1.7 μm
C18 column, 2.1× 50mm (Waters,Massachusetts, USA), and the
mobile phase was an isocratic elution of 65% water, 0.1% triflu-
oroacetic acid (TFA) and 35% methanol pumped at a flow rate
of 0.7 mL min−1. The injection volume was 5 μL, and column
temperature was set to 35 °C with UV-wavelength of 241 nm.
The elution time of dexamethasone base was ≈1.9 min. Chro-
matograms were processed using Empower three software (Wa-
ters, Massachusetts, USA). Subsequently, riboflavin concentra-
tions were measured using a Cary 60 UV–vis spectrophotome-
ter (Agilent, Santa Clara, California, USA) at a UV wavelength of
445 nm.

2.2.9. In Vitro Drug Release

Dexamethasone release patterns were recorded by placing loaded
implants (three replicates of each processing condition) in glass
vials with 5 mL of PBS at physiological pH (7.4). Vials were kept
in an orbital shaker at 37 °C under constant orbital movement
(100 rpm). At predetermined times, 0.5 mL aliquots were with-
drawn from the medium and replaced with the same volume
of fresh medium. Dexamethasone and riboflavin concentrations
were measured using the methods described above (2.2.8. De-
termination of Drug content) and the pH of the samples was
measured with a Hanna HI5522 pHmeter (Hanna Instruments,
Eibar, Spain) at each time point.

2.2.10. Implants Cytocompatibility

Cytocompatibility studies were performed in ARPE-19 cells
(CRL-2302, ATCC, American Type Culture Collection, Manassas,
VA, USA). Cells were cultured in F-12/DMEM medium supple-
mented with 10% Fetal Bovine Serum (FBS), 2 mM L-glutamine
and 1% of an antibiotic/antimycotic mixture (10000 units mL−1

penicillin G, 10 mg mL−1 streptomycin and 10 mg mL−1

neomycin). The cell culture was maintained at 37 °C, under a
5% CO2 atmosphere with 95% relative humidity.
To assess ARPE-19 viability in the formulations, the cell

metabolic activity was measured by alamarBlue accord-
ing to manufacturer instructions. ARPE-19 cells (100 μL,
10000 cells/well) were seeded in 96-well plates and incubated
overnight. Then, 100 μL of the medium in contact with the
implants for 10, 47, 132, and 159 days, were co-incubated with
the cells. After 24 h, the cell medium was replaced with 200 μL of
alamarBlue 10% in complete cell medium, and cells were again
incubated for 1 h. Finally, the fluorescence of the cell media was
determined at 544 nm (FLUOstar Omega, BMG LABTECH). The
experiments were performed in quadruplicate. Cells cultured in
cell media were used as negative controls. The cytocompatibility
of each implant component was also assayed separately. PLGA,
HPC-L (16%, 24%, and 24.5%), HP𝛽CD (5%, 8%, and 15%), and
riboflavin (0.5%, 1%, and 2%) were incubated within PBS, and
100 μL of the medium was co-incubated with the cells.

2.2.11. Statistical Analysis

The NIR raw spectra (n = 4) were pre-processed using a Savitzky-
Golay filter with a window length of 11 and a polynomial order
of 2. Multivariate data analysis was conducted through principal
component analysis (PCA). Data pre-processing andmultivariate
data analysis were conducted using a Python 3.10 script. Statisti-
cal analysis of drug release data (n = 3) involved a two-way analy-
sis of variance (ANOVA). Tukey’s multiple comparisons test was
applied to compare the amount of drug released by each formu-
lation over time. For implant cytocompatibility studies (n = 4), a
one-way ANOVA followed by Tukey’s multiple comparisons test
was employed to compare the viability of untreated cells against
cells exposed to excipients at varying concentrations. Addition-
ally, a two-way ANOVA followed by Dunnett’s multiple compar-
isons test was used to compare the viability of untreated cells with
that of cells exposed to the release media of different formula-
tions across multiple time points. All data are expressed as mean
± standard deviation (SD) in figures and tables. Statistical anal-
yses were performed using GraphPad Prism version 8.0 (Graph-
Pad Software, San Diego, CA, USA). A p-value of less than 0.05
was considered statistically significant.

