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ARTICLE INFO ABSTRACT

Keywords: Poly(lactic-co-glycolic acid) (PLGA) is a prominent biodegradable polymer used in biomedical applications,
Dexamethasone including drug delivery systems (DDS) and tissue engineering. PLGA’s ability to control drug release is often
PLGA

hindered by nonlinear release profiles and slow initial drug release for hydrophobic drugs. This study in-
vestigates the incorporation of dexamethasone phosphate (DEXP) into polyethylene glycol-poly(lactic-co-gly-
colic acid) (PEG-PLGA) implants to enhance the initial release rate of dexamethasone (DEX). Implants were
fabricated via hot-melt extrusion with varying DEX to DEXP ratios. X-ray diffraction (XRD) analysis confirmed
that DEX remained crystalline in all formulations, whereas DEXP’s crystallinity was detectable only in higher
concentrations. Energy-dispersive X-ray spectroscopy (EDX) provided insights into the distribution of DEX and
DEXP within the polymer matrix. Drug release studies revealed that PEG-PLGA implants accelerated initial drug
release with increasing quantity of DEXP, though it also led to a shorter overall release duration. Despite these
improvements, all implants exhibited a biphasic release profile. DEXP also influenced the characteristics of the
polymer matrix, evidenced by increased swelling, water absorption, and mass loss. 'H NMR analysis revealed a
faster decrease in glycolic acid monomers in DEXP-containing implants. These findings demonstrate that DEXP
enhances early drug release of DEX-loaded PEG-PLGA implants prepared by hot-melt extrusion. However,
balancing initial and sustained release profiles remains challenging.

Hot-melt extrusion
Controlled release
Implant

Polymer degradation

1. Introduction

Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable and
biocompatible polymer that has garnered significant attention in the
biomedical field, particularly for its applications in drug delivery sys-
tems (DDS) and tissue engineering (Anderson and Shive, 1997; Gentile
et al., 2014; Klose et al., 2008). Its unique properties, including tunable
degradation rate, mechanical strength, and ability to encapsulate a wide
range of therapeutic agents led to its dominating role in the field of

biodegradable, implantable devices (Kapoor et al., 2015; Park, 1994).
The ability to modulate the drug release rate and degradation time of
PLGA implants from days to months is achieved through modifications
in the size and geometry of the DDS, as well as the polymer’s chemical
composition, including the monomer ratio and molecular weight
(Bassand et al., 2022; Bode et al., 2019). However, PLGA-based systems
often face challenges like undesired nonlinear drug delivery profiles. For
hydrophobic drug molecules initial lag times during the first days or
weeks are observed (Janich et al., 2019; Wischke and Schwendeman,
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2008; Zlomke et al., 2019). The incorporation of plasticizers like ethyl
pyruvate and polypropylene glycol (PEG) avoids such undesirable lag
phases (Lehner et al., 2019; Snejdrova et al., 2021; Steele et al., 2011).
However, these plasticizers often induce plastic deformation, perma-
nently compromising the implant’s structural integrity under stress and
thus compromising their structural integrity during handling (Lehner
et al., 2023; Steele et al., 2011). In contrast, polyethylene glycol-poly
(lactic-co-glycolic acid) (PEG-PLGA) implants demonstrated elastic
behavior, allowing them to recover their original shape after mechanical
stress (Lehner et al., 2023). Furthermore, PEG-PLGA polymers pre-
vented acidic microenvironment formation and provided more consis-
tent drug release compared to their PLGA counterparts (de Souza et al.,
2021; Lehner et al., 2024; Milacic and Schwendeman, 2014; Witt et al.,
2000). However, the initial slow release of dexamethasone (DEX)--
loaded PEG-PLGA hot-melt extrudates was still observed even after an
additional plasticizer was incorporated (Lehner et al., 2023). An alter-
native strategy to address the slow initial drug release included the
incorporation of high water-soluble salts (Patel et al., 2012; Webber
et al., 1998; Zhang et al., 1997). PLGA microparticles loaded with more
hydrophilic dexamethasone sodium phosphate (DEXP) showed a
significantly faster release in the first 10 days compared to the DEX
counterparts (Zhang and Bodmeier, 2023). Qnouch et al. (2021)
demonstrated that adding DEXP to DEX-loaded silicone-based systems
increased initial release rates. Since only dissolved drug molecules can
diffuse out of the DDS, using the more hydrophilic DEXP was expected to
enhance water penetration, improve drug dissolution, and facilitate its
diffusion. While this approach showed promising results in
silicone-based implants, its applicability to biodegradable polymers in-
volves additional complexities, such as swelling, degradation, and
erosion kinetics (Fredenberg et al., 2011). The use of DEXP may have
further benefits for intracochlear drug delivery where DEX is released in
the basal part of the scala tympani in the cochlea. The high permeability
of DEX allows for quick uptake into the target cells of the inner ear, but
this also leads to rapid elimination from the perilymphatic fluid space of
scala tympani (half-life 46 min) (Salt et al., 2018). In contrast, DEXP,
due to its hydrophilic nature, exhibits slower initial cellular uptake,
allowing for better distribution along the scala tympani towards apical
regions. However, DEXP is a prodrug and remains inactive until phos-
phatases cleave its polar phosphate group, converting it to the active
form, DEX. Other potential applications seem feasible as well, such as
intravitreal administration in the eye. The FDA-approved Ozurdex®
implant, containing 0.7 mg of DEX in a PLGA matrix, has been used for
treating macular edema and non-infectious uveitis. However, its current
design still offers room for improvement in release kinetics (Bhagat
et al., 2014; Costello et al., 2023; Lehner et al., 2019), highlighting the
potential benefits of exploring modified formulations such as those
investigated in this study.

