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ABSTRACT

Over the past decade, considerable attention has been directed toward the development of drug delivery systems
capable of releasing therapeutic agents in a controlled and sustained manner over extended periods. Glaucoma,
one of the leading causes of irreversible blindness worldwide, is commonly managed with topical eye drops.
However, this treatment strategy often suffers from poor patient compliance and limited efficacy. When phar-
macological therapy is insufficient, surgical intervention becomes necessary. Among the available surgical op-
tions, implantation of drainage devices to divert aqueous humor is widely performed. Despite their functional
performance, postoperative wound healing frequently induces an exaggerated fibroblast response that obstructs
the drainage channel, resulting in bleb failure. Consequently, the long-term success rate of such procedures is
reported to be approximately 70% at one year. To mitigate this challenge, strategies involving localized and
time-controlled delivery of antifibrotic drugs have been investigated. In the present study, a nanostructured film
was engineered to release precise doses of the antimetabolite 5-Fluorouracil (5-FU) at defined time intervals,
aiming to modulate post-operative scarring. Previous work has demonstrated that encapsulation of 5-FU within
B-Cyclodextrin (B-CD) cavities enhances drug solubility and reduces toxicity. Building on this concept, films were
fabricated on quartz and poly(methyl methacrylate) (PMMA) substrates using the layer-by-layer (LBL) technique.

Film growth and drug release kinetics were successfully monitored by ultraviolet-visible spectroscopy
(UV-Vis), demonstrating that PMMA substrates enable a more sustained and prolonged drug release compared to
quartz. In conclusion, these findings highlight the significant advantages of polymeric materials commonly used
in biomedical devices and wound-contact applications for controlled drug delivery systems.

1. Introduction

terms of visual impairment, glaucoma remains a leading cause of irre-
versible blindness. In 2020, approximately 3.61 million people were

Glaucoma represents a major global public health challenge and is
widely recognized as one of the leading causes of irreversible blindness
worldwide. Epidemiological data consistently highlights both its high
prevalence and its growing burden, driven largely by population ageing
and increased life expectancy. Globally, it is estimated that glaucoma
affected approximately 76 million individuals in 2020, with projections
suggesting an increase to 111.8 million by 2040 (Junior et al., 2025). In

blind and 4.14 million were visually impaired due to glaucoma, ac-
counting for around 8.4% of global blindness (Vision and Eye Research
Institute et al., 2024). Unlike other major causes of vision loss, such as
cataracts, glaucoma-induced damage is permanent, which significantly
amplifies its long-term societal and clinical impact.

The prevalence of glaucoma varies according to age, ethnicity, and
geographic region. Globally, the prevalence of primary open-angle
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glaucoma (POAG), the most common subtype, is estimated at approxi-
mately 2.2-2.4% in the adult population, increasing substantially with
age (Allison et al., 2020; Zhang et al., 2021). In individuals over 75 years
of age, prevalence can reach up to 10%, highlighting ageing as the most
significant risk factor (Allison et al., 2020). Regional disparities are also
evident, with higher prevalence and disease burden observed in pop-
ulations of African descendent and in Sub-Saharan Africa (Vision and
Eye Research Institute et al., 2024). Importantly, glaucoma is often
asymptomatic in its early stages, and it is estimated that over 50% of
cases remain undiagnosed, contributing to delayed treatment and
increased risk of irreversible vision loss.

From a longitudinal perspective, the global burden of glaucoma has
increased markedly over recent decades. Data from the Global Burden of
Disease study indicates an 86% increase in the number of prevalent
cases between 1990 and 2021, alongside a substantial rise in disability-
adjusted life years (DALYs) associated with the disease (Peng et al.,
2026). This trend reflects both demographic changes and persistent
challenges in early detection and management.

Glaucoma constitutes a significant and expanding global health
problem, characterized by high prevalence, strong age dependence, and
marked geographic and ethnic disparities. It is primarily characterized
by elevated intraocular pressure (IOP) resulting from obstruction of
aqueous humor drainage pathways. Current treatments focus on
lowering and controlling IOP, most often through the daily adminis-
tration of topical eye drops. These drops reduce IOP either by sup-
pressing aqueous humor production or by enhancing its outflow.
However, patient adherence to these regimens is frequently poor, often
resulting in inadequately controlled IOP (Luis Occhiuto et al., 2019;
Rahic et al., 2021). When pharmacological therapy fails, surgical
intervention becomes necessary. Procedures such as trabeculectomy or
implantation of glaucoma drainage devices (tube shunts) are commonly
performed to create an alternative pathway for aqueous humor outflow
(Rahic et al., 2021). Although initially effective, the long-term success
rates of these procedures are limited, approximately 70-80% in the first
year, declining to nearly 50% by the fifth year. This reduction is largely
attributed to postoperative wound healing, during which excessive
fibroblast proliferation obstructs the drainage channel created by the
implant (Schoenberg et al., 2015). Fibroblasts play a central role in the
proliferative phase of wound healing, and their growth can be inhibited
with antimitotic agents such as 5-FU and Mitomycin C. While widely
recognized as chemotherapeutic drugs, these compounds also exhibit
potent antiproliferative properties. Specifically, 5-FU acts during the S
phase of the cell cycle, inhibiting DNA synthesis and ultimately leading
to cell death (Rahic et al., 2021).