3. Results and Discussion

3.1. Manufacturing of the SLS 3D-Printed Implants

The main objective of this study was to develop biodegradable
and biocompatible intravitreal implants capable of the sustained
release of two model drugs over an extended period of time. SLS
3D printing was selected as the manufacturing technology due
to its ability to create customized structures with varying degrees
of porosity and its compatibility with a wide range of biocompat-
ible materials, including celluloses and synthetic biodegradable
polymers. Additionally, the short processing time and mild man-
ufacturing conditions make it suitable for various drugs. In this
work, dexamethasone was selected as one of themodel drugs due
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to its widespread use in treating posterior segment eye patholo-
gies. On the other hand, riboflavin, or vitamin B2, was chosen for
its antioxidant properties, which, although it is not used as a pri-
mary treatment for chronic retinal diseases, might help mitigate
oxidative damage in retinal tissues.[22,23]

Due to its high metabolic rate and exposure to light, the
retina is highly susceptible to oxidative damage. Oxidative stress
has been implicated in the pathogenesis of several retinal dis-
eases, including AMD and diabetic retinopathy.[24,25] Thus, ri-
boflavinmight be considered a supportive treatment, particularly
in cases where oxidative stress and mitochondrial dysfunction
are contributing factors. Although riboflavin already has a well-
established therapeutic role in corneal cross-linking procedures
to treat keratoconus,[26] it has never been delivered to the intravit-
real chamber before. Given the lack of direct studies on riboflavin
for intravitreal delivery, a concentration range of 0.5%–1% was
selected to minimize the risk of toxicity during local delivery in
the eye.
During the SLS 3D printing process, the surface temperature

used was 40 °C. Given that PLGA, the main polymer, has a glass
transition temperature (Tg) between 40 and 60 °C, it softens dur-
ing sintering due to the action of the laser. PLGA would act as
a binding matrix, encapsulating the other components within it.
Moreover, HPC-L, with a Tg between 110 and 130 °C, would likely
soften slightly under the application of the laser and partially fuse
with the PLGA, contributing to the mechanical properties of the
final product by acting as a reinforcing agent within the matrix.
Dexamethasone, with a melting point of 262 °C, should remain
in a solid crystalline state, physically dispersed within the poly-
mer matrix. Similarly, riboflavin, with a melting point ≈280 °C,
should remain a dispersed solid in the formulation. HP𝛽CD,
with a Tg between 280 and 300 °C, will likely remain in a solid
state and be dispersed within the PLGA matrix, contributing to
the drugs’ overall stability and solubility enhancement. In view of
this, PLGA and HPC-L should support controlled drug release,
with the release rate influenced by implant porosity, which can
be adjusted by modifying sintering parameters.
Including HPC-L significantly improved the flowability of

PLGA during the SLS printing process. HPC-L, with its smooth
surface texture and spherical or near-spherical shape, acts as a lu-
bricant by reducing friction, while PLGA, with its irregular parti-
cle shapes, is prone to clumping.[9] Additionally, the hydrophilic
nature of HPC-L helps to reduce electrostatic charges by absorb-
ing small amounts of moisture from the air, further minimiz-
ing powder agglomeration. Most importantly, including HPC-L
improved the final implants’ dimensional accuracy. PLGA’s low
thermal conductivity, which limits heat distribution during sin-
tering, negatively impacts the structural integrity of the implants.
HPC-L helps mitigate these issues, leading to a better structural
integrity of the implants.
In a general context, both laser speed and surface temper-

ature play pivotal roles in determining the total energy of the
surface.[15] An increase in surface temperature corresponds to
an elevation in the total energy, while an increase in laser speed
results in a reduction of the total energy. A higher total en-
ergy level is associated with increased degradation, hardness,
and object weight.[13] Although laser-induced localized heating
by SLS may accelerate the degradation of formulation compo-
nents, this technology can operate efficiently at lower tempera-

Table 2. Physical properties of the 3D printed implants (n = 3).

Implant Weight ± SD [mg] Length ± SD [mm] Diameter ± SD [mm]

