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Diffusion Coefficients of Coated Plasmonic Nanoparticles in

Viscous Environment

Isabelle Largilliére, Dali Sullivan, and Michel Meunier*

The Stokes-Einstein relationship (SER) is not valid anymore in polymeric
solutions for nanoparticles. It is thus important to characterize their diffusion
properties to get a finer understanding of their behavior and to better tune
their attributes for biomedical applications. The diffusion of gold and silver
nanoparticles with citrate, hyaluronic acid, methyl-polyethylene glycol, and
antibody-polyethylene glycol coatings is studied in hyaluronic-based viscous
solutions. The diffusion coefficient D is estimated from the Brownian motion
thanks to a cost-effective side-illumination device. It is determined that the
nanoparticles (hydrodynamic radius r,: 30-135 nm) diffuse up to 4-5 times
faster than expected using the SER with a macroscopic viscosity from 1 to 30

use as contrast agents, or therapeutic
purposes.'3] However, biological fluids
are complex, and NPs can have difficul-
ties reaching the target area. That can
be highly problematic for biomedical ap-
plications where specificity is essential.
Some viscous environments such as lym-
phatic fluids, mucus, extracellular matrix,
or vitreous, are responsible for reduced
diffusion when compared to water.*’]
Indeed, in addition to the viscosity, the
interactions between NPs and structural

mPa:s. It is shown that the adapted Huggins equation is a good model to
describe the diffusion behavior of nanoparticles using an effective viscosity

T given by In (£ ”f) = k( °f) where R_2 = r,? + R, ? where E is the

eff

polymer correlatlon length, R, the polymer hydrodynamlc radius and 7, the
solvent viscosity. The values of k and a are given and allow to obtain D with
an error of 10-20%. The impact of chemical interactions on the model
parameter values are also highlighted, especially due to electrostatic

interactions between the polymer and the nanoparticles.

1. Introduction

Plasmonic nanoparticles (NPs) are useful in a large range of ap-
plications thanks to their unique optical characteristics. Their
scattering and absorption properties are used in biomedicine ap-
plications, electronics, and the energy field.l') The biomedical
sphere leverages their surface chemistry properties for function-
alization and specificity. It also relies on their biocompatibility in
the case of gold NPs (AuNPs), or conversely, biocidal activity for
silver NPs (AgNPs). Plasmonic NPs have great optical properties
—scattering or absorption — for imaging use, sensor development,
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proteins or glycosaminoglycans present
in those fluids are expected to alter their
diffusion in some cases and can even lead
to NP immobilization in extreme con-
ditions such as tight mesh and adhesive
interactions.l>”7)

This is notably the case in ophthalmol-
ogy. Drugs are often administered into the
back of the eye by performing an intravit-
real injection.[*!] This technique often re-
sults in the immediate immobﬂization of
the NPs at the injection site.’] This has
been mainly investigated by qualitatively
studying the diffusion of polystyrene and lipid NPs. Focusing
on the electrostatic interactions between the NPs and the me-
dia, several groups showed a clear difference depending on
the NP charge.’'!l A few quantitative studies showed that
anionic NPs diffuse up to 1000-fold faster than the cationic
ones in the vitreous.!] For plasmonic NPs, Sauvage et al.
showed that 70 nm AuNPs had a diffusion coefficient of 1.9
pm? s7! in the vitreous while coated with hyaluronic acid
(HA), an anionic polymer largely present in the vitreous.
However, they were stuck in the vitreous while coated with
PDDAC (poly(diallyldimethylammonium chloride)), a cationic
polymer.[*2] The impact of the NP size has been mainly of interest
to estimate the mesh size of the vitreous rather than a parameter
for the diffusion behavior in those applications.[®] Indeed, since
vitreous, mucus, and most other biological fluids contain some
fiber molecules, such as collagen or fibrin, the mesh size must
also be considered to avoid immobilization of the NPs at the in-
jection site.[*1314]

In addition to those chemical interactions with biological flu-
ids, the classic Stokes-Einstein relationship (SER) (Equation 1)
has restricted applications, making it harder to estimate diffusion
coefficients correctly beforehand.

kT
6”nmrh

1)

SE =

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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In the SER, the diffusion coefficient depends on the tempera-
ture T, the macroscopic viscosity #,,,, and the hydrodynamic ra-
dius of the particle r,. However, to be accurate, the probe needs
to respect the following assumption: the solvent has to be much
smaller than the solute. When interested in nanotechnology or
biomedical applications, nanoparticles or biological molecules of-
ten do not respect this assumption required for the SER, inducing
the SER breakdown.

