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Abstract

Quantifying nanoparticle behaviour in complex biological environments is essential for
understanding transport and interactions within heterogeneous living systems. Fluorescent
labelling is commonly used to visualise hanoparticles; however, surface modification by
fluorescent probes can alter nanoparticle interactions and obscure native behaviour. Therefore,
accessible label-free methods are needed to characterise nanoparticle dynamics under
biologically relevant conditions. In this study, an optical caustics-based microscopy technique
was used to track the motion of 100 nm gold nanoparticles in the extracellular space above
human mesenchymal stem cell (hMSC) monolayers. Nanoparticle trajectories were analysed
using diffusion coefficients, anomalous diffusion exponents, and convex hull metrics to quantify
transport behaviour. Results demonstrated that the local extracellular environment significantly
influences nanoparticle dynamics. In the presence of fetal bovine serum, nanoparticle diffusion
rates changed significantly after one hour of exposure to the hMSC layer. Surface charge,
protein content, and particle localisation relative to cells also had a marked effect on mobility.
Comparison with idealised Brownian transport predictions showed that the living extracellular
environment behaves as a dynamic and evolving transport medium that modifies nanoparticle
movement. These findings highlight the sensitivity of nanoscale transport to local biological
conditions and establish a label-free framework for investigating nanoparticle dynamics in

heterogeneous biological systems.
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Introduction

Understanding the transport of nanoscale entities in complex biological environments is a
fundamental problem and various approaches have been taken to simulate stochastic motion
in complex, heterogeneous or crowded environments [1]. Biological environments in vitro are
dynamic as are the interactions that occur within them. In ideal fluids, particle transport can
often be described by Brownian diffusion, where random thermal fluctuations produce diffusion
and sedimentation that can be modelled with relatively simple relationships. In biological
solutions and environments, however, the local surrounding environment of naturally occurring
or introduced nanoscale entities is spatially heterogeneous and changes over time making it a
dynamic environment. Physiological environments are host to many biological solutions, the
components of which interact with nanoscale entities and potentially affect their dynamic
behaviour. Diffusion plays a central role in nano entity transport and changes in mobility can
influence both transport through biological matrices and opportunities for interaction with
cellularinterfaces [2]. In addition, cellular activity can lead to evolving microenvironment as
proteins and extracellular matrix material is produced. Understanding how biological
environments influence nanoscale transport therefore represents an important challenge in

biophysics.

Biological transport processes occur across various systems and a large range of length scales
including motion of proteins, extracellular vesicles, viral particles and bacteria. Calibrated
nanoparticles provide a useful experimental model and tool for studying transport in complex
biological media as their physicochemical properties can be finely tuned. Some studies have
previously shown the importance of diffusion and particle mobility on the potential for future
interaction with cellular surfaces and navigation through crowded environments [3-7] however
more research is needed to fully understand the influence of biological interactions on
nanoscale entity transport. Few studies have directly quantified nanoparticle dynamics during

the approach to a cell surface.

Quantifying particle diffusion in biologically relevant environments remains a significant
challenge, as nanoscale objects lie below the diffraction limit of visible light [8]. While their
positions can be localized using single-molecule and single-particle tracking techniques these
approaches typically rely on fluorescent labelling or specialized label-free detection methods.
Fluorescence-based techniques including those employing quantum dots offer high sensitivity
and spatial resolution [9]; however, the attachment of fluorophores can potentially affect

particle-cell interactions through the modification of their surfaces or leaching of the
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fluorescent dye into the system under study [10-12]. These perturbations, although subtle,
would be particularly problematic in complex biological environments, where subtle

physicochemical changes can potentially affect transport behaviour.

Label free approaches such as those based on interferometry [13,14], scattered light imaging
[11], surface plasmon resonance microscopy (SPRM) [15], and photothermal imaging [16]
overcome these limitations. However, many of these techniques require highly specialized
instrumentation, limiting their accessibility and widespread application. As a result, there
remains a clear need for low-cost, label-free methods that enable real-time, quantitative
tracking of nanoparticles in complex biological environments without perturbing their native
behaviour. Techniques such as reflection enhanced dark field scattering microscopy show
promise due to their ease of application for tracking biological and metallic nanoparticles
[17,18], but further development is required to achieve robust, widely applicable solutions for

biophysical research.

In this study, we apply an optical caustics-based imaging approach to quantify nanoparticle
transport in the extracellular space above living cell monolayers. This highly accessible, label
free technique enables real time tracking of individual nanoparticles in complex in vitro
environments, providing direct insight into how the presence of living cells modifies
nanoparticle transport as a function of time, particle surface charge and surrounding protein
environment. The method exploits the optical phenomenon of caustics [19] and has previously
been validated for quantifying nanoparticle dynamics in simple solutions [20] and for

characterising the dynamics of Escherichia coli [10].