This study aims to explore the design, fabrication, and character-
ization of PEG-PLGA implants with varying ratios of DEX and DEXP,
focusing on fast initial drug release. This study utilized a range of
analysis techniques, including optical microscopy, X-ray diffraction,
gravimetric analysis, gel permeation chromatography, proton nuclear
magnetic resonance spectroscopy, energy-dispersive X-ray spectros-
copy, and in vitro drug release measurements, to comprehensively
characterize these implants and evaluate their performance.

2. Material and methods
2.1. Materials

Expansorb® 10P037 DLG50-6P (polyethylene glycol-poly(lactic-co-
glycolic acid); PEG-PLGA; lactic acid:glycolic acid (50:50); inherent
viscosity 0.55-0.70 dL/g; molecular weight range 36-77 kDa; molecular
weight of PEG 5 kDa) was purchased from Seqgens (Ecully Cedex,
France). Micronized dexamethasone (DEX) and dexamethasone phos-
phate disodium salt (DEXP) were bought from Caesar & Loretz GmbH
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(Hilden, Germany). Dulbecco’s Phosphate Buffered Saline (PBS) was
used as an incubation medium. All other chemicals and solvents were of
analytical or chromatographic grade and used without further
purification.

2.2. Implant preparation using hot-melt extrusion

PEG-PLGA was milled for four cycles of 90 s each in a cryo-mill
(Retsch GmbH, Haan, Germany) with a frequency of 25 Hz. The pul-
verized polymer and selected ratios of micronized drugs underwent a
second milling for 90 seconds at 15 Hz. Hot-melt extrusion was per-
formed using a ZE 5 ECO extruder equipped with a 0.3 mm die (Three-
Tec GmbH; Seon; Switzerland) with a screw frequency of 80 rpm. The
process temperatures of the three heating zones were maintained con-
stant at 58, 58, and 62 °C (from feeding zone to die). The extrudates
were collected and manually cut into pieces measuring 3 mm (equiva-
lent to 0.4 mg) or 7.5 mm (equivalent to 1 mg), then stored at —20 °C.
Microscopic images of the implants were captured using a Zeiss Axio
Zoom.V16 microscope. Dimensions were determined in triplicate using
Zen 3.1 software (Carl Zeiss, Oberkochen, Germany).

2.3. Electron beam irradiation

Electron beam irradiation was selected as the sterilization process.
Implants were irradiated using a 10 MeV linear accelerator MB 10-30
MP (Mevex, Ontario, Canada) on a moving tray (95 cm/min) at room
temperature. The accelerator operated at a repetition rate of 460 Hz,
generating 8 ps pulses, and utilized a scanning frequency of 3 Hz with a
scanning width of up to 60 cm. A total dose of 25 kGy was administered
by applying two separate doses of 12.5 kGy each.

2.4. X-ray diffraction (XRD)

X-ray diffraction experiments were performed to investigate the
crystallinity of DEX and DEXP in the extrudates. For this, a D2-Phaser
powder diffractometer operating in Bragg-Brentano geometry with a
LYNXEYE XE-T Strip Detector was used. The device was equipped with a
copper anode (30 kV and 10 mA) and Cu Ko  radiation (0.15406 nm,
0.15444 nm) was used. Data of the rotating samples were collected at a
range of 20 = 8-35° with an angular resolution of 0.02° and a total
acquisition time of 1 h. The diffraction patterns were processed using the
Bruker DIFFRAC.EVA software package (V7.1). All samples were pre-
pared on low background sample holders made from specially oriented
single crystalline silicone. For sample adhesion, a thin layer of Baysi-
lone® silicone grease was applied to the surface of the sample holder.
Samples were then directly spread on the silicone grease layer.