Over the last decades, different techniques have been devel-
oped to evaluate the diffusion behavior of various NPs in those
conditions. In biological applications, many probes are fluores-
centand can be easily detected to estimate their average diffusion.
Fluorescence correlation spectroscopy (FCS) is based on fluores-
cence intensity fluctuations and necessitates a complex system
and numerous calculations.[**! Fluorescence recovery after pho-
tobleaching (FRAP) relies on the photobleaching properties of
the fluorescentlabel. It has been used since mid-1970s,['%1 but the
measurements can be quite long for slow diffusing probes.[1718]
It has been adapted for plasmonic NPs that can scatter light, a
characteristic used in the scattering recovery after fragmentation
(SRAF) technique. Instead of photobleaching, the NPs are frag-
mented, and their small pieces have a scattering intensity and
cross-sections too low to be visible by optical microscopy, but this
technique has been shown to underestimate slightly the diffusion
coefficient.['?] On the other hand, nanoparticle tracking analyzers
(NTA), based on the ultramicroscope principle, allow us to easily
get the diffusion coefficient for a single NP or an NP population
and other information about the NP colloid sample. However,
this type of device can be costly.[1%2]

The objective of this paper is twofold: i) we propose another
methodology to precisely determine the diffusion behavior of
plasmonic NPs that involves monitoring the scattering of an en-
semble of NPs irradiated with light from the side and ii) we intro-
duce a generalized equation to describe the diffusion behavior in
viscous environment based on the adapted Huggins model. The
first objective is achieved via a cost-efficient side-illumination de-
vice developed by our group.?!! This small device can be adapted
to any optical microscope and permits an easy and simple ob-
servation of individual NP.?!l Here, as a viscous environment
model, we studied the diffusion of AuNPs and AgNPs in HA,
biopolymer-based solutions with a molecular weight (MW) of
150-300 kDa (low MW) and 750-1000 kDa (high MW), ranging
from the order of a mPa-s (water) to a few tens of mPa-s. Gold
and silver were chosen as both compositions are widely used
for biomedical applications. The size range, from 60 to 200 nm
in diameter, was chosen as the limit of detection by optical mi-
croscopy for the lower limit and as the usual biggest NP size used
in nanobiotechnologies for the upper limit. First, we character-
ized the diffusion of citrate-capped AuNPs and AgNPs across dif-
ferent viscosities and HA molecular weights, as well as function-
alized AuNPs with an HA coating, mPEG (methyl-polyethylene
glycol) coating, and antibody-PEG (Ab-PEG) coating. The choice
of functionalization was motivated by biomedical applications
where biocompatibility (HA, mPEG) and specificity (Ab-PEG) are
required. For the second objective, we used the adapted Huggins
model developed by Holyst group to describe the NP behavior at
this size range.[?2] We also discussed the impact of the function-
alization on the diffusion behavior of the NPs and the resulting
chemical interactions.
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2. System and Calculations

2.1. Diffusion Measurement System

The Brownian motion of the NPs were analyzed to determine
their diffusion coefficients. First, the colloidal suspensions of
NPs were diluted in the media of interest and confined between
a glass slide and its coverslip with a spacer of 120-240 pm. The
Brownian motion was observed at room temperature using the
side-illumination devicel?!! (Figure 1a) with a 60x objective and
recorded using a pco.panda 4.2 camera from PCO (Kelheim, Ger-
many), at 25 frames per second (fps), except when precised oth-
erwise. The displacements were tracked and then used to calcu-
late NP diffusion coefficients by using the plugin TrackMate for
Image] developed by Tinevez et al. (Figure 1b).[2)] This system
enables the diffusion study of single NPs as well as the whole
population of NPs. To ensure that the NPs taken into considera-
tion for the calculations were diffusing onto the plane of focus,
some filters were applied to the recording. The plugin for Image]
selects the NPs according to the size and the intensity of the sig-
nal from the NPs. Only circular dots of a specific size (=9 pixels)
and quality threshold (depending on the quality of the recording)
were considered. Moreover, the depth of field was determined to
be ~1.2 um. Considering that the distance between the slide and
the coverslip is 120-240 um, the edge effect can be neglected with
this shallow depth of field.

