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Gold nanoparticles (AuNPs) are a promising platform  High A 3 —
for biomedical applications including therapeutics, imaging, and drug oY%

delivery. While much of the literature surrounding the introduction of
AuNPs into cellular systems focuses on uptake and cytotoxicity, less is
understood about how AuNPs can indirectly affect cells via
interactions with the extracellular environment. Previous work has
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e
shown that the monocytic cell line THP-1’s ability to undergo u_g O X —
3
N

chemotaxis in response to a gradient of monocyte chemoattractant
protein 1 (MCP-1) was compromised by extracellular polysulfonated @ —

AuNPs, presumably by binding to MCP-1 with some preference over

other proteins in the media. The hypothesis to be explored in this

work is that the degree of sulfonation of the surface would therefore  Low @ L

be correlated with the ability of AuNPs to interrupt chemotaxis.

Highly sulfonated poly(styrenesulfonate)-coated AuNPs caused strong inhibition of THP-1 chemotaxis; by reducing the degree of
sulfonation on the AuNP surface with copolymers [poly(styrenesulfonate-co-maleate) of different compositions], it was found that
medium and low sulfonation levels caused weak to no inhibition, respectively. Small, rigid molecular sulfonate surfaces were
relatively ineffective at chemotaxis inhibition. Unusually, free poly(styrenesulfonate) caused a dose-dependent reversal of THP-1 cell
migration: at low concentrations, free poly(styrenesulfonate) significantly inhibited MCP-1-induced chemotaxis. However, at high
concentrations, free poly(styrenesulfonate) acted as a chemorepellent, causing a reversal in the cell migration direction.

chemorepellent, chemotaxis, gold nanoparticles, protein adsorption, sulfonation, surface chemistry

Due to their size- and shape-dependent optical properties, gold work has shown that AuNPs can disrupt cross talk between
nanoparticles (AuNPs) have drawn increasing interest for their cells and alter the mechanical and chemical properties of the
potential use in biomedical applications; AuNPs are being extracellular matrix (ECM).>’~** This disruption can extend to
studied for use as therapeutics, imaging agents, drug delivery cellular behaviors such as chemotaxis, the directed migration of
systems, and diagnostics.' "' However, the impact of cells in response to a chemical gradient. Chemotaxis is
introducing AuNPs into biological systems has yet to be fully responsible for infection and would healing in humans and can
characterized.'” Numerous studies have examined how altering be greatly affected by changes in the ECM.>~** Dysfunctions
various properties of AuNPs such as charge, surface chemistry, in cellular chemotaxis have been implicated in a variety of
shape, and size affect AuNP-cell interactions.”~>' Previous health problems such as chronic obstructive pulmona

work has shown that cellular uptake during chronic, long-term disease, cystic fibrosis, infertility, and cancer metastasis.>*>"
AuNP exposure is largely dependent on AuNP surface Previously, it was found that AuNPs in the extracellular
chemistry; moreover, surface chemistry-dependent changes in environment of the human monocytic cell line THP-1 caused

gene expression were ob§ewed fgllowing acute, low-dose significant inhibition of chemotaxis that had been generated by
AuNP exposure, highlighting the impact of AuNP surface ng/mL amounts of monocyte chemoattractant protein 1

chemistry on the biological response.”’ Similarly, further (MCP-1).** MCP-1 is a 13 kDa member of the chemokine
studies have shown that changing AuNP surface functionaliza-

tion alters the adsorption of serum proteins to the AuNP
surface, which subsequently impacts interactions with cell
membranes.22_26 November 5, 2023 Nanoscience B
Although the existing AuNP-bio interaction literature is January 26, 2024
largely focused on the direct interactions between AuNPs and January 30, 2024
cells (such as uptake, cytotoxicity, and gene expression), it has February 14, 2024
also been observed that AuNPs can influence cell behavior
indirectly by modifying the local microenvironment. Recent

family that bears a net positive charge at pH 7.4.** It was found
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PSS

Poly(styrenesulfonate)

PSSMA

Poly(styrenesulfonate-co-maleate)

SOz

4MBA

4-mercaptobenzoate

4MBSA

4-mercaptobenzene sulfonate

Figure 1. Library of AuNP surface coatings with their abbreviations. PSSMA is a block copolymer that was used in two x/y ratios, 3:1 and 1:1.

C

40000+

«= Solid 4-MBA
Citrate-AuNPs
=== 4MBA-AuNPs

30000+

Intensity (a.u.)

Wavelength (nm)

Intensity (a.u.)

200004
10000~
c U T U
1000 1200 1400 1600
E Wavenumber (cm™)
c 1.0 Citrate-AuNPs
) == PSS-AuNPs
2 = PSSMA-AuNPs (1:1)
£ PSSMA-AUNPs (3:1)
d 0.5- «== 4MBA-AUNPs
§ . «== 4MBSA-AuNPs
2
E —
S \
Z 0.0 T T T
400 600 800 1000

s 50+
E
]
HE
°
o
©
kot
N -50
o N N 0 0%
ST S
AR R gt
TFE S TP
Y X Y
& ST
Q Q°.> QQ;
20000 — Solid 4-MBSA
Citrate-AuNPs
15000 «= 4-MBSA-AuNPs
10000 —A
5000
0
1000 1200 1400 1600
F Wavenumber (cm™)
g 1.07 = PSS-AuNPs
2 — PSSMA-AuNPs (1:1)
2 PSSMA-AUNPs (3:1)
g = 4MBA-AUNPs
o 0.5 4MBSA-AuNPs
[
N \
©
E
5 —
4 n.
0.0 T T T
400 600 800 1000
Wavelength (nm)