2.5. Drug distribution within implant cross-sections

Scanning electron microscopy (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDX) was employed to assess the morphology and
drug distribution within implant cross-sections. The analysis was con-
ducted using a Quanta 3D FEG scanning electron microscope (FEI
Company, Eindhoven, Netherlands) equipped with an Oxford Xplore
EDX-Detector (Oxford Instruments, Abingdon, UK). Implants were cryo-
fractured using liquid nitrogen to preserve structural integrity and
prevent artifacts caused by deformation. The samples were then
mounted onto adhesive carbon conduction tabs (PlanoCarbon; Plano
GmbH, Wetzlar, Germany) and sputter-coated with palladium to
enhance surface conductivity for imaging. Imaging of the cross-sections
was performed at accelerating voltages ranging from 2 to 5 keV and
beam currents between 22 and 57 pA, utilizing the secondary electron
signal. For EDX analysis, higher accelerating voltages of 10 keV and
currents up to 3 nA were applied. EDX mappings were generated using
AZtec V6.1 control software (Oxford Instruments, Abingdon, UK) and
were visualized as false color images. Noise reduction was subsequently
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carried out using Adobe Photoshop (Creative Cloud version; Adobe Inc.,
San José, CA, USA).

2.6. High performance liquid chromatography (HPLC)

A modified method from AlAani and Alnukkary (2016) was used for
the simultaneous identification and quantification of DEX and DEXP.
Drug concentrations were measured by HPLC analysis using a Jasco
system (PU-1580 Pump; AS-1559 Intelligent Auto Sampler; UV-1559
Intelligent UV/VIS Detector; all Jasco, Oklahoma City, USA). The sep-
aration of DEX and DEXP was achieved using a LiChrospher® 100 RP-8
(5 pm) LiChroCART® 250-4 column (Merck KGaA, Darmstadt, Ger-
many) operated at 40 °C. The isocratic mobile phase consisted of a
mixture of acetonitrile and potassium dihydrogen phosphate buffer
(0.05 M; 35:65) with a flow rate of 1 mL/min. 20 pL of the sample were
injected and analyzed at A = 239 nm. Data recording and processing
were carried out with the software ChromNAV Ver.2 (Jasco).

2.7. Drug load

Samples from different parts of the extruded material were collected
and dissolved under vortexing in 100 uL of acetone and filled up to 1 mL
with acetonitrile. The solutions were analyzed by HPLC to determine the
drug load. Mean values and standard deviations were calculated from
three replicate determinations and are reported.

2.8. Drug release

1 mg of each implant formulation was placed in 1.5 mL glass vials
filled with 1 mL PBS and gently agitated in a water bath shaker under
light-protected conditions (Precision SWB 15, Thermo Fisher Scientific,
Waltham, MA, USA) at 37 °C. The total sample solution was withdrawn
daily and analyzed using HPLC. An appropriate volume of PBS was
replaced after taking samples. Experiments were conducted in triplicate.

2.9. Investigation of swelling

Implants were incubated in 1 mL PBS in 24-well cell culture plates.
Samples were maintained at 37 °C in a shaker incubator at 25 rpm
(Heidolph Promax 1020 coupled with Heidolph Incubator 1000,
Schwabach, Germany). Microscopic images of the implants in wet con-
ditions were captured for 28 days using a Zeiss Axio Zoom.V16 micro-
scope. Changes in the implant diameter were determined using Zen 3.1
software (Carl Zeiss, Oberkochen, Germany). PBS was refreshed daily.
Experiments were conducted in triplicate

2.10. Implant erosion/degradation and water uptake

Implants were incubated as described in 2.9. After 3, 7, 10, 14, 21,
and 28 days, implants were withdrawn carefully, blotted with tissue,
weighed (my.:) and dried in a desiccator by applying vacuum for 48 h.
Dried implants were analyzed for remaining mass (mg,) by gravimetric
analysis. Polymer degradation was assessed using gel permeation
chromatography (GPC) and proton nuclear magnetic resonance (‘H
NMR) spectroscopy. Water uptake was calculated by Eq. (1):

Myyer — Mary

Water uptake [%] = * 100% (€8]

Mry

PBS was refreshed daily until examination. All experiments were
performed in triplicate, except for 'H NMR measurements, where three
individual samples were combined to form a single pooled sample for
analysis.

2.11. Gel permeation chromatography (GPC)

The molecular weight of PEG-PLGA was determined by a Viscotek
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GPCmax VE 2001 system (Malvern Panalytical GmbH, Kassel, Germany)
applying a CLM3008 precolumn, a CLM3008 main column, and a VE
3580 RI refractive index detector. Tetrahydrofuran (THF) was used as a
carrier solvent with a sample concentration of 3 mg/mL. The flow rate
was set to 1 mL/min. Polystyrene standards (PS) with a molecular
weight range from 0.3 to 170 kg/mol (polydispersities <1.05) were used
for calibration. Samples were filtered (PTFE-filters; 0.22 pm) before
measuring.