Several strategies have been explored to suppress fibroblast prolif-
eration, including intraoperative application of 5-FU for a few minutes
or postoperative subconjunctival injections administered over several
days (EV Guimaraes et al., 2019; Jampel and Henry, 1992; Kristina
Reinthal et al., 2007; Svetozarskiy et al., 2023). However, these ap-
proaches require relatively high doses to achieve efficacy, and even
minimal concentrations may cause significant side effects such as
corneal epitheliopathy and erosion (Svetozarskiy et al., 2023). The
combination of toxicity, transient effectiveness, and patient discomfort
underscores the urgent need for novel drug delivery systems capable of
releasing controlled amounts of antifibrotic drugs throughout the
wound healing period. Such systems could minimize tissue irritation,
improve drug solubility, enhance targeting, and increase bioavailability
(Luis Occhiuto et al., 2019).

To address these challenges, the present study investigates the
development of a nanostructured drug delivery film with time-
controlled release properties. The system consists of alternating drug
delivery and barrier layers: the delivery layers incorporate 5-FU
encapsulated in $-CD to improve solubility and reduce toxicity, while
the barrier layers are composed of a water-soluble poly(p-amino ester)
(PBAE) and graphene oxide. Previous studies have demonstrated that
the incorporation of PBAE and graphene oxide into LBL assembled films
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enables fine modulation of drug release profiles. Notably, the addition of
a single bilayer of graphene oxide has been shown to delay drug release
for more than 24 h while maintaining excellent biocompatibility,
underscoring the potential of this architecture for ocular applications
(Machado et al., 2019).

In the development of these multilayered films, two different sub-
strates were employed: quartz and PMMA. Quartz substrates offer a
smooth, inert, and optically transparent surface, making them particu-
larly suitable for spectroscopic monitoring of film growth and drug
release kinetics. However, PMMA is a widely used polymer in
ophthalmic devices, intraocular lenses and contact lenses due to its
excellent biocompatibility, optical clarity, and mechanical stability
(Boyd et al., 1998; Riaz et al., 2014). Clinical studies have shown that
rigid PMMA intraocular lenses achieve visual outcomes comparable to
foldable lens materials, with more than 90% of patients reaching a visual
acuity of 6/18 or better after implantation (Riaz et al., 2014). In addi-
tion, PMMA demonstrates high light transmittance in the visible spec-
trum and minimal cytotoxicity when properly processed, reinforcing its
suitability for ocular drug delivery systems (Ferreira et al., 2019; Choi
et al., 2014). Its mechanical flexibility and long-term biostability pro-
vide further advantages for integration into implantable ophthalmic
devices, making it a more clinically relevant substrate compared to
quartz.

By enabling sustained and localized delivery of 5-FU, this approach
has the potential to overcome the limitations associated with conven-
tional antifibrotic administration, thereby improving the success rate
and long-term outcomes of glaucoma drainage surgeries.

2. Material and methods
2.1. Materials

2.1.1. p-CD polymer

B-CD polymer (Lot.BCBP2438V), 5-FU (CAS: 51-21-8, Lot.
MK3Q5586V), Phosphate Buffer Saline (PBS) aqueous solution, and
PMMA were purchased from Sigma-Aldrich.

2.1.2. Synthesis of f-CD:5-FU complex

The encapsulation of 5-FU in $-CD polymer cavity was made ac-
cording to the literature (Machado et al., 2025) at the same conditions
with a pH 7,1 due to the pH of the Poly(p-amino-ester) polymer (PBAE)
solubility.

2.1.3. Synthesis of PBAE

The synthesis of PBAE was made following the protocol described by
Lynn et al. (Lynn et al., 2020). 3.28 g of 4,4-trimethylenedipiperidine
(97% purity, Sigma Aldrich) and 2.87 ml of 1,4-butanediol diacrylate
(99% purity, Alfa Aesar) were mixed in dry tetrahydrofuran (THF)
(previously distilled). The copolymerization was carried out under 50°C
for 48 h. The final product was purified through repeated precipitations
into diethyl ether. PBAE was dried under vacuum overnight.

2.1.4. Positively charged graphene oxide (GO™)

GO™ was synthesized following the method developed by Hwang
et al. (Hwang et al., 2012). 50 ml of GO~ solution were mixed with
0.625 g of N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide methio-
dide (EDC) (Sigma Aldrich) and with 5 ml of ethylenediamine (Sigma
Aldrich) at room temperature for 24 h.

2.1.5. Negatively charged graphene oxide (GO™)
GO~ was purchased from Graphenea, as an aqueous dispersion of
nanosheets with a concentration of 0.05 mg/ml.
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2.2. Methods

2.2.1. Preparation of the substrates

Two different substrates were employed for the fabrication of the
multilayered drug delivery films: quartz and PMMA.

Quartz substrates. Rectangular quartz slides (12 x 40 mm, UQG
OPTICS) were selected owing to their high optical transparency and
chemical inertness, which make them particularly suitable for spectro-
scopic monitoring of film growth and drug release kinetics. Prior to use,
the substrates were subjected to a rigorous cleaning procedure to
remove organic and inorganic contaminants. Briefly, slides were
immersed in freshly prepared piranha solution, a well-established
oxidative treatment that effectively eliminates residual organic mate-
rial and generates a highly hydrophilic surface. After treatment, the
slides were rinsed extensively with tap water, followed by sequential
washes with distilled water and HPLC-grade propan-2-ol to ensure
removal of residual acid and surface impurities. The cleaned substrates
were subsequently dried under a stream of high-purity nitrogen gas to
prevent particle deposition from the ambient environment.

PMMA substrates. PMMA substrates were fabricated in-house to
provide clinically relevant support for ocular applications, given the
widespread use of PMMA in intraocular lenses and its favorable
biocompatibility and optical properties. A total of 2gr of PMMA powder
was dissolved in 10 ml of chloroform under ambient conditions to obtain
a homogenous polymer solution. The mixture was deposited onto a pre-
cleaned glass mold using a drop-casting technique and allowed to dry at
room temperature. After solvent evaporation, the solidified PMMA film
was carefully detached from the mold and transferred to an ethanol
bath, where it was subjected to ultrasonic cleaning for 5 min to remove
residual solvent traces and surface contaminants (Kaliramna et al.,
2022; Wei et al., 2011; Shi et al., 2019). The substrate was sterilized
under ultraviolet irradiation for 5 min and the result can be seen in
Fig. 1.

