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ABSTRACT: Effective drug delivery is critical for the manage-
ment of chronic diseases such as glaucoma, where sustained
therapeutic levels can significantly enhance treatment outcomes. In
this study, we present a Particles-on-a-Gel (PoG) system that
leverages differential nanocarrier affinities to modulate drug release
kinetics. By integrating poly(N-isopropylacrylamide) nanogels
(pNIPAM) and silver nanoparticles (AgNPs), the PoG platform
enables both controlled initial release and prolonged drug delivery.
Isothermal titration calorimetry (ITC) was employed to
quantitatively characterize the thermodynamic interactions be-
tween timolol maleate and the nanocarriers, revealing distinct
binding modalities—hydrophobic interactions with pNIPAM and
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chemically driven binding with AgNPs. These findings underscore the role of thermodynamic tuning in optimizing drug-carrier
interactions to enhance release profiles and retention. Furthermore, incorporation of the PoG system into a contact lens-based drug
delivery platform demonstrated its translational potential, maintaining optical transparency while enabling sustained drug release.
Overall, this work highlights the promise of thermodynamically guided nanocarrier design in developing patient-centric drug delivery

systems for chronic disease management.
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1. INTRODUCTION

Chronic diseases, such as glaucoma, pose significant health
risks, particularly among the elderly. Effective management of
these conditions remains a challenge due to the need for
consistent and long-term medication adherence. Rapid drug
clearance and poor patient compliance often result in
fluctuating intraocular drug concentrations, which can diminish
therapeutic efficacy and increase the risk of disease
progression.1 To address these challenges, researchers have
explored advanced drug delivery systems—including lip-
osomes, nano- and microcapsules, and metal-based carriers—
that improve drug solubility, protect drugs from degradation,
and enable site-specific delivery.”

Despite these advancements, achieving sustained and
precisely controlled drug release remains difficult, particularly
in the context of chronic ocular therapy. Recent efforts have
focused on active-targeted delivery, which facilitates site-
specific drug release in response to external stimuli, such as
temperature, light, or magnetic fields.”~® While these methods
are promising, they may not be suitable for sensitive tissues like
the eye, where such stimuli could cause adverse effects or are
impractical for long-term use.'”"" Thus, there is a critical need
for alternative drug delivery strategies capable of providing
prolonged, controlled release without reliance on external
triggers.
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In response to this need, we propose a novel drug delivery
platform that utilizes carriers with differential binding affinities
to enable temporally controlled drug release. By leveraging the
varying strengths of drug-carrier interactions, this system
facilitates a sequential, sustained release profile, extending
therapeutic effects and reducing the frequency of admin-
istration. This strategy is particularly advantageous for the
treatment of chronic ocular diseases, such as glaucoma, where
long-term, stable drug delivery is essential.

To realize this approach, we developed the Particles-on-a-
Gel (PoG) system—a composite carrier consisting of poly(N-
isopropylacrylamide) nanogels (pNIPAM) and silver nano-
particles (AgNPs). In this system, pNIPAM nanogels provide a
biocompatible hydrogel matrix with hydrophobic interaction
sites for drug loading and structural support for nanoparticle
integration. In turn, AgNPs offer strong surface binding affinity
and high reactivity, enhancing drug loading and enabling the
formation of a heterogeneous binding environment. While
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AgNPs may raise concerns regarding long-term biocompati-
bility or toxicity, the nanoparticles used in this study are
embedded in a hydrogel matrix, which helps retain them in
place and reduces the likelihood of direct contact with ocular
tissues during application. These complementary functions
allow the PoG system to achieve tunable and sustained drug
release through intrinsic carrier—drug interactions, without the
need for external stimuli.

In this study, we selected timolol maleate—a commonly
prescribed p-blocker for glaucoma treatment—as the model
drug to evaluate the PoG system. Thermodynamic interactions
between the drug and carriers were quantitatively assessed
using isothermal titration calorimetry (ITC), which provided
insights into the distinct binding mechanisms: hydrophobic
interactions with pNIPAM and chemically driven binding with
AgNPs. This thermodynamic analysis was further supported by
kinetic modeling to characterize the drug release dynamics and
optimize delivery performance.'*™"

To demonstrate the clinical potential of the PoG system, we
incorporated it into a contact lens-based drug delivery
platform, capitalizing on the lens’s established utility in ocular
drug administration. This integrated system allows for precise,
sustained, and patient-friendly drug release without the need
for external activation, maintaining optical transparency and
therapeutic efficacy over extended periods.">~

This study presents a thermodynamically guided drug
delivery approach based on differential binding affinities,
offering a promising solution for sustained ocular drug release.
By combining biocompatible hydrogel matrices with functional
nanomaterials such as silver nanoparticles, and integrating
thermodynamic and kinetic analyses, this platform lays the
groundwork for the development of adaptive, patient-specific
treatments for chronic eye diseases like glaucoma.