The present work has used nanoparticles as proxies for a range of nanoscale entities to
determine how heterogeneous, dynamic extracellular environments modify transport behaviour
of nanoscale particles. We have tested whether living cell populations alter local transport
conditions sufficiently to produce measurable changes in nanoparticle mobility and trajectory
statistics. The results provide experimental evidence that cellular environments behave as
dynamically evolving transport media whose influence extends beyond direct particle-cell

contact and affects stochastic motion throughout the surrounding extracellular space.

Method and Materials

Human Mesenchymal Stem Cells (hMSCs)

Human mesenchymal stem cells (Lonza, UK; cat. no. PT-2501) at passage 4-6 were cultured at a

seeding density of 10,000 cells/cm? on glass cover slips (Camlab, Academy, Over, UK; cat. no.
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13/2222). The cover slips were kept in 6-well plates, each well containing one cover slip. The
growth media consisted of Dulbecco’s Modified Eagle medium (Fisher Scientific,
Loughborough, Leicestershire, UK; cat. no. p-4919836), 10% Fetal Bovine Serum (Fisher
Scientific, Loughborough, Leicestershire, UK, cat. no. 16629525), 1.2% L-Glutamine (Fisher
Scientific, Loughborough, Leicestershire, UK; cat. no. 11534546), 1% Antibiotic-Antimycotic
(Fisher Scientific, Loughborough, Leicestershire, UK; cat. no. 15963194) and 72ug L-Ascorbic
acid 2-Phosphate sesquimagnesium salt hydrate (Sigma Aldrich, Saint Louis, MO, USA; cat. no.
A8960). After seeding, cells were incubated at 37°C with 5% CO, and monitored for 96 hours,
after which they were 90-95% confluent. The viability of cells was ascertained using trypan blue
before seeding and using a LIVE/DEAD viability kit (Fisher Scientific, Loughborough,
Leicestershire, UK; cat. no. L3224) after nanoparticle exposure. Cells were seeded with a
viability of over 80%. Nanoparticle solutions were exposed to hMSCs on glass coverslips and
incubated for two hours at 37°C and 5% CO, and the viability of the adherent monolayer
evaluated using a live-dead immunofluorescent assay (Fisher Scientific, Loughborough,

Leicestershire, UK; cat. no. L3224).

Nanoparticle solution

Negatively charged gold citrate nanoparticles were purchased in deionised water with a
diameter of 100nm and zeta potential of ~-40mV as reported by the manufacturer (BBI
Solutions, Crumlin, UK; cat. no. EM.GC100/7). Positively charged gold nanoparticles with
branched polyethylenimine (BPEI) surfaces were purchased also with a diameter of 100nm and
zeta potential of +59.4 mV (Nanocomposix, San Diego, CA, USA; cat. no. AUBB100-1M).
Additionally, gold negatively charged (citrate) nanoparticles with a diameter of 50nm were
purchased in deionised water (BBI Solutions, Crumlin, UK). Nanoparticles were dispersed in
solutions of filtered Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine
serum and Dulbecco’s Modified Eagle Medium with no serum supplementation at a
concentration of 107 particle/ml. The tracking media containing serum proteins was filtered
using a 0.2pm syringe filter to remove large clumps of proteins to reduce background noise
produced by caustic signatures. Nanoparticles in DMEM with 10% FBS were exposed to the
tracking medium containing serum proteins for a maximum of 10 minutes before being placed in
contact with the cell layer, at which point it was assumed they had already formed a protein
corona consisting of serum proteins. To ensure monodispersion of the nanoparticle solutions
and separate loosely aggregated particles, samples of nanoparticles in DMEM with and without
FBS were first mixed to combine the nanoparticles with the media using a vortex mixer (Thermo

Fisher) and then placed in a sonication bath for 5 minutes. Caustic signatures of single particles
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can be easily distinguished from those of aggregated particles at the concentrations used in this
study by their shape as demonstrated in our previous study [21]. 50 ul of the nanoparticle
solution was placed in a 150 um deep microscope slide cavity (Eisco, Victor, NY, USA, cat. no.
BI0086B). Using tweezers, cover slips coated with hMSCs were removed from the wells and
placed quickly but gently cell-side-down onto the microscope slide containing the nanoparticle

solution. The edges of the cover slip were sealed with clear nail polish prior to tracking analysis.