2.2.2. Ultraviolet-visible spectroscopy (UV-Vis)

A Jasco V-730 spectrophotometer was used to monitor the growth of
the nanostructured films, the drug release kinetics, and the quantifica-
tion of 5-FU adsorbed within the LBL films.

A calibration curve for 5-FU was established using standard solutions
prepared in phosphate-buffered saline (PBS) at concentrations of 0.05,
0.5,1,5, 10, 15, 20 and 25 ug/ml. All standards were analyzed under the
same experimental conditions employed for sample measurements,
enabling the correlation between absorbance and 5-FU concentration to
be determined according to the Beer-Lambert law. Linear regression
analysis of the calibration data yielded a coefficient of determination
(R?) of 0.99724, demonstrating excellent linearity within the studied
concentration range. The limit of detection (LOD) and limit of

a) b)
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quantification (LOQ), calculated according to ICH guidelines, were
determined to be 1.66 ng/ml and 5.04 ug/ml, respectively. The results
confirm the high sensitivity and suitability of the analytical method for
the quantitative determination of 5-FU.

2.2.3. Film assembly by layer-by-layer (LBL) technique

Multilayered films were prepared on quartz and PMMA substrates
using the LBL adsorption method, schematically represented in Fig. 2 (Le
Floch et al., 2020). Prior to film deposition, all substrates were pre-
treated with UV-oxygen plasma in a vacuum chamber (Plasma Cleaner
PDC-002-CE, Harrick Plasma) to increase surface hydrophilicity and
improve subsequent polymer adsorption.

The immersion times for each solution were selected based on pre-
viously optimized conditions and applied to the present study (Machado
et al., 2019).

LBL film deposition was carried out by sequential immersion of the
substrates, handled with tweezers, into the corresponding precursor
solutions. Film assembly was initiated with the deposition of PBAE for 7
min as the first layer. After each adsorption step, the substrates were
rinsed with sodium acetate solution to remove physiosorbed material
and dried under a nitrogen stream. Following PBAE deposition, the
substrates were immersed in a $-CD:5-FU solution for 6 min, rinsed with
sodium acetate solution, and dried under nitrogen flow. These two
successive deposition steps constituted one bilayer (PBAE/ p-CD:5-FU).
This bilayer assembly was repeated eight times to generate a “pillow
layer” composed of eight PBAE/B-CD:5-FU bilayers.

After formation of the pillow layer, film growth and component
incorporation were monitored by UV-Vis spectroscopy. The substrates
were again immersed in the PBAE solution, rinsed, and dried, followed
by exposure to the p-CD:5-FU solution. After washing and drying, an
absorption spectrum was recorded to confirm the drug incorporation
within the multilayer structure.

Subsequently, GO deposition was performed by sequential immer-
sion of the substrates into GO™ and GO~ solutions for 5 min each, with
intermediate rinsing and nitrogen drying steps. A second UV-Vis ab-
sorption spectrum was acquired after this process to confirm successful
GO deposition.

This complete deposition cycle-comprising PBAE, p-CD:5-FU, GO™,
and GO~ deposition, was repeated eight times on quartz substrate to
obtain films with eight multilayer units, as schematically illustrated in
Fig. 3, with UV-Vis monitoring performed after each cycle. For PMMA
substrates, the same procedure was applied but limited to four cycles,
resulting in films composed of four multilayer units.

2.2.4. Invitro drug release study
The release kinetics of 5-FU from two multilayered films deposited
on quartz and PMMA substrates (48 cm2) were evaluated under

Fig. 1. (a) Quartz substrates and b) PMMA substrates, showing its transparency and PMMA flexibility.
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simulated physiological conditions. Multiple multilayer films with
different numbers of deposition cycles were initially fabricated and
characterized to evaluate film growth linearity, structural stability, and
reproducibility of the LBL process. The two multilayer configurations
presented in this study were subsequently selected for the release assays
based on their structural organization and controlled release behavior.
The drug-loaded films were immersed in 10 ml of PBS solution at pH 7.4
and maintained at 37°C under gentle agitation to reproduce physio-
logical ionic strength and pH conditions.

At predetermined time intervals, 2 ml of the release medium was
withdrawn and transferred into sterile Eppendorf tubes for quantitative
analysis. Immediately after each sampling, an equal volume of fresh PBS
(2 ml) was added to the release vessel to maintain sink conditions and a
constant total volume throughout the experiment. Sampling was per-
formed at short intervals during the initial release phase to capture
potential burst release behavior, followed by daily sampling for up to 7
days, and subsequently every 48 h. The release study was conducted for
up to 4 days for films deposited on quartz substrates and 56 days for
films deposited on PMMA substrates.

UV-Vis absorption spectra were recorded for both the collected PBS
aliquots and the remaining films on the substrates at each time point.
Quantification of released 5-FU was performed using its characteristic
absorption maximum at 265.5 nm, with calibration curves constructed
from standard 5-FU solutions prepared in PBS to ensure accurate con-
centration determination. The cumulative amount of released drug was
calculated by summing the amount of 5-FU detected in each collected
aliquot, accounting for the replenished volume, and was expressed as
ug/ml.

2.2.5. Atomic force microscopy (AFM)

Two identical multilayer films were fabricated on quartz substrates,
differing only in the composition of the outermost layer, namely gra-
phene or B-CD:5-FU. Surface morphology and nanoscale topography of
the films were characterized by AFM operating in non-contact mode.