2.12. Proton nuclear magnetic resonance (\H NMR) spectroscopy

The 'H NMR measurements were performed at 400 MHz with
VNMRS (Agilent Technologies, Santa Clara, USA). Deuterated chloro-
form (CDCl3) was used as carrier solvent with a sample concentration of
2-5 mg/mL. Mnova 14.2 (Mestrelab Research, Santiago de Compostela,
Spain) was used to process the spectra and Origin 9.0 (OriginLab,
Northampton, USA) was used for data integration. For spectral inte-
gration, the peaks corresponding to DEX were first identified. Then, the
signals from PEG-PLGA or degradation products of PEG-PLGA were
piecewise integrated. Only areas without DEX signals were used. Finally,
the amount of PEG, lactic and glycolic parts were calculated from the
integrals. For the assignment of the PEG-PLGA and its degradation
products, an open-source NMR prediction tool was used (Binev et al.,
2007; “https://www.nmrdb.org/,”).

3. Results and discussion
3.1. Characterization of drug loaded implants

This study aimed to characterize the influence of hydrophilic DEXP
on the drug release profiles in DEX loaded PEG-PLGA implants. There-
fore, various extrudates with increasing concentrations of DEXP were
prepared using hot-melt extrusion (Table 1). The total drug content
consistently remained at 10 % (w/w). Fig. 1 illustrates all extrudate
types examined in this study. All extrudates exhibited a golden-brown
color resulting from the combination of the brown raw polymer and
the integrated white drug powder. The manufacturing process was
reproducible, resulting in only minimal differences in the diameter of
the respective formulations (Table 1). The smallest diameter was found
to be 344 + 3.3 um for DEX8.75, and the largest was 367 + 5.5 um for
DEX5. Since diameter influences release kinetics, ensuring no significant
variation between formulations is crucial (Bassand et al., 2022).
Consequently, all samples were produced under similar conditions,
including room temperature, humidity, extrusion temperature, and
screw frequency. The diameter of the extrudates was larger than the die
size (300 um), which is a common characteristic of viscoelastic poly-
mers. (Wang, 2012; Witt et al., 2000). Nevertheless, all samples showed
a uniform enlargement of the diameter. After cutting into 3 mm and 7.5
mm pieces, the implants were irradiated with an electron beam.

XRD was used to investigate the physical state of the drugs embedded
in the implants. The milling process and extrusion temperature in the
manufacturing process are expected to influence the crystallinity of both
drugs. During milling, mechanical forces could induce changes in the
crystal structure, potentially leading to partial or complete amorphiza-
tion (Oliveira et al., 2018). Zhang and Bodmeier (2023) described that

Table 1
Composition of prepared implants and their respective diameters. Numbers in
the formulation name represent the amount of DEX.

Formulation PEG-PLGA [%] DEX [%] DEXP [%] Diameter [um]
DEX10 90 10 0 354+ 1.6
DEX8.75 90 8.75 1.25 344 + 3.3
DEX7.5 90 7.5 2.5 348 + 9.4
DEX6.25 920 6.25 3.75 349 + 4.8
DEX5 920 5 5 367 £ 5.5
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Fig. 1. Representative microscopic images illustrating the morphology of hot-
melt PEG-PLGA extrudates with varying DEX and DEXP concentrations. From
top to bottom: DEX10, DEX8.75, DEX7.5, DEX6.25, and DEX5. Scale bar rep-
resents 1 mm.

milled nanosized DEX showed characteristic peaks of a mixture of its
polymorph forms A and B. Similarly, elevated temperatures during
processing could cause changes in a crystalline state, either by facili-
tating recrystallization, transitions between crystalline polymorphs, or
by inducing amorphous transitions. These alterations in crystallinity
could significantly affect the stability and release rates of the drugs.
X-ray powder diffraction patterns of both drugs, physical mixtures (PM),
and implants are displayed in Fig. 2. Characteristic diffraction patterns
of DEX were found in all implants with a drug load of 5 % to 10 %,
identifying the drug in the crystalline state.

Moreover, no signs of polymorphic transformation were observed
within the resolution of the device used, indicating that the crystalline
structure of DEX remained unaffected by both milling and extrusion
temperatures. In contrast, crystalline DEXP could only be detected in the
DEX5 formulation containing 5 % DEXP. The signal of DEXP at 15.5° is
clearly detectable; however, other characteristic peaks, including the
prominent one at 13.4°, are not distinctly observed. This absence com-
plicates the unambiguous identification of crystalline DEXP within the
samples and is likely due to overlap with the DEX peak caused by strong

Intensity
o
x?

