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Abstract

Purpose:

Understanding nanoparticle interactions and transport across hydrogel matrices and their associated
interface with cellular layers is essential for designing effective drug delivery systems, tissue
engineering scaffolds, and biomaterial platforms. Therefore, robust in vitro models that simulate
complex extracellular matrices and that support quantitative transport analysis are crucial as

preclinical screening tools.
Methods:

This study presents the development of a versatile, multicomponent in vitro hydrogel-cell model
designed to evaluate nanoparticle transport dynamics and boundary layer interactions, demonstrated
here using an optimised synthetic vitreous humour analogue and an adherent retinal cell (ARPE-19)
layer as a representative model. This is achieved by exploiting the capabilities of an emerging label-
free nanoparticle tracking platform, which can dynamically characterise the effects of matrix

complexity, protein interactions, and cellular presence on gold nanoparticle transport in real time.
Results:

The model effectively characterised how increasing system complexity influenced nanoparticle
diffusion. In serum-rich media, nanoparticles incubated for 24 h showed significantly higher diffusion
rates when compared to serum-free media, suggesting the presence of nanoparticle-protein
interactions that prevented particle-particle aggregation. The introduction of an ARPE-19 cell layer
further increased biological complexity reflected by greater variability in nanoparticle diffusion.
Finally, the addition of the hydrogel matrix resulted in a bimodal diffusion distribution, successfully

resolving the distinct aqueous and gel phase microenvironments within the model.
Conclusion:

This experimental model provides a quantitative framework for evaluating how nanoentity properties
govern carrier-protein interactions, matrix diffusion, and target cell delivery. Ultimately, these insights
will inform nanocarrier design to control transport across complex biomaterials and biological

interfaces.

Key words: hydrogel-cell, interface, nanoparticles, label-free, vitreous humour, pharmacokinetics.
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Introduction

The boundary where hydrogels meet cellular layers plays a critical role in controlling how drugs and
nanoparticles move, interact with proteins, and reach their target cells. This dynamic environment is
central to many biomedical applications, including disease modelling, soft tissue regeneration, drug
delivery, and cell-biomaterial scaffolds [1-3]. In these systems, dense extracellular matrix networks
actively dictate nanocarrier permeation, surface adsorption, and localised cellular uptake. These
models provide valuable platforms for studying cell interactions, disease modelling, and therapeutic
developments. If designed and characterised appropriately, in vitro systems offer controlled
environments with high reproducibility, providing more cost-effective and ethical solutions when

compared to in vivo or ex vivo models [4].

Traditional in vitro models used for drug development and diseases modelling have been based on a
monolayer of cells, grown usually in a petri dish or flask. Despite their simplicity and reproducibility,
these models are now being replaced with more complex 3D structures, due to their limited ability to
replicate the complex physical and biochemical barriers in the biological environment. Recent
research efforts have focused on replicating the complexity of the stratified nature of different tissues,
such as skin or the retina, with 3D in vitro models [5,6]. This has resulted in the production of more
complex and accurate physiological models to study tissue function and disease [7]. These advanced
in vitro models enable the investigation of physiology and physiopathology at the biochemical level,
in a more biologically relevant environment, where interactions between different cell types and
microfluidics are replicated [6]. In addition, recent efforts have focused on predicting patient-specific

drug responses, further highlighting the potential of these systems in translational research [8].

However, when it comes to drug development and drug design these research models study the drug’s
action once the drug is already in the target cell layer, overlooking the transport barriers encountered
en route. A clinically critical example of this challenge is found in the treatment of retinal diseases.
Retinal drug delivery can occur through four principal routes of administration: intravitreal, subretinal,
suprachoroidal and systemic [9,10]. Intravitreal administration is the most common method currently
used in clinic, where a single hospital in London, UK has forecasted 83,000 intravitreal injections for
2029 [11].This method is used for the treatment of diabetic retinopathy (DR) and age-related macular
degeneration (AMD), which are two of the most common retinal affecting pathologies, [12]. Following
intravitreal injection, the drug, despite being delivered close to the retina, has first to efficiently
migrate from the injection site to the targeted tissue, through the vitreous humour, a factor that is

not incorporated into many in vitro models.
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Relying on models that assume that the drug concentration reaching the cellular interface is the same
as the administrated drug concentration can lead to an overinterpretation of the efficacy and
misinterpretation of the cellular response [13]. Therefore, for the design of novel therapeutics and to
assess a safe and effective posology, it is essential to evaluate the drug’s pharmacokinetics accounting
for the initial hydrogel-like matrix. The vitreous humour serves here as a model of biological barrier

that the nanocarriers must overcome to reach the targeted tissue, the retina [14].

The vitreous humour is a complex viscoelastic gel that fills the space between the lens and the retina.
It is made up of water (98%), a matrix of collagen stabilised with hyaluronic acid, glycosaminoglycans,
proteins and ions. This matrix and the multiple components of the vitreous can restrict the drugs’
transport in a physical or chemical manner, where properties such as drug/nanocarrier size and charge

can define the fate of the therapeutic [15,16].