Nanoparticle tracking

The samples were visualised in a standard inverted optical microscope (Axio Observer Z1, Carl
Zeiss, Oberkochen, Germany) equipped with a condenser lens assembly and 40x magnification
objective lens. To generate the caustic signatures of nanoparticles the adjustable condenser
aperture was reduced to approximately 1 mm, and a narrow band (550 nm) filter was placed in
the light path to increase the coherence of the light source which was a 100W halogen lamp.
The microscope was set up for Kohler illumination to also increase the caustic imaging
capability of the microscope [22]. The microscope was equipped with an incubation stage
(Incubator PM S1, Temp and CO, module S1, Carl Zeiss, Oberkochen, Germany) which was set
at 37 °C. A camera supported by the ZEN software (Axiocam z1.m, Carl Zeiss, Oberkochen,
Germany) was used to visualise and record videos of the nanoparticles. The videos of the
nanoparticles were recorded for a period of 2 seconds at 50 fps. The position of a nanoparticle
can be determined by finding the brightest section of the three-dimensional optical signature
which is demonstrated in figure 1. This appears as a bright spot surrounded with a dark ring
(Figure 2) as explained by Patterson and Whelan [23]. As the objective plane is moved further
away from the cells on the cover slip, their caustic sighatures become out of focus, allowing the

caustic signatures of nanoparticles to be seen (Figure 3).

Nanoparticles were tracked within discrete axial ranges above the cell layer to assess the
influence of cell proximity on nanoparticle dynamics. These ranges were defined as 20-25um,
45-50pum, 70-75pum and 95-100um above the cell surface. Axial position was determined by
systematic adjustment of the focal plane rather than by continuous 3D localisation of individual
nanoparticles. Although defocus-based approaches can achieve sub-micron axial precision
with appropriate calibration, the implementation used here prioritises experimental simplicity
and compatibility with widefield microscopy. Consequently, nanoparticle positions along the

axial dimension are represented as discrete ranges rather than precise z-coordinates.

The use of 5 um ranges reflects the practical resolution of focal plane positioning while ensuring

sufficient particle sampling within each region for robust statistical analysis. These ranges are
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therefore interpreted as representing broad spatial zones above the cell surface, rather than
precise axial localisations. The axial uncertainty associated with focal plane positioning is
estimated to be approximately 1Tum. For simplicity the maximum heights (25, 50, 75 and 100
pm) are used in the results section when referring to these regions. Prior to introducing the
nanoparticles and tracking, the cells were washed with PBS to gently remove any vesicles or
debris that could be mistaken for nanoparticles. Four independent samples were prepared, i.e.,

N=4 and six particles in each height range were tracked, i.e., n=6.
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Figure 1: Nanoparticle visualisation methodology. Schematic of optical light path (left) used

to generate caustic signature of small nanoparticles (right - adapted from [23]) above cells and
position of nanoparticle relative to the caustics signature generated (centre, left). Created using

BioRender.

Diffusion coefficient analysis

The experimental diffusion coefficient for a particle can be obtained from the mean square
displacement (MSD) which quantifies the average squared distance travelled by a particle in a

certain time [24]. In two dimensions, the MSD at the /" position is expressed as follows [25]:
1 -
MSD = —— X535 (Ax:(40)? + (Ayi(46)?) (1)

The mean square displacement, MSD can then be used to calculate an estimate of the diffusion

coefficient from the experimental data, using the following expression:
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where d is the number of dimensions (two in this study), D is the diffusion coefficient and At is

the time between frames and a is the anomalous diffusion coefficient.

The exponent o was obtained from a linear fit to the log-log plot of MSD versus 7. To minimise
bias from statistical noise at long lag times, only the first 25 lag points were used for fitting.
Normal diffusion is characterised by a linear relationship between the mean square
displacement and time where a~ 1, thus anomalous diffusion is defined as a # 1. There are
various classes of anomalous diffusion but traditionally, it can be divided into at least two
subcategories: superdiffusion when a > 1 and subdiffusion when a < 1. Statistical analysis was

performed using a two-tailed Student’s t-test, with significance defined as p <0.05.

Stokes-Einstein diffusion equation

The Stokes-Einstein relationship was used to obtain an ideal reference point for particle
diffusion in homogenous, simple media. The Stokes-Einstein diffusion coefficient has been

calculated using the equation:

_ KpT
- 6nnr

Dsg (3)

where K}, is the Boltzmann constant, 7'and 5 are the temperature and viscosity of the solution

and r is the radius of the particle of interest.