DEX6.25

DEX5
PM DEXP5

PM DEX5DEXP5

T T T T 1

10 1'5 20
2 theta [degree]

Fig. 2. X-ray diffraction patterns of dexamethasone (DEX), dexamethasone
phosphate (DEXP), drug-loaded implants, and selected physical mixtures (PM).
The blue and brown bars correspond to the most distinctive reflections of DEX
and DEXP, respectively.
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reflection broadening. This broadening is attributed to height displace-
ment errors, as the XRD scans were conducted on implants with a
diameter of 350 um. The sample geometry and the resulting height
displacement error were intentionally applied to investigate the
formulation itself without additional mechanical or temperature
manipulation (e.g., (cryo)milling), which could otherwise affect the
crystallinity of both DEX and DEXP (MacFhionnghaile et al., 2014). This
lack of detection of DEXP is consistent with the results observed in PLGA
microparticles (Zhang and Bodmeier, 2023). The evidence regarding the
crystallinity of DEXP in implants with lower DEXP concentrations than 5
% is limited. The presence of crystalline DEXP in the DEX5 formulation
could potentially result in increased mechanical stiffness and slower
release rates, as crystalline structures dissolve more slowly compared to
amorphous regions (Murdande et al., 2010). However, the DEX5 im-
plants showed no noticeable differences in handling properties, and the
water solubility of DEXP is likely sufficient to ensure that the crystalline
regions dissolve quickly enough. Furthermore, the retention of DEX’s
crystalline state is expected to contribute to a slower but more predict-
able and controlled drug release profile.

The broad increase in background intensity with a maximum at
11.75° is attributed to the silicone grease used for sample adhesion (data
not shown).

EDX was employed to visualize the distribution of both drugs within
the polymer matrix. By detecting X-rays emitted from the sample upon
electron beam bombardment, the technique enables the identification
and mapping of specific elements. Both DEX and DEXP contain fluorine,
while DEXP additionally possesses covalently bound phosphorus and
ionically bound sodium, enabling its differentiation from DEX. The
polymer PEG-PLGA comprises exclusively carbon, oxygen, and
hydrogen. Fig. 3A presents a homogenous morphology of the DEX5
implant cross-section, with the red square indicating the EDX analysis
region. The results of the EDX analysis of the selected area are shown in
Fig. 3B. The spectrum displays the K ratio for each element, which
represents the ratio of characteristic X-ray intensities emitted by the
sample. The accompanying table provides the atomic ratios, explaining
the differences between peak areas in the spectrum and the calculated
atomic percentages. Despite the presence of fluorine in both drugs, its
detection was relatively weak due to its low atomic number and
consequent low X-ray emission (Moseley’s law). In contrast, the key
elements sodium and phosphorus in DEXP were detected more
distinctly. The 2:1 sodium-to-phosphorus atomic ratio indicated the
presence of DEXP (C22H28FNa208P). However, the fluorine-to-
phosphorus ratio deviated from the expected 2:1 ratio, as the implants
were formulated based on mass rather than molar drug ratios.

Elemental mapping of the covalently bound atoms fluorine (F),
phosphorus (P), and their combination (F + P) is depicted in Fig. 3C.
Orange and purple dots represent fluorine and phosphorus, respectively.
Overlaid maps of fluorine and phosphorus (F + P) highlighted DEXP-rich
areas (purple and orange) while solely orange regions indicate DEX.
Particles had a diameter smaller than 10 um and were uniformly
dispersed within the PEG-PLGA matrix. Previous studies have also re-
ported homogeneous DEX distribution in PLGA-based implants
(Bendicho-Lavilla et al., 2023; Lehner et al., 2019; Saraf et al., 2023).
Unfortunately, drug localization was feasible only in DEX5 implants, as
sodium and phosphorus detection diminished with decreasing DEXP
content. The intensity of fluorine remained consistently poor. A signif-
icant limitation of the measurement was the polymer’s substantial
alteration induced by the high-energy input.

The poor resolution of DEXP in XRD measurement may result from
the conversion of DEXP to DEX during manufacturing or sterilization.
While EDX analysis detected fluorine, sodium, and phosphorus in the
true ratios, conversion processes cannot be ruled out. Therefore, the
drug load for each formulation was determined at random sections of the
extrudate strands. A modified method from AlAani and Alnukkary
(2016) was used for the simultaneous identification and quantification
of DEX and DEXP. Retention times for DEXP and DEX were 3.6 min and
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Fig. 3. SEM image of a DEX5 implant cross section (A) with the corresponding EDX spectrum (B) and elemental mapping analysis (C). The red square indicates the
area of the EDX analysis. The orange dots represent the distribution of fluorine atoms, while the purple dots represent the distribution of phosphorus atoms. Scale

bars indicate 50 um.

7.6 min, respectively. The drug loads of the respective formulations are
shown in Fig. 4. The defined amounts of the drugs were recovered,
ruling out the transformation of DEX to DEXP or drug inactivation. The
low standard deviations indicate a homogeneous distribution of DEX
and DEXP in the extruded material.

10.00 {3

[1DpEX
&2 oexp
8.75 B3

7.50 < ——
6.25
5.00 —

3.75

Drug load [%]

2.50

1.25

OquQ 0?}%16 Oqj:l ® 0?}6 o 0?}6

Fig. 4. Drug loading (% m/m) of DEX and DEXP in PEG-PLGA implants (mean
+ SD, n = 3).