Previous in vitro research tested hydrogels based on agar and hyaluronic acid as vitreous humour
substitutes [17,18]. These hydrogels, where agar aims to mimic the easy-degradable collagen mesh
naturally occurring in the vitreous, were presented as a more stable solution when compared to the
extraction of vitreous from cadaveric eyes. Our recent work demonstrated that the lowest tested
concentrations of agar and hyaluronic acid (0.95 mg/mL and 0.7 mg/mL, respectively) most accurately

recapitulate the mechanical and morphological properties of porcine vitreous humour [18,19].

Since much current retinal drug research is based on long-acting therapies that can increase the drug’s
half-life in the ocular chamber, nanoparticles are being considered a promising platform to
encapsulate already existing drugs, to stabilise them in the vitreous humour, or to increase their
bioavailability, thus reducing the total number of intravitreal injections needed in the overall

treatment [20-22].

It is essential to account for the presence of proteins in the media in models evaluating nanoparticle-
based drug delivery systems. Extensive research on nanoparticle—protein interactions has established
that, upon exposure to biological fluids, nanoparticles rapidly and spontaneously adsorb proteins onto
their surface, forming a dynamic coating known as the protein corona [23,24]. This corona can change
the inherent properties of the nanoparticle, making it a new entity that may no longer reflect the
characteristics of the native form [25]. This change in the properties of the surface of the nanoparticles
can affect their transport and fate in biological environments [26—28]. Consequently, nanoparticle-
protein interactions are a critical consideration in therapeutic design and pharmacokinetic analyses.
Although the protein concentration in the vitreous humour is low (4.7£1.2 mg/mL) [15] when
compared to other biological fluids such as blood (65-81 mg/mL) [29], their influence on nanoparticle

transport should be accounted for when performing pharmacokinetic analysis.
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The most used cell line for retinal in vitro models is the ARPE-19, a well-established human-derived
retinal pigmented epithelial (RPE) cell line isolated from a 19-year-old donor [5,30]. First established
and characterised in 1996 they have since become a standard model for retinal research due to their
growth capacity and consistency, as they are an immortalise cell line with the same original donor
[31]. Although ARPE-19 cells lack some native RPE properties and phenotypic characteristics and
represents the RPE monolayer rather than the full neurosensory retina, they remain widely used in
vitro due to their ease of cultivation and high experimental reproducibility, making them well-suited

for model development [32].

Current techniques to assess nanoparticle transport across complex media, involve the use of lasers
or the addition of fluorescent tags (such as nanoparticle tracking analysis- NTA, super-resolution
microscopy- SRM, and confocal microscopy) [33,34]. However, for dynamic nanoparticle visualisation
and tracking, these approaches are limited in their ability to provide accurate and highly reproducible
guantitative data [35]. Laser-based methods can highly influence cell viability through phototoxicity,
while the addition of fluorescent tags can alter the physicochemical properties of the nanoparticles,
changing their interactions with proteins in solution and with the vitreous analogue, affecting the fate

of the nanoparticles [36—38].

To address these limitations, we propose the use of an emerging platform originated from applying
the natural phenomena of caustics in an optical inverted microscope. Based on light refraction, this
technique has recently proven useful to investigate nanoparticle transport in a label-free and dynamic
manner [19,39,40]. This platform enables the visualisation of nanoparticles, with minimal sample
preparation, without the use of labels that can affect the nature of the nanoparticle interaction with
the model, avoiding these steps the platform provides more reproducible and accurate values of

diffusion [41].

This study aims to develop a versatile, multicomponent in vitro platform designed for the
pharmacokinetic evaluation and optimisation of nanoparticle-based drug delivery systems
across complex biological barriers. The proposed platform addresses a critical gap in the
literature by enabling pharmacokinetic analysis that accounts for the vitreous humour and a
subretinal cell layer. The model is presented as a user-friendly, reproducible, and cost-effective
platform for investigating nanoparticle transport across a developed vitreous analogue toward an

ARPE-19 cell layer using standard optical microscopy.

To establish the foundation of the model, the effects of nanoparticle-protein interaction and
nanoparticle surface charge on the diffusion of the investigated nanoparticles (100 nm positively

and negatively charged gold nanoparticles) were first evaluated in the absence of the cell layer.
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Subsequently the same nanoparticles were used to examine how those parameters are affected
by the incorporation of cells. Finally, nanoparticle distribution and interactions were assessed
with the hydrogel matrix (the optimised vitreous analogue), validating the multicomponent model

for in vitro analysis.

Materials and methods

Nanoparticles
100 nm (-32.7 mV) spherical citrate-capped gold nanoparticles (AuNPs) were purchased from BBI
Solutions (Crumlin, UK), and 100 nm diameter (28.7 mV) branched polyethylenimine (BPEI)
capped AuNPs were obtained from NanoComposix. These nanoparticle stock solutions (102
mg/mL) were diluted in ultra-pure deionized water to obtain the desired constant concentration

of 107 particle/mL when added to each tested formulation.