Figure 2. (a) Representative TEM images of 90 nm citrate-AuNPs (average diameter: 92 + 11 nm). (b) Zeta potential measurements of
functionalized AuNPs, confirming success of polyelectrolyte wrapping, for initial citrate, intermediate PDADMAC cationic layer (see Materials and
Methods), and final PSS or PSSMA polyelectrolytes; and for small-molecule MBA/MBSA functionalization directly from the citrate precursor.
Error bars represent one standard deviation from the mean. (c,d) Surface-enhanced Raman spectra of (c) 4MBA-AuNPs and (d) 4MBSA-AuNPs
compared to precursor citrate-AuNPs and solid free ligands, demonstrating surface functionalization. (e) Extinction spectra of AuNPs in water as a
function of terminal surface chemistry. Extinction at ~800 nm is indicative of mild aggregation. (f) Extinction spectra of the same AuNPs as in (e)

after incubating in RPMI cell media for 24 h.

that negatively charged poly(styrenesulfonate) (PSS)-coated
AuNPs reduced THP-1 cell migration by over 50% as
measured by total cell displacement. Upon further inves-
tigation, PSS-AuNPs adsorbed roughly 10% of MCP-1 in
solution,* enough to cause a significant decrease in directed
cell migration due to the narrow concentration ranges that

. 45-48
govern chemotaxis.

Interestingly, citrate-AuNPs (also
negatively charged) had minimal adsorption of MCP-1 and
limited impact on chemotaxis, indicating that electrostatic
interactions alone do not predict NP-protein binding.*’

Indeed, related work on the native MCP-1 receptor CCR2
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shows that tyrosine sulfation in the active site increases the
affinity of MCP-1 for the MCP-1 receptor.*”™>'
In this work, tunable control over THP-1 chemotaxis is

demonstrated by altering the degree of sulfonation of the
AuNP surfaces. A small library of AuNPs bearing various
ligands with different degrees of sulfonation, both flexible and
rigid (Figure 1), was created with the goal of furthering
understanding of how the NP surface presentation of ligands
affects protein binding with subsequent indirect effects on cell

behavior.
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Citrate-capped AuNPs approximately 90 nm in diameter were
synthesized using the seed-mediated hydroquinone-reduction
method,” and their size and shape were characterized with
transmission electron microscopy (Figure 2a). Citrate-AuNPs
were functionalized using either the polyelectrolyte layer-by-
layer wrapping approach®® for PSS-AuNPs, PSSMA-AuNPs
(1:1), and PSSMA-AuNPs (3:1) or using the thiol displace-
ment approach for 4MBA-AuNPs and 4MBSA-AuNPs. By
functionalizing AuNPs with alternating positive and negative
polyelectrolytes, a reversal of the AuNP surface charge upon
adsorption of each subsequent layer is expected. The surface
charges of all functionalized AuNPs were characterized with
zeta potential measurements. Success of polyelectrolyte
wrapping was monitored by observing a flip in charge from
the negative citrate coating to the positive poly-
(diallyldimethylammonium chloride) (PDADMAC) coating
back to negative for the final anionic polyelectrolyte layer
(Figure 2b). Confirmation of small-molecule functionalization
was determined by monitoring for the presence of character-
istic peaks using surface-enhanced Raman spectroscopy
(Figure 2¢,d).

Extinction spectra of all AuNPs were taken to ensure an
appropriate surface plasmon resonance for a 90 nm AuNP and
that aggregated species are not predominant in solution
(Figure 2e). Figure 2e shows that all AuNPs exhibit an
expected extinction maximum around 558 nm. Additionally,
while there is some slight aggregation present in the 4MBA-
AuNPs (as evidenced by increased absorption above 800 nm),
all functionalized AuNPs were largely free of aggregated
species (Figure 2e). AuNP colloidal stability in cell culture
media was assessed after 24 h (Figure 2f). All AuNPs showed
fair colloidal stability with expected peak broadening and
upward baseline shift due to the high protein and high ionic
strength environment (Figure 2f).

Polyelectrolyte wrapping with polymers containing different
sulfonate compositions will presumably lead to different
degrees of sulfonation on the AuNP surface. In order to
experimentally estimate the degree of sulfonation of the
functionalized AuNPs, colloidal stability at increasing ionic
strengths was measured. First, AuNP solutions were adjusted
to pH 3, neutralizing carboxylic acids (pK, ~S) present on the
AuNP surface while retaining a negative charge on sulfonates
(pK, < 0). By decreasing the solution pH, it is ensured that the
colloidal stability of the AuNPs is due to electrostatic repulsion
of sulfonate functional groups, and carboxylate contributions
are eliminated. Next, aggregation was induced by adding NaCl
solutions of increasing concentrations to the AuNPs. Relative
aggregation states of the AuNP library were compared by
monitoring the decrease in the absorbance of the 560 nm
plasmon peak as the ionic strength increased (Figure 3). As
expected, 4MBA-AuNPs that bear only carboxylic acid surface
groups aggregated immediately after being adjusted to pH 3.
The four remaining AuNPs largely remained stable up to 0.023
M NaCl which caused a significant reduction in measured 560
nm extinction for all AuNPs (Figure 3). Table 1 shows the
relative stability values of AuNPs in 0.023 M NaCl normalized
to the “fully” sulfonated PSS-AuNPs. By comparison of relative
aggregation states, relative sulfonate concentration on the
AuNP surface can be estimated. A roughly 25 and 50%
decrease in stability for PSSMA-AuNPs (3:1) and PSSMA-
AuNPs (1:1), respectively, was expected compared to PSS-
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Figure 3. Comparison of the colloidal stability of AuNPs after the
addition of increasing concentrations of NaCl as a function of
terminal surface chemistry, at pH = 3.0. Bar heights represent mean
AuNP extinction values at 560 nm normalized to their respective
extinctions in 0 M NaCl. Error bars represent one standard deviation
from the mean. All AuNP (0.04 nM, 100 uL) solutions were adjusted
to pH 3 prior to the addition of 10 L of NaCl (final concentration:
0-0.032 M NaCl, 0.036 nM AuNPs). 4MBA-AuNPs aggregated
immediately after pH adjustment and are not included.