SLS65 42.39 ± 2.39 10.93 ± 0.15 3.46 ± 0.22

SLS100 21.65 ± 0.19 10.38 ± 0.04 2.22 ± 0.12

SLS100h 19.04 ± 1.09 10.4 ± 0.2 2.58 ± 0.067

SLS100/2 12.79 ± 3.52 10.08 ± 0.28 1.71 ± 0.45

SLS130 20.10 ± 0.40 10.42 ± 0.219 2.33 ± 0.032

SLS130h 18.39 ± 1.43 10.33 ± 0.21 2.56 ± 0.11

SLS160 14.03 ± 2.06 10.08 ± 0.026 2.01 ± 0.072

tures and with reduced laser energy and scanning speeds when
using a low temperature melting thermoplastic polymer like
PLGA. Moreover, including a photo absorbing component has
been shown to reduce the degradation of drugs and excipients,
as demonstrated in previous studies.[13] Conductive metal partic-
ulates, such as carbonyl iron or aluminium, and photo absorb-
ing pharmaceutical-grade colorants, such as Candurin, have been
used as photoabsorbing species when pharmaceutical excipients
do not efficiently absorb or conduct radiation.[20] However, these
photoabsorbing agents may not be suitable and safe for ocular
administration, as no studies have investigated their potential
intraocular toxicity. In contrast, riboflavin, a natural molecule,
could serve as a photoabsorbing excipient while offering antioxi-
dant properties. It can be added in small amounts to the powder
blend without posing toxicity risks.[27]

3.2. Morphological Characterization of the Implants

Although the theoretical measurements of the cylindrical im-
plants were expected to be 10 mm in length and 2 mm in diam-
eter, slightly different sizes were obtained, showing a correlation
between laser speed and implant dimensions (Table 2). For exam-
ple, the implants made with the fastest laser speed of 160mm s−1

(SLS160) had an average length of 10.08± 0.026mm and a diam-
eter of 2.01 ± 0.072 mm, while the implants made with the slow-
est laser speed of 65 mm s−1 (SLS65) had an average length of
10.93± 0.15mmand a diameter of 3.46± 0.22mm. The implants
fabricated with intermediate laser speeds showed dimensions be-
tween SLS65 and SLS160. This variation in size could be due to
the increased interaction time of the laser at lower speeds with
the powder bed, leading to excessive energy absorption andmelt-
ing of the adjacent powder. The prolonged interaction resulted
in greater melting of the materials and subsequent infiltration of
molten polymer into the gaps between powder particles. As a re-
sult, material delamination was reduced, and implant density in-
creased. Moreover, slower scan speeds (e.g., 65 mm s−1) caused
greater heat spread, yielding implants with ≈3.5 mm diameter
versus ≈2 mm at higher speeds. This oversintering indicates a
need to optimize energy input for dimensional accuracy.
This is further confirmed by the higher weights observed in

SLS65 implants, which had an average weight of 42.39± 2.39mg.
In comparison, SLS100 and SLS130 implants had average
weights of 21.65 ± 0.19 mg and 20.10 ± 0.40 mg, respectively,
while SLS160 implants had an average weight of 14.03± 2.06mg.
Interestingly, SLS100h and SLS130h, although fabricated at the
same laser speeds as SLS100 and SLS130, showed slightly lower

Adv. Funct. Mater. 2025, e08712 e08712 (5 of 15) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. On top, chemical structures of riboflavin and dexamethasone, and representative images of the different SLS 3D-printed implants (scale bar
in cm). At the bottom, FE-SEM images of the surface and cross-sections of the implants 3D printed implants.

weights (19.04 ± 1.09 mg for SLS100h and 18.39 ± 1.43 mg for
SLS130h). This difference could be attributed to the presence of
HP𝛽CD, which does not melt at the temperatures used and re-
mains as solid particles, thereby increasing porosity and reducing
density.
A notable case is that of the SLS100/2 implants, which con-

tain only 0.5% riboflavin compared to the 1% included in the
other formulations. Although these implants were made at a
laser speed of 100 mm s−1, they exhibited an average length of
10.08± 0.28mm and a diameter of 1.71± 0.45mm, with an aver-
age weight of 12.79 ± 3.52 mg, making them the smallest in both
dimensions and weight among all the formulations. This sug-
gests that riboflavin plays a significant role not only as a therapeu-
tic agent but also in influencing the amount of energy absorbed
from the laser due to its yellowish colour.When the concentration

of riboflavin is reduced from 1% to 0.5%, it results in smaller and
more fragile implants. As a consequence, SLS100/2 implants had
to be excluded from the study except for drug release, NIR spec-
troscopy, and cell culture experiments, as they were too fragile
to be handled for other tests. They lacked the adequate handling
properties required for therapeutic applications.
FE-SEM images provided information on the surfacemorphol-

ogy of the implants fabricated at different laser speeds (Figure 1).
SLS160 implants exhibited a more porous structure with more
defined voids and less compact material, as the reduced energy
input from the laser led to less formation of necks between par-
ticles. In contrast, SLS65 implants displayed a denser and more
compact structure with a significant material melting and infil-
tration, due to the slower laser speed allowing for greater energy
absorption. SLS100 and SLS130 showed an intermediate level of