Cell culture media
Dulbecco’s Modified Eagle’s Medium: nutrient mixture F12 (DMEM/F12) (11320-033 Gibco, UK),
foetal bovine serum (FBS) (Gibco, UK), Penicillin-Streptomycin (10,000 U/mL) (Gibco, UK), Trypsin-
EDTA (0.25%), phosphate buffered saline (PBS) (10X) (Gibco, UK).

ARPE-19 Cell line expansion
Human retinal pigmented epithelial cell line (ARPE-19, ATCC CRL-2302)) at passage 25 were cultured
in Dulbecco’s Modified Eagle’s Medium: nutrient mixture F12 (DMEM/F12) (Gibco, UK), with 10% (v/v)
foetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/ mL streptomycin under standard culture
conditions (37°C, 5% CO,). When 80% confluent ARPE-19 cells were passaged. Cells were washed twice
with 5 mL phosphate buffered saline (PBS) solution, trypsinised to detach them from the flask and
centrifuged at 300 g for 5 min. Cells were resuspended in complete culture medium (DMEM F12+ 10%

FBS + pen/strep) and seeded 1:3 in T75 flask.

Vitreous humour analogue synthesis

Asgar and hyaluronic acid hydrogels used as a vitreous substitute were synthesised using previously
described methods [18]. To a 1X boiling phosphate buffer saline (PBS) solution the following were
added: agar at a concentration of 0.95 mg/mL and hyaluronic acid (high molecular weight) at a
concentration of 0.7 mg/mL. The solution was magnetically stirred (500-1000 rpm) at 100°C for 1 hour,
after which the agar hyaluronic acid hydrogel (AHA) was cooled down at room temperature overnight
before being mixed with different ratios of the previously filtered (with a 0.22 um PES sterile filter)
DMEM/F12 + 10% FBS media.
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Vitreous humour analogue cytotoxicity assay
To ensure that the microscope glass coverslips (22 mm?) did not affect ARPE-19 cells viability and
surface attachment, cells cultured on coverslips were compared to cells cultured in the well of a

standard cell culture dish. At the same time the vitreous analogue was assess for cytotoxicity.

In a cell culture treated 6-well plate, coverslips were placed inside three of the wells while the
other three were left empty. ARPE-19 cells were seeded at a density of 2.0 x 10° cells per well and
incubated for 48h to allow the formation of a confluent monolayer. The media was then changed,
and the cells were washed twice with PBS prior to incorporating the different ratios of DMEM/F12
+10% FBS (full media): AHA. Three environments (test media) were tested both with and without
coverslips, the first one full media alone, a second 50% (v/v) full media and 50% (v/v) AHA
hydrogel, and the third the AHA hydrogel alone. These different media were left to incubate for 24
h. A qualitative assessment was performed through the comparison of images taken of the cells
with an optical microscope, of the untreated (prior to adding the test media) and treated (after
the 24 h incubation with the test media), to compare qualitatively the cytotoxicity effect of the
vitreous humour analogue and the presence of microscope glass coverslips through the cell

morphology.

A second qualitative assay was performed to assess the optimisation of the vitreous analogue
through the combination of different ratios of full media and the AHA hydrogel. ARPE-19 cells
were seeded onto 6-well plates (with microscope glass coverslips) following the same procedure
as stated above. Six different conditions were tested, full media alone, 60% AHA hydrogel with
40% full media, 70% AHA hydrogel with 30% full media, 80% AHA hydrogel with 20% full media,
90% AHA hydrogel with 10% full media, and AHA hydrogel alone. The assessment was performed
through the comparison of images taken of the cells in an optical microscope, of the untreated
(prior to adding the test media) and treated (after the 24 h incubation with the test media), to
qualitatively compare the cytotoxicity effect of the vitreous humour analogue through the cell

morphology.

Resazurin assay
The same plates used for the second qualitative assay were used to perform a resazurin assay. 1
mL of a filtered (0.22 um PES sterile filter) complete media with 11 pg/mL resazurin sodium salt
(Sigma, #199303) was added per well after discarding previous media and washing twice with PBS.
The plates were left to incubate at 37 °C, 5% CO, for 2h. After 2 h incubation the supernatant of

each well was collected and added into a black 96-well plate (in triplicate) for fluorescent reading
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at 570 nm, in a Synergy HT microplate reader (BioTek, USA). A blank of only the 10% resazurin

solution in full media without cells served as background control.