2. EXPERIMENTAL SECTION

2.1. Materials. Ethylene Glycol (>99. 5%) (EG) was purchased
from Duksan Pure Chemicals (Korea). N,N’-Methylenebis-
(acrylamide) (>99. 5%) (BIS), Ethyl alcohol (94.5%) was purchased
from Samchun Chemicals (Korea). Phosphate Buffered Sahlin (PBS)
was purchased from Amresco (USA). Silver nitrate (AgNO;),
Polyvinylpyrrolidone (K30) (PVP), Ammonium Persulfate (>98%)
(APS), Methyl alcohol (>99.9%) were purchased from Daejung
Chemicals (Korea). N-Isopropylacrylamide (>97%) (NIPAAm),
Sodium Dodecyl Sulfate (>99%) (SDS), Methacrylic acid (>99%)
(MAA), Ethylene Glycol Dimethacrylate (98%) (EGDMA), Azobis-
(isobutyronitrile) (AIBN), Timolol maleate (>98%), Dialysis tubing
cellulose membrane were all purchased from Sigma-Aldrich (USA). 1-
Day Acuvue Moist contact lenses were obtained from Acuvue,
Johnson & Johnson.

2.2. Preparation of Individual Carrier. Silver nanoparticles
(AgNPs) were synthesized via a polyol process."® A 30 mM solution
of Ethylene Glycol (EG) and Polyvinylpyrrolidone (PVP) was heated
to 120 °C in a three-neck flask. Subsequently, a 250 mM EG/silver
nitrate solution was added, and the reaction mixture was maintained
at this temperature for an additional 30 min.

For the synthesis of pNIPAM nanogels, N-Isopropylacrylamide
(NIPAM), methacrylic acid (MAA), N, N’-Methylenebis(acrylamide)
(BIS), and sodium dodecyl sulfate (SDS) were dissolved in distilled
water and sonicated for 1 h. The resulting solution was heated to 70
°C under nitrogen gas for 30 min, followed by the addition of
ammonium persulfate (APS) as an initiator. The reaction was
continued under the same conditions for 4 h. After synthesis, the
pNIPAM nanogels were cooled to room temperature and transferred
to a dialysis membrane, then dialyzed against distilled water for 7 days
with daily water changes.

The morphology of both AgNPs and pNIPAM nanogels was
examined using transmission electron microscopy (TEM). Samples
were drop-cast onto carbon-coated copper grids and imaged using a
JEOL JEM-2010 microscope.

The chemical structure of pNIPAM was analyzed using proton
nuclear magnetic resonance (1H NMR) spectroscopy (Bruker Ascend
Evo, 400 MHz). Prior to measurement, freeze-dried pNIPAM was
redispersed in deuterium oxide (D,0). Furthermore, elemental
composition was assessed via energy-dispersive X-ray spectroscopy
(EDS), performed in conjunction with scanning electron microscopy
(SEM; Tescan TESCAN VEGA3). EDS measurements were
conducted on contact lenses prepared by copolymerizing
(Hydroxyethyl)methacrylate (HEMA) with either pNIPAM nanogels
or timolol-loaded pNIPAM nanogels. Lenses composed of HEMA
only were used as controls.

2.3. Determination of Carrier-Timolol Binding Profiles.
2.3.1. Isothermal Titration Calorimetry (ITC) Analysis. Isothermal
titration calorimetry (ITC) measurements were performed using a
MicroCal PEAQ-ITC instrument (Malvern Panalytical). Timolol
maleate was dissolved in distilled water, while AgNPs were diluted in
a 5% ethylene glycol solution. The standard titration protocol
consisted of 18 successive injections of timolol maleate, administered
at 180-s intervals into a sample cell containing AgNPs. The reference
cell was filled with 5% ethylene glycol solution, and the sample cell
was continuously stirred at 500 rpm throughout the procedure.

For the ITC analysis of pNIPAM nanogels, timolol maleate was
loaded into the sample cell, while the pNIPAM nanogels suspension
was placed in the syringe. Distilled water was used in the reference
cell, and all other experimental conditions were kept consistent with
those used in the AgNPs analysis. The order of addition of timolol
maleate was reversed in this case due to experimental considerations:
the syringe typically contains the higher-concentration component to
allow for optimal detection of binding events. The heat of dilution
from titrating timolol maleate into the buffer was measured separately
and subtracted from the corresponding data sets; all data were
normalized to zero prior to analysis.

Thermodynamic parameters, including binding stoichiometry (1),
affinity constant (K,), and other relevant values, were derived using
the integrated Origin software (OriginLab). Reported values
represent the mean values from two independent experiments.

2.3.2. Differential Scanning Calorimetry (DSC) Analysis. Differ-
ential scanning calorimetry (DSC) was performed to assess the
thermal properties of the contact lens formulations. Measurements
were conducted in the dry state following lens fabrication, using the
preparation method described in Section 2.5. Thermal analysis was
carried out using Q100 DSC from TA Instruments under a nitrogen
atmosphere. Heat flow was recorded over a temperature range of 40—
120 °C at a controlled heating rate.

2.4. Synthesis of Particles-on-a-Gel System. A solution of
silver nanoparticles (AgNPs) and timolol maleate was prepared at a
concentration of 200 M with a 1:4 molar ratio and incubated at 40
°C for 8 h. Simultaneously, for the pNIPAM nanogels formulation,
pNIPAM was mixed with timolol maleate at an equivalent molar ratio
and stirred at 70 rpm at 25 °C. The Particles-on-a-Gel (PoG) system
was subsequently formed by combining the preincubated pNIPAM-
timolol and AgNPs-timolol complexes in a 1:1 molar ratio, followed
by incubation at 25 °C with continuous agitation at 70 rpm.