Table 1. Comparison of Extinction Values Relative to PSS-
AuNPs in 0.023 M NaCl

AuNP
surface expected relative  measured relative  estimated degree of
coating extinction (%) extinction (%) sulfonation (%)
PSS 100 100 + 2 100
PSSMA 75 82 +2 82
(3:1)
PSSMA NY 64 +2 64
(1:1)
4MBSA 45+ 3 45

AuNPs due to the different molar ratios of styrenesulfonate in
PSSMA. It was found that PSSMA-AuNPs (3:1) had 82% and
PSSMA-AuNPs (1:1) had 64% relative extinction compared to
PSS-AuNPs (Table 1). Additionally, 4MBSA-AuNPs had a
45% relative stability compared to PSS-AuNPs. Since the
colloidal stability of the AuNPs is directly related to the
concentration of surface sulfonates in this case, the AuNP
library has relative sulfonate concentrations of 100, 82, 64, 45,
and 0% for PSS, PSSMA (3:1), PSSMA (1:1), 4MBSA, and
4MBA, respectively.

In order to measure chemotaxis, THP-1 cells were suspended
in a 1.5 mg/mL collagen matrix in the appropriate channel on
the Ibidi chemotaxis p-slide (Figure 4a). Each collagen matrix
is surrounded by two reservoirs that can be filled with solutions
of interest for various conditions (Figure 4a). For the positive
control, one reservoir was filled with 50 ng/mL MCP-1 in
RPMI cell media, while the other was filled with just RPMI,
forming a chemoattractant gradient across the collagen matrix
(Figure 4b). In the negative and balanced MCP-1 controls,
both reservoirs were filled with either RPMI alone or 25 ng/
mL MCP-1 in RPM]I, respectively (Figure 4b), to confirm that
cell migration in the positive control occurs due to the
formation of a chemoattractant gradient. All AuNP conditions
contained 0.02 nM AuNPs, 50 ng/mL MCP-1 in RPMI in one
reservoir, and RPMI alone in the other (Figure 4b), allowing

https://doi.org/10.1021/acsnanoscienceau.3c00055
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Figure 4. (a) Diagram of the Ibidi y-slide for chemotaxis. Image courtesy of Ibidi GmbH.> (b) Slide setup for various experimental conditions.
The positive control has the chemoattractant MCP-1 in media on one side of the cell channel with media alone on the other. The negative control

has only media in both chambers. AuNP experiments are performed

by the introduction of various NPs at the indicated concentration with the

MCP-1 chemoattractant. AuNP controls do not include the MCP-1 chemoattractant. Free polyelectrolyte controls do include the MCP-1

chemoattractant.
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Figure 5. (a) Forward migratory index (x) and (b) center of mass (x) for positive (with MCP-1) and negative (no MCP-1) THP-1 chemotaxis
controls. Bar heights represent mean values (n > 6). **p < 0.01, Dunnett’s test. (c) FMI, and COM, of the negative control normalized to the

positive control. Error bars represent the standard error of the mean.

for the analysis of AuNP disruption of the chemoattractant
gradient and subsequent reduction in THP-1 chemotaxis.
Additionally, any potential intrinsic AuNP effect on cell
migration was controlled by including AuNP controls that
contained 0.02 nM AuNPs in RPMI in one reservoir and
RPMI alone in the other (Figure 4b). Finally, the effects of the
free polyelectrolyte coating—absent the AuNPs—were ana-
lyzed by the free polyelectrolyte condition containing 0.2 mg/
mL polyelectrolyte, 50 ng/mL MCP-1 in RPMI in one
reservoir, and just RPMI in the other reservoir (Figure 4b).

Cell migration was observed by imaging individual cells
within the chemotaxis chambers on an optical microscope in
the brightfield mode. Cells were imaged every 10 min for a
period of 24 h, while temperature, humidity, and CO, levels
were kept at standard incubation levels. Image analysis was
conducted using FastTrack Al cell migration analysis software
by MetaVi Laboratories. Cells were tracked and analyzed if
they were recognized by FastTrack Al for more than 12 of the
24 h of experiment time and if they traveled a total distance of
at least 100 ym, mimicking manual tracking parameters used
previously.”* Previous work has shown that these types of NPs
do not impact THP-1 cell viability and are not taken up by
THP-1 cells in these chemotaxis chambers to any appreciable
extent.”

All MCP-1 concentrations were 50 ng/mL.

To quantify chemotaxis, two common measures of cell
migration were used: forward migratory index (FMI) and
center of mass (COM) (egs 1 and 2).”* In both equations,
X;ena Tepresents the x-coordinate of the end point of a given
cell, and n represents the total number of cells tracked. In eq 1,
d; 2ccum Tepresents the total accumulated distance a given cell
has traveled. FMI is a measure of the efficiency with which cells
migrate, and COM measures the average cell displacement
after 24 h. Both FMI and COM can be measured along the axis
parallel (x) or perpendicular (y) to the chemoattractant
gradient. However, for the purpose of this study, FMI and
COM along the parallel X-axis (FMIL, and COM,) are of
primary interest. Differences in the FMI, and COM,, across
various experimental conditions indicate how the MCP-1
gradient and chemotaxis are disrupted in the presence of
AuNPs. Analysis of perpendicular (y-axis) FMI and COM can
be found in the Supporting Information (Figure S1).