Nanoparticle tracking
The diffusion coefficient of positively-charged 100 nm AuNP and negatively-charged 100 nm
AuNP, with a final particle concentration of 107 particle/mL was evaluated at 37°C. An aliquot of
50 pL of the sample (test media containing AuNPs) was added into the cavity of a microscope
slide (76x26 mm and 0.2 mm cavity depth), and sealed with a microscope glass coverslip of 22
mm x 22 mm. The samples were incubated on the microscope stage-top incubation system at
37°C for 10 minutes prior to being analysed under an Axio Observer.Z1 m (Carl Zeiss, DE) inverted
optical microscope, to ensure a consistent temperature throughout the sample. Label-free
nanoparticle tracking was achieved by increasing the coherence of the light, by closing the
aperture of the condenser to its minimum (approximately 1 mm), adding a green interference
filter (Olympus, JP, centred on 550 nm, 45 nm bandwidth), and setting the microscope for Kdhler
illumination by adjusting the condenser height to where the light throughput was maximised;
following the methodology described by Patterson and Whelan [41,42]. Videos of individual
nanoparticles trajectories were recorded using a x 40 objective and a monochromatic camera
(Axiocam305, Carl Zeiss, DE) with a spatial resolution of 0.086 pm?for one pixel and a temporal

resolution of 92 fps.

To determine the effect of nanoparticle-protein interactions on the diffusion of nanoparticles
through cell culture media, two different media were tested for each charge of nanoparticles,
DMEM/F12 (serum-free) and DMEM/F12 enriched with 10% FBS. Once the nanoparticles were
added into each media the samples were vortexed (with a Vortex-Fisherbrand® mixer, UK) for 15
s and ultrasonicated (with a S-Series Heated Ultrasonic Bath Fisherbrand®, UK) for 1 minute. The
incubation time of the nanoparticles was also assessed in both media at two different time
points, 10 minutes and 24 h incubation at 37° C, 5% CO,, aligning with the cell culture conditions.
After the 24 h incubation, the effect of sample sonication prior to analysis was also assessed, so
the samples were first analysed without being sonicated and then they were analysed after 1
minute of sonication. A total of six nanoparticles, randomly selected from the field of view, were

tracked for each set of conditions and this was performed in triplicate.

For the analysis of nanoparticle diffusion above the ARPE-19 cell monolayer, three different
media were tested: DMEM/F12 (serum-free), DMEM/F12 enriched with 10% FBS, and the vitreous
analogue (80% AHA hydrogel and 20% DMEM/F12 enriched with 10% FBS). Firstly, a confluent

monolayer of ARPE-19 cells was obtained as described above, on a microscope glass coverslip
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of 22 mm x 22 mm. Secondly, to test the influence of protein interactions and the proximity to the
cell layer on the nanoparticle diffusion, nanoparticles (positively and negatively charged
separately) were added to the protein-enriched and protein-free DMEM/F12 media, and tracked
at 25 ym and 50 pm from the surface of the cell monolayer. A total of six nanoparticles, randomly
selected from the field of view, were tracked for each set of conditions and this was performed in
triplicate. Finally, to test the multicomponent model, nanoparticles (positively and negatively
charged separately) were added to the vitreous analogue and 20 nanoparticles were randomly
selected and tracked over time above the ARPE-19 cell monolayer at both distances (25 and 50
pm) and these were then compared to the nanoparticle diffusion on the vitreous analogue

without the influence of the ARPE-19 cells.

Data analysis
The obtained videos of the nanoparticles motion were analysed using the Imagel software plugin
TrackMate [43]. This provided information on the x and y coordinates of the nanoparticle within
the image plane for each successive frame. These coordinates mapped the path of the NPs over
time, enabling the extraction of mean squared displacement (MSD) and hence to determine the
nanoparticle’s diffusion coefficient, as there is a linear relation between the mean squared
displacement and the diffusion coefficient (D), for Brownian motion, for a specific time lag (At),

in a dimension (d) (in this case 2D) [44,45]:

MSD

= [1]

2dAt

A correlation analysis between the area containing the path of a nanoparticle and the value of its
diffusion coefficient was performed to better understand the nanoparticles’ interaction and
distribution through the vitreous analogue. For that the area of the smallest polygon enclosing all
the nanoparticle positions (convex hull) in 100 frames, was calculated through a geometric
algorithm (in MATLAB, R2025b)[46]. These values of the area were then correlated to the obtained
experimental diffusion coefficient values, for each nanoparticle, following the same procedure
as Lorenzo et al.[19]. Moreover, a frequency distribution analysis (OriginPro® 2026) was
performed to better visualise the nanoparticle’s distribution through the vitreous analogue

hydrogel.

Statistical analysis
Statistical analysis was performed through a linear mixed-effects model to account for the
hierarchical structure and dependency of the data where the nanoparticles were nested into

sample formulations were considered as the random effects, and the fixed effects were
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considered to be the different tested factors (media, incubation time, charge, sonication and
distance from the cell monolayer) that can modulate the nanoparticle diffusion. This was
executed using the lmer() function in R's Ime4 package, where assumptions of normality for
residuals were checked using Q-Q plots. p values <0.05 and < 0.001 were considered statistically

significant and highly significant, respectively.

Results and discussion

Protein interaction effect on nanoparticle diffusion in cell culture media
Gold nanoparticles were selected due to their widespread use and characterisation in the

literature, and a single size (100 nm) was investigated to reduce the number of variables [47,48].