AFM measurements were performed using a NanoObserver from
Concept Scientific Instruments (CSI) equipped with silicon probes
(APPPNano). Images were acquired under ambient conditions to mini-
mize sample perturbation. The obtained AFM data, including topog-
raphy, amplitude and phase images, were processed and analyzed using
Gwyddion software.

2.2.6. Profilometry

The thikness of the nanostructured film was measured using a Veeco
Dektak 6 M profilometer operated in step-height mode with a 3.00 mg
applied force. A controlled scratch was introduced into the coated region
to expose the underlying substrate, thereby enabling accurate determi-
nation of the height discontinuity associated with the multilayer as-
sembly. The resulting topographical profile displayed two-well defined
plateaus corresponding to the film surface and the bare substrate,
separated by a sharp step characteristic of the LBL coating. After base-
line correction and removal of minor surface noise, the height difference
between the plateaus was calculated by averaging multiple points
within each region.

3. Results and discussion
3.1. Drug release kinetics

3.1.1. Quartz substrate

The growth of the LBL films deposited on quartz substrates was
evaluated in order to confirm the successful sequential assembly of the
multilayer architecture. Film buildup was monitored throughout the
deposition process by UV-Vis spectroscopy, enabling the assessment of
the progressive increase in film thickness and material adsorption after
each deposition cycle. The obtained growth profile presented in Fig. 4
provides insight into stability, reproducibility, and organization of the
multilayer system, as well as the effectiveness of the electrostatic in-
teractions governing film assembly.

Fig. 4 depicts the progressive increase in intensity of the 16 total
bilayers, including 8 PBAE/p —CD:5FU and 8 GO'/GO™ bilayers, after
UV-Vis absorption.

The 5-FU release kinetics was monitored by UV-Vis of the immersion
solutions at each point given by the cumulative concentration of 5-FU
along time (Figs. 5 and 6). The cumulative concentration was calcu-
lated by the absorbance intensity at the absorbance wavelength of 5-FU
(265,5nm) applied to the calibration curve of 5-FU in PBS solution.
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Fig. 7 shows the cumulative 5-FU release profile from the multilay-
ered (PBAE/ B-CD:5-FU) coating in PBS, together with a schematic
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representation of the sequential LBL disassembly. The release profile
exhibits a characteristic stepwise behavior, where each increase in cu-
mulative release corresponds to the desorption of a specific drug-loaded
layer, as illusttrated in the schematic.

The first release event occurs at approximately 12h42min and is
attributed to the dedorption of the outermost drug-loaded layers, which
are more exposed and weakly bound. This is followed by the release of
the 7th layer at approximately 14 h42 min. As the process continues,
progressively longer times are required to release the inner layers, with
the 6th, 5th 4th, and 3rd layers being released at approximately
35h42min, 40h42min, 68h42min, and 94h42min, respectively. This
increasing delay between consecutive release events, clearly supported
by both the relase profile and the schematic representation, indicates a
progressive increase in intermolecular interactions and atructural sta-
bility within the multilayer film. The inner layers are more compact and
less accessible to the surrounding medium, requiring longer times for
water penetration, polymer swelling, and disruption of host-guest in-
teractions between p-CD and 5-FU. Overall, the results demonstrate a
controlled, sequential, and time-resolved drug release mechanism, with
the six outermost drug-loaded layers being released over approximately
four days. This behavior highlights the potential of the multilayer sys-
tem for sustained and programmable drug delivery applications.

3.1.2. PMMA substrate

The adsorption of each layer was monitored by UV-Vis spectroscopy,
and the film growth profile is presented in Fig. 8. The results demon-
strate a sequential and progressive increase in absorbance intensity with
each deposition cycle, confirming the orderly and reproducible assem-
bly of the multilayer structure. The linear correlation between absor-
bance and the number of bilayers is characteristic of the LBL technique
and is widely reported in the literature as evidence of uniform film
growth and effective adsorption of both drug-delivery and barrier
components (Machado et al., 2019). This behavior confirms the
robustness of the fabrication process and demonstrates that the incor-
poration of $-CD:5-FU and barrier materials (PBAE and GO) was ach-
ieved in a controlled and reproducible manner, which is essential for
ensuring reliable drug release kinetics, as interpolated in Fig. 9.

The adsorption of each layer was monitored by UV-Vis spectroscopy,
revealing a sequential and progressive increase in absorbance intensity
with each deposition cycle (Fig. 8). This linear correlation between
absorbance and the number of bilayers confirms the uniform, repro-
ducible, and well-controlled assembly for the multilayer structure,
which is a hallmark of the LBL technique ans consistent with previous
studies (Machado et al., 2019).

This behavior demonstrated the successful and predictable incorpo-
ration of both drug-delivery layers (-CD:5-FU) and barrier components
(PBAE and GO), ensuring structural integrity and enabling precise
control over drug release kinetics.

The release profile obtained for PMMA substrates (Figs. 9, and 10)
shows a distinct dual-phase behavior. An initial burst release occurs
within the first 24 min, corresponding to the rapid desorption of the
outermost drug-loaded layer, which is directly exposed to the sur-
rounding medium. This is followed by a sustained release phase, where
progressively longer times are required to the desorption of inner layers.
As illustrated in the schematic representation (Fig. 11), the 3rd and 2nd
layers are released at approximately 3 h and 12 days, respectively, while
deeper layers require significantly longer times, culminating in complete
drug release after approximately 56 days. This progressive delay in
release is attributed to increasing diffusion resistance, polymer relaxa-
tion, and stronger host-guest interactions between (-CD and 5-FU
within the inner regions of the multilayer film.