3.2. Invitro drug release

This study aimed to enhance the initial drug release of PEG-PLGA
implants by incorporating water-soluble DEXP based on the hypothe-
sis that increasing the hydrophilicity of the DDS would facilitate water
uptake, thereby accelerating drug dissolution and diffusion. Immediate
drug release from implants is essential for applications such as the
management of acute ocular inflammation (uveitis) and the mitigation
of foreign body responses to cochlear implant electrode arrays (Bode
et al., 2018; Lehner et al., 2022). Therefore, the characterization of the
release kinetics was focused on the initial days of drug release. Fig. 5A
illustrates the release of DEX and DEXP from PEG-PLGA implants over
30 days, with more detailed visualization for the first 10 days (Fig. 5B).
Drug release kinetics were consistently biphasic across all formulations,
regardless of the DEX to DEXP ratio. An initial phase of approximately
10 days exhibited a constant release rate, followed by a period of
accelerated drug release. Surprisingly, an initial burst release was not
detected. In contrast, Zhang and Bodmeier (2023) demonstrated that 40
% of DEXP was released from 20 to 50 um PLGA microparticles within 5
days. However, the release profile of implants and microparticles is
influenced by factors such as size, shape, porosity, and surface area. The
manufacturing method significantly affects the implant’s properties.
Hot-melt extrusion creates smooth, non-porous surfaces, leading to
slower drug release. Injection molding, on the other hand, produces
surfaces with visible drug particles, resulting in faster drug release
(McConville et al., 2015). Qnouch et al. (2021) reported a significant
increase in release rate by adding DEXP to DEX-loaded silicone films and
injection-molded implants, but the effect was less pronounced compared
to microparticles. The prepared hot-melt PEG-PLGA implants demon-
strated a similar trend (Fig. 5B). Implants with the highest DEXP con-
centration exhibited a cumulative drug release of 9.9 % after 10 days,
compared to only 2.5 % for pure DEX implants. Daily release profiles
revealed a consistent pattern across all formulations (Fig. 5C & D). An
initial release on day 1 was more prominent for formulations with higher
DEXP content, likely due to the presence of pure drug particles at the
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Fig. 5. In vitro drug release profiles of implants in phosphate buffer pH 7.4 at 37 °C. Cumulative total drug release (A) and daily total drug release (C) over 28 days,
with a closer view of the first 10 days (B, D). Daily release of DEX (E) and DEXP (F) relative to the total drug load. Data are presented as mean + SD, n = 3.

surface and the increased solubility of DEXP. For all implants, the
accelerated drug release phase began around day 16, with significantly
higher daily release rates. A higher DEXP content correlated with a
higher maximum daily release. For DEX10, the daily release jumped
from 1.1 % to 2.7 % during this period, while for DEX5, a massive rise to
32.6 % was measured. Comparing the drug release profiles revealed that
even minimal additions of DEXP significantly enhanced DEX release
(Fig. 5E). The amount of DEXP added did not seem to influence the
overall DEX release rate. As a result, the release of implants containing
the lowest absolute amount of DEX (DEX5) was completed after just 24

days. An increase in DEX loading also extended its release duration to 36
days for DEX8.75 implants and up to 84 days for DEXP-free implants
(Table 2, Supplementary Figure 1). The daily DEXP release displayed a
different trend. During the period of maximum drug release, higher
DEXP content correlated with a higher daily release (Fig. 5F). Therefore,
the presence of DEXP crystals, as identified in the XRD analysis, seems to
have no effect on the drug release. However, the DEXP release ended
abruptly, with DEX8.75 releasing DEXP for only 17 days, whereas DEX5
released DEXP for 23 days (Table 2). The rapid release of DEXP could
also explain the increased release of DEX. The release of DEXP likely
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Table 2
Cumulative DEXP and DEX content relative to total drug load, along with the corresponding average time required for complete release.
Implant DEXP DEX
Theoretical [%] Measured [%] Duration [days] Theoretical [%] Measured [%] Duration [days]
DEX10 - - - 100 98.4 + 1.5 84
DEX8.75 12.5 12.3+ 0.4 17 87.5 87.1 + 1.0 36
DEX7.5 25 24.4 £ 0.7 18 75 742+ 1.8 30
DEX6.25 37.5 37.9 £ 0.6 20 62.5 61.8 + 1.5 27
DEX5 50 49.4 £1.3 23 50 49.7 + 0.9 24

increased porosity and enhanced water uptake due to its higher hydro-
philicity. The increased DEX release rate may be due to van der Waals
interactions between DEX and DEXP molecules. These interactions may
create a co-transport effect, with DEXP molecules "pulling" DEX mole-
cules out of the matrix.