Adv. Funct. Mater. 2025, e08712 e08712 (6 of 15) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Texture analysis parameters of the implants, including breaking strength, elasticity, and failure work.

porosity and density between SLS160 and SLS65, with surfaces
more compact than SLS160 but less dense than SLS65, reflect-
ing the varying degrees of laser interaction time. SLS100h and
SLS130h appeared to have slightly different morphologies com-
pared to SLS100 and SLS130. This suggests that the addition of
HP𝛽CDmay have led to slightly increased porosity or altered sur-
face texture, as indicated by the more granular appearance.

3.3. Mechanical Properties

Texture analysis of the implants revealed a relationship between
breaking strength, elasticity, failure work, and the laser speed
employed during fabrication (Figure 2). The variations observed
can be attributed to the laser speed used in the printing pro-
cess. Notably, implants produced at lower laser speeds, particu-
larly at 65 mm s−1, demonstrated increasedmechanical strength.
In the case of SLS100h and SLS130h, which included HP𝛽CD in
the formulation, the implants showed slightly increased break-
ing strength and failure work values compared to SLS100 and
SLS130. The elasticity values were similar in the case of SLS130h,
while SLS100h exhibited slightly lower elasticity. Lower elasticity
combined with increased breaking strength and failure work in-
dicates that these implants are stiffer, meaning they could better
maintain their shape under stress conditions.

3.4. Drug Distribution in Implants

EDX mapping was employed to localize dexamethasone, the im-
plant’s primary drug, within the implant structure. Figure 3
presents the EDXmapping images of the surface and core of the
SLS 3D-printed implants. The drug distribution was identified
by detecting the presence of fluorine, which is unique to dexam-
ethasone and absent in the other materials.Table 1 summarizes
the elemental distribution for each implant and location.
Overall, the elemental composition is relatively consistent be-

tween the core and the surface of each implant. The percentages
of carbon, oxygen, and fluorine show only minor differences, in-
dicating uniformity in material distribution from the surface to
the core of the implants. This uniformity suggests that the SLS
3D printing process produces implants with consistent material
properties throughout the structure, which is important for en-
suring reliable performance. The near-uniform distribution of

fluorine across both core and surface of the implants suggests
a homogeneous incorporation of dexamethasone, supporting a
consistent drug release profile throughout the structure.
Raman confocal microscopy images obtained from the surface

and longitudinal sections of the implants at highermagnification
(Figure 4) confirmed the presence of dexamethasone both in the
surface and core, as indicated by the elemental analysis. Raman
analysis also helped identify riboflavin, which is distributed be-
tween the surface and core but appears in lower concentrations
and with a more sporadic distribution than dexamethasone.

3.5. Thermal Properties and Crystallinity

TGA analysis was conducted to assess the thermal stability of
the different components in the formulations. The TGA curves
indicated that all materials remained stable up to ≈300–350 °C
(Figure S1, Supporting Information). Since all printing processes
were performed below this temperature, none of the components
should have undergone thermal degradation.
DSC and XRPD were performed to examine the physical state

of the drugs in the formulations. The PLGA curve shows a broad
endothermic event ≈50 °C, corresponding to the Tg of the poly-
mer (Figure 5). HPC-L andHP𝛽CD exhibited endothermic peaks
≈100–120 °C, likely due to dehydration, but no sharp melting
peaks, indicating that bothmaterials are amorphous. Dexametha-
sone displays a distinct endothermic peak ≈250 °C, indicating its
melting point and crystalline nature. Similarly, riboflavin shows
a melting endotherm ≈300 °C, confirming its crystalline state.
The melting peaks of dexamethasone and riboflavin were not

detected in either the pharma-inks or the implants. However,
XRPD analysis (Figure 6) indicated the presence of some degree
of crystallinity in both the implants and pharma-inks, with bands
corresponding to dexamethasone but not riboflavin, which may
be below the detection limit of XRPD. If the crystalline fraction
is low or the drug crystals are dispersed within an amorphous
PLGA matrix, the melting peak may be too broad or weak to
be detected by DSC, but XRDP can still detect the crystalline
fraction. Another possible explanation could be that, as PLGA
melts at lower temperatures, dexamethasone dissolves into the
molten polymer and consequently does not produce detectable
signals in DSC. Additionally, the presence of dexamethasone in
a crystalline state within the implant could be the recrystallisa-
tion of the drugs occurring during storage before the assessment
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Figure 3. EDX mapping images of the SLS 3D-prited implants. On the left, images of the surface and on the right, images of the core of the implants.
The blue dots indicate the distribution of fluorine atoms.