3.2. Surface characterization

Comparative AFM analysis revealed distinct nanoscale differences
between p-CD:5-FU and graphene outer layers (Figs. 12 and 13). The
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GO"/GO™ (dotted line) in a PMMA substrate. It shows a linear increase in in-
tensity with the adsorption of the layers.

B-CD:5-FU outer layer exhibited a smooth and continuous surface,
characterized by limited height variation in the topographical images,
uniform amplitude contrast, and gradual phase variations without sharp
boundaries (Fig. 12a—c). These festures indicate a mechanically homo-
geneous and polymer-rich outer layer. Such a uniform nanoscale orga-
nization is consitent with enhanced surface hydration and the presence
of unobstructed diffusion pathways, which correlate with the experi-
mentally observed sustained release of 5-FU over time (Figs. 10 and 11).
This behavior is further supported by the 3D topographical representa-
tion (Fig. 14), which suggest the formation of a continuous film
composed of irregularly distributed nanoscale domains, likely associ-
ated with the molecular organization and aggregation of 5-FU within the
LBL architecture. Importantly, the absence of sharp peaks or deep voids
indicates uniform film deposition and complete surface coverage, rein-
forcing the structural integrity of multulayer system and its suitability
for controlled drug delivery applications. In contrast, the graphene outer
layer showed pronounced platelet-like features, increased surface
roughness, strong amplitude contrast, and sharp phase transitions

— 1+ 1 * I 1 - 1 _* 1 _ * 1 T
0 200 400 600 800 1000 1200 1400 1600
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Fig. 9. 5-FU amount release to the PBS solution along the immersion time in a
PMMA substrate, represented as interpolation line.

(Fig. 13a—c), indicative of mechanically rigid and heterogeneous gra-
phene domains embedded within multilayer structure. The strong
spatial correlation between topography, amplitude, and phase festures
in the graphene-containing layer supports the interpretation that rigid
graphene domains locally restrict polymer chain mobility and solvent
penetration, thereby reducing effective diffusion pathways. Overall,
these AFM observations provide a mechanistic basis for understanding
differences in drug release behavior between the two layers. While
B-CD:5-FU layers are expected to promote sustained and relatively uni-
form release, graphene layers introduce nanoscale structural and me-
chanical heterogeneity that can supress or modulate drug releade by
limiting diffusion patways. These findings highlight the importance of
nanoscale film architecture in controlling drug release kinetics in LBL-
based delivery platforms.

3.3. Film thickness

The thickness of the nanostructured film was measured using a stylus
profilometer. The resulting topographical profile displayed two-well
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Fig. 11. Diagram of the time release of each drug delivery layer in a PMMA substrate. The external drug layer was released after 24 min, and all the drug delivery

layers were released after 56 days.

defined plateaus corresponding to the film surface and the bare sub-
strate, separated by a sharp step characteristic of the LBL coating. After
baseline correction and removal of minor surface noise, the height dif-
ference between the plateaus was calculated by averaging multiple
points within each region.

This analysis yielded an average film thickness of 16.2 nm (Fig. 15),
confirming the successful deposition of a uniform eight-bilayer struc-
ture. The consistency of replicated measurements further indicates the
reproducibility of the LBL assembly process and the mechanical stability
of the deposited nanostructured film.

3.4. Quantification of 5-FU in the drug-delivery film

The amount of 5-FU incorporated into the LBL drug-delivery films
was quantified using UV-Vis spectroscopy by comparing the drug con-
centration in solution before and after film fabrication. This indirect
approach enabled determination of the mass of 5-FU incorporated into
the multilayer structure.

UV-Vis absorbance spectra were recorded at 265.5 nm, corre-
sponding to the characteristic absorption maximum of 5-FU. Quantifi-
cation was performed using a previously established calibration curve
obtained from standard 5-FU solutions prepared in sodium acetate
buffer, ensuring consistent solvent conditions throughout the analysis.
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Fig. 12. (a) Amplitude, (b) phase and (c) topography AFM images from LBL assemblyPBAE/B-CD:5-FU/GO-+/GO-/PBAE/ $-CD:5-FU — 2 um, showing a smooth and

continuous surface.
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Fig. 13. (a) Amplitude, (b) phase and (c) topography AFM images from LBL assemblyPBAE/B-CD:5-FU/GO+/GO- —2 um, showing rigid graphene domains.

Fig. 14. AFM topography 3D image of p-CD:5-FU layer, showing a granular
morphology characterized by densely packed features with height variations
range approximately from —25 nm to 28 nm, indicating a moderate surface
roughness at the nanoscale.

The reduction in absorbance observed after the film preparation was
attributed to the incorporation of 5-FU into the LBL film.

Based on the calibration curve, the amount of 5-FU incorporated into
the film was calculated to be 0.0189 mg. Considering an initial drug
concentration of 0.0391 mg/ml, the drug load efficiency was approxi-
mately 48.3%, indicating that nearly half of the available 5-FU was
successfully incorporated into the multilayer film.