With the aim of investigating the effect of nanoparticle-protein interaction and surface charge on
nanoparticle transport when nanoparticles are used in biological environments, both positively
surface charge 100 nm gold nanoparticles capped with BPEI, and negatively surface charge 100
nm citrate-capped gold nanoparticles were incubated separately for different times (10 min and
24 h) in serum-free cell culture media (DMEM/F12) and protein-rich cell culture media
(DMEM/F12 +10% FBS). These particles were tracked avoiding the use of fluorescent labels, in an
optical inverted microscope, to obtain more reliable experimental values of their diffusion

coefficients [38,41].

As shown in Figure 1, nanoparticle diffusion values for both surface charges in protein-free media
(DMEM/F12) following 24 h incubation experienced a 2-fold decrease (p<0.0001) when compared
with diffusion measured after 10 min in the same medium. More interestingly, NP diffusion at 24
h in protein-free media was also reduced relative to that observed in protein-rich media
(DMEM/F12 + 10% FBS) for the same incubation time. However, at the same time the
nanoparticles incubated in DMEM/F12 +10% FBS for 24 h showed 1.35 times increase (p=0.024)

when compared to their diffusion obtained after 10 minutes of incubation.

These results align with previous studies on how nanoparticle-protein interactions affect the
dynamics of nanoparticles [23,25,49]. This can be explained with the Vroman effect, a dynamic
dual chemical effect that the presence of proteins in the media can have over nanoparticles
depending on protein concentration and incubation time [50]. When the protein concentrations
are low, the weak interactions can make the nanoparticles more prone to particle-particle
aggregation after a long period of incubation (i.e. 24 h), due to the high ionic strength that reduces
the electrostatic repulsion between the NPs that causes the formation of large aggregates, which

diffuse slowly [51]. However, in the presence of a high protein concentration, such as used to

10
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mimic biological environments, proteins present in high concentrations can be absorbed by the
nanoparticles quickly (i.e. 10 min), and over time (i.e. 24 h) other proteins are believed to interact
with the particles, strengthening their bonds with the surface of nanoparticles [52]. This creates
a stable though dynamic protein interaction with nanoparticles’ surface, which has the ability to

stabilise the solution preventing particle-particle aggregation, due to the steric hindrance [53].
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Fig.1 Diffusion coefficient values of positively (green) and negatively (open red) charged 100 nm diameter
gold nanoparticles in cell culture media with and without FBS, at two different incubation time points in the
media (10 min and 24 h). At 24 h incubation, diffusion values for unsonicated samples prior tracking are
labelled as "24h;, and those with prior sonication after the 24h incubation period are labelled as *24h Sonic’.
*p<0.05, **p=<0.001

Moreover, this explanation is supported by the effect of the sample sonication after the 24 h
incubation and prior to the tracking analysis, shown in Figure 1 (24 h vs 24 h sonic). Here, there is
no visual nor statistically significant difference between the diffusion coefficient values of the
nanoparticles that have been incubated for 10 min compared to the particles that have been
incubated for 24 h and sonicated in the serum-free media. This implies that the sonication
process had successfully disrupted the particle-particle aggregates, retrieving a monodispersed
suspension. Also, the sonication process had no effect on the nanoparticles incubated for 24 h
in the protein-rich media, suggesting the formation of strong nanoparticle-protein interactions

that cannot be disrupted through the sonication process.

11
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The nanoparticle-protein interaction had been shown to happen for both negatively and positively
charged nanoparticles and proven to be a charge independent process as previous studies had
shown [40][54]. However, the dynamic process of specific protein adsorption can be affected by
the surface charge of the nanoparticle, while positively-charged nanoparticles tend to undergo a
higher protein adsorption of negative proteins, negatively surface charged nanoparticles adsorb
fewer proteins. Over longer incubation times, this can be reflected in a more pronounced
increase in diameter for positively-charged nanoparticles due to the larger amount of negatively
charged proteins present in FBS (i.e. albumin) [54-56]. This is shown (Fig 1) through a higher rate
of diffusion of negatively charge nanoparticles when incubated for 24 h in the serum rich media
compared to the positively charged nanoparticles. This difference may be attributed to an
increase in the hydrodynamic diameter of the positively-charged nanoparticles relative to their

negatively-charged counterparts.

This system has proven to be effective at characterising the effect that the presence of proteins
in the media has on stabilising nanoparticles through their interactions, and that this stabilisation

is maintained over incubation time and unaffected by sonication.

Introduction of ARPE-19 cell monolayer effect on nanoparticle motion
After understanding the nanoparticle-protein interaction effect on the nanoparticles’ diffusion,
an ARPE-19 cell layer was introduced into the system. Figure 2 a) shows the successful growth of
the ARPE-19 cell monolayer on a microscope glass coverslip comparing the bright field (left) and
the caustics set-up (right) in the same focal plane on the optical microscope. In figure 2 b) a closer
look, at the coverslip surface level, reveals the visible nanoparticles and the ARPE-19 cell-cell

junctions, through the caustics image.