of crystallinity. Upon closer inspection, it can be observed that
the bands of SLS65 are broader than those of the other implants.
This could indicatemore significant disruption of the drug’s crys-
talline structure due to prolonged thermal exposure from the
lower laser speed. Consequently, this suggests that the drug may
be in a more amorphous form.
FTIR spectroscopy was used to examine the chemical integrity

and interactions between the individual components, their physi-
cal mixtures (pharma-inks), and the resulting implants produced
by SLS 3D printing (Figure 7). Varying laser speeds can lead
to different levels of heat exposure, potentially causing molec-
ular changes depending on the speed. The FTIR spectrum of
PLGA showed characteristic bands ≈1750 cm−1 (C═O stretching
of ester groups), 1180–1100 cm−1 (C-O stretching), and a broad
band ≈3000–3500 cm−1 (O-H stretching, possibly due to termi-
nal hydroxyl groups). Both HPC-L and HP𝛽CD display broad
bands ≈3300 cm−1 (O-H stretching), typical for hydroxyl groups,
along with bands around 1100 cm−1 related to C-O-C stretching
in ether groups. Dexamethasone shows distinct bands around
1700 cm−1 (C═O stretching), 3400 cm−1 (O-H stretching), and
2900 cm−1 (C-H stretching). The presence of these bands can
be correlated to the functional groups in the dexamethasone
molecule (carbonyls, hydroxyls, and aliphatic chains). Riboflavin
exhibits characteristic bands around 1600 cm−1 (C═N and C═C
stretching in aromatic rings), 3400 cm−1 (O-H and N-H stretch-
ing), 2900 cm−1 (C-H stretching), and multiple bands in the
1000–1500 cm−1 region, related to aromatic ring vibrations and
C-H bending.

The prominent carbonyl groups (C═O) from ketone and ester
functionalities of dexamethasone result in a strong band around
1700 cm−1, which is observed in both pharma-inks (with and
without HP𝛽CD). This band is also present in SLS100, SLS130
and SLS160, indicating the presence of the drug. As observed in
the XRPD spectra, at higher laser speeds, (e.g., SLS160), the ma-
terial is exposed to the laser for a shorter time, meaning it may
not fully melt, potentially leaving the drug in a more crystalline
state. In contrast, SLS65, printed at a lower laser speed, only
slightly shows the peak in the spectra, suggesting that prolonged
exposure to heat could induce a transition from a crystalline to
an amorphous state. As no new absorption bands appear in the
1600–1800 cm−1, related to carbonyl group vibrations commonly
associated with degradation products or structural changes, the
drug is unlikely to have undergone degradation.
Interestingly, neither SLS100h nor SLS130h show the sharp

band around 1700 cm−1, which contrasts with the XRPD spec-
tra that indicated sharp band for these two implants contain-
ing HP𝛽CD. This discrepancy suggests that while the overall
structure remains crystalline, parts of the drug may interact with
the cyclodextrin. Dexamethasone’s carbonyl group may interact
through hydrogen bonding with the hydroxyl groups of HP𝛽CD
modifying the vibrational energy levels of the C═O bond. This
interaction could result in broader absorption bands in the FTIR
spectra, even though the overall crystal structure is preserved, as
observed in XRPD. This, in turn, indicates that cyclodextrin af-
fects the drug formulation. The presence of HP𝛽CD may shift
or reduce peak intensities if the drug is encapsulated in the
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Figure 4. Raman confocal microscopy images show the distribution of dexamethasone (red) and riboflavin (blue) in the surface (left image) and core
(right image) of the SLS 3D-printed implants.

cyclodextrin cavity, protecting it from thermal degradation dur-
ing the SLS printing process.