2.2. Method to Measure the Diffusion Coefficient
2.2.1. Diffusion Coefficient Calculation

To obtain the diffusion coefficient from the position of the NPs,
the usual mean square displacement (MSD) method was used.
The experimental diffusion coefficient D,,, is determined by
Equation (2).

MSD <(xt—x0)2+(yt—y0)2> _ <r§/ISD>

D = = = 2
P 2dy,t 4t 4t @)

The parameters x,, y,, x,, and y, are the recorded positions
at time ¢ and time O respectively, the parameter dy,, = 2 is
the dimension considered during the experiment. The diffu-
sion coefficient was obtained by fitting the average (r2 . ) over
hundreds of NPs between the second and the fifth time points
as established by Ernst et al.’**l As shown by Coglitore et al.,
there is no statistically significant difference between a diffu-
sion coeflicient determined through a dataset with a frame rate
of 28 frames per second (fps), typical for a standard camera,
or one with a fps of 500, typical for a high-speed camera.l®!
Indeed, the precision brought by the higher fps is counter-
balanced by the lower illumination level and thus the loss of
details.[?*! Diffusion coefficients were calculated for at least 150
NPs per condition with a minimum of 50 frames per NPs
and 30 frames for NPs of 60 and 80 nm as their scattering
intensity is lower, making them harder to track. Typically af-
ter 50 frames, the NPs would have an MSD between 0.25 and
4.3 um? depending on the studied conditions. Further analysis
was also performed to check the quality of the recorded data

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. a) Cross-section schematics view of the specially designed red-green-blue (RGB) side-illumination device to monitor the displacement of each
AuNP (black arrows) in the solution in the small interspace between the slide and the coverslip (here, it is 120-240 um). b) A typical example of NPs’
trajectories (segments in yellow) was acquired thanks to the Nanotrack plugin for Image) open software.[?*]

coatings respectively. The different conditions studied have been
summarized in Table 1.

As shown in Figure 2, the citrate-AuNPs diffusion greatly
depends on the macroscopic viscosity #,, and the NP hydro-

(Figure S2, Supporting Information). The displacements in both
directions, x, and y, were compared to an expected normal dis-
tribution, and we confirmed the narrow distribution of the dif-
fusion coefficient of each NP under the same experimental

conditions. dynamic radius r,. However, as presented in Tables 2 and 3,
the diffusion coefficient D,,, is higher than expected by the
3. Results SER in the HA solutions and lower for the water as ob-

tained by using Equation (1) with the macroscopic viscosity
1,,- This behavior in water was expected and already described
by Coglitore et al. for polystyrene NPs and the one in HA
medium by Unni et al. for cobalt ferrite NPs.I”?°] On average in

Figures 2, 3 and 4 give the experimental diffusion coefficients
D, as a function of the hydrodynamic radius r, for AuNPs,

AgNPs both coated with citrate and AuNPs coated with various

(a) Low MW (b) High MW
4 4
3 3
2 2
NE 14 NE 14
g g
2 06 2 06
$ 04 $ 04
A A
02 02
0.1 1 0.1
40 60 80 100 40 60 100
Hydrodynamic radius r, (nm) Hydrodynamic radius T (nm)
(C) 6 Water
Sl Low MW High MW
El B N e 2.18mPas 1.50 mPa-s
- 5.
é 3 e e 8.10mPa's 7.44 mPa's
2 e e 12.20 mPa-s 11.80 mPa-s
2 \\\
S 2 LS e 16.60 mPa-s 16.50 mPa-s
e 26.80 mPa-s 25.40 mPa-s
1 T v v T
40 60 80 100

Hydrodynamic radius r, (nm)