To enable comparison with clinically relevant antimetabolite doses
and account for film geometry, the amount of 5-FU incorporated into the
LBL films was normalized to the film surface area. For a film area of 4.8
cm?, the mass-normalized loading was calculated to be 3.94 pg/cm?. In
clinical glaucoma surgery, particularly following the implantation of
glaucoma drainage devices, 5-FU is commonly administered through the
application of surgical sponges soaked in concentrated drug solutions
(typically 25.50 mg/ml) placed in contact with the subconjunctival
tissues for several minutes in order to inhibit postoperative fibroblast
proliferation and reduce fibrotic encapsulation around the implant
(Lama and Fechtner, 2003; Khaw et al., 2001). Compared with these
relatively high transient exposure concentrations, the drug loading

achieved in the present LBL films is substantially lower; however, the
multilayer architecture enables localized and sustained drug release at
the implant interface. Importantly, prolonged exposure to low concen-
trations of 5-FU has been shown to effectively suppress fibroblast ac-
tivity while reducing the adverse effects associated with high-dose bolus
administration, including epithelial toxicity, wound leakage, hypotony
and tissue necrosis (Greenfield et al., 1998; Wilkins et al., 2001).
Therefore, the controlled release profile provided by the LBL films may
maintain therapeutically relevant local concentrations over expended
periods without reaching acutely toxic levels in surrounding ocular tis-
sues. This sustained low-dose strategy is particularly advantageous in
glaucoma drainage device surgery, where long-term modulation of
wound healing is critical for preventing fibrotic capsule formation and
maintaining aqueous humor drainage. Furthermore, the surface-
normalized drug loading obtained in this study falls within a range
considered suitable for localized antifibrotic activity while potentially
improving tissue compatibility compared to conventional sponge-based
delivery approaches.

3.5. Literature data

The biological relevance of the developed multilayer drug delivery
system is closely associated with the well-established antifibrotic ac-
tivity of 5-FU in glaucoma surgery. Excessive fibroblast proliferation and
extracellular matrix deposition are recognized as the main causes of
postoperative fibrosis and fibrotic capsule formation around glaucoma
drainage devices, ultimately compromising aqueous humor drainage
and long-term surgical success. In vitro studies have demonstrated that
sustained exposure to relatively low concentrations of 5-FU is sufficient
to inhibit fibroblast proliferation, migration, and collagen synthesis, all
of which are critical processes involved in wound healing and scar for-
mation following glaucoma surgery (Khaw et al., 2001; Mietz and
Addicks, 1996).

Conventional clinical administration of 5-FU is generally achieved
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16.2 nm

Fig. 15. Representative height profile obtained by stylus profilometry across a
mechanical generated scratch on the 8-bilayer LBL film. The two plateau re-
gions correspond to the coated surface and the exposed substrate, respectively.
The step height between plateaus yields an average film thickness of 16.2 nm,
confirming uniform film growth and successful multilayer assembly.

through intraoperative sponge application or repeated postoperative
subconjunctival injections using highly concentrated solutions, typically
ranging from 25 to 50 mg/ml (Lama and Fechtner, 2003). Although
these approaches effectively reduce fibrosis, they are associated with
several complications, including corneal epithelial toxicity, wound
leakage, hypotony, bleb avascularity, and an increased risk of infection,
largely due to high local drug exposure and the absence of controlled
release (Khaw et al., 2001; Greenfield et al., 1998). Consequently, there
has been considerable interest in developing localized sustained-
delivery systems capable of maintaining therapeutic antifibrotic activ-
ity while minimizing tissue toxicity.

In this context, the LBL films developed in the present work were
designed to provide controlled and prolonged release of 5-FU directly at
the implant interface. Although the drug loading determined for the
films (3.94 pg/cm?) is substantially lower than the concentrations
employed in conventional sponge-based administration, prolonged
localized exposure to lower drug concentrations may still effectively
modulate fibroblast activity. Previous studies have shown that contin-
uous low-dose exposure to 5-FU can significantly inhibit fibroblast
proliferation and activity while reducing cytotoxic side effects associ-
ated with bolus administration (Aref, 2017). Therefore, the sustained
release profile observed for the multilayered films may help maintain
biologically active concentrations within the peri-implant microenvi-
ronment over extended periods, which is particularly advantageous
during the critical postoperative wound healing phase.

Additionally, the multilayer architecture based on alternating gra-
phene oxide layers and cyclodextrin-containing reservoirs may further
enhance therapeutic performance by limiting burst release and pro-
moting gradual drug diffusion. Such behavior is highly desirable in
glaucoma drainage device applications, where excessive early drug
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release may induce tissue toxicity, whereas insufficient long-term
release may fail to prevent fibrotic encapsulation. The use of nano-
structured LBL coatings therefore represents a promising strategy to
achieve a balance between antifibrotic efficacy and tissue compatibility.

Furthermore, previous studies involving PBAE-based multilayer
systems and graphene oxide-containing coatings have demonstrated
favorable biocompatibility and suitability for biomedical and drug de-
livery applications. In addition, related multilayer architectures previ-
ously developed by our group for the controlled release of Brimonidine,
a clinically established antiglaucoma drug, showed promising stability
and compatibility for ophthalmic applications (Machado et al., 2019).
These previous findings further support the rationale for employing the
present multilayer platform in localized ocular drug delivery systems.

Despite these promising characteristics, it is important to acknowl-
edge that the present study did not include direct biological evaluation
of cytotoxicity, fibroblast proliferation, or antifibrotic efficacy. Conse-
quently, the biological performance of the released 5-FU was inferred
based on previously reported literature and the established pharmaco-
logical activity of the drug. Future studies should therefore include in
vitro assays using ocular fibroblasts to assess cell viability, proliferation,
extracellular matrix production, and inflammatory responses following
exposure to the released drug concentrations. In addition, in vivo eval-
uation will be essential to determine the long-term therapeutic efficacy
and safety of the developed coatings under physiologically relevant
conditions.

The long-term release experiments performed in the present study
were conducted under simulated physiological conditions using PBS (pH
7.4) at 37°C. Under these conditions, 5-FU is generally reported to
exhibit relatively good aqueous stability, particularly in neutral and
slightly acidic environments. Previous studies have demonstrated that 5-
FU remains chemically stable in buffered aqueous solutions at physio-
logical pH for extended periods, with degradation occurring mainly
under strongly alkaline conditions, elevated temperatures, or prolonged
light exposure (Diasio and Harris, 1989; Longley et al., 2003). This
relative stability supports the assumption that the released drug largely
preserves its chemical integrity during the experiments performed in
this work.