Convex hull analysis

A convex hullis the smallest convex polygon that can enclose all the random steps of the
particle over the timesteps used to calculate the diffusion coefficient in two dimensions. It
provides a measure of the spatial extent of the nanoparticle’s movement in the x and y planes.
The convex hull area is the total area covered by the nanoparticle over time. The convex hull was

found using the convhull (convex hull) and polyarea (area of a polygon) functions in MATLAB.

Results and Discussion

Visibility of nanoparticles above cell layer

Gold nanoparticles as small as 20nm in diameter could be visualised above human
mesenchymal stem cell (hMSC) monolayers (Figure S1) however tracking in real-time can
comfortably be achieved with nanoparticles 50nm-100nm in diameter. Gold nanoparticles with

diameters of 100nm were dispersed in Dulbecco’s Modified Eagle medium (DMEM),
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supplemented with and without fetal bovine serum (FBS), and tracked diffusing above a
monolayer of human Mesenchymal Stem Cells (hMSCs). Nanoparticles could be tracked
directly above the cell layer at a minimum distance of 25um above the cell layer, as shown in
Figure 2, at which distance the tracking software could easily distinguish the bright caustic
signature produced by the nanoparticle separately from the signature produced by cells. Figure
3 shows the typical caustic signatures produced by the cell layer in DMEM with 10% FBS both
with and without 100nm gold citrate nanoparticles. Cells imaged using the caustics technique
without nanoparticles showed negligible sign of cell death up to two hours after being placed on

a microscope slide and no trackable entities could be seen above 10um from the surface of the

OO O 00 N o o b~ 0N
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cells. Cells exposed to nanoparticle solutions with and without the presence of FBS were viable

—
-

up to 2 hours after nanoparticle exposure (Figure 4).

12 Figure 2: Nanoparticle caustic signatures above cells. Caustic signature of gold citrate-

13 coated 100nm diameter nanoparticles 25um above human mesenchymal stem cells.
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Figure 3: Caustic signatures of cells with and without nanopartiles. Images of Caustic
signatures produced by human mesenchymal stem cells A.) without nanoparticles Oum above
the cells, B.) without nanoparticles 25pum above the cells, C.) with gold citrate 100nm diameter
nanoparticles Opm above the cells and D.) with gold citrate 100nm diameter nanoparticles
25um above the cells. Allimages were taken 15-minutes after placement onto microscope slide

cavity containing DMEM supplemented with 10% FBS and nanoparticle exposure.

10
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Figure 4: Human mesenchymal stem cells liveldad images. Representative images of
human mesenchymal stem cells (hMSC) stained with a live/dead viability assay kit before
nanoparticle exposure and 2 hours after exposure to citrate-coated and branched
polyethylenimine (BPEI)- coated 100nm nanoparticle under tracking conditions. Assay shows
negligible cell death after 2 hours of exposure to nanoparticles at concentrations used in

tracking experiments.
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Negatively charged nanoparticles do not show distance dependent
behaviour at length scales used in the current study

Negatively charged gold nanoparticles (citrate) with a diameter of 100nm were tracked diffusing
at different heights above hMSCs and their diffusion coefficients evaluated. Each average data
point, box or bar presented in figures 5-11 represent averages of 24 measurements (6
measurements per replicate and total of 4 replicates for each experiment) and error bars in
figures 5-7 and 11 represent a half standard deviation from the average. Fifteen minutes after
exposure to the cell monolayer, nanoparticles dispersed in cell culture media with 10% FBS
diffused at an approximately constant rate (Figure 5). The absence of FBS in the original
nanoparticle solution did not have any significant effect on the diffusion rate of particles 15

minutes after exposure to the cell layer.

Diffusion behaviour of gold negatively charged gold nanoparticles with diameters of 137nm
diffusing above mouse embryonic carcinoma (P19) cells in a study by Zhou et al using dark field
microscopy showed a decrease in diffusion rate as nanoparticle approached the cell layer [26].
In the study by Zhou et al, three regions were identified in which nanoparticles exhibited distinct
diffusion behaviour that was contradictory to the traditional view that there are two diffusion
regimes in the vicinity of cells corresponding to when the nanoparticle is in the bulk media and
on the cell membrane. The additional region was identified as the pericellular matrix, a
specialized region of the extracellular matrix several microns thick. The transition between the
diffusion behaviour of particles in the bulk media and slowed diffusion in the pericellular matrix
occurred approximately 8um away from the cell layer. In the present study, nanoparticles have
been tracked at greater distances from the cell layer than the thickness of most reported
pericellular matrices [26-28]. It can therefore be assumed that nanoparticles are in contact with
the cell-conditioned medium and any changes in diffusion are potentially as a result of
biological interactions within this environment rather than direct interaction with extracellular

matrix.