For morphological analysis, the PoG solution was deposited as a
thin film using a spin coater and dried overnight at room temperature.
The resulting samples were then imaged using scanning electron
microscopy (FIB Quanta 3D FEG, Cryo mode) to evaluate the
structural integration of AgNPs within the pNIPAM matrix.

2.5. Determining Drug Release Profiles of the PoG System.
The drug release behavior of the Particles-on-a-Gel (PoG) system and
the individual base carriers was evaluated using a contact lens format.
Prior to drug loading, commercial contact lenses were thoroughly
cleaned by alternating washes with acetone and distilled water several
times to remove any potential surface residues.

For drug loading, lenses were immersed overnight at room
temperature in a preprepared carrier solution containing timolol
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Figure 1. Morphological characterization of pNIPAM nanogels. (A) Electron microscopy image, (B) 1H NMR spectrum recorded in D,O at 700
MHz, and (C) energy-dispersive X-ray spectroscopy (EDS) analysis measured in contact lens form. The control sample consists of a contact lens
made of HEMA alone, while the pNIPAM-loaded sample refers to a HEMA-based contact lens incorporating pNIPAM. The pNIPAM-Timolol
sample consists of a HEMA-based contact lens loaded with pNIPAM containing timolol maleate.
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Figure 2. Characterization of AgNPs and their interaction with timolol maleate. (A) TEM images of AgNPs and AgNPs bound with timolol. (B) 8-

h kinetic profile of AgNPs with timolol maleate at 25 °C.

maleate. The PoG carrier solution was prepared by combining AgNP-
timolol and pNIPAM-timolol complexes, each preincubated as
described in Section 2.4, in a 1:1 molar ratio. The final concentration
of timolol maleate in the solution was adjusted to 200 uM. This
incubation step allowed for diffusion-driven absorption of drug-loaded
carriers into the hydrogel matrix of the contact lenses. After
incubation, unbound drug and excess carriers were removed by
rinsing the lenses with distilled water, ensuring that only drug-loaded
lenses were used for subsequent analysis.

To evaluate the release profiles, each lens was placed in 400 uL of
artificial tear fluid and incubated at 32 °C to simulate physiological
ocular conditions. The cumulative release of timolol maleate was
monitored over time using UV—visible spectroscopy. To improve
measurement accuracy, an additional sample preparation step was
performed before analysis: hydrochloric acid (HCl) was added to the
release medium, followed by centrifugation to precipitate interfering
ions. This step minimized background absorbance and enhanced the
specificity of the assay. The concentration of released timolol maleate
was quantified based on its characteristic absorbance peak at 295 nm,
corresponding to the free drug dissociated from the nanocarriers.

The artificial tear fluid was prepared with the following
composition: distilled water (3 L), NaCl (15.252 g), KCI (4.248 g),
sodium citrate (1.338 g), glucose (0.108 g), CaCl, (1.662 g), urea
(0.216 g), sodium carbonate (3.816 g), HCI (2.844 mL), egg albumin
(114 ¢), and human IgG (0.0276 g), adjusted to pH 7.0. All
experiments were performed in triplicate, with 400 uL of artificial tear
fluid used per sample.

2.6. Kinetic Analysis of Drug Release. Drug transport constants
(ky, k) and transport exponents (1, m) for the different formulations

were determined by fitting the in vitro drug release data to the
Korsmeyer-Peppas and Peppas-Sahlin models using the DDSolver
program (China Pharmaceutical University, Nanjing, China). Micro-
soft Office Excel (Microsoft Corporation, Redmond, USA), integrated
as a module within DDSolver, was used to perform the nonlinear
curve fitting.

For the Korsmeyer-Peppas model, analysis was limited to the initial
drug release phase (M,/M,, = 0—60%) to evaluate early stage release
kinetics.'” "> The Peppas-Sahlin model was applied to describe the
complete release profile, enabling differentiation between diffusion-
controlled and relaxation-mediated transport mechanisms.*>**

3. RESULTS AND DISCUSSION

3.1. Basic Characterization of Individual Carriers. To
evaluate the suitability of the individual carriers for drug
delivery, their structural and compositional properties were
analyzed. These fundamental characterizations offer insight
into how each carrier interacts with timolol maleate, and how
these interactions influence drug release behavior—topics
further explored in the thermodynamic analysis (Section 3.2).

3.1.1. pNIPAM Nanogels Characterization. The successful
synthesis of pNIPAM nanogels was confirmed by morpho-
logical and structural analysis (Figure 1A,B), which revealed a
uniform spherical shape and characteristic polymer peaks,
consistent with a stable hydrogel network. These features
indicate that pNIPAM nanogels provide a suitable matrix for
drug encapsulation and sustained release.
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Figure 3. Isothermal titration calorimetry results of pPNIPAM nanogels and timolol maleate. (A) The heat flow for each of the 18 injections,
integrated heat plots (B), and the signature plots (C). Fitting the integrated data with the single binding site model the enthalpy of exchange AH,
the binding constant K,, and the reaction stoichiometry n are determined. It allows the calculation of the entropy AS and total free energy AG for
nanocarrier-drug interaction.