Additionally, the incorporation of 5-FU within p-CD-containing
multilayer architecture may further contribute to drug stabilization.
Cyclodextrins are known to improve the physicochemical stability of
encapsulated compounds by partially shielding them from hydrolytic
and environmental degradation through host-guest interactions within
their hydrophobic cavity (Loftsson and Duchene, 2007). Therefore, the
encapsulation strategy employed in the present system may provide an
additional protective effect during prolonged exposure to aqueous
physiological media.

Nevertheless, it is important to acknowledge that the chemical
integrity of the released 5-FU was not directly evaluated by chromato-
graphic techniques such as HPLC or liquid chromatography-mass spec-
trometry (LC-MS). Drug quantification in the present study was
performed based on the characteristic spectroscopy response of 5-FU,
assuming preservation of its molecular structure throughout the
release period. Although the available literature supports the expected
stability of 5-FU under the experimental conditions employed, the
absence of direct analytical confirmation represents a limitation of this
study.

Future work should therefore include chromatographic character-
ization of the released fractions to confirm the molecular integrity and
pharmacological activity of 5-FU following prolonged release from the
multilayer films. Such analyses will be particularly important for vali-
dating the long-term therapeutic performance of the developed platform
and for excluding the presence of potential degradation products that
may affect biological activity or tissue compatibility.
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4. Discussion

The nanostructured films developed in this study were fabricated
using a LBL approach, with the adsorption of each layer monitored by
UV-Vis spectroscopy. For both quartz and PMMA substrates (Figs. 3 and
8), a progressive linear increase in absorbance intensity was observed
with successive deposition cycles, confirming the sequential, uniform,
and reproducible assembly of the multilayer architecture. This behavior
is characteristic of well-controlled LBL systems and is consistent with
previous studies demonstrating linear film growth driven by electro-
static interactions and stable multilayer deposition (Machado et al.,
2019; Machado et al., 2025; Borges and Mano, 2015). The reproduc-
ibility observed in the present work therefore confirms the effective
incorporation of both drug-delivery layers (B-CD:5-FU) and barrier-
forming components (PBAE and GO), supporting the structural pre-
dictability required for programmable drug release.

A central finding of this work is the strong influence of both outer-
layer composition and substrate properties on drug release kinetics. It
is important to note that the multilayer architectures deposited on
quartz and PMMA substrates were intentionally designed with distinct
structural organizations in order to investigate different release strate-
gies and evaluate the combined influence of substrate physicochemical
properties and barrier layer composition on drug delivery behavior.
Therefore, the comparison between both systems was not intended as a
direct bilayer-to-bilayer equivalence, but rather as an assessment of how
substrate-dependent film organization and multilayer architecture affect
release kinetics under different structural configurations. In quartz-
based films (Figs. 5-7), the release profile exhibited a stepwise
behavior, where each increment in cumulative 5-FU release corre-
sponded to the desorption of individual drug-loaded layers. The delayed
release of the outermost layer (~12h42min) suggests the presence of a
diffusion-limiting effect associated with the GO™/GO™ barrier archi-
tecture. Similar delayed release behavior has previously been reported
in graphene oxide-containing multilayer systems, where graphene
nanosheets acted as dense nanobarriers capable of restricting solvent
penetration and reducing molecular diffusion rates (Shim et al., 2008;
Depan et al., 2011). The progressively increasing release times observed
for deeper layers, extending up to ~94h42min, further suggest
enhanced intermolecular interactions within the multilayer assembly.
This behavior may be associated with stronger host-guest interactions
between B-CD and 5-FU, as well as increasing diffusion resistance
imposed by the multilayer architecture. Comparable sustained release
profiles have been described in cyclodextrin-based thin films, where the
inclusion complex stability contributed to prolonged drug retention and
reduced burst release (Thatiparti and Von Recum, 2010).

In contrast, PMMA-based films exhibit a markedly different release
mechanism, characterized by dual-phase behavior (Figs. 9-11). The
rapid release of the outermost p-CD:5-FU layer within approximately 24
min is attributed to its direct exposure to the aqueous medium and the
absence of a graphene-based barrier. Similar burst release phenomena
have been extensively reported in multilayer systems lacking external
diffusion-limiting coatings, particularly when hydrophilic surfaces
facilitate rapid solvent uptake and polymer swelling (Wood et al., 2006).
This initial burst was followed by a prolonged sustained release phase,
extending up to 56 days, indicating the potential of the multilayer ar-
chitecture to support long-term drug delivery. Sustained release over
several weeks has similarly been observed in polymeric multilayer
coatings incorporating biodegradable or diffusion-controlled barrier
layers for ophthalmic and implantable drug delivery applications (Lee
et al., 2010; Richardson et al., 2015). The release events occurring over
approximately 32 days, followed by prolonged delivery from underlying
“pillow” layers composed of PBAE/ p-CD:5-FU, suggest that the internal
multilayer organization contributes to modulation of diffusion kinetics
over extended periods.

The differences observed between quartz and PMMA substrates
further highlight the critical role of substrate-dependent film dynamics.
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PMMA substrates likely promote increased hydration and polymer chain
mobility due to their physicochemical properties, facilitating controlled
diffusion through the multilayer structure. In contrast, quartz behaves as
a rigid and relatively inert substrate, emphasizing barrier-controlled
release mechanisms. Similar substrate-dependent effects on LBL film
permeability and drug release kinetics have previously been described,
where substrate stiffness and surface energy influenced film hydration,
polymer rearrangement, and interfacial diffusion processes (Hammond,
2010).