12
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Fig. 2 Visualisation of ARPE-19 cells grown on a glass microscope coverslip under a Zeiss Axio inverted
optical microscope a) in bright field conditions (left) and with caustics settings (right); b) shows the cell-cell
junctions between cells in the presence of nanoparticles sedimented on the microscope coverslip

For the diffusion coefficient analysis, 100 nm diameter gold nanoparticles (separately positively
and negatively surface charged) were tracked at 25 pm and at 50 pm above the cell monolayer.
The experimental design is visually explained in figure 3. Initially, the surface of the cell monolayer
was localised in the microscope as shown in figure 3 a) under bright field and b) with the caustics
set-up, and here the microscope stage was set to z= 0 um; from there, once 25 pm c) and 50 pm
d) above the cells are reached the monolayer becomes out of focus but the caustics of the

nanoparticles are easily identifiable and they were tracked for the diffusion analysis.

13
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Fig. 3 Microscopy images of ARPE-19 cells grown on a glass microscope coverslip incubated in DMEM/ F12
+ 10% FBS with positively charged 100 nm diameter gold nanopatrticles. a) Bright field images of the cells;
b) same region of interest and focal plane with the caustics set-up; c) image take at 25 um from the surface
of the cell monolayer; d) image take at 50 um from the surface of the cell monolayer. Yellow arrows show
the caustic signatures of the 100 nm nanoparticles. Scale bar=5 um

The results of the nanoparticles diffusion are shown in figure 4, which illustrates a wide spread of
the diffusion values across both charges and independently of the presence of proteins. This
reflects the increased complexity of the environment as a result of the introduction of the cell
layer. However, the overall diffusion of positively-charged nanoparticles exhibited a decreasing
trend compared to the negatively-charged particles; this charge penalty though was recovered in
the protein-rich media. Probably, the presence of proteins had, once again, improved the stability
of the particles, whereas the particles in the serum-free media were more prone to interact with

biomolecules secreted from the cells.
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Fig. 4 Diffusion coefficient values of positively (green) and negatively (open red) charged 100 nm diameter
gold nanopatrticles through cell culture media with and without FBS above the ARPE-19 cell monolayer, at
two different distances from the cell layer, 25 um and 50 um

The secretion of different factors from the ARPE-19 cells, such as lipoproteins, metabolic
byproducts, signalling molecules, and even extracellular matrix (ECM) components, could have
created a wider range of physicochemical properties in the particles, creating a cell-modified
corona that had a direct impact on their diffusion [57]. Hence, the diffusion of the nanoparticles
was shown to be governed by the protein-particle interactions in the absence of cells, but by

heterogenous, cell-secreted biomolecules in their presence.

In addition, we can see that the distance from the cell layer had no impact on the diffusion,
probably showing that there is no direct cellular interaction nor a thick extracellular matrix (ECM)
secretion at this distance range and incubation times that could drag or hinder the nanoparticle
transport. Here, the celltype and incubation time are two key parameters that could create a large
variability on the effect of nanoparticle transport. For instance, the longer cells are incubated for,
the higher deposition of ECM components (i.e. fibronectin and collagen), which can strongly
affect the viscosity of the media surrounding the cell and, therefore hinder nanoparticle transport

[58,59].
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This establishes a proof of concept for the platforms’ applicability in understanding nanoparticle
motion and the influence of biological entities through the investigation of their diffusion

coefficients, opening a wide range of possibilities for pharmacokinetic analysis.

Vitreous humour analogue optimisation
After establishing the effects of the ARPE-19 cell monolayer on nanoparticle transport, to
complete the multicomponent model, the vitreous humour analogue was optimised to
incorporate a physiologically relevant protein concentration, because it has been shown to be
one of the most important parameters affecting the kinetics of the nanoparticles through cell

culture media.

Agar and hyaluronic acid hydrogels previously proven to closely mimic animal-derived vitreous
humour, form a more stable solution than the vitreous extraction from cadaveric eyes [18]. The
0.95 mg/mL and 0.7 mg/mL agar and hyaluronic acid concentration (respectively) was reported
to be the hydrogel with the closest characteristics to mimic the vitreous humour extracted from
porcine eyes [19]. To make this hydrogel more biologically relevant and to ensure the
cytocompatibility with the ARPE-19 cell layer, foetal bovine serum (FBS) proteins were

incorporated into the hydrogel and it was evaluated for toxicity.