It is essential to recognize that DEXP is a prodrug, requiring con-
version to its active form DEX by enzymes, e.g. phosphatases. However,
activation can also occur within the DDS following water uptake and
subsequent hydrolysis. Furthermore, enzyme-free conversion within the
in vitro release medium is possible (Sulaiman et al., 2014; Yi et al.,
2015). Daily sampling was crucial to minimize errors from potential
conversion in the release medium and to measure the ’true’ release of
DEXP. Notably, no conversion was observed in any DEXP-containing
implants, as the measured cumulative concentration at completed
drug release corresponded to the actual loading and determined drug
load (Table 2; Fig. 4). This observation proved that DEXP maintained
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stability in PEG-PLGA implants throughout the complete release pro-
cess. For further studies on dose-effect relationships, it must be consid-
ered when using dexamethasone phosphate disodium salt that the active
part constitutes only 76 % of the total drug amount. For example, in
DEX5 implants, only 8.8 % of the 10 % total drug loading exhibits
pharmacologically active properties. In summary, the release rate could
be increased by the addition of DEXP in the initial days, but at the cost of
long-term controlled release.

3.3. Degradation characteristics

The drug release data emphasize the need for further investigation to
understand the underlying mechanisms during incubation. In theory,
incorporating the more hydrophilic DEXP would enhance water pene-
tration, increase swelling, and accelerate drug release. To more deeply
characterize matrix degradation, implants were incubated in 12-well
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Fig. 6. Fate of PEG-PLGA implants upon exposure to PBS 7.4 at 37 °C. Time-dependent changes in diameter (A) and progression of water uptake (B), along with the
corresponding erosion (C) and degradation (D). Data are presented as mean + SD, n = 3.
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cell culture plates and handled carefully to minimize the risk of frag-
mentation. Fig. 6 shows the fate of PEG-PLGA implants upon exposure to
PBS 7.4 at 37 °C. The different implants revealed similar behavior, with
a continuous increase in diameter (Fig. 6A). The rate and magnitude of
swelling were directly correlated with DEXP concentration. Exemplary,
DEX5 exhibited a 125 % increase in diameter within 11 days, while
DEX10 reached a 90 % increase after 14 days. Notably, the swelling of
DEX10 remained unchanged beyond 28 days. In contrast, implants
containing DEXP gradually decreased in diameter over time after
reaching their maximum size. The water absorption profile closely
mirrored the observed swelling behavior (Fig. 6B). Implants containing
DEXP exhibited a more rapid water absorption compared to the DEX10
counterpart. Additionally, the water uptake and swelling patterns in
DEXP-containing implants were more linear. Maximum water absorp-
tion was achieved by day 21, with no significant differences observed
among the implants. Surprisingly, the peak water absorption occurred
slightly after the maximum swelling. This temporal offset suggests that
water binding to the PEG side chains becomes more prominent once the
implants have reached their full expansion. Fig. 6C depicts implant mass
loss, with no significant differences observed until day 7. However, a
notable increase in mass loss was evident in DEXP-containing implants
by day 10. This trend persisted, with the amount of mass loss correlating
positively with DEXP content. By day 28, DEX5 retained only 29.3 % of
its initial mass, while DEX10 retained 45.6 %. The onset of substantial
mass loss coincided with the observed decrease in molecular weight
(Fig. 6D). The limited penetration of water into the implants initiated
polymer degradation from the beginning upon incubation. After
approximately 10 days, the polymer molecular weight decreased to a
critical threshold of around 10 kDa, facilitating the dissolution and
diffusion of short polymer chains. This process, coupled with the drug
release profiles, accounted for the observed mass loss. However, the
addition of DEXP had minimal impact on molecular weight reduction,
confirming that the observed swelling, water uptake, mass loss, and drug
release were predominantly due to the presence of DEXP rather than
polymer degradation. Overall, water uptake was limited during the
initial days, resulting in low polymer permeability and restricted drug
release. Once critical thresholds for water uptake and molecular weight
reduction were reached, the drug release rate increased sharply (Fig. 5).
This biphasic drug release is typical behavior for PLGA-based implants
(Bassand et al., 2022b; Bode et al., 2019; Wachowiak et al., 2023;
Zlomke et al., 2019). In general, PEG-PLGA implants showed a more
continuously degradation and drug release pattern (Mader, 2021; Witt
et al., 2000). However, the addition of water-soluble DEXP increased the
hydrophilicity of the PEG-PLGA implant, facilitating water uptake and
thereby accelerating drug release, which led to a transition to a more
sigmoidal release profile.

'H NMR was utilized to investigate whether polymer degradation
occurred preferentially in certain regions and to assess whether the
incorporation of DEXP caused detectable variations in degradation
behavior. NMR is a powerful tool for quantifying the monomers lactic
acid (LA) and glycolic acid (GA) of polymers like PLGA, and in case of
PEG-PLGA, also the ethylene glycol (EG) monomers (de Souza et al.,
2021; Jeong et al., 2000; Sun et al., 2022). Fig. 7 illustrates a significant
change in polymer composition during degradation, demonstrated with
DEX10 implants. Specifically, the peak heights of methine (a, 5.2 ppm)
and methyl (d, 1.55 ppm) groups of the LA monomers increased relative
to the methylene peaks (c, 3.6 ppm) of the EG monomers and to the
methylene peaks (b, 4.8 ppm) of the GA monomers. Minor peaks at 1
ppm are attributed to DEX. No signals from DEXP were observed, as
DEXP is insoluble in CDCls. New peaks at 1.3 and 4.5 ppm observed after
several days of incubation suggest the formation of LA and GA end
groups due to polymer cleavage.