Table 1. Thermodynamic Quantities of Timolol Maleate and pNIPAM Interaction Derived from ITC

carrier type n (sites) K, (x10* M™) AH (kcal/mol) AG (kcal/mol) —TAS (kcal/mol)
pNIPAM 23.3 + 047 1.0 + 0.039 5.81 + 0.280 —-5.49 —-11.3

To investigate the interaction between pNIPAM nanogels (Figure 2B). Initially, AgNPs exhibited a distinct SPR peak at
and timolol maleate, energy-dispersive X-ray spectroscopy 400 nm. Over time, the peak gradually decreased in intensity,
(EDS) analysis was performed on samples incorporated into accompanied by broadening of the absorbance profile and the
contact lenses (Figures 1C and S1). EDS signal intensity emergence of a shoulder extending toward 450 nm. This
decreased progressively from the control lens (HEMA only) to spectral broadening indicates progressive surface binding of
lenses containing pNIPAM, and further to lenses containing timolol maleate to the AgNPs, altering the local dielectric
both pNIPAM and timolol maleate (1200 — 700 — 400 environment and redistributing the plasmon resonance.
counts), likely due to compositional changes affecting carbon Since molecular interactions can be modulated by temper-
(C) and oxygen (O) signal dilution or electron scattering ature, we further examined binding behavior at 25 and 40 °C
effects. A weak nitrogen (N) signal was also detected in (Figure S2). The AgNPs—timolol mixture incubated at 25 °C
pNIPAM-containing samples (Figure S1), consistent with the retained the SPR peak centered at 400 nm, with only minor
presence of amide (—CONH,) groups in polymer. spectral broadening up to 550 nm and negligible color change.

To determine whether the observed intensity reduction was In contrast, incubation at 40 °C resulted in a less pronounced
due to signal dilution or actual compositional change, the C/O SPR peak and substantial spectral broadening, extending across
intensity ratio was analyzed. A gradual decrease in the ratio the 400—600 nm range. This was accompanied by a noticeable
(2.11 > 1.96 — 1.83) was observed, indicating an increase in color shift from yellow to orange. These observations suggest
oxygen content relative to carbon. Since pNIPAM contains enhanced drug adsorption at elevated temperatures, likely
polar functional groups (—CONH,), and timolol maleate driven by increased molecular mobility and stronger surface
introduces additional oxygen-containing moieties (—COO7), interactions.”*
the decreasing C/O ratio likely reflects the successful 3.2. Analysis of Drug-carrier Interactions. The
incorporation of timolol maleate into the pNIPAM nanogels. preceding characterization studies (Sections 3.1.1 and 3.1.2)
These findings suggest that timolol maleate is adsorbed within provided initial evidence that timolol maleate interacts with
the nanogel network. both pNIPAM nanogels, and AgNPs, as indicated by changes

3.1.2. Silver Nanoparticle Characterization. Silver nano- in elemental composition (EDS) and optical properties (UV—
particles (AgNPs) exhibited well-defined, spherical morphol- vis), respectively. While these results qualitatively suggest drug-
ogies, as confirmed by scanning electron microscopy (SEM) carrier association, further investigation is required to under-
imaging (Figure 2A). Notably, SEM images of AgNPs stand the thermodynamic nature and structural consequences
incubated with timolol maleate showed clear nanoparticle of these interactions.
aggregation, suggesting that timolol maleate binds to the To this end, we employed isothermal titration calorimetry
surface of multiple AgNPs and induces interparticle bridging, (ITC) and differential scanning calorimetry (DSC) to
thereby promoting cluster formation. quantitatively evaluate binding affinity, enthalpic and entropic

To further elucidate the underlying mechanism of this contributions, and potential structural modifications following
aggregation, UV—visible spectroscopy was employed to drug incorporation. These analyses offer deeper insights into
monitor the interaction between AgNPs and timolol maleate the binding mechanisms of timolol maleate with each carrier,
over time and under varying temperature conditions. UV—vis highlighting fundamental differences in interaction strength
spectroscopy provides a sensitive measure of changes in the and temperature responsiveness.
optical properties of AgNPs, particularly surface plasmon 3.2.1. Thermodynamic Characterization of Drug-carrier
resonance (SPR), which is influenced by surface-binding Binding. Isothermal titration calorimetry (ITC) revealed
events. distinct thermodynamic profiles for each carrier system. For

At 25 °C, spectra were recorded over an 8-h incubation pNIPAM nanogels, the interaction with timolol maleate was
period using a 1:4 molar ratio of AgNPs to timolol maleate characterized as an endothermic process, as indicated by

D https://doi.org/10.1021/acsabm.5c00425
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Figure 4. Isothermal titration calorimetry results of silver nanoparticle and timolol maleate (A—C) in 25 °C, (D—F) in 40 °C.