12
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Figure 5: Diffusion coefficients of nanoparticles as function of height above cells. Average
values of experimental diffusion coefficient for negatively- (left) and positively- (right) charged
gold nanoparticles in DMEM with 10% FBS and no FBS with a diameter of 100nm as a function of
their height above a cell monolayer, tracked over time. Error bars represent a half s.d. from the

mean (N = 4).

Time dependence of negatively charged nanoparticle dynamics above cells

The diffusion coefficients of negatively charged (citrate) nanoparticles in DMEM with 10% FBS
found diffusing in each of the different regions above the cell layer decreased over time (Figure
6). 105 minutes after exposure to the cell layer, nanoparticles found throughout the media
(25pum -100pm above the cell layer) diffused at a significantly slower, constant rate compared to
15 minutes after exposure to the cell layer (25pm: p<0.001; 50pm: p=0.0022; 75pum: p=0.0030;
100pm: p=0.029).

Protein corona formation and composition are rapidly established when nanoparticles are
incubated with human plasma [29]. It can be assumed that before the first diffusion

measurement, a protein corona has already formed on these nanoparticles. However, the

13
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secretion of small biomolecules and proteins into the extracellular environment by cells can
induce dynamic changes in the protein corona through protein exchange or rearrangement
[17,30]. The ‘hard corona’ composed of strongly bound proteins, develops over timescales of
minutes to hours as higher-affinity interactions progressively displace more weakly associated
species. In contrast a ‘soft corona’ of loosely bound proteins remains in continuous dynamic
exchange with the surrounding environment [31,32]. Over the course of nanoparticle tracking in
the present study, it is possible that corona composition evolved dynamically, potentially

contributing to the observed changes in diffusion behaviour.

UV-vis spectroscopy (data not shown) was inconclusive for detecting changes in bulk protein
concentration in the media over time, suggesting that any variations affecting nanoparticle
dynamics occur below the detection limit or are localised at the nanoparticle interface. A
limitation of this study is that protein—-nanoparticle interactions are inferred rather than directly

measured.

Recent advances in single-particle, label-free techniques have enabled in situ investigation of
protein corona formation. Approaches such as real-time 3D single-particle tracking
spectroscopy (RT-3D-SPT) [33], differenced resonance light scattering correlation spectroscopy
(D-RLSCS) [34] and real-time all-optical nanoparticle analysis by scattering microscopy
(RONAS) [35] are capable of probing adsorption dynamics at the single-particle level. These
methods provide valuable insights into corona formation and evolution in complex media.
However, they typically require specialised instrumentation, active particle tracking, or highly
controlled experimental conditions, which can limit their applicability in widefield

measurements in heterogeneous cellular environments.

Consequently, protein corona characterisation is still frequently performed ex situ, where
nanoparticle-protein complexes are isolated from their native environment. Such approaches
can perturb weakly bound (‘soft’) corona components through washing, dilution, or shear forces
[36]. Moreover, both in situ and ex situ methods may provide only partial representations of the
dynamic and spatially heterogeneous conditions experienced by nanoparticles during
interaction with living cells [36,37]. Consequently, the precise relationship between corona
evolution and nanoparticle dynamics in the pericellular environment remains challenging to

resolve directly.

14
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Figure 6: Diffusion coefficients of hanoparticles as function of time. Average values

of

experimental diffusion coefficient for negatively- (top) and positively (bottom) charged gold

nanoparticles in DMEM with 10% FBS (left) and no FBS (right) with a diameter of 100nm as a

function of time after cell exposure. Negatively charged nanoparticles in DMEM with 10% FBS

displayed the greatest reduction in diffusion coefficient over time. Error bars represent a half

s.d. from the mean (N = 4).

Absence of serum proteins has a significant effect on positively charged

nanoparticle dynamics

Gold positively charged (BPEI) nanoparticles with diameters of 100nm were also tracked above

the hMSC monolayer and their diffusion coefficients evaluated (Figure 5). The absence of FBS in

the media resulted in significantly lower diffusion coefficients for the positively charged

nanoparticles 15 minutes after exposure to the cells at all heights above the cells (25pum:

p=0.032; 50um: p=0.011; 75um: p=0.0065; 100pm: p=0.013), at 60 minutes at some heights

(50pum: p=0.0089; 75um: p<0.001; 100pum: p=0.0029) and 105 minutes at some heights (25um:

p=0.0062; 50um: p=0.0093) compared to nanoparticles in the presence of FBS. Positively

15
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charged nanoparticles also exhibited a decrease in their diffusion rate after 105 minutes
compared to the initial measurements in both DMEM with FBS and without FBS. In DMEM with
FBS the decrease was significant at 50pm and 100pm above the cells (50pm: p=0.028; 100pm:
p<0.001) and in DMEM with no FBS the decrease was significant at 25um, 50pm and 100pm
above the cells (25um: p=0.0029; 50pm: p=0.022; 100pm: p=0.0097.)