The changes in polymer monomers and their ratios as a function of
degradation time are plotted in Fig. 8. Although a significantly accel-
erated mass loss and a smaller effect on molar mass reduction were
observed with the addition of DEXP (Fig. 6), no consistent trends were
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Fig. 7. Changes in 1H—NMR spectra exemplified by DEX10 implants during
degradation over 28 days. Labels correspond to the characteristic proton peaks
of PEG-PLGA: CH (a) and CH3 (d) for lactic acid, CH2 (b) for glycolic acid, and
CH2 (c) for ethylene glycol.

observed in the changes of polymer units or their ratios in implants
containing DEXP. Only the DEXP-free implant variant DEX10 showed a
trend in slower GA reduction (Fig. 8A). This can be attributed to the
significantly slower water absorption, which delayed the degradation of
GA units. However, a continuous reduction in GA was observed for all
implant formulations. In contrast, LA monomers were less affected by
degradation, resulting in an increase in the percentage of LA monomers
in the polymer during the degradation process (Fig. 8B). The increased
reactivity of GA monomers has been previously studied, with findings
showing that the degradation rate of GA units is 1.3 times higher than
that of LA units (Vey et al., 2011). Additionally, the arrangement of the
monomers plays a significant role. A greater proportion of the more
hydrophilic GA-GA blocks compared to those of the GA-LA and LA-LA
blocks is expected to enhance water uptake in PLGA, leading to a rela-
tively faster hydrolysis rate (Sun et al., 2022). The PEG content initially
increased slightly due to loss of GA but showed a sharp decrease on day
14 (Fig. 8C). The most significant change was observed in DEX5, with a
decrease from 18.1 % to 7.0 %. Once critical thresholds for water uptake
and molecular weight were reached (Fig. 6), PEG and low molecular
weight PEG-PLGA chains diffused out of the matrix. Since PEG is not
biodegradable, it can only be eliminated through diffusion. It should be
noted that the implants underwent electron beam irradiation. Recent
studies have observed a reduction in the molecular weight of PEG-PLGA
following irradiation. (Dorati et al., 2008; Lehner et al., 2023). This
reduction can impact the mechanical properties and drug release ki-
netics. Degradation could be minimized when irradiation is conducted
under an argon atmosphere, vacuum, or at reduced temperatures (e.g.,
liquid nitrogen) (Fintzou et al., 2007). Despite this, no changes in
polymer composition were observed after the sterilization process.
Before sterilization, the polymer consisted of GA, LA, and PEG in pro-
portions of 41.3 %, 44.4 %, and 14.2 %, respectively (data not shown).
However, it has been demonstrated that gamma irradiation induces new
14 NMR peaks as a result of PEG fragmentation (Dorati et al., 2008). The
calculated L/G ratio was consistent with the labeled L/G ratio of the
used PEG-PLGA polymer (Fig. 8D). Owing to the accelerated degrada-
tion of GA monomers, the L/G ratio steadily increased throughout the
incubation period. This observation is in line with previous studies
(Saraf et al., 2023; Tang and Singh, 2008). In DEX10 implants, the in-
crease in ratios was considerably more gradual up to day 14 due to the
slower degradation of the GA units. The GA/PEG and LA/PEG ratios
exhibited a sharp rise at day 14 due to the abrupt decrease in PEG
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Fig. 8. Time-dependent changes in PEG-PLGA composition during degradation measured by 1H—NMR. Calculated molar percentages of glycolic acid (A), lactic acid
(B), and polyethylene glycol (C), respectively, with the corresponding monomer ratios (D-F).

content (Fig. 8E, F). However, the transition was less pronounced for GA
compared to LA, because of the parallel loss of GA. The role of DEXP in
influencing mass loss and water uptake was confirmed by 'H NMR
analysis. For DEX8.75, measurements could not be performed after day
14 due to handling challenges with the fragile samples.

4. Conclusion

This study investigated the potential of incorporating hydrophilic

DEXP into PEG-PLGA implants to enhance the initial release of DEX. The
addition of DEXP significantly accelerated early drug release, with a
maximum fourfold increase observed within the first 10 days. The
water-soluble DEXP molecules likely facilitated the diffusion of DEX
molecules from the matrix by increasing the hydrophilicity of the sys-
tem, as demonstrated by enhanced swelling, water uptake, and mass
degradation. However, the overall release time was significantly
reduced by the addition of DEXP. These results underscore the trade-off
between rapid initial release and prolonged, sustained delivery. Further
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research is needed to optimize the balance between early release rates
and extended drug delivery.
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