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ABSTRACT: The predictive bottom-up synthesis of monodisperse and biocompatible gold nanoparticles using seed-mediated
growth procedures is limited by a lack of mathematical models relating reaction components to the final nanoparticle diameter. In
this study, we used unique quantitative analytical methods at the single-nanoparticle level to identify the mathematical relationship
between the moles of precursor ionic gold and the moles of nanoparticle seeds to synthesize monodisperse gold nanoparticles within
~5% of the target diameter in the ~10 to 120 nm size range. We investigated two commonly used gold nanoparticle syntheses, i.e.,
the formation of (i) citrate-coated, and (ii) cetyltrimethylammonium chloride (CTAC)-coated gold nanoparticles. Additionally, we
developed a surface engineering approach using a physical replacement method that replaces cytotoxic CTAC with biocompatible
citrate moieties. We confirmed the successful surface removal of CTAC using several analytical methods and demonstrated
biocompatibility with cell viability tests. Our study provides tools and methods by which monodisperse and biocompatible gold
nanoparticles can be predictably synthesized for potential downstream biomedical applications.

KEYWORDS: gold nanoparticles, nanoparticle synthesis, biocompatibility, monodispersity, single particle ICP-MS

B INTRODUCTION

Gold nanoparticles (AuNPs) are used extensively as model
systems to understand the interactions between nanoparticles

We have previously shown that the before-mentioned
citrate-coated AuNPs exhibit a relatively wide size distribution
as measured using single-nanoparticle analytical techniques,
demonstrating a relative standard deviation (RSD) of >10% on
average.'” This broad size distribution can confound the
analysis of nanoparticle-cell interactions at the single-particle

and biological systems, such as cells, tissues, and organs.l_6
Nanomedicine studies using AuNPs have revealed that, among

other physicochemical parameters, nanoparticle size, size
distribution, shape, and surface chemistry are critical
components determining nanoparticle cellular uptake.”

One commonly used approach for synthesizing relatively
monodisperse and innately biocompatible AuNPs was
developed by Perrault and Chan.® Here, AuNPs are
synthesized using a seed-mediated growth reaction.” The
resulting AuNPs are coated in citrate and are immediately
ready for biomedical applications, given the innate biocompat-
ibility of citrate and relative ease of citrate-coated AuNP

9,10

surface modification. For example, some studies have

shown that citrate-coated AuNPs can be used as cancer-

disrupting agents.”""
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or single-cell level while complicating the expected fate of
nanoparticle doses after in vivoadministration.'

Our recent studies show that AuNPs synthesized using a
cetyltrimethylammonium chloride (CTAC)-coated approach
exhibit a tighter size distribution (RSD < 10%) compared to
citrate-coated AuNPs.'” Additionally, we have demonstrated
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Figure 1. Differences between two seed-mediated nanoparticle reactions and the corresponding nanoparticle outputs. (A) Citrate-coated AuNPs
were grown through the simultaneous addition of reaction components—sodium citrate, HAuCl,, hydroquinone (HQ), and 14 nm citrate-coated
AuNP seeds—into the reaction vessel. The reaction typically runs overnight before the AuNPs were purified and characterized. The scale bar for the
inset TEM image is 100 nm. (B) CTAC-coated AuNPs were grown through controlled dropwise addition of HAuCl, into a reaction vessel
containing CTAC, ascorbic acid, and 10 nm CTAC-coated AuNPs. The reaction was run for 75 min before the AuNPs were purified and
characterized. The scale bar for the inset TEM image is 100 nm. (C) Single particle (SP) ICP-MS analysis of diameter distribution from citrate- and
CTAC-coated AuNPs. An F test of the data confirms a statistically significant difference in variance (p < 0.0001), where variance is an indicator of
monodispersity. Data collected for N = 1000 AuNPs. See Table S1 for quantification of diameter and monodispersity. (D) Representative SEM
image of citrate-coated AuNPs showing the edges and facets of synthesized and purified citrate-coated AuNP surface topology. The scale bar is 100
nm. (E) Representative SEM image of synthesized and purified CTAC-coated AuNPs showing the spherical shape of CTAC-coated AuNP surface

topology. The scale bar is 100 nm.

how CTAC-coated AuNPs can be made biocompatible and
biofunctional using physical replacement techniques for
PEGylation, overcoming the innate cytotoxicity of
CTAC, 21415

However, no mathematical models exist to inform the
predictive synthesis of CTAC-coated AuNPs. Such a model
would correlate AuNP growth reaction inputs with the final
nanoparticle diameter, which is needed to standardize AuNP
synthesis and improve confidence in the predicted final
synthesis outcomes. Additionally, growing concerns about
the immunogenicity of PEG-based nanoparticle surface
modifications in clinical settings warrant investigation into
alternative CTAC-coated AuNP surface engineering meth-
o0ds. 1617

In this study, we addressed these challenges of missing
predictive synthesis models and CTAC cytotoxicity. First, we
identified and quantified the relationship between the number
of AuNP seeds used during the nanoparticle growth reactions
and the final AuNP diameter. We quantified the relationship
using a mathematical model for two different AuNP growth
reactions, i.e., (i) citrate-coated and (ii) CTAC-coated AuNP
syntheses, regarding the final AuNP diameter and reaction
input ratios. We have previously demonstrated how single-
particle inductively coupled plasma mass spectrometry (SP-
ICP-MS) can be used to accurately characterize colloidal

nanoparticle dispersions in a high-throughput manner with
single-particle resolution.'”"*~