Table 2. Thermodynamic Quantities of Timolol Maleate and AgNPs Interaction Derived from ITC

carrier type n (sites) K, (x10* M)
AgNPs (25 °C) 0.288 265 + 0305
AgNPs (40 °C) 1310 68.0 + 0.575

AH (kcal/mol)

-1.75
—7.610 (x10%)

AG (kcal/mol)

—8.77
—8.353

—TAS (kcal/mol)

—-7.01
7.609 (x10%)

increases in both enthalpy and entropy (Figure 3, Table 1).
This behavior is primarily attributed to the disruption of
clathrate-like water structures surrounding the hydrophobic
regions of both the polymer and the drug, which requires
energy input to break hydrogen bonds.”® Concurrently, the
formation of hydrophobic associations between the nanogels
and the drug contributes to an entropy-driven binding
mechanism.

Despite the spontaneous nature of this interaction, the
relatively low association constant (K,) and the binding curve
in Figure 3B suggest a weak and transient interaction.”® The
absence of an inflection point in the fitted curve further
suggests this interpretation, indicating that the complex
dissociates readily before equilibrium is fully reached—
consistent with Ka value typically observed for hydrophobic
interactions.””** These findings support the conclusion that
the binding is primarily driven by hydrophobic forces, which
are noncovalent and typically involve minimal structural
reorganization or permanent bonding.

In contrast to the entropy-driven, hydrophobic interactions
observed in the pNIPAM system, binding to AgNPs appears to
be predominantly enthalpy-driven, stabilized by hydrogen
bonding and electrostatic interactions (Figure 4A—C, Table 2).
The small negative enthalpy change (AH < 0) and favorable
free energy change (AG < 0) indicate thermodynamically
favorable binding. The high association constant (K, = 26.5 X
10° M) suggests that the binding is stabilized through a
combination of multiple simultaneous interactions.”® The
negative entropy contribution (—TAS < 0) reflects increased
ordering in the system, likely due to the structuring of water

molecules around the nanoparticle surface.”” This pattern of
thermodynamic parameters—small exothermic AH, negative
—TAS, and high K,—suggests that the interaction occurs
predominantly through surface adsorption, where drug
molecules bind to pre-existing sites on the AgNPs surface
without inducing significant conformational or structural
changes. While ITC does not directly probe structural changes
of nanoparticles, the absence of a large enthalpic contribution
or entropy gain typically associated with deep intercalation or
structural rearrangement may indirectly support the notion
that no significant alteration of the nanoparticle surface occurs
during the interaction.

When the temperature was increased to 40 °C, the system
exhibited a pronounced shift in thermodynamic behavior. The
enthalpy change became substantially more exothermic (AH
< 0), suggesting enhanced interactions at specific binding sites
or conformational changes at the nanoparticle interface (Figure
4D—F, Table 2). Simultaneously, the entropy contribution
reversed (—TAS > 0), indicating increased molecular disorder,
possibly due to solvent reorganization. Although the binding
remained spontaneous (AG < 0), the association constant
decreased (K, = 6.8 X 10° M™'), reflecting a lower overall
binding affinity at elevated temperatures. These results imply
that higher temperature induces structural or interfacial
changes in the system, resulting in a binding mechanism
distinct from that observed under ambient conditions.

Taken together, the results indicate that pNIPAM nanogels
bind timolol maleate through weak, diffusion-driven hydro-
phobic interactions without inducing structural alteration. In
contrast, AgNPs exhibit a thermodynamically distinct binding
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Figure 5. Design, modification, and morphological characterization of the PoG system. (A) Schematic representation of the design and
modification process of the PoG system. (B) Morphological analysis of the PoG system: Cryo-SEM and EDS analysis confirming the conjugation of

AgNPs onto the pNIPAM nanogels.

mode, with temperature-dependent behavior suggesting sur-
face-specific adsorption mechanisms that remain structurally
passive at lower temperatures but shift toward more dynamic
or cooperative interactions under thermal stimulation.

While these thermodynamic insights offer a valuable
understanding of carrier-specific drug binding, isothermal
titration calorimetry (ITC) has inherent limitations. Unlike
techniques such as surface plasmon resonance (SPR) or
nuclear magnetic resonance (NMR) spectroscopy, which can
provide spatial or kinetic resolution of binding events, ITC
measures bulk heat changes across the entire system. As a
result, localized, sequential, or heterogeneous interactions may
be obscured. Additional analytical approaches are therefore
needed to more fully characterize the complexity of drug—
carrier interactions.

3.2.2. Temperature-Dependent Drug-Carrier Interaction.
Differential scanning calorimetry (DSC) was employed to
evaluate structural changes induced by drug incorporation,
providing the complementary insight into the thermodynamic
profiles obtained from ITC (Figure S3). All DSC measure-
ments were conducted on drug carrier-loaded contact lens
formulations, as the solid-state form was required for thermal
analysis. This approach allowed for the detection of potential
phase transitions or structural rearrangements within the
carrier matrix.