Charge plays arole in the interactions between nanoparticles and proteins. According to
current literature, positively charged nanoparticles adsorb a higher quantity of proteins than
negatively charged nanoparticles due to strong electrostatic interactions between the
nanoparticles and serum proteins. However, negatively charged nanoparticles still adsorb some
quantity of proteins [38]. The differences in dynamics seen between the positively- and
negatively- charged nanoparticles could also be due to the type of proteins adsorbed. Positive
and negatively charged surfaces, due to electrostatic interactions, attract and bind different
proteins resulting in unique corona compositions and potentially a different biological response

[39].

Additionally, both the positively and negatively charged nanoparticles in DMEM with 10% FBS
can be assumed to be coated with serum proteins as protein adsorption is an instantaneous
process and will occur before the first data point at 15 minutes [40], hence potentially having an
impact on the biological interaction of nanoparticles upon exposure to cells. The presence of a
serum protein corona on nanoparticles in DMEM with 10% FBS appears to reduce the effect of
the cell layer on the diffusion of positively charged nanoparticles, allowing nanoparticles with a
pre-formed corona to diffuse at a faster rate above the cells than nanoparticles in DMEM
without FBS which could indicate the response of nanoparticles after contact with physiological

fluids or following functionalisation with a protein coating.

The presence of cells affects the in vitro dynamics of nanoparticles

Negatively (citrate) and positively (BPEI) charged nanoparticles with diameters of 100nm were
tracked in DMEM with and without FBS, diffusing 50um above a cell-free glass surface, 15 and
105 minutes after sample preparation (Figure 7). The dynamics of negatively charged particles in
the presence of cells are significantly different from those observed in cell-free conditions. After
105 minutes, negatively charged particles in the absence of cells show no significant decrease
in diffusion rate, suggesting that the slower dynamics observed near cells arise from cellular
proteins, extracellular matrix components, or cell-mediated sensing. Similarly, positively
charged nanoparticles in DMEM with 10% FBS exhibit no reduction in diffusion coefficient when

cells are absent. Positively charged nanoparticles in DMEM without FBS initially diffuse at rates

16



-_—

o N o o B~ 0w BN

10
11
12
13
14

15

16
17
18
19
20
21
22

comparable to those in the protein-containing medium; however, no particles remained
diffusing freely above the glass surface after 105 minutes and their average diffusion coefficient
is represented as zero in figure 7. Over the tracking period, these nanoparticles were observed
to become adhered to the glass, likely due to strong electrostatic attraction and van der Waals
forces between the positively charged particles and the negatively charged glass surface. In
comparison, the presence of serum proteins shields the positive surface charge of the
nanoparticles, reducing their effective charge and preventing surface adhesion, which allows

the particles to remain in suspension after 105 minutes.
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Figure 7: Diffusion coefficients of nanoparticles in the presence and absence of cells.
Experimental diffusion coefficient for negatively- and positively-charged gold nanoparticles with
a diameter of 100nm in DMEM with 10% FBS and no FBS both in the presence (colour) and
absence (grey) of cells as a function of time after exposure to cell/control surface, tracked 50pm
above the surface (* p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Error bars represent a half

s.d. from the mean (N = 4).

Evolution of the effective transport environment

The Stokes-Einstein equation predicts a diffusion coefficient of 4.88 um2 s™'fora 100 nm

particle in DMEM supplemented with 10% FBS (Table 1). Experimental measurements in the
absence of cells were lower than this prediction, consistent with previous observations that
nanoparticles at low concentrations (similar to those used in the current study), below a certain
threshold size exhibit departures from classical Stokes-Einstein behaviour when examined
using this tracking methodology [20]. Consequently, the Stokes-Einstein prediction is treated

here as an ideal transport reference rather than a strict expectation for nanoparticle motion.
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Table 2 presents average experimental values of nanoparticle diffusion 50pum above the cells or
glass surface. As has already been mentioned, the introduction of living cells produced an
additional reduction in diffusivity. The initial diffusion coefficients measured 15 minutes after
exposure to cells were 40%-65% lower than the corresponding Stokes-Einstein prediction,
indicating that nanoparticle transport in the extracellular environment differs substantially from

ideal Brownian transport in a homogeneous fluid.