Figure 2. Diffusion coefficients D,,, for AuNPs coated with citrate as a function of the hydrodynamic radius r, for various macroscopic viscosity 7,
a) in HA solutions of low MW (150-300 kDa), b) in HA solutions of high MW (750-1000 kDa), and c) in water. The dotted lines are to guide the eyes.
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(b) High MW
5
3] Tt N
_ 2 n::::: """" . T
«u B TTveee T
T 1 e
= Cr—
s 06
A 04
0.2 ¥
0.1 y v v .
40 60 80 100
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o 2.18 mPa-s e 1.50mPa's
e 8.10mPa's e 7.44 mPa's

e 12.20 mPa-s e 11.80 mPa-s
e 16.60 mPa's e 16.50 mPa's
26.80 mPa-s 25.40 mPa-s

Figure 3. Diffusion coefficients D,,, for AgNPs coated with citrate as a function of the hydrodynamic radius r, for various macroscopic viscosity 7,
a) in HA solutions of low MW (150-300 kDa), b) in HA solutions of high MW (750-1000 kDa), and c) in water. The dotted lines are to guide the eyes.

water, the citrate-AuNPs were diffusing 21% lower than ex-
pected by the SER. Concerning the HA solutions, for the low
MW above 8 mPa-s, the NPs diffuse between 3.5 and 4.5 faster
than expected by the SER. For the high MW, the behavior is
slightly different. The ratio increases with the viscosity up to 11.8

(a) HA-AuNPs
S
3 o
e——
2= -
w_ T e ——
) T
S LA N S
g ST
= W e o———
2 S TTEeas T ——t
o 06 & [ S
0.4 $2e
I
0.2 T T T -
60 80 100 120
Hydrodynamic radius r, (nm)
(© Ab-PEG-AuNPs
3
P ®
2
Q
&
~ 06
0.4
0.2

60 80 100 120 140
Hydrodynamic radius r, (nm)

Figure 4. Diffusion coefficients D,

exp

mPa-s reaching 4.0 and then decreases again to 2.43 at 25.40
mPa-s.

Then, we checked if the citrate-AgNPs (Figure 3) had the same
behavior as the AuNPs or if the breakdown of the SER was depen-
dent on the composition of the particles. As shown in Tables 1

(b) mPEG-AuNPs

Dexp (nm?/s)

60 80 100 120 140
Hydrodynamic radius r, (nm)

Low MW
e 2.18 mPa-s
e 8.10 mPa-s
e 12.20 mPa-s
e 16.60 mPa's
26.80 mPa-s

for AuNPs coated with a) HA coating, b) mPEG coating, and c) Ab-PEG coating as a function of the hydrodynamic

radius r, for various macroscopic viscosity 1,,, in HA solutions of low MW (150-300 kDa). The dotted lines are to guide the eyes.
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Table 1. Summary of the parameters studied.

Parameters Range

NP composition Au, Ag
30-135 nm
Citrate, mPEG, PEG-Ab, HA

NP hydrodynamic radius
NP coating
Dispersion medium PEG50.300 kpa» PEG750.1000kDa

Macroscopic viscosity 1-30 mPa-s

and 2, for the viscosity of 16.5 mPa-s and lower, there is no sig-
nificant difference between the two compositions. However, for
higher viscosity, AgNPs diffuse more slowly than AuNPs for the
high MW, with a ratio of 1.49 against 2.43 at 25.40 mPa-s and
faster for the low MW, with a ratio of 4.79 against 4.18 at 26.80
mPa-s.

Finally, as AuNPs are usually used with different coatings for
biomedical applications, we investigated the impact of the func-
tionalization on diffusion by comparing the citrate coating with
an HA coating, a mPEG functionalization, and an Ab-PEG bio-
conjugation (Figure 4). As presented in Table 3, it is interesting
to notice that the AuNPs with citrate and with HA are the ones
with the highest diffusion coefficients. AuNPs coated with HA
and citrate have similar behavior, + 16% ratio difference for each
condition with an average of 2%. AuNPs coated with mPEG and
PEG-Ab have a similar behavior, + 9% ratio difference for each
condition with an average of 1.3%. Lastly, the HA-AuNPs have
the closest behavior to the ones of citrate-AuNPs (a difference of
2% on average), followed by the bioconjugated ones (a difference
of 3.8% on average) and mPEG ones (a difference of 4.85 on av-
erage). The complete data can be found in the Excel file of the
supplementary information and the characterization of the NPs
in Table S2 and Figure S3 (Supporting Information).