DSC measurements revealed clear differences in the thermal
transitions of silver nanoparticle (AgNPs) with and without
timolol, indicating that drug binding induces structural
changes.””*" These observations are consistent with the ITC
findings and confirm that timolol-AgNPs interactions lead to
measurable alterations in nanoparticle structure. In contrast,
DSC analysis of poly(N-isopropylacrylamide) (pNIPAM)
nanogels with and without timolol showed no significant
differences in heat flow profiles. This suggests that timolol
binding does not induce structural changes in the nanogel
matrix, further supporting the ITC results, which indicated that
pNIPAM-timolol interactions are predominantly noncovalent
and diffusion-driven.

These results reinforce the conclusion that AgNPs undergo
structural reorganization upon drug binding, while pNIPAM
nanogels maintain their structural integrity, interacting with
timolol maleate via weak, noncovalent mechanisms.

3.3. Morphology Analysis of the Particles-on-a-Gel
(PoG) System. Comprehensive characterization of pNIPAM
nanogels and AgNPs confirmed their successful synthesis and
distinct modes of interaction with timolol maleate. These
differences in binding affinity form the basis for a
complementary dual-phase drug release strategy: pNIPAM
nanogels support an initial diffusion-driven release, while
AgNPs facilitate a more prolonged release phase. Specifically,
AgNPs interact with timolol maleate in a manner that may
influence diffusion by modulating the extent and rate of bond
dissociation. The most plausible mechanism involves sulfide
bonding between a thiol group of timolol and the silver
surfaces.””>*

In contrast, pNIPAM interacts with timolol maleate via
hydrophobic forces, such that drug diffusion is primarily driven
by the concentration gradient within the nanogel. A higher
concentration of loosely bound drug molecules near the
surface can accelerate the initial diffusion rate, highlighting the
importance of managing surface-bound drug levels to maintain
a consistent release profile.

Building on these insights, we developed a particles-on-a-gel
(PoG) system to regulate diffusion and extend drug release
duration. Structural analysis using SEM and EDS confirmed
the successful integration of AgNPs with the pNIPAM
nanogels, forming a raspberry-like morphology (Figure SB).
This unique structural configuration effectively combines the
advantages of both carriers, further optimizing drug release
kinetics.

3.4. Drug Release Profile of Particles-on-a-Gel
System. The drug release characteristics of the PoG system
were evaluated by incorporating the formulation into contact
lenses and monitoring its release profile over time. To
contextualize the release data, we first quantified the amount
of drug associated with each carrier prior to lens fabrication.
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Figure 6. Comparative analysis of cumulative drug release from three different carriers.

This was achieved by measuring UV—vis absorbance after
centrifugation to separate bound drug. The corresponding
drug-loading capacities were presented in Figure S4A. These
results provide a reference point for interpreting the
subsequent release profiles.

Comparative release patterns for the PoG system and its
individual components are presented in Figure 6. Among the
carriers, the silver nanoparticles (AgNPs) system exhibited the
highest cumulative drug release (42.25 ug), while the pNIPAM
nanogels system released the lowest amount (34.02 ug). The
PoG system demonstrated a total release comparable to that of
AgNPs.

Within the first 24 h, AgNPs showed the most rapid release
rate, while both pNIPAM and PoG systems displayed similar,
slower release kinetics. After 24 h, the drug release from
AgNPs declined sharply, whereas the pNIPAM system
continued to release small amounts gradually. Notably, the
PoG system maintained a steady and sustained release profile
beyond the initial period.

We initially hypothesized that drug release from pNIPAM
nanogels would be governed by a concentration gradient due
to their noncovalent, diffusion-driven interactions, while
AgNPs, which form stronger chemical bonds, would provide
a slower release. Contrary to this expectation, AgNPs exhibited
a remarkably rapid initial release. This unexpected behavior is
likely attributable to the oxidative instability of AgNPs; once
oxidized, even strongly bound timolol maleate may dissociate
rapidly due to degradation of the nanoparticle structure.

In contrast, the PoG system demonstrated the anticipated
prolonged release effect (Scheme 1). The incorporation of
pNIPAM nanogels likely contributed to this sustained release
by mitigating AgNPs oxidation.” >’ To investigate this
stabilization effect, we monitored changes in the color of
AgNPs over 24-h period (Figure SS). AgNPs alone exhibited

Scheme 1. Mechanism Enabling Prolonged Drug Release in
the PoG System

0, ~h
>
>
Burst x
release \ 0 \
Slow i
release % Diffusion

Release by AgNPs Release by pNIPAM

Particles-on-a-Gel (PoG)

pNIPAM nanogel AgNPs Timolol maleate (drug)

complete discoloration, consistent with full oxidation and
conversion to silver ions.’*”*° In comparison, AgNPs
embedded within the PoG system exhibited a visible color
shift but did not become fully transparent, suggesting that the
pNIPAM nanogels provide partial protection against oxidative
degradation.

Additionally, the PoG system appeared to reduce the
number of loosely bound drug molecules on the surface of
the pNIPAM nanogels. Although we initially expected this
reduction to markedly suppress early phase diffusion, only a
minor change was observed. However, given that the total
amount of drug released increased while the initial burst
release was reduced, it is likely that fewer surface-bound drug
molecules were prematurely lost, resulting in a more sustained
and controlled release profile. While this suggests enhanced
temporal control of drug delivery, it does not necessarily
indicate higher release efficiency relative to the initial loading.
Only 67% of the drug loaded in the PoG system was released,
compared to 75 and 78% in the pNIPAM and AgNP systems,
respectively (Figure S4B). This difference may reflect stronger
drug retention, restricted diffusion, or structural entrapment
within the PoG matrix.