Firstly, a qualitative analysis of the cytotoxicity was performed comparing the state of the cells
before and after their incubation with the hydrogels. From figure 5, we can clearly see that the
incubation with the AHA hydrogel alone had a toxic effect on the cells in both tested
environments, the microscope coverslip a), and the bottom of the well b). This incubation with
hydrogel only, made the cells detach and acquire a round morphology characteristic of dead
cells, compared to the healthy cobblestone-like monolayer from the image at the top (pretreated,
figure 5). However, the 50:50 mix of AHA hydrogel with DMEM/F12 +10%FBS maintained the
viability and structure of the cell monolayer. More interestingly, no difference can be appreciated
fromfigure 5 a) and b) which validates the seeding on glass coverslips as a method that maintains

the confluent monolayer of ARPE-19 cells.
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Fig. 5 Optical microscopy images of ARPE-19 cells incubated for 48 h to achieve a confluent cell monolayer
on glass microscope coverslips (in a 6-well plate), showing the effect of 24 h incubation with 50% AHA
hydrogel in DMEM/F12 +10% FBS and AHA hydrogel alone compared to the control (DMEM/F12 with 10%
FBS). a) Shows the results when the cells were cultured on glass microscope coverslips and b) when the
cells were directly seeded in the 6-well plate. Scale bar=50 um

Secondly, the AHA hydrogel: DMEM (10% FBS) ratio was optimised through the same qualitative
method. As illustrated in figure 6, the characteristic cobblestone morphology of the ARPE-19
cells was preserved at an AHA hydrogel concentration of 80% (v/v). Cytotoxicity became
apparent only when the media decreased to 10% (v/v); at this threshold, significant cell

detachment and changes in cell morphology was observed.
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Fig. 6 Optical microscopy images of ARPE-19 cells incubated for 48 h to achieve a confluent cell monolayer
on glass microscope coverslips (in a 6-well plate). Showing pre-treated and 24 h incubated with different
concentrations of agar and hyaluronic acid (AHA) hydrogel in DMEM/F12 with 10% FBS. Scale bar=50 ym

Finally, the ARPE-19 cell metabolic activity was assessed using the resazurin assay following
exposure to different ratios of AHA hydrogel and DMEM/F12 +10% FBS (DMEM alone, 60:40,
70:30, 80:20, 90:10, and AHA hydrogel alone). As shown in figure 7, where the fluorescence
intensity has been used as a proxy for cell viability and normalised to the untreated control (full
media), no reduction in the metabolic activity was shown for the 90% hydrogel concentration,
and the hydrogel only showed toxicity in the cell monolayer when used on its own. This difference
between the visual and quantifiable methods might be due to the 2-hour incubation with full
media in the resazurin assay, which could have led to a recovery in the metabolic activity of the

cells incubated with the 90% (v/v) AHA hydrogel. Therefore, the use of 80% (v/v) concentration is
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here considered a safe approach to preserve all cell functions and a stable monolayer
throughout the microscope coverslip. Moreover, this concentration (2% FBS) aligns with the
simulated concentrations of proteins present in a healthy vitreous humour, making the model a

more accurate representation of the nanoparticle-protein interaction [60] .

7/

100 -
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20
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Fig. 7 ARPE-19 cells metabolic activity assessment through the Resazurin assay, after their exposure to
different concentrations of the agar and hyaluronic acid (AHA) hydrogel in cell culture media (DMEM/F12 +
10% FBS). Values of metabolic activity were normalised to the control, 0% AHA hydrogel (DMEM/F12 + 10%
FBS), and presented as %. The error bars represent +1SD

It is worth noting that vitreous protein concentration can significantly fluctuate with different
diseases, such as diabetic retinopathy (DR) and age-related macular degeneration (AMD)
[60,61]. Similarly, ageing and disease progression induce structural and mechanical degradation
of the vitreous humour, characterised by the liquefaction [15]. These biochemical and
rheological changes can directly impact the intravitreal drug delivery. Consequently, the
capacity to tune these parameters, by optimising agar and hyaluronic acid concentrations and
modulating protein content in this existing analogue presented here, enables the development
of potential pathophysiological vitreous analogues, facilitating a more accurate, disease-

specific model to optimise drug delivery to the retina.

Multicomponent in vitro eye model for nanoparticle transport analysis
The optimised vitreous analogue based on agar and hyaluronic acid hydrogel (80%) with
DMEM/F12 +10% FBS (20%) was injected separately with positively and negatively surface
charged 100 nm diameter gold nanoparticles, the mix was aliquoted into a microscope slide and
sealed with a microscope coverslip with the ARPE-19 cell monolayer. The nanoparticles were

also tracked at two different distances (25 pm and 50 um) from the cell layer.
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The results in figure 8 show that when nanoparticles are diffusing across the vitreous analogue,
independently of the ARPE-19 cell presence, a wide range of diffusion coefficient values were
recorded. These figures were found to cover three orders of magnitude ranging from values of the
order of 102 to values of the order of 10°, agreeing with our previous research in agar and
hyaluronic acid hydrogels [19,62]. This suggests that the nanoparticles that present diffusion
values between 1072 to 10" are diffusing in an aqueous phase, according with the values
recorded in the cell culture media, and for those diffusing at the order of 10" and 10" are

expected to be experiencing some interaction with a gel matrix.
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Fig. 8 Diffusion coefficient values of positively (green) and negatively (open red) charged 100 nm diameter
gold nanoparticles in the vitreous humour analogue alone (left), in the vitreous humour analogue above 25
um ofthe ARPE-19 cell layer (centre), and in the vitreous humour analogue above 50 um of the ARPE-19 cell
layer (right). The dotted line refers to the approximate (107 m?/s) transition between the aqueous (above)
and gel (below) phases of the hydrogel