4. Discussion

To explain the difference between the SER prediction and the ex-
perimental results, we can consider the hypothesis behind the
SER. As explained by Capalezzo et al., the frictional resistance
and the average viscosity are proportional only if the velocity of
the probe is smaller than the average atomic motion of the sol-
vent. This is not the case anymore if the thermal velocities are
similar, that is to say if the sizes of the NPs and the solvent are

Table 2. Ratio between the experimental diffusion coefficient D,,, and the
Dse (Equation (1)) for AuNPs and AgNPs in low MW (150-300 kDa) vis-

cous solutions.

Condition Ratio D.,,/Dse
Citrate-AuNPs Citrate-AgNPs
Water 0.79 0.82
High 1.50 mPa-s 1.06 1.06
7.44 mPa-s 3.51 3.36
11.80 mPa-s 4.00 3.79
16.50 mPa:s 3.85 3.89
25.40 mPa-s 243 1.49
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comparable.l?] To address the behavior of the probes in those
situations, the fractional SER has been developed introducing a
weaker dependence in (1/5). With this approach, Coglitore et al.
have highlighted an SER breakdown for NPs below 150-300 nm
with a dependence of D in #7? instead of #~1(2°] with p being 0.84.
It has been used when the probe size is similar to the solvent
size, 2?7281 However, if this strategy enables the description of
the diffusion, it is fully empirical, and cannot be generalized for
further conditions and neglects the size impact.

An alternative approach is to introduce an effective or nano-
viscosity 5 g to replace the macroscopic viscosity #,,, into the SER.
Equation (1) is now modified as Equation (3).

_ kyT
B 6m1qfrh

©)

Some models rely on hydrodynamics such as the Huggins
model, 7,4 = #, exp(kL), further adapted by De Smedt et al. et
re-used by Unni et al.,”"'7?%! This model depends on the solvent
viscosity #,, the hydrodynamic radius of the probe r;, and the cor-
relation length E of the polymer and k being a fitting parame-
ter. All the characteristic lengths of the polymers that include the
correlation length can be found in Table S1 (Supporting Infor-
mation), and here, the solvent viscosity is the viscosity of water
at 19 °C with the tabulated value of 1.027 mPa-s. However, this
model has been developed as an alternative to the SER when the
probe size does not respect this hypothesis anymore and is not
generalizable at all scales. As the Huggins model is limited due to
its approximation, the estimations were not optimal and led to er-
rors superior to 50% between the experimental effective viscosity
and the one estimated by the model as shown in Tables S5,56 and
Figure S4 (Supporting Information). Cai et al.?% also described
the diffusion behavior depending on the probe scale compared to
the polymer and highlighted three different regimes (small, in-
termediate, and large probes). They developed a model for each
regime thanks to approximations valid in each condition. How-
ever, there is not only one equation to describe diffusion behavior
at all scales.

To obtain a better description of D, and 7.4, we investigated
a slightly more complex model developed for polymer-based sys-
tems by the Holyst group, that developed an empirical equation
to fit the experimental diffusion. This model is referred below as
the adapted Huggins model. Indeed, they introduced an effec-
tive radius in the Huggins model as shown in Equation (4) that
enables the description of the diffusion behavior for all sizes of
probes, 2231731 By introducing an equation valid at all scales, they
have bypassed the previous issues.

Ra\*
Hog = Mg X €XP <k< Eﬁ) ) 4)

In this equation, k is a system-dependent parameter related to
the energy and a is a scaling parameter.** The effective radius
R (Equation (5)) takes into account the relationship between
the hydrodynamic radius of the probe r, and the hydrodynamic
radius of the polymer R;,.

R} =17 +R? (5)

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Table 3. Ratio between the experimental diffusion coefficient D,
MW (750-1000 kDa) viscous solutions.

exp

www.small-journal.com

and the Dgg (Equation (1)) for AuNPs and AgNPs having different coatings in high

Condition Ratio Dy, /Dse

Citrate-AuNP HA-AuNP mPEG-AuNP Ab-PEG-AuNP Citrate-AgNP
2.18 mPa-s 1.49 1.73 1.51 1.62 1.54
8.10 mPa:s 3.60 3.02 3.01 3.09 3.69
12.20 mPa-s 3.70 3.56 3.34 3.56 4.13
16.60 mPa-s 3.82 4.03 3.62 3.58 4.94
26.80 mPa-s 4.18 4.52 4.43 4.04 4.79

Moreover, this adapted model correctly considers the two lim-
its, for small or large probes where the effective viscosity should
be the solvent one and the macroscopic one respectively. They
tested their model for probes ~1-10 nm. After their first empiri-
cal equation development, the Holyst group broadened its appli-
cations from simple polymer solutions to polymer mixtures or
polyelectrolyte solutions.[?*3233] They also highlighted the exis-
tence of different regimes depending on the polymer concentra-
tion: dilute, semi-dilute, and concentrated. It impacts at least the
value of the parameter a from Equation (4).*!) By putting D of
Equation (3) equals to D,,,, we determined 7.4 and were able to
use the previous model in the following discussion.