Profilometry measurements confirmed the formation of a uniform
eight-bilayer film with an average thickness of 16.2 nm (Fig. 15), indi-
cating consistent layer growth and excluding thickness variability as a
dominant factor influencing release behavior. Comparable nanoscale
thicknesses have been reported for highly compact graphene oxide
multilayers fabricated by LBL deposition, where film architecture rather
than absolute thickness predominantly governed release kinetics (Kim
et al., 2011). UV-Vis quantification further demonstrated that 0.0189
mg of 5-FU was incorporated into the multilayer structure, corre-
sponding to a loading efficiency of 48.3% and a surface-normalized
loading of 3.94 pgem ™2 Although lower than the concentrations
conventionally applied during glaucoma surgery through sponge
administration, this loading falls within the range reported for sustained
ophthalmic delivery systems designed to minimize toxicity while
maintaining localized antifibrotic activity (Aref, 2017).

AFM analysis provided additional insight into the nanoscale mech-
anisms governing release behavior. The p-CD:5-FU outer layers exhibit
smooth and homogeneous morphologies with low surface roughness and
uniform phase contrast (Figs. 12 and 14), which may facilitate solvent
diffusion and contribute to the sustained release behavior observed
experimentally. Similar morphologies have been associated with
improved drug diffusion and homogeneous release in polymeric LBL
systems (Borges and Mano, 2015). Conversely, graphene-containing
layers displayed increased roughness, sharp phase transitions, and het-
erogeneous rigid domains (Fig. 13), consistent with the formation of
mechanically heterogeneous domains that may contribute to diffusion
restriction. Previous studies have similarly demonstrated that graphene
oxide incorporation increases film rigidity, decreases permeability, and
creates tortuous diffusion pathways that delay molecular transport
(Depan et al., 2011; Compton and Nguyen, 2010).

From a clinical perspective, the dual release behavior observed in
PMMA-based systems may provide important therapeutic advantages
for glaucoma drainage device applications. The initial burst release may
contribute to the early modulation of postoperative fibroblast activity
immediately following implantation, thereby reducing early-stage
fibrosis. Subsequently, the prolonged sustained release phase may help
maintain antifibrotic activity throughout the critical wound-healing
period, minimizing delayed fibrotic encapsulation and preserving
aqueous humor drainage. Sustained low-dose delivery strategies have
previously been proposed as an effective alternative to repeated post-
operative 5-FU injections, which are associated with epithelial toxicity
and poor patient compliance (Lama and Fechtner, 2003; Aref, 2017).
However, these potential therapeutic effects are inferred from previ-
ously reported biological responses to 5-FU and were not directly eval-
uated experimentally in the present study.

Overall, the present findings demonstrate that drug release kinetics
in LBL films are governed by a synergistic interplay between multilayer
composition, substrate properties, and nanoscale architecture. The
incorporation of graphene-based barrier layers introduces controlled
structural heterogeneity and diffusional resistance, allowing modulation
of therapeutic release profiles. These results are in strong agreement
with previous reports describing graphene oxide-based multilayers as
versatile platforms for tunable and long-term drug delivery applications
(Depan et al., 2011; Richardson et al., 2015).

Consequently, the developed multilayer coatings represent a prom-
ising strategy for advanced ophthalmic implants and localized glaucoma
therapy.
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Nevertheless, although the present study demonstrates the strong
influence of multilayer architecture on drug release kinetics, future work
should include fully standardized bilayer configurations across different
substrates in order to enable more direct quantitative comparison of
substrate-dependent release mechanisms under identical deposition
conditions.

5. Conclusions

Effective modulation of postoperative wound healing remains a
critical factor for the long-term success of glaucoma drainage surgeries.
In particular, the ability to suppress excessive fibroblast proliferation
while preserving normal tissue regeneration is essential to prevent de-
vice failure caused by fibrotic obstruction.

In the present study, a nanostructured multilayer film with time-
controlled drug delivery capability was successfully developed for the
sustained release of the antimitotic agent 5-FU. The encapsulation of 5-
FU within p-CD improved its aqueous solubility and contributed to a
more controlled release profile, potentially mitigating cytotoxic effects.
The LBL assembly on both quartz and PMMA substrates exhibited linear
and reproducible growth, confirming the ordered and reliable incorpo-
ration of drug-delivery and barrier components.

Comparative release studies demonstrated that graphene oxide (GO)
layers play a key role in regulating drug release kinetics by acting as
effective mass transport barriers. In quartz-based systems, GO enabled a
stepwise and temporally resolved release, whereas in PMMA-based
systems a biphasic release profile was observed, combining an initial
burst release with prolonged sustained delivery. Notably, PMMA-
supported films achieved complete drug release over approximately
56 days, closely matching the clinically relevant timeframe of post-
operative wound healing.

The fabricated multilayer films exhibited high structural uniformity,
with an average thickness of 16.2 nm and a drug loading efficiency of
48.3%, ensuring consistent and predictable drug availability at the
target interface. Importantly, the PMMA substrate promoted a more
sustained release profile compared to quartz, highlighting the advan-
tages of polymeric materials commonly used in biomedical devices. The
enhanced compatibility of PMMA with hydrated multilayer architec-
tures supports stable diffusion pathways over extended periods, making
it particularly suitable for postoperative environments. From a trans-
lational perspective, the combination of biocompatibility, optical
transparency, flexibility, and tunable drug release, positions PMMA-
based multilayer coatings as a promising platform for integration into
glaucoma drainage devices.

Overall, this study demonstrates that the synergistic control of
multilayer composition, nanoscale architecture, and substrate proper-
ties enables the design of advanced drug delivery systems with pro-
grammable release profiles. Such systems hold significant potential for
improving both short and long-term surgical outcomes in glaucoma and
other fibrosis-related conditions.
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