3.6. NIR Spectroscopy Analysis

NIR spectroscopy can be used to identify variations in laser
scanning speed during the SLS manufacturing process, as it
can detect subtle changes in the coalescence of particles that
form the surface topology of the object. Variations in the NIR
diffuse reflectance spectra can be linked to changes in surface
scattering from the SLS components, which, in turn, are re-
lated to the degree of particle coalescence during the sintering
process.[28]

The first-derivative Savitzky-Golay filter was used to enhance
and amplify fine details in reflectance raw spectral data, empha-
sizing inflection points where the reflectance increases or de-
creases, such as peaks and valleys, while also removing baseline
shifts and reducing noise. The first-derivative reflectance spec-
tra revealed two major peak regions where reflectance increased:
around 1100–1200 nm and between 1300–1500 nm (Figure 8).
Differences in peak intensity between the samples were observed
in both regions. The implant prepared with the slowest laser
speed (SLS65) exhibited larger, more distinct peaks in the deriva-
tive spectra, while SLS100h and SLS100/2 show the smallest
peaks in the same wavelength regions. The remaining implants
exhibited intermediate reflectance, with some spectra overlap-
ping.

Figure 5. DSC curves of dexamethasone, riboflavin, PLGA, HPCL-L, and HP𝛽CD powders, 3D printed implants, and the physical mixture (pharma-ink)
of the excipients and drugs (Exo Up). On the left, pharma-ink and 3D-printed implants without HP𝛽CD, and on the right pharma-ink and 3D-printed
implants prepared including HP𝛽CD.
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Figure 6. X-ray powder diffractograms of dexamethasone, riboflavin, PLGA, HPCL-L, andHP𝛽CD powders, 3D printed implants, and the physical mixture
(pharma-ink) of the excipients and drugs.

This variation can be explained by the differences in parti-
cle coalescence achieved at different laser speeds. Slower scan
speeds, although not clearly appreciable in the FE-SEM images
(Figure 1), promote a smoother surface and more substantial
interparticle neck growth, leading to higher reflectance and in-
creased peak intensity. In contrast, faster scan speeds limit parti-
cle coalescence, producing a surface more closely resembles the
initial powder surface.
SLS100h and SLS100/2 exhibited the least intense peaks. In

the case of SLS100h, this may be attributed to the presence of
unmelted HP𝛽CD. At the same time, for SLS100/2, the lower
peak intensity could result from reduced energy absorption by
the laser, possibly due to the less yellowish color caused by the
smaller amount of riboflavin in the implants. However, no signif-
icant differences were observed among the other implants, sug-
gesting that slight variations in laser speed do not substantially
impact reflectance values.
To further investigate how the intensity of infrared light

changes when interactingwith the surface of the implants, amul-
tivariate analysis was performed to gain insights into the SLS
printing process. Standard univariate methods are not applicable
in this case, as no isolated spectral bands are specifically linked
to scattering effects. Scattering is an optical phenomenon that af-
fects the entire spectral profile rather than appearing as distinct
bands.[29] Thus, principal component analysis (PCA), a linear di-
mensionality reduction technique, was applied to decompose the
entire NIR spectrum of each formulation into a single 2D point
(Figure S2, Supporting Information). PCA of NIR spectra did not
show strong grouping by laser speed, indicating that surface op-
tical properties differ subtly. This analysis confirms that all im-
plants are compositionally similar, with onlyminor scattering dif-
ferences at extreme print settings.

3.7. In Vitro Drug Release and Drug Loading

The dexamethasone and riboflavin drug loading of the implants
was assessed, with the results displayed in Table 3. For dexam-

ethasone, all implants, except for SLS160, exhibited drug load-
ing values slightly above the target. SLS160, however, showed a
drug loading below the desired level. In the case of riboflavin,
all implants showed drug loading values above the target, likely
due to residual, non-sintered riboflavin powder left in the porous
cavities.
The release profiles of dexamethasone and riboflavin are

shown in Figure 9A and Figure 10. All the implants showed
a controlled release of the drugs during the study time of 210
days, corresponding to almost 7 months. A noticeable decline in
the pH levels of the release medium was observed after day 20,
with the pH dropping below pH 3. This acidic environment re-
sults from the degradation of PLGA, as widely described in the
literature. The cleavage of ester bonds generates shorter chain
acids, such as glycolic and lactic acids, and the rate at which the
acids are generated can exceed the rate of neutralization. Since
ester bond hydrolysis is catalyzed by protons, this further accel-
erates polymer degradation, leading to an increasing drug re-
lease rate.[30] This phenomenon can be observed in Figure 9A
and Figure 10, where the release rates of both dexamethasone
and riboflavin increase from approximately day 20. By day 210, no
visible implant remnants remained, indicating essentially com-
plete polymer degradation. While this low pH was evident in the
confined in vitro environment, we anticipate the in vivo implica-
tions would be significantly mitigated. Under physiological con-
ditions, particularly in vitreous humor, the presence of robust
buffering capacity and continuous fluid exchange is expected to
mitigate this significant pH drop. Thus, the substantial pH re-
duction observed in vitro is unlikely to occur to the same ex-
tent in vivo.[31] Consequently, it is likely that drug release rates
in vivo would be more constant and potentially slower, as the
autocatalytic effect from acidic degradation products would be
reduced.
Statistically significant differences were observed between the