1 - 'xi en
EMI, = — ) —
n i=1 di,accum (1)
1 n
COMx = _Z (xi,end)
mis (2)

208 https://doi.org/10.1021/acsnanoscienceau.3c00055

ACS Nanosci. Au 2024, 4, 205-215


https://pubs.acs.org/doi/suppl/10.1021/acsnanoscienceau.3c00055/suppl_file/ng3c00055_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00055?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00055?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00055?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00055?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00055?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00055?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00055?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00055?fig=fig5&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.3c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

A B
0.20-
X
2 T
< 04154 3
2 @
(]
€ * * &
5 0.104 =
s k]
1
b4 2
g 0.05- £
]
K
000l . T T T T
I U N
& & e & § S
< & & & XN
& & & F K !
PO M S R -
<° R\al\ o » QS
& &

X
Z 0.8
°
@
N
©
E 0.6 © Positive Control
2z @ PSS-AuNPs
O PSSMA-AuNPs (3:1)
@ PSSMA-AUNPs (1:1)
0.4 @ 4MBA-AUNPs
I @ 4MBSA-AUNPs
0 I T T T
0 0.4 0.6 0.8 1.0
Normalized COMx

Figure 6. (a) Forward migratory index (x) and (b) center of mass (x) for various AuNP chemotaxis conditions, in which the indicated NPs (0.02
nM) were incubated with the MCP-1 chemoattractant (S0 ng/mL). Bar heights represent mean values (n > 6). *p < 0.0S, Dunnett’s test. (c) FMI,
and COM,, of AuNP conditions normalized to the positive control. Error bars represent the standard error of the mean.

To evaluate the tunable AuNP inhibition of chemotaxis, an
appropriate baseline is necessary to compare to various
experimental conditions. Figure Sa,b shows the FMI, and
COM, for the positive control. The positive control induced
an average x-displacement (COM,) of 75.0 + 3.5 ym with an
average FMI, of 0.143 + 0.007 (Figure Sab). To confirm that
the positive control does in fact induce chemotaxis, COM, and
FMI, were compared to that of the negative control. Figure
Sa,b shows that the MCP-1 standard had a significantly higher
average COM, and FMI, compared to the negative control
which had a COM,,, of 3.6 + 16.3 yum and a FMI,, of 0.010 +
0.030. The balanced MCP-1 control also showed nearly zero
average cell displacement (data not shown), indicating that
THP-1 cells experience chemotaxis in response to a chemo-
attractant gradient rather than ubiquitous chemoattractants in
the environment. Plotting FMI, and COM, of the negative
control normalized to the positive control shows that it is
located near the origin (Figure Sc), further highlighting the
lack of directional cell migration without MCP-1 in solution.
Taken together, it is clear that the positive control induces
chemotaxis in THP-1 cells and provides an appropriate
baseline comparison for experimental conditions. Representa-
tive time-lapse videos of positive and negative controls are
available in the Supporting Information (Movies S1 and S2).

The three polyelectrolyte-wrapped AuNPs [PSSMA (1:1),
PSSMA (3:1), and PSS] were chosen for their increasing
numbers of sulfonate groups in their polyelectrolyte surface
coatings. Increased chemotaxis inhibition corresponding to an
increased degree of sulfonation for the same surface area was
expected, with the previously studied PSS-AuNPs causing the
greatest effect on cell migration. Figure 6a,b shows the FMI,
and COM,, of various AuNP conditions compared to the
benchmark positive control. Consistent with previous work, "’
it was found that PSS-AuNPs caused a significant decrease in
both FMI, and COM, (Figure 6ab). The PSS-AuNPs
condition had an average FMI, of 0.090 + 0.022 and an
average COM, of 43.3 + 12.3 um, an approximately 40%
decrease in both metrics compared to the positive control
(Figure 6ab). The PSSMA-AuNPs (3:1) similarly inhibited
chemotaxis but to a lesser degree; FMI, was significantly
decreased (0.094 + 0.018), and COM; was reduced (583 +
8.5 um) but was not significantly different from the positive
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control (Figure 6ab). Furthermore, PSSMA-AuNPs (1:1)
showed no significant impact on either FMI, or COM,, (0.125
+ 0.019 and 63.1 + 11.2 um, respectively) when compared to
the positive control, supporting the notion that the presence of
surface sulfonate groups drives chemotaxis disruption. By
normalizing the polyelectrolyte-wrapped AuNP conditions to
the positive control, the impact of the degree of sulfonation is
more easily visualized (Figure 6¢). Figure 6c emphasizes the
strength of inhibition by showing that PSS-AuNPs are the
farthest from the positive control and had the strongest
influence on chemotaxis, followed by the weak inhibition of
PSSMA-AuNPs (3:1), and no statistically significant inhibition
of PSSMA-AuNPs (1:1).

In addition to the three polyelectrolyte-wrapped AuNPs, the
effects of two small-molecule-functionalized AuNPs, 4MBA-
AuNPs and 4MBSA-AuNPs, were analyzed. 4MBA and
4MBSA were chosen because of their chemical similarity to
the monomer of PSS and their thiol group, allowing for ease of
functionalization on the AuNP surface (Figure 1). Due to their
low relative concentration of sulfonates (compared to other
sulfonated AuNPs), 4MBSA-AuNPs were expected to have a
limited impact on THP-1 chemotaxis (Table 1). 4MBA-
AuNPs were similarly expected to minimally effect chemotaxis
because of their lack of sulfonate groups. Moreover, due to the
increased rigidity of small-molecule-coated AuNPs compared
to the more flexible polyelectrolyte-wrapped AuNPs, it is
expected that 4MBA- and 4MBSA-AuNPs will be less effective
at adsorbing MCP-1. By restricting the conformation of
sulfonate groups to the AuNP surface, it may be more
challenging for AuNPs to adsorb MCP-1 in the correct
orientation.