The accuracy of the model with the experimental data is shown
in Figure 5 and the estimated k and a parameters and the root
mean square error (RMSE) are given in Tables 4 and 5. With this
adapted Huggin’s model, the effective viscosity is better repre-
sented and the RMSE on the effective viscosity drops ~#12.9% on
average for the low MW and 31.6% for the high MW. The param-
eter k is ~2-2.5 for both MW. On the other hand, the parameter
a is equal to 0.69-0.77 for the high MW and decreases to 0.47—
0.58 for the low MW. We can notice that the parameter estimation
depends on the coating.

However, to ensure that the effective radius R ¢ depends on the
surface of the system probe-polymer, and not the dimension or
the volume, as a function of the polymer regime of the solution,
we have tested this hypothesis using R~! and R~ in the supple-
mentary information resulting in not much better fit (Figure S5
and Table S7, Supporting Information).

As shown in Table 5, the coatings have an impact on the k and
a parameters for the adapted Huggins model. Based on the sug-
gestion by Giorgi et al.l**] that the chemical interactions at the
nanoscale can influence the diffusion behavior, we proposed that
the coating affects these interactions as indicated by the change
in zeta potential.

Considering the limit for large probes in the adapted Huggins
models, the effective viscosity limit #,;,, should be equal to the
macroscopic one #,,, (Equation (6)).

. R, \"

As shown in Figure 6a, the viscosity #;,, for citrate-AuNPs
is largely inferior to the macroscopic viscosity #,, and the gap
increases with the concentration: 30% lower at low concentra-
tion and 70% lower at high concentration. As citrate is negatively
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charged, it induces repulsive electrostatic interactions between
the NPs and the HA strands. It might explain the decrease in
effective viscosity felt by the NPs and thus #;;,,,. Now, broadening
the analysis to the other coatings, one can notice that their viscos-
ity ny,,, is similar when compared to the macroscopic viscosity #,,
(Figure 6). However, Figure 6b highlights that the #;,,, is higher
for mPEG and HA than for citrate and Ab-PEG at high concentra-
tion (maximum difference of 1.27 mPa-s) but is negligible at low
concentration (maximum difference of 0.16 mPa-s). This is con-
firmed with the adapted Huggins model where both parameters,
a and k, are decreasing from citrate to Ab-PEG, HA, and finally
mPEG (Table 5). This trend seems to be more important at high
concentration whereas more interactions between the NPs and
the HA strands can happen, and proportional to the zeta poten-
tial, and thus the NP charge at the exception of Ab-PEG-NPs. This
difference may be due to other interactions that might take place
such as Van der Waals or hydrophobic repulsions. To explain the
behavior at high concentration, we can look into the mesh consti-
tuted by HA. The mesh becomes tighter with the concentration
increasing and thus, the correlation length decreasing (Table S1,
Supporting Information). Then, it is harder for the NPs to deform
the mesh to pass through the pores as the NP charge increases,
leading to an increase in the repulsive interactions, and therefore
the deformations need to be more important for the NP to flow
through the mesh.[*¢]