Table 1: Theoretical Stokes-Einstein diffusion coefficients. Theoretical Stokes-Einstein

diffusion coefficient values of 100nm nanoparticles in solutions at 37°C.

Condition Diffusion coefficient (pmzls)
Water, 37°C 6.59
DMEM, 37°C 6.21
DMEM + 10% FBS, 37°C 4.88

Table 2: Experimental diffusion coefficients. Average experimental diffusion coefficient
values of 100nm nanoparticles in solutions at 37°C, 15 minutes after cell and cell culture media

exposure. Values are given for particles 50 ym above cell or glass surface.

Diffusion coefficient (umzls)

DMEM + 10% FBS
Charge DMEM DMEM + 10% FBS | DMEM + hMSC

+ hMSC
- 3.54 4.24 2.45 3.51
+ 2.99 4.02 1.87 3.09

Three transport states can potentially be seen from the data: 1.) Ideal transport predicted with
the Stokes-Einstein theory (Table 1), 2.) effective transport in cell-free biological media (Table 2,
data columns 1-2) and 3.) cell-conditioned transport in the presence of living cells (Table 2, data
columns 3-4). Protein corona formation is expected to modify nhanoparticle hydrodynamic size
and therefore diffusivity. Previous studies have reported increases in hydrodynamic diameter of
approximately 30% for negatively charged gold nanoparticles following incubation in DMEM
supplemented with serum proteins [41]. However, protein adsorption occurs rapidly and is
likely to be mostly established before the first measurements were taken. The experimentally
measured diffusivity of nanoparticles in DMEM with and without FBS decreased by

approximately 15%-19% during the 105-minute exposure to the cellular environment. This
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suggests that nanoparticle transport is sensitive to continuing changes in the local extracellular

environment.

Alpha exponent analysis

The anomalous diffusion exponent, a, was determined for individual nanoparticles by fitting a
linear model to the logarithmic relationship between the MSD and t. For each sample, the mean
avalue at a given height above the cell layer remained approximately constant, with no
systematic variation observed between experimental conditions, including the presence of FBS
or particle surface charge (Figure 8). In each graph, the ensemble-averaged «is indicated as a
horizontal red line and is close to 1 for all conditions. Data that fell outside 1.5 times the
interquartile range (IQR) has been exclude from figure 8 but can be seen in the supplementary

material (Figure S2 and S3).

An average a value of approximately 1 suggests that at the ensemble level, nanoparticle
transport in these biological media conditions is consistent with Brownian diffusion despite
progressively decreasing diffusion coefficients over time. However, a broad and reproducible
distribution of avalues were observed for individual particles within each sample. It was found
that 75.69%-82.99% of avalues for all nanoparticles tracked fell within the range 0.75< a <1.25.
The wide distribution of o values could indicate the influence of local microenvironmental

factors on individual trajectories, rather than a single, uniform diffusion mechanism.
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Figure 8: Alpha exponent of nanoparticle trajectories. Average anomalous alpha exponent for
negatively- and positively charged gold nanoparticles with a diameter of 100nm in DMEM with
10% FBS and no FBS above a cell monolayer. Box represents the interquartile range (IQR), with
the mean marked by an empty square and median marked by a line within the box. Whiskers

extend to the most extreme data points within 1.5 times the IQR (N = 4). Data outside this range

has been excluded from this graph.

Convex hull area analysis

Figure 9 shows the convex hull area of negatively charged 100nm gold nanoparticles in DMEM
with 10% FBS and without FBS at 15-, 60- and 105-minutes after exposure to the cell layer. 15
minutes after exposure to cells, nanoparticles both in the presence and absence of FBS
displayed a large scatter in the convex hull area, with no significant difference between the
average values calculated for particles in each height range above the cells. Over time, the
average convex hull area decreases as the diffusion rate of nanoparticles also decreases,
implying that the area over which particles are traveling in two dimensions also decreases. The
decrease in average convex hull area over time could suggest more particles are interacting ata

localized level with biological components of the media. These results could indicate that there
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is an increased proportion of nanoparticles becoming ‘trapped’ in the media and therefore, not

reaching a target site.

Positively charged nanoparticles in DMEM with 10% FBS also show a wide scatter in values for
their convex hull area (Figure 10). The wide distribution of areas is suggestive of a
heterogeneous solution where nanoparticles are both interacting with biological components in
a localized environment leading to a smaller convex hull area and diffusing freely over wider
areas giving larger convex hull areas. Positively charged nanoparticles in DMEM with no FBS
show a much smaller distribution of areas therefore, from the data it can be said that the
combination of nanoparticle characteristics and media conditions impact the uniformity of

diffusion.