3.5. Interpretation of Drug Release Mechanisms of
Particles-on-a-Gel System. To further elucidate the
mechanisms governing drug release from the PoG system,
kinetic modeling was employed to quantify the relative
contributions of diffusion and carrier relaxation. The
Korsmeyer-Peppas model was applied to analyze the initial
release phase up to 60% drug release.'” > In this model, the
release exponent (n) provides insight into the dominant
transport mechanism: n < 0.45 indicates Fickian diffusion, 0.45
< n < 0.89 suggests anomalous (non-Fickian) transport, and n
> 0.89 corresponds to case-II transport, typically associated
with polymer relaxation.”"*
fall within the Fickian diffusion range, indicating that the early
stage release is primarily diffusion-controlled for each carrier

(Table 3).

The n values for all three systems

Table 3. Kinetic Values of Three Types of Nanocarrier
Based on Kormeyer-Peppas Model

Korsmeyer—Peppas kinetic profile

type KP n R? drug release mechanism
pNIPAM 21.170 0.429 0.9644 quasi-Fickian
AgNPs 40.391 0.378 0.9668 quasi-Fickian
PoG 22.361 0.337 0.9972 quasi-Fickian
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Since the Korsmeyer-Peppas model primarily describes the
initial release behavior, the Peppas-Sahlin model was also used
to distinguish the contributions of diffusion and carrier
relaxation throughout the entire release process.””*® The
diffusion-related parameter k; was highest for AgNPs, followed
by pNIPAM and PoG, confirming diffusion as the dominant
release mechanism across all systems (Table 4). However, the

Table 4. Kinetic Values of Three Types of Nanocarrier
Based on Peppas-Sahlin Model

Peppasr—Sahlin kinetic profile

drug release

type k, k, m R? mechanism
pNIPAM  26.111 —1.761 0436  0.9880 anomalous
transport
AgNPs 57.335 —8.208 0.279 0.9937  quasi-Fickian
PoG 21.368 5.569 0209  0.9975  quasi-Fickian

carrier relaxation constant k, was negative for both pNIPAM
and AgNPs, indicating negligible contributions from carrier
relaxation.*’ In contrast, the PoG system exhibited a positive k,
value, suggesting that polymer relaxation plays a secondary but
meaningful role in modulating drug release. These mechanistic
differences were further supported by the transport exponent
(m) values, also summarized in Table 4.

These kinetic findings provide a quantitative framework for
interpreting the thermodynamic observations. The unexpect-
edly rapid release from AgNPs, despite their strong chemical
affinity for timolol maleate, is reflected in the kinetic model as
a diffusion-dominated process. Carrier relaxation in the
Peppas-Sahlin model typically characterizes polymeric systems
where swelling, matrix relaxation, or structural rearrangements
governs drug release. Since AgNPs are inorganic and undergo
oxidative degradation rather than gradual structural trans-
formation, their release behavior does not contribute to a
positive k,, reinforcing their classification as diffusion-driven.

For the pNIPAM nanogels, the detection of anomalous
transport—rather than purely Fickian diffusion—likely reflects
nanogel swelling effects. However, the negative k, value
indicates that polymer relaxation is not a major contributor to
the release process.

Unlike single carrier systems, where release is primarily
governed by either diffusion or carrier relaxation, the PoG

system exhibits a synergistic mechanism that integrates both
effects. While diffusion remains the primary release driver, the
emergence of a positive k, value suggests that pNIPAM’s
stabilization of AgNPs modifies the drug release pathway. This
observation aligns with thermodynamic data, which showed
that pNIPAM nanogels mitigate AgNPs oxidation, contributing
to prolonged drug retention. The kinetic model further
supports this, as the presence of a relaxation component (k,
> 0) in the PoG system implies that nanogel-mediated
stabilization affects not only the extent of AgNPs oxidation but
also the temporal dynamics of drug diffusion.

Together, these findings highlight the importance of
integrating kinetic and thermodynamic analyses to fully
understand drug release behavior, offering a design rationale
for developing advanced nanocarrier systems with enhanced
release control.

3.6. Potential of the Particles-on-a-Gel System for
Sustained Glaucoma Treatment. 3.6.1. Suitability of the
Release Profiles. Given the focus on glaucoma therapy, it is
essential to assess whether the PoG system provides a release
profile appropriate for sustained intraocular pressure (IOP)
control. To evaluate this, we analyzed both the drug release
kinetics and therapeutic relevance using established clinical
benchmarks.