The 4MBSA-AuNPs indeed showed little chemotaxis
inhibition with a FMI, of 0.125 + 0.019 and COM,, of 67.9
+ 10.4 pm (Figure 6a,b). Normalized to the positive control, it
is apparent that 4MBSA-AuNPs had the least total impact on
chemotaxis and were the most comparable to the positive
control (Figure 6¢). Additionally, upon visual inspection,
4MBA-AuNPs appear to cause a comparable reduction in
FMI, compared to PSS-AuNPs (Figure 6a). However, after
statistical analysis using the standard p = 0.05 cutoff, it was
determined that the 4MBA-AuMP data yields p = 0.076, and
therefore is “insignificant”, while the PSS-AuNP yields p =
0.038, and therefore is “significant”. Figure S2 shows raw cell
trajectories for interested readers. It should be noted that after
24 h of incubation in cell media, 4MBA-AuNPs experienced
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the highest amount of aggregation compared to the other
AuNPs used in this study (Figure 2f). Such aggregation may be
a confounding factor in comparisons across NP surface
chemistries.

To better understand the nature of the PSS-AuNPs and
PSSMA-AuNPs (3:1) chemotaxis inhibition, both AuNPs were
compared to a AuNP control and a free polyelectrolyte control.
Figure 7 shows FMI, and COM, for the PSS-AuNPs and
PSSMA-AuNPs (3:1) conditions and associated controls
normalized to the positive control. When no MCP-1 is
present, the PSS- and PSSMA-AuNPs (3:1) induce no
chemotactic effect on their own; both controls resulted in
near zero values for FMIL, and COM,, indicating no directional
cell migration (Figure 7a,b). The free PSSMA (3:1) control
(containing SO ng/mL MCP-1) yielded slightly negative, but
near zero, values for both FMI, and COM,, indicating that the
free polymer without the AuNP support can fully inhibit any
chemotactic behavior induced by MCP-1 in solution (Figure
7b). Notably, the free PSS control caused a reversal in the
THP-1 migration direction. As evidenced by the large negative
values of FMI, and COM,, the free PSS control caused THP-1
cells to migrate away from the reservoir containing 0.2 mg/mL
free PSS and S0 ng/mL MCP-1 (Figure 7a). Previously, 0.2
mg/mL free PSS resulted in modest, near zero values for FMI,
and COM, in initial trials (n = 2) and was not explored further

ean.
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at that time.*’ In this study, initial trials with free PSS showed a
strong chemorepellent effect which was probed with additional
replicates (n = 9).* The current results suggest that the free
PSS overcomes the chemoattraction caused by MCP-1 in
solution and acts as a chemorepellent. Representative cell
migration trajectory plots of all experimental conditions can be
found in the Supporting Information (Figure S2).

To probe the chemorepellent effect of free PSS further, the
response of THP-1 cells to a range of free PSS concentrations
while keeping the concentration of the chemoattractant
consistent (S0 ng/mL MCP-1) was analyzed. Figure 8ab
shows the COM,, and FMI,, of various concentrations of free
PSS compared to the positive control (50 ng/mL MCP-1, 0
mg/mL PSS). Even at the lowest concentration tested (0.025
mg/mL), free PSS more strongly inhibited chemotaxis than
PSS-AuNPs for both FMI, and COM, (Figure 8ab).
Interestingly, by doubling the free PSS concentration to 0.05
mg/mL, a complete reversal in cell migration direction was
observed, indicating that PSS fully overcomes the chemo-
attractant force of MCP-1 and acts as a chemorepellent to
THP-1 cells. It should be noted that many chemotaxis assays
rely on cell migration in a Boyden chamber, which would not
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uncover any cells moving in the opposite direction of a
chemical gradient, which is an advantage of the present
chemotaxis setup. The magnitude of the chemorepellent effect
of free PSS remained relatively unchanged even as the
concentration of free PSS was further increased (Figure
8a,b). Figure 8c shows the FMI, and COM, of each
experimental condition normalized to the positive control. At
the highest concentration tested (0.2 mg/mL), the magnitude
of PSS repellence is nearly the same as the attractive force of
the MCP-1 positive control (Figure 8c), and caused 74 of the
110 cells tracked to move in the negative x-direction.

It was hypothesized that the chemorepellent activity of free
PSS could be caused by the polymer altering the properties of
the collagen matrix. Previous work has shown that by
incorporating PSS- and other sulfated-AuNPs into type I
collagen, mechanical stiffness, and morphology are altered,®>*°
which can impact cell migration. The elastic modulus of
collagen that had been incubated for 24 h in RPMI cell media
(control) was tested and compared to collagen incubated in
RPMI cell media containing 0.2 mg/mL PSS, mimicking
chemotaxis assay conditions. However, there was no difference
between the elastic modulus of the control collagen (485 +
20S Pa, n = 3) compared to PSS-treated collagen (502 + 188
Pa, n = 3), indicating that mechanical disruption is likely not
the cause of PSS repellence. Thus, at the present time, the root
cause for this unusual chemical behavior is unknown and
requires further study.