Negatively charged nanoparticles tracked 50pum above a glass surface in the absence of cells
displayed no significant change in their measured convex hull areas over time in both DMEM
with and without FBS demonstrating the effect of the cell layer on the spatial dynamics of gold
nanoparticles (Figure 11). Similarly, positively charged nanoparticles dispersed in DMEM with
10% FBS in the absence of cells showed no significant change in the measured convex hull area
over time and no data is available for nanoparticles in DMEM without FBS. Convex hull area
analysis could give an indication of how nano and micro entities are interacting in a
heterogeneous solution. This variability in diffusion behaviour is consistent with trends
observed in the o exponent analysis, which also indicated broad trends in transport modes

within the nanoparticle population.

On a final note, in combination with diffusion coefficient analysis, we have experimentally
determined nanoparticle dynamic behaviour in biologically relevant environments. The results
presented show that multiple factors could be contributing to changes in nanoparticle
dynamics on approach to a cell layer. The heterogeneous nature of biological environments
could lead to nanoparticles exhibiting several diffusive behaviours within one population. The
diffusion analysis used in this study employs a deliberately simple MSD-based framework to
extract diffusion coefficients and anomalous exponents, enabling clear comparison across
conditions. Enhancements to the experimental methodology, such as longer observation times
or increased trajectory counts, would improve statistical confidence and enable more detailed,
time-resolved analyses. The use of an accessible and widely applicable experimental and
analytical approach can however establish a reproducible baseline for nanoparticle diffusion

under biologically relevant conditions, thus providing a strong foundation for future
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biological media.
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Figure 9: Convex hull areas of negatively charged nanoparticles. Convex hull areas of
negatively charged gold citrate nanoparticles with a diameter of 100nm, measured A.) 15-
minutes, B.) 60-minutes and C.) 105-minutes after exposure to a cell monolayer, as a function
of their height above the cell monolayer. Box represents the interquartile range (IQR), with the
mean marked by an empty square and median marked by a line within the box. Whiskers extend

to the most extreme data points within 1.5 times the IQR (N = 4).
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Figure 10: Convex hull areas of positively charged nanoparticles. Convex hull areas of
positively-charged gold BPEI nanoparticles with a diameter of 100nm, measured A.) 15-minutes,
B.) 60-minutes and C.) 105-minutes after exposure to a cell monolayer, as a function of their
height above the cell monolayer. Box represents the interquartile range (IQR), with the mean
marked by an empty square and median marked by a line within the box. Whiskers extend to the

most extreme data points within 1.5 times the IQR (N = 4).
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Figure11: Convex hull areas of nanoparticles in the presence and absence of cells. Convex
hull area for negatively- and positively-charged gold nanoparticles with a diameter of 100nm in
DMEM with 10% FBS and no FBS both in the presence (colour) and absence (grey) of cells as a
function of time after exposure to cell/control surface, tracked 50um above the surface (*
p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Error bars represent a half s.d. from the mean (N
=4).

Conclusions

Atechnique initially developed to track synthetic nanoparticles in simple solutions has been
successfully applied to tracking metallic nanoparticles in complex biological environments in
the presence of live cells as an exemplar for the behaviour of nanoscale entities. Both
positively- and negatively charged gold nanoparticles were dispersed in DMEM (Dulbecco’s
Modified Eagle medium), with and without the addition of FBS (fetal bovine serum) and exposed
to Human Mesenchymal Stem Cells. The values of diffusion coefficient, anomalous alpha
exponent and convex hull area of these nanoparticles at different heights above a cell
monolayer were experimentally derived from measurements of their random tracks and
potentially reveal information about the microenvironments near the cells. Experimental
diffusion coefficients were compared to diffusion coefficients determined from the Stokes-
Einstein theory. This showed that experimental diffusion behaviour deviated considerable from
idealised behaviour. We have also demonstrated that nanoparticle dynamics in biological
media are governed by physicochemical properties, such as particle surface charge, and in vitro
conditions. The results from this study suggest that potential changes in media composition
over time due to cellular activity can have a significant impact on nanoparticle diffusivity whilst

the averaged anomalous diffusion exponent remained close to 1. This indicated that, at the
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ensemble level, nanoparticles exhibited normal diffusive behaviour. This could potentially
suggest that the extracellular environment modifies the rate of transport rather than inducing
strongly anomalous diffusion. Finally, we have demonstrated the capability of an accessible,
label-free optical technique to visualise and track nanoparticles directly above cell layers which
could be used to gain information on the ability of nanoparticles to diffuse in complex

environments.
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