dexamethasone release profiles of the implants on certain days.
For instance, on day 3, significant differences were found be-
tween SLS65 and all the other implants and between SLS100
and SLS130 compared to SLS100h and SLS130h. On day 20,
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Figure 7. FTIR spectra of dexamethasone, riboflavin, PLGA, HPCL-L, and HP𝛽CD powders, 3D printed implants, and the physical mixture (pharma-ink)
of the excipients and drugs. On top, pharma-ink and 3D-printed implants including HP𝛽CD, and bellow pharma-ink and 3D-printed implants prepared
without HP𝛽CD.

SLS65 showed significant differences compared to SLS100h,
SLS130h, and SLS100/2. By day 75, significant differences were
observed between SLS65 and all the other formulations and
between SLS100 and SLS130h. Finally, on days 120 and 210,
significant differences were found between SLS65 and all the
other formulations and between SLS100 and SLS130 compared
to SLS130h. Figure 9B shows the linear relationship between
laser speed and drug release rate. The slower laser speed re-
sulted in a more densely sintered matrix, leading to significantly
slower drug release compared to the higher laser speed. There-

fore, higher laser speeds or lower amounts of riboflavin yielded
higher release rates, as shown in Figure 9C. This effect is simi-
lar to the release kinetics observed in PLGA implants made from
low-porosity mesh filaments, where drug release is slower and
more controlled due to extended diffusion pathways.[32] Addi-
tionally, the filling density of 3D-printed PLGA implants created
via extrusion printing also affects drug release. Higher densi-
ties lead to fewer interconnected networks or water-filled chan-
nels, further slowing drug release.[7] Similarly, PLGA implants
prepared using supercritical CO2 exhibit varying drug release
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Figure 8. First-derivative Savitzky-Golay near-infrared (NIR) reflectance spectra of the SLS implants manufactured at different laser speeds.

patterns based on different depressurization rates, which affect
porosity and can be compared to the present work’s laser speed
variations.[33]

On the other hand, the differences observed between SLS65,
SLS100, and SLS130, and the implants containing HP𝛽CD could
be attributed to the presence of the cyclodextrin, which helps
solubilizing the drug in the release medium and has a poro-
genic effect. Due to its high solubility, it dissolves readily, cre-
ating pores within the implant. Moreover, SLS100/2 released
dexamethasone faster than the otherwise identical SLS100. It is
hypothesized that the lower riboflavin content led to a slightly
less compact matrix (due to improved laser penetration from
the lighter color and reduced solid fraction), thus facilitating
diffusion.
In the case of riboflavin, significant differences were also

found at the same time points analyzed for dexamethasone,
specifically between SLS100/2 and all the other implants. Since

Table 3. Drug loading values in the SLS 3D-printed implants.

Implant Weight ± SD % Dexamethasone
[mean ± SD]

% Riboflavin
[mean ± SD]

SLS65 42.39 ± 2.39 101.56 ± 0.52 109.85 ± 0.16

SLS100 21.65 ± 0.19 104.17 ± 0.49 121.11 ± 0.26

SLS100/2 12.79 ± 3.52 103.98 ± 0.32 84.04 ± 0.05

SLS130 20.10 ± 0.40 106.86 ± 0.36 127.53 ± 0.02

SLS160 14.03 ± 2.06 87.68 ± 0.61 124.32 ± 0.14

SLS100h 19.04 ± 1.09 107.40 ± 0.07 113.04 ± 0.03

SLS130h 18.39 ± 1.43 106.76 ± 0.19 117.29 ± 0.11

riboflavin is a water-solublemolecule, it is expected that implants
containing the same amount of riboflavin would exhibit similar
release profiles (Figure 10).
After day 150, when the pH begins to rise in the SLS160

and SLS100/2 formulations, a slight decrease in the drug re-
lease rate from both implants is observed. This pH increase
may be attributed to the faster degradation of these two im-
plants, as they had the lowest weight and mechanical strength,
which resulted from the faster laser fabrication speed in SLS160
and the reduced amount of riboflavin used in SLS100/2. As
the PLGA/HPC-L matrix degrades and disappears, fewer short-
chain acids are produced, allowing the pH of the media to
recover.
The cumulative release of dexamethasone reached approxi-