Free PSS’ and PSS-coated NPs***’>” have previously
been shown to be nontoxic to various mammalian and bacterial
cell lines, with some cells experiencing enhanced migration
when directly exposed to PSS-AuNPs.”” However, work using
heparan sulfate (HS) as a chemokine inhibitor could help
explain the unexpected chemorepulsion activity of PSS. HS is a
highly sulfated, long-chain polysaccharide that is an essential
cofactor in the binding and activation of cell surface chemokine
receptors.”” "> Recently, there has been interest in using HS
mimetics to reduce inflammation and cancer metastasis by
regulating chemokine activity.”"*> Two HS mimetics (both
highly sulfated tetrasaccharides) showed strong binding to
MCP-1.°*% Both HS mimetics reduced breast cancer cell
proliferation and inhibited MCP-1 induced chemotaxis.®*®
Researchers performed Boyden chamber migration assays to
compare MCEF-7 cell migration in the presence of no
chemoattractant (negative control), only chemoattractant
(positive control), and chemoattractant plus HS mimetic
(treatment). Notably, HS mimetics not only completely
masked the chemoattractant-induced migration but caused
fewer cells to migrate in the treatment condition than in the
negative control containing no chemoattractant, similar to the
effect observed in this work.”*®> While the cause of this
apparent HS mimetic chemorepellent effect is not further
explored, it is suspected that a similar phenomenon could be
occurring in the current system due to the chemical similarity
of the highly sulfated polyelectrolyte PSS to the HS mimetics.
Future work examining the interactions between highly
sulfated polyelectrolytes (such as PSS, HS, and HS mimetics)
and cell surface receptors will provide valuable insights into the
mechanism of chemorepulsion of these molecules.

In this study, PSS-AuNPs and the free PSS polymer resulted in
a significant inhibition of THP-1 chemotaxis. Free PSS
concentrations (0.2 mg/mL) estimated to be representative
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of the concentration of PSS on the AuNP surface (for 0.02 nM
PSS-AuNPs) resulted in a cellular response drastically different
from that of PSS bound to NPs. It has been well-established
that upon interacting with an oppositely charged nanoparticle
surface, highly charged, flexible polymers—like PSS°°—adopt
a fully wrapped conformation around the nanoparticle
surface.””* Such wrapping can alter the molecular display
and restrict the accessibility of sulfonate groups thought to
interact with MCP-1. Moreover, with limited conformational
freedom, it is likely that PSS adsorbed on the AuNP surface has
more difficulty interacting with the appropriate regions of
MCP-1 compared to that of the flexible free polymer.

Although free PSS resulted in more extreme inhibition (and
reversal) of THP-1 chemotaxis than PSS-AuNPs in this
application, it is important to note the benefit of NPs for
cellular intervention. PSS modification has been shown
previously to enhance endothelial cell uptake and targeting
capability of NPs, but the incorporation of free PSS in solution
causes inhibition of NP uptake.”” Moreover, peptide vaccine-
conjugated AuNPs have been shown to more effectively deliver
vaccine payload to dendritic cells and stimulate lymphocytes
than free peptide vaccines alone.”” It is always recommended
to compare free ligands to nanoparticle-bound ligands when
undertaking nanobio experiments; in some cases, the free
ligand may produce very different results compared to the NP-
bound ligands.

Here, tunable control over cellular chemotaxis by altering the
surface chemistry of the AuNPs was demonstrated. It was
hypothesized that increased THP-1 chemotaxis inhibition
would be observed with increasing degrees of AuNP surface
sulfonation. Three polyelectrolyte-wrapped AuNPs with low,
medium, and high concentrations of surface sulfonate groups
(PSSMA 1:1, PSSMA 3:1, and PSS, respectively) were
synthesized. Additionally, two small-molecule-coated AuNPs
with no (4MBA) or little (4MBSA) sulfonates were
synthesized. These AuNPs were introduced into the
extracellular environment of THP-1 cells, and cell migration
was monitored over 24 h using time-lapse brightfield
microscopy. As expected, small-molecule-coated AuNPs
showed no significant inhibition of chemotaxis due to limited
surface sulfonates. Polyelectrolyte-wrapped AuNPs, however,
demonstrated tunable control over chemotaxis inhibition,
dictated by the degree of sulfonation on the AuNP surface.
The fully sulfonated PSS-AuNPs had the greatest disruption of
THP-1 chemotaxis and caused a significant reduction in both
the FMI, and COM,. PSSMA-AuNPs (3:1) represented a
medium level of sulfonation and subsequently caused weak
inhibition of chemotaxis (significant reduction in FMIL, but not
COM,). This trend continued with the low level of sulfonation
[PSSMA-AuNPs (1:1)] which caused no significant reduction
in either measure of chemotaxis. Furthermore, to test whether
AuNPs have a unique role in chemotaxis inhibition or if they
are simply acting as molecular carriers, the effect of free
polyelectrolytes on THP-1 chemotaxis was analyzed. Free
PSSMA (3:1) fully eliminated any chemotactic effect from
MCP-1 in solution which led to very little cell migration.
Interestingly, free PSS caused a dose-dependent chemo-
repellent effect on THP-1 cell migration. At low concen-
trations, free PSS caused significant inhibition of MCP-1-
induced chemotaxis. At higher concentrations, free PSS caused
a full reversal in cell migration direction and acted as a
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chemorepellent for THP-1 cells. Further work exploring the
interactions of sulfated polyelectrolytes with chemokine
receptors is needed to fully understand PSS chemorepulsion.
While free PSS caused more profound inhibition of THP-1
chemotaxis, sulfonated AuNPs showed significant inhibition of
chemotaxis as well. Leveraging the light-harnessing capabilities
and biological compatibility of AuNPs coupled with better
understanding of extracellular effects can enable more effective
future therapeutics.