Furthermore, the strong correlation between the diffusion coefficient values and the area of the
convex hull enclosing the path followed by the particle, shown in Figure 9, corroborates that
higher values of diffusion were directly related to particles diffusing further away from their
starting point, therefore, more freely in an aqueous phase. While lower values of nanoparticle
diffusion were directly related to a short excursion from their starting point, showing that their

interaction with the gel matrix prevented their movement. This presence of different phases
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affecting the nanoparticle transport in the vitreous humour analogue shows its potential to
model the real composition of the vitreous humour, which is also composed of two different
phases, an aqueous vitreous humour and a gel vitreous humour. This emphasises the possibility
of developing disease models by modulating the ratio of the aqueous and gel phases in the

synthesis of the vitreous humour analogue [63,64].
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Fig. 9 Correlation between the diffusion coefficient values of positive (green - right) and negative (open red
- left) 100 nm diameter gold nanoparticles and the area of the convex hull of each nanoparticle trail of
motion, in a) the synthetic in vitro vitreous humour analogue and b) the vitreous analogue above the ARPE-
19 cell layer, above 25 um (top) and above 50 um bottom)
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The frequency distribution of the diffusion coefficients shown in figure 10 helps to visualise the
distribution of the nanoparticles in the vitreous humour analogue. The nanoparticle diffusion
across the different phases of the vitreous humour analogue was shown to have a uniform
distribution across a range of diffusion values (10™% to 107®) in a charge independent manner
when the nanoparticles were tracked in the vitreous humour analogue alone. However, this
pattern was found to drastically change when the ARPE-19 cell layer was introduced, where a
relatively high number of nanoparticles were found to be diffusing in the aqueous phase. This
shift was found to be dependent on both surface charge and distance from the ARPE-19 cells.
Where on one hand, 90% of the negatively-charged nanoparticles and 80% of the positively-
charged nanoparticles above 25 pm were found to be diffusing in an aqueous phase. On the other
hand, 80% of negatively-charged nanoparticles and only 60% of the positively-charged
nanoparticles showed an aqueous-based diffusion above 50 um from the cell layer. Hence,
implying there is an aqueous-based interface surrounding the cell layer, which becomes
increasingly gel-based with distance away from the monolayer of cells. Moreover, the migration
of nanoparticles across the analogue into the interface surrounding the cell apparently shows
the capability of these nanoformulations to travel across the analogue and reach the targeted

tissue.
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Fig. 8 Frequency plots of the distribution of diffusion coefficient values for the positively (green) and
negatively (red-dashed) charged 100 nm diameter gold nanoparticles. Comparing the vitreous humour
(VH) analogue alone (top) and the multicomponent model composed of the vitreous analogue and the
ARPE-19 cell monolayer at a distance of 25 um (middle) and at 50 um from the cell layer (bottom). The

vertical line at 10 '3 (m?/s) represents the separation between the nanoparticles diffusing in the gel (left)
and the aqueous (right) phases of the VH analogue
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Conclusion

Understanding pharmacokinetic properties is key for successfully designing nanoparticle-based
drug delivery systems across diverse biomedical and biomaterial applications. Hence, the aim of
our multicomponent model is to investigate two major factors affecting nanoparticle transport:
dynamic transformation due to their interaction with proteins, and their distribution/ interaction

with a complex hydrogel matrix.

The platform presented here, demonstrated using a vitreous humour analogue and an ARPE-19
cell monolayer coupled with a label-free microscopy platform as an example, has successfully
uncovered that the nanoparticle-protein interaction is independent of charge. It has been used
to observe the stabilisation of the nanoparticles in protein-rich media when compared to serum
deprived DMEM. The introduction of the cell monolayer increased the biological complexity of
the media through the potential cell secretion of biomolecules that interacted with the
nanoparticles thus masking the protein interactions, amplifying the dynamic nature of the

interactions, and increasing the variability.

Moreover, the diffusion of the nanoparticles exhibited a bimodal distribution across the hydrogel
analogue, where nanoparticles appeared to diffuse either through a distinct aqueous-Llike or gel-
like microenvironment. This set-up successfully replicated the dual-phase characteristics of the
vitreous humour, demonstrating the platform’s capacity to model heterogeneous soft matter
matrices. This distribution was heavily impacted by the introduction of cells, where the distance
from the monolayer and the nanoparticle surface charge seemed to be key features influencing
the type of diffusion. As the great majority of the nanoparticles exhibited high diffusion values at
25 pm from the cell layer, this suggests the presence of an aqueous-based interfacial boundary

layer surrounding the cell monolayer.

In summary, the developed platform serves as a highly adaptable, reproducible and cost-
effective tool for the optimisation of nanoparticle-based drug delivery systems and hydrogel-cell
interface modelling. The easily tuneable feature of the platform gives it the potential to replicate
diverse clinical environments, including variable matrix degradation states, disease-specific

protein profiles, alternative cell-line selection, and custom temporal dynamics.
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