mately up to 60% (Figure S3, Supporting Information), which
can be primarily explained by the non-sink conditions deliber-
ately chosen for the in vitro setup. The limited volume of the
release medium (5 mL) was selected to simulate the confined
intravitreal environment, causing the medium to approach sat-
uration and thus slowing further drug release.[34] Although the
medium was periodically sampled and replenished with fresh
PBS, the small volume still promoted saturation, which in turn
may have slowed down the release. This behavior is consistent
with in vivo conditions for poorly soluble drugs, where the vit-
reous humor can also approach saturation as long as solid drug
remains in the implant or depot. The vitreous volume inherently
creates non-sink conditions, which prolong the release kinetics
of corticosteroid implants in vivo.[35] Although not perfect sink
conditions, this approach maintained the drug concentration be-
low complete saturation for as long as feasible and better reflects
realistic ocular conditions than an infinite sink volume.
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Figure 9. A) In vitro release profiles of dexamethasone from the 3D-printed implants and pH changes during the release in phosphate buffer pH 7.4
(n = 3), and detail of the first 7 days of release. B) Linear relationship between laser speed and release rate. C) Relationship between laser speed and
amount of riboflavin and release rate.

3.8. Cytocompatibility Studies

The ocular biocompatibility of the implants was assessed by eval-
uating cytocompatibility in ARPE-19 cells, which closely resem-
ble adult retinal pigment epithelium (RPE) cells in structure
and function. The cytocompatibility of all the excipients, HPC-L,
HP𝛽CD, and PLGA, was tested at different concentrations. Dex-
amethasone was excluded from the study, as its cytocompatibil-
ity is well-established in clinical use.[33] Riboflavin demonstrated
cytocompatibility values above 80% at both the study concentra-
tions and higher levels (up to 2%), supporting its ocular compati-
bility (Figure S4, Supporting Information). All excipients showed
cell viability values close to 100% across the entire concentra-
tion range, with no statistically significant differences between
untreated cells and those exposed to the excipients. These find-

ings confirm the cytocompatibility of all components used in the
implants.
The cytocompatibility of the implants with ARPE-19 cells

was further evaluated by incubating cells with release medium
collected from the implants at various time points (days 10, 47,
132, and 159). Implants with and without HP𝛽CD were tested
(Figure S5, Supporting Information). Exposure to release me-
dia from implants fabricated at different laser speeds showed
no significant impact on cell viability compared to untreated
cells. A slight drop in cell viability was observed at t = 2, likely
due to a pH decrease from PLGA degradation. However, this
is not expected to affect retinal cells in clinical applications,
as the buffering capacity of the eye will maintain a stable pH
within the intravitreal cavity. Additionally, no statistically signif-
icant differences in viability were found between untreated cells
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Figure 10. In vitro release profiles of riboflavin from the 3D-printed implants and pH changes during the release in phosphate buffer pH 7.4 (n = 3),
and detail of the first 7 days of release.

and those exposed to release media samples across various time
points.
Overall, the implants developed in this study meet the require-

ments for an advanced drug delivery device intended for intrav-
itreal administration, capable of sustained drug release over an
extended period with complete degradation of the polymer ma-
trix. Different release profiles were achieved by simply adjusting
the laser scanning speed, and the technology has proven suitable
for the use of widely approved pharmaceutical-grade excipients.
Additionally, the solvent-free process makes SLS an attractive op-
tion for drugs that are prone to hydrolysis when exposed to sol-
vents. Furthermore, it is possible to recycle or reuse unprinted
raw material after the printing process, contributing to greater
sustainability and cost-efficiency. Finally, there is room for fur-
ther optimization of implant dimensions and release patterns,
with the ultimate goal of future clinical applications for the treat-
ment of chronic retinal diseases.

4. Conclusion

This is the first study to utilize SLS 3D printing technology
to develop intravitreal implants with different release profiles,
achieved by varying the laser scanning speeds. The SLS 3D-
printed implants effectively controlled drug release over ≈7
months until the matrix completely degraded in the release
medium, demonstrating excellent biodegradability. Additionally,
the implants exhibited adequate biocompatibility in retinal cell
studies. Overall, this study highlights the potential of SLS 3D
printing for manufacturing implants with pharmaceutical-grade
excipients under mild processing conditions in a fast and cost-
efficient process.
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