Gold(III) chloride trihydrate (HAuCl,-3H,0, >99.9%), hydro-
quinone (C¢HgO,), sodium chloride (NaCl), sodium bicarbonate
(NaHCO;), 4-mercaptobenzoic acid (4MBA), poly-
(diallyldimethylammonium chloride) (PDADMAC, MW <
100,000), poly(sodium 4-styrenesulfonate) (PSS, MW ~70,000),
and poly(4-styrenesulfonic acid-co-maleic acid) (PSSMA 3:1, PSSMA
1:1, MW ~20,000) were obtained from Sigma-Aldrich. Sodium citrate
tribasic dihydrate (Na;CqHO,-2H,0) and human recombinant
monocyte chemoattractant protein 1 (MCP-1) were obtained from
Thermo Fisher. 4-Mercaptobenzene sulfonic acid (4MBSA, >95%)
was obtained from BLD Pharmatech. RPMI 1640 cell culture media
was prepared in house and supplemented with 10% fetal bovine serum
(FBS, Sigma-Aldrich) and penicillin and streptomycin. Type I
collagen (bovine, 3 mg/mL) was purchased from Advanced
Biomatrix, and THP-1 were obtained from ATCC. All AuNPs were
synthesized with 18 M£2 cm nanopure water in glassware cleaned with
aqua regia (Caution!). Chemotaxis u-slides were purchased from
Ibidi, and image analysis was conducted using FastTrack Al software
by MetaVi Laboratories.

Citrate-capped, 90 nm AuNPs were synthesized via a seed-mediated
growth method as described previously.>> First, gold seeds were
prepared by heating 50 mL of water and 0.125 mL of 0.1 M HAuCl,
to a boil. Once boiling, 1.25 mL of 1% w/v sodium citrate was added,
and the solution was allowed to boil until the color changed to a deep
red (~10 min). An additional 0.25 mL of 1% w/v sodium citrate was
then added, and the seeds were allowed to cool slowly to room
temperature while stirring. Next, the 90 nm AuNPs were synthesized
by adding 237.5 mL of water, 2.5 mL of 1% w/v HAuCl,, 1.3 mL of
as-synthesized seeds, 0.55 mL of 1% w/v sodium citrate, and 2.5 mL
of 0.03 M hydroquinone to a 1 L flask and stirring at room
temperature for 1 h. AuNPs were purified by centrifuging twice at
800g for 20 min. After each centrifugation, the supernatant was
discarded, and pelleted AuNPs were resuspended in fresh water.

Purified 90 nm citrate-capped AuNPs were sequentially coated with
multiple layers of polyelectrolytes using the layer-by-layer deposition
method as previously described.>® First, negatively charged citrate-
AuNPs were functionalized by mixing 25 mL of AuNPs (~0.04 nM),
S mL of 0.01 M NaCl, and 10 mL of 10 mg/mL PDADMAC and
shaking for at least 2 h. These now positively charged PDADMAC-
AuNPs were purified by centrifuging twice at 800g as described above.
Next, PDADMAC-AuNPs were subsequently functionalized with
anionic polyelectrolytes [PSS, PSSMA (1:1), and PSSMA (3:1)].
Twenty-five mL of PDADMAC-AuNPs (~0.04 nM), S mL of 0.01 M
NaCl, and 10 mL of 10 mg/mL anionic polyelectrolyte were allowed
to shake for at least 2 h followed by purification via double
centrifugation. After the second centrifugation, anionic AuNPs were
resuspended in ~1 mL of water, yielding a concentrated AuNP stock
solution.

Small-molecule-functionalized AuNPs were synthesized via a thiol
displacement reaction with the native citrate ligand. For 4MBA-
AuNPs, 1.5 mg of 4MBA was dissolved in S mL of water and added to
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25 mL of citrate-AuNPs (~0.04 nM). For 4MBSA-AuNPs, 1.7 mg of
4MBSA was dissolved in 5 mL of water and added to 25 mL of
citrate-AuNPs (~0.04 nM). Both solutions were allowed to shake
overnight and were purified via double centrifugation. Following the
second centrifugation of small-molecule-functionalized AuNPs,
particles were resuspended in ~1 mL of water.

Gold nanoparticles were characterized by ultraviolet—visible spec-
troscopy (UV—vis), {-potential spectroscopy, dynamic light scattering
(DLS), and transmission electron microscopy (TEM). UV—vis was
used to qualitatively check the diameter of AuNPs as evidenced by a
surface plasmon maximum of around 558 nm. Colloidal stability was
also assessed via UV—vis by observing the lack of excessive peak
broadening and the lack of appreciable absorbance above 800 nm. A
negative {-potential was used to confirm the presence of citrate on the
AuNP surface. DLS was used to determine the AuNP hydrodynamic
diameter (98.7 + 0.4 nm) in solution; TEM was used to quantify the
AuNP core diameter (92 + 11 nm). {-Potential was also used to
characterize AuNP surface functionalization. The success of
polyelectrolyte surface functionalization was monitored by observing
a characteristic flip in {-potential from negative to positive to negative
for the anionic, cationic, and anionic layers, respectively.

Small-molecule functionalization was confirmed with surface-
enhanced Raman spectroscopy by monitoring the presence of
characteristic ligand peaks. Samples were prepared by drop-casting
2 pL of concentrated AuNP solutions (~0.5 nM) onto a glass
microscope slide and allowed to dry completely. This process was
repeated 5—10 times to deposit enough sample for a clean spectrum.
Samples were irradiated with a 785 nm laser with an integration time
of 100 ps and three spectral coadditions.