Effective glaucoma management requires maintaining drug
concentrations above the therapeutic threshold. However,
conventional eye drops are highly inefficient, with only about
5% of the administered dose reaching ocular tissues. For
instance, a 50 pL drop of a 0.5% timolol maleate solution
delivers approximately 12.5 pg of drug systemically. To address
this limitation, we adopted a contact lens-based drug delivery
platform, leveraging its prolonged corneal contact time and
enhanced drug retention to improve ocular bioavailability.
Based on reported absorption efficiencies of up to 50% with
contact lenses, we set a target drug release of 25 ug within the
first 24 h to achieve therapeutic exposure comparable to once-
daily eye drop administration.**

While achieving therapeutic levels within the first 24 h is
essential for initiating IOP reduction, maintaining a residual
drug presence beyond this period is also important for
attenuating pressure rebound. Timolol maleate exhibits a
characteristic pharmacodynamic profile when delivered via
sustained-release system: IOP is maximally reduced within the
first 24 h, followed by a gradual return to baseline over
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Figure 7. Drug release profiles of three different carriers within 24 h; (A) cumulative drug release percentage, normalized to 100%. The color scale
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Figure 8. Drug release profiles of three different carriers beyond 24 h; (A) cumulative drug release percentage after 24 h. (B) Box plot analysis of

drug release rates beyond 24 h.

approximately 120 h.**~*" Although drug concentrations in
tear film may remain detectable for up to 56 h, this alone is
insufficient to sustain maximal therapeutic effect.”> However,
continued drug availability during the postpeak period can help
moderate the rate of IOP increase, thus reducing short-term
fluctuations that are known to exacerbate glaucoma pro-
gression. Based on this rationale, we defined 120 h as the target
duration for extended release.

Having defined the desired release window, we next
examined whether the PoG system could deliver timolol
maleate in a controlled and sustained manner consistent with
this therapeutic goal. As shown in Figure 6, all tested systems
released more than 25 pg within the first 24 h, meeting the
minimum requirement for initial IOP reduction. To assess
release consistency beyond the initial dose, we analyzed the
temporal drug release patterns in detail. Figure 7A illustrates
the release dynamics: both AgNPs and pNIPAM nanogels
exhibited initial burst release profiles, whereas the PoG system
maintained a more gradual and sustained drug release. This
behavior is crucial for ensuring stable drug availability in the
ocular environment over an extended period.

Figure 7B further supports this finding by visualizing release
rate variability using box plot. The PoG system exhibited the
narrowest interquartile range (25—75%), indicating the most
consistent release profile among the tested systems. Such
uniformity is a key feature of effective sustained-release
systems, as it helps minimize fluctuations in drug concentration
and supports consistent therapeutic efficacy.

Together, these results demonstrate that the PoG system
fulfills the therapeutic requirements for both immediate and
prolonged IOP control, maintaining drug release for up to 120
h (Figure 8).

3.6.2. Practical Considerations for Contact Lens-Based
Drug Delivery. In addition to sustained drug release, practical
factors that affect usability and patient comfort must also be
considered for clinical translation—particularly in contact
lens—Dbased systems, where any compromise in lens trans-
parency can directly impair vision and reduce compliance. As
shown in Figure S6, contact lenses incorporating individual
carrier systems exhibited a noticeable loss in light trans-
mittance, with postrelease values dropping by more than 20%.
In contrast, lenses loaded with the PoG system retained over
70% transmittance after drug release, indicating minimal visual
interference. These findings highlight the PoG system’s
suitability for long-term ocular drug delivery, as it maintains

both functional drug release and optical clarity—two essential
prerequisites for successful clinical translation.

4. CONCLUSION

This study presents a “Particles-on-a-Gel” (PoG) system that
regulates drug release by leveraging differential nanocarrier
affinities. By integrating poly(N-isopropylacrylamide) (pNI-
PAM) nanogels and silver nanoparticles (AgNPs), the PoG
system achieves controlled and sustained drug delivery of
timolol maleate, effectively balancing the initial burst phase
with prolonged release.

Thermodynamic and kinetic analyses revealed distinct drug-
carrier interaction mechanisms that govern release behavior.
The pNIPAM nanogels facilitated diffusion-driven release via
hydrophobic interactions, while AgNPs enabled stronger drug
retention through surface-based interactions. By combining
these carriers, the PoG system achieves a tunable and extended
release profile, made possible not simply by additive effects,
but by the interplay of complementary binding behaviors.

The PoG system also demonstrated structural integrity and
maintained lens transparency after drug release, highlighting its
feasibility for contact lens-based ocular drug delivery.
Compared to single-carrier systems, the PoG platform offers
improved control over release kinetics and better preserves
optical clarity—both critical factors for patient compliance and
long-term therapeutic effectiveness.

Beyond ophthalmic applications, this dual-carrier approach
offers a generalizable framework for nanocarrier-based drug
delivery in chronic disease management. Future work should
focus on in vivo evaluation, long-term safety studies, and
further optimization to support clinical translation. By bridging
fundamental drug-carrier interaction insights with practical
design considerations, this study contributes to the advance-
ment of next-generation sustained-release systems for clinical
therapeutic use.
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SEM and EDS analysis of samples with and without
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scanning calorimetry (DSC) profiles of nanocarrier-
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drug-contact lens systems (Figure S3); pNIPAM
nanogels in stabilizing AgNPs; time-dependent color
changes of silver nanoparticles over 24 h; character-
ization of the PoG system and evaluation of the
oxidative stability of silver nanoparticles (Figure S4);
and changes in optical transmittance of lenses containing
nanocarriers before and after release (Figure SS) (PDF)
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