5. Conclusion

In summary, it is important to estimate and model the diffusion
of plasmonic NPs for nanotechnology applications. The key mes-
sage is the validation of the Huggins adapted model for NPs from
30-135 nm (hydrodynamic radius) and the non negligible impact
of the coating for the NP diffusion. The side-illumination device,
easily adapted to any optical microscope, allowed to follow the
Brownian motion of plasmonics nanoparticles of radius larger
than 30 nm, thus having sufficient scattering cross-section. With
the large range of investigated conditions of viscosity from 1.0 to
26.8 mPa-s and NPs radius from 30 to 135 nm, this study enabled
the characterization of NP diffusion behavior in the range from
0.13 to 4.65 um? s~!. Measured diffusion coefficients are found
to be up to 4-5 times greater than expected by the SER using
the macroscopic viscosity of the solution. We validated that the
adapted Huggins equation (Equation (4) and with R 4 defined as
in Equation (5)) is a good model for estimating the effective vis-
cosity 5. for NPs with a size of the same order of magnitude as
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Figure 5. Natural logarithm of the viscosity ratio as a function of k (R.g/E)? as given by Equation (4) for all experimental data a) for citrate-AuNPs, b) for
citrate-AgNPs c) for HA-AuNPs, d) for mPEG-AuNPs, and e) for Ab-PEG-AuNPs. Results (i) in the low MW and (ii) in the high MW HA solutions. The
value of R g can be found in Tables S3 and S4 (Supporting Information). For each condition, the best values of k and a with the corresponding errors on

Deyp and heg are given.
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Table 4. Estimations of the parameters k and a for the adapted Huggins
model in high MW HA solutions and RMSE in percentage. Measured zeta
potentials { are also given. The measurements are done in MilliQ water
with a pH of 7 and a resistivity of 18.2 MQ-cm and the Huckel approxima-
tion of the Henry equation was used.

Conditions k a Mean ¢-potential RMSE on D RMSE on
[mV]

Citrate-AuNP  2.10 0.69 —41.9 23.8 27.3

Citrate-AgNP ~ 2.35 0.77 —43.7 30.6 359

Table 5. Estimations of the parameters k and a for the adapted Huggins
model in low MW HA solutions and RMSE in percentage. Measured zeta
potentials ¢ are also given. The measurements are done in MilliQ water
with a pH of 7 and a resistivity of 18.2 MQ-cm and the Huckel approxima-
tion of the Henry equation was used.

Conditions k a  Mean {-potential  RMSE on D RMSE on 5
(mV)

Citrate-AuNP 2.50 0.58 —41.9 16.5 15

Ab-PEG-AuNP 243 0.55 -20.7 12.7 12.0

HA-AuNP 230 0.54 -329 15.3 14.2

mPEG-AuNP 220 047 —25.8 16.2 13.0

Citrate-AgNP 220 0.56 —43.7 10.2 10.2

the polymer. Indeed, the parameters k and a describing 7.4 are
obtained for all conditions describing the measured diffusion co-
efficient with the RMSE as good as below 16.5% for any condi-
tions tested in the HA solutions of 150-300 kDa. Thus combining
Equations (3-5), the diffusion coefficient is given by:

b ky T -

2 2\ 12\ ¢
6711, - exp (k( %) >

where the hydrodynamic radius of the plasmonic NPs is r, and all
characteristics of the polymeric solutions (1, R, and E) have to be
used. The parameter a is a scaling parameter of values 0.47-0.77
for the studied conditions and kis a system-dependent parameter
related to the energy with values 2.10-2.50.

In addition, as shown by the results for the different function-
alizations, the chemical interactions between the probes and the

www.small-journal.com

polymer influence the estimation of the model parameters and
can not be neglected. This outcome highlights the need to further
improve the model to include the influence of chemical interac-
tions, probably the electrostatic repulsions or attractions, and the
dependence on the charges of the polymer and the probes. In
future studies, the effect of temperature may be considered as
well as to better understand the effect of chemical interactions, a
larger number of coatings could be investigated and may lead to
the implementation of the chemical interaction impact into the
model.

6. Experimental Section

Materials: ~ Citrate-capped gold nanoparticles with nominal diameters
of 60 nm (polydispersity index (PDI) of 9.4%), 80 nm (PDI of 10.9%),
and 100 nm (PDI of 6.7%) were purchased from NanoComposix (San
Diego, CA, USA). Citrate-capped gold nanoparticles with a nominal diam-
eter of 150 nm (PDI of 3%) and 200 nm (PDI of 3%) were purchased from
Nanopartz (Loveland, CO, USA). Citrate-capped gold nanoparticles with
nominal diameters of 120 nm were prepared by the Turkevich method.[3”]
To prepare the viscous solution, hyaluronic acid (HA) from Bulk Supple-
ments (Henderson, NV, USA) was used of 150-300 kDa (measured by
Western Blot, data not shown) and HA from Sigma-Aldrich (Saint-Louis,
MO, USA) of 750-1000 kDa. To functionalize the NPs, HA of 15-30 kDa
from Sigma—Aldrich (Saint-Louis, MO, USA), mPEG-SH of 5 kDa, and HS-
PEG-COOH of 1 kDa and 5 kDa from Nanocs (New-York, NY, USA) and
anti-CD44 antibodies (reference MA4400), EDC and sulfo-NHS from Ther-
moFisher (Waltham, MA, USA) were used.