The stability of all functionalized AuNPs in RPMI cell media was
assessed with UV—vis. AuNPs were first incubated in a solution of
20% fetal bovine serum (FBS) in water overnight. To this solution,
2X RPMI was added to yield 0.04 nM AuNPs in RPMI with 10%
FBS. This solution was allowed to incubate 24 h to simulate a full
chemotaxis assay before UV—vis spectra were recorded to confirm
long-term colloidal stability in cell media.

AuNP solutions (0.04 nM) were adjusted to pH 3 with HCL. At pH 3,
all carboxylic acid groups on the AuNPs will be fully protonated,
eliminating their contribution to electrostatic colloidal stability. 100
HL of AuNP solution was added to separate wells on a 96-well plate.
To this was added 10 uL of increasing concentrations (0—0.35 M) of
NaCl for a final concentration of 0—0.032 M NaCl, 0.036 nM AulNPs.
The plate was allowed to shake gently for 20 min prior to absorbance
being read at 560 nm on a plate reader. By monitoring aggregation
(measured by a reduction in absorbance at 560 nm) at increasing
ionic strengths, the relative sulfonate concentration on AuNP surfaces
can be determined. Extinction measurements were normalized to the
AuNP absorbance without NaCl addition.

Human monocytic cell line THP-1 was cultured at densities of up to
1.5 X 10° cells/mL in a 75 cm? cell culture flask. THP-1 cells were
grown in 1640 RPMI cell media containing 10% FBS, 2 mM L-
glutamine, and 1% penicillin—streptomycin. Cell media was changed
every 2—3 days. Cells were grown until the total cell count was near
20 million cells at which they were used for chemotaxis assays. Cells
were used for chemotaxis assays between passage 10 and passage 18.
Cells were counted and monitored for any phenotypic changes using
an optical microscope and hemocytometer.

Chemotaxis assays were conducted using the chemotaxis y-slide from
Ibidi following manufacturer protocol. Initially, the p-slide and cell
media were preincubated overnight at 37 °C and 5% CO,. All AuNPs
were also preincubated in 20% FBS overnight prior to use in
chemotaxis assays to ensure colloidal stability when they were
introduced to cell media. Next, THP-1 cells were seeded at a density
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of 3 X 10° cells/mL in a 1.5 mg/mL type I collagen matrix by mixing
20 uL of 10X MEM, 20 uL of water, 10 uL of 7.5% sodium
bicarbonate, SO uL of RPMI, 150 uL of 3 mg/mL collagen, and 50 uL
of 18 X 10° cells/mL THP-1. The collagen matrix solution was then
added to the chemotaxis y-slide and allowed to solidify at 37 °C and
5% CO, for 45 min. Following collagen gelation, the exposure
reservoirs were filled with the solutions of interest. For the positive
control, one reservoir was filled with 50 ng/mL MCP-1 in RPMI,
while the other was filled with RPMI alone. For the negative control,
both reservoirs were filled with RPMI, and for the balanced MCP-1
control, both reservoirs were filled with 25 ng/mL MCP-1 in RPMI.
For AuNP exposure conditions, one reservoir was filled with RPMI,
and the other was filled with 50 ng/mL MCP-1, 0.02 nM AuNPs in
RPMI. AuNP controls were also conducted with 0.02 nM AuNPs in
RPMI in one reservoir and RPMI in the other to ensure AuNPs alone
have no impact on chemotaxis. Free polyelectrolyte controls were
conducted by adding 0.2 mg/mL polyelectrolyte and 50 ng/mL
MCP-1 in RPMI to one reservoir and adding RPMI to the other
reservoir. Finally, the dose-dependent response of free PSS was
conducted by adding 0—0.20 mg/mL PSS, 50 ng/mL MCP-1 in
RPMI to one reservoir, and RPMI to the other reservoir.

Cell migration was monitored via bright-field microscopy on a
Zeiss Axio Z1 Observer microscope. Timelapse images were taken
every 10 min for 24 h to monitor cell movement while being kept at
37 °C and 5% CO.,.

Timelapse images were analyzed using FastTrack Al by MetaVi
Laboratories. Cells that moved at least 100 gm and were recognized
by the software for more than 12 of the 24 h were included in further
analysis. A given experiment was considered an appropriate replicate if
five or more cells were tracked by FastTrack Al (range: n = 5—85;
average: n = 24). All conditions tested consist of at least six replicates
that were collected on at least three separate days to ensure reliability
of results. The Dunnett’s multiple comparison test was used to
determine if a given experimental condition was significantly different
from the positive control (p < 0.05 was considered statistically
significant). Statistical analysis and figure plotting was conducted in
GraphPad Prism 6.0c.

Absorption spectra were recorded on a Cary 500 scan UV—vis near-
IR spectrophotometer (Agilent Technologies). Zeta potential
measurements were taken on Malvern Zetasizer Nano ZS. Trans-
mission electron microscopy images were taken on a JEOL 2100 cryo
electron microscope (200 kV). SERS spectra were recorded on a
B&W Tek i-Raman Plus. Time-lapse bright-field microscopy was
conducted on a Zeiss Axio Observer Z1 inverted microscope with an
incubation chamber, CO, sensor, and heated stage. AuNP absorption
for the sulfonate concentration experiment was conducted on a
SpectraMax M2 plate reader (Molecular Devices).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c0005S.

Analysis of cell migration perpendicular to the chemo-
attractant gradient and representative cell trajectory
plots and Rayleigh tests (PDF)

Time-lapse video of the positive control (MP4)
Time-lapse video of the negative control (MP4)
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