Viscous Environnements:  Fabrication of the viscous liquids: The different
viscous solutions were obtained by dissolving 10 mg of HA of different
molecular weights in 10 mL of distilled water and by cascade dilution for
the lower concentrations (0.5, 0.3, 0.15, and 0.025 mg mL~T).

Rheology test: The standard viscosities of the HA solutions were mea-
sured using a Physica MCR 501 rheometer from Anton Paar (Graz, Aus-
tria). The measurements were carried out in rotation with a shear rate
evolving from 1000 to 0.01 s~ at a fixed temperature of 22 °C. The results
are shown in Figure S1 (Supporting Information).

Coatings of the NPs:  Coating AuNPs with Hyaluronic Acid: Before incu-
bating the AuNPs with HA, the NPs were diluted to 2 X 10° NPs mL~".
Next, 10 uL of HA at 3 mg mL~" was added to 500 L of AuNPs and kept
overnight at 4 °C. The AuNPs were centrifugated for 5 min at 2000 g for
NPs below 100 nm and at 1200 g for NPs of 100 nm and above and resus-
pended in water.

PEGylation of AuNPs: The AuNPs were sonicated for a few minutes
before use. Respectively, 30 uL of mPEG-SH (5 kDa) dissolved in dH,0O
at 10 mg mL~" after TCEP treatment were added to 1 mL of AuNPs at

(a) Comparison between 1, and 1, for citrate-AuNPs (b) Comparison of 1, depending on the coatings
8 4
25{ — Rheology —— citrate-AuNPs
—— citrate-AuNPs 71 —— Ab-PEG-AuNPs
%20/ @ ] — HA-AuNPs
ﬁé QE-' mPEG-AuNPs
=154 = 5
2 2
%] [%2) 4 J
8 10 3
k2| )
> < 3
5 -
2 -

0.0 0.2 0.4 0.6 0.8 1.0
HA concentration (mg/mL)

00 02 04 06 08 1.0
HA concentration (mg/mL)

Figure 6. a) Macroscopic viscosity (rheology) and effective viscosity limit #;,, from the citrate-AuNPs diffusion model as a function of the low MW HA
concentration. b) Effective viscosity limit 7, from the AuNPs diffusion model for the different coating studied (citrate, Ab-PEG, mPEG, and HA) as a

function of the low MW HA concentration.
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stock concentration. The solutions were briefly vortexed and kept at 4 °C
overnight. The NPs were centrifugated twice for 5 min at 2000 g for NPs be-
low 100 nm and at 1200 g for NPs of 100 nm and above and resuspended
in water.

Functionalization of AuNPs with antibody: The AuNPs were sonicated
for a few minutes before use. Then, 30 pL of HS-PEG-COOH (5 kDa) dis-
solved in dH,0 at 10 mg mL~" after TCEP treatment were added to 1 mL of
AuNPs of 100 nm or above, or 30 pL of HS-PEG-COOH (1 kDa) dissolved
in dH,0 at 10 mg mL~" were added to 1 mL of AuNPs below 100 nm. The
solutions were briefly vortexed and kept at 4 °C overnight. The NPs were
centrifugated twice for 5 min at 2000 g for NPs below 100 nm and at 1200 g
for NPs of 100 nm and then resuspended in dH,O. Next, 0.7 uL of EDC
at 10 mg mL~" and 1.3 pL of sulfo-NHS at 10 mg mL~" were added to the
AuNPs. The solutions were vortexed for homogenization and incubated
for 30 min on a rotator at room temperature. The NPs were centrifugated
for 5 min at 2000 g for NPs below 100 nm and at 1200 g for NPs of 100 nm
and above and then resuspended in PBS-Tween20 (0.1%). Then, 1 ug of
antibodies were added to the solutions and kept for 1h on a rotator. Finally,
the solutions were centrifuged (thrice for 5 min at 2000 g for NPs below
100 nm and at 1200 g for NPs of 100 nm and above) and resuspended in
water.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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