In the current study, we extensively used SP-ICP-MS to
quantify synthesized AuNP size distributions. We affirmed the
accuracy of our mathematical models by synthesizing several
AuNPs sizes based on model predictions. We also identified a
physical replacement method, deemed “citrate physical
replacement (citrate-PR),” that removes CTAC from the
surface of CTAC-coated AuNPs and replaces it with citrate
ions. We demonstrated the successful removal of CTAC by
multiple analytical means and showed that AuNP mono-
dispersity is maintained. We further showed a direct
comparison between the protein interactions, cell viability,
and cell uptake behavior of citrate-coated and post-citrate-PR
CTAC-coated AuNPs. Our findings pave the way for
accurately predicting AuNP synthesis by citrate- and CTAC-
coated methods while providing the baseline for expanded
future studies to use highly monodisperse CTAC-coated
AuNPs in nanomedicine studies and potential medical
applications.

B RESULTS AND DISCUSSION

Comparison of Gold Nanoparticle Populations
Synthesized from Two Different Methods. Our work
focused on two different seed-mediated AuNP growth
methods. One AuNP growth method uses citrate-coated ~14
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Figure 2. Predictive mathematical modeling of citrate-coated AuNP synthesis. (A) Plot of measured AuNP diameter as determined by TEM and
SP-ICP-MS against the ratio of moles of citrate-coated ~14 nm AuNP seeds n(AuNP) used to the moles of precursor Au>* ions used n(Au®*). This
ratio is represented in the x-axis as n(AuNP)/n(Au’"), revealing a strong power function correlation (R* > 0.99). The inset equation shows the
power function, where x = the value of the n(AuNP)/n(Au’*) ratio and y = the predicted mean diameter. Inset Roman numerals indicate ratio
value identifiers (see Table S2). Mean diameter values were plotted with error bars representing standard deviation. For TEM analysis, N > 250
AuNPs were analyzed. For SP-ICP-MS, N > 750 AuNPs were analyzed. Inset TEM images (i—v) show AuNPs from all five different n(AuNP)/
n(Au*") ratio numbers and demonstrate an increase in AuNP diameter with decreasing ratio value. The inset image scale bar is 100 nm. (B) Linear
form of the relationship between AuNP diameter and modified n(AuNP)/n(Au**) ratio (R* > 0.99). Inset Roman numerals indicate ratio value
identifiers (see Table S2). (C) Comparison between measured mean diameter values between TEM and SP-ICP-MS. Bar graph shows mean
diameter estimates with error bars representing the standard deviation. An unpaired ¢ test analysis on each n(AuNP)/n(Au) ratio revealed
statistically significant differences in measured mean diameter between TEM and SP-ICP-MS measurements. Despite the apparent statistically
significant difference, we assert that TEM and SP-ICP-MS data are comparable given the observed similarity in measured mean diameter values. * =
p < 0.0S, ¥*#% = p < 0,0001. (D) Plot of measured AuNP diameter as determined by TEM and SP-ICP-MS against the hydrodynamic diameter
(HDD) as measured by dynamic light scattering (DLS) reveals a strong linear correlation (R* > 0.99). Mean values for hydrodynamic diameter and
actual diameter are shown with error bars representing standard deviation. Inset Roman numerals indicate ratio value identifiers (see Table S2).

nm AuNP seeds (Figure S1) to produce citrate-coated >14 nm
diameter AuNPs using rapid reduction of Au®* precursor ions
by hydroquinone (HQ), as shown in Figure 1A.*'”** The
second AuNP growth method uses CTAC-coated ~10 nm
AuNP seeds (Figure S2) to produce CTAC-coated >10 nm

indicates a more monodisperse AuNP population. Using an
F test, statistical analysis of the AuNP diameter measurements
confirms a statistically significant difference in variance (p <
0.0001) between citrate-coated AuNPs (o7 Gge = 60.8 nm?)
and CTAC-coated AuNPs (6¢rac = 19.4 nm?), as reported in

diameter AuNPs using rate-controlled addition of Au®*
precursor ions to the reaction, as shown in Figure 1B

We have previously detailed differences between citrate- and
CTAC-coated AuNPs in terms of population monodispersity
and cell viability.'"> In this current study, we show the
difference in monodispersity as measured by single-particle
inductively coupled mass spectrometry (SP-ICP-MS, Figure
1C)."*"” The variance (6%) of the distribution is an indicator
of colloidal monodispersity, whereby a smaller variance

Table S1. The statistically significant difference in variance is
one indicator that CTAC-coated AuNPs are more mono-
disperse than citrate-coated AuNPs. Additionally, CTAC-
coated AuNPs are more monodisperse compared to citrate-
coated AuNPs of the same mean diameter as observed by a
~2X smaller full width at half-maximum (FWHM, eq S1)
value and a ~5% decrease in relative standard deviation (RSD,
eq S2). Table S1 shows the difference in monodispersity for
the AuNPs displayed in Figure 1.
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In addition to differing monodispersity, we observed
differences in AuNP shape. The TEM images in Figure 1A
and Figure 1B show that citrate-coated AuNPs were more
polygonal in apparent 2D geometry, whereas CTAC-coated
AuNPs were more spherical. We confirmed these observations
by scanning electron microscopy (SEM), as shown in Figure
1D for citrate-coated AuNPs and Figure 1E for CTAC-coated
AuNPs. The SEM micrographs clearly demonstrate differences
in 3D surface topology between the two AuNP populations,
where citrate-coated AuNPs show faces, edges, and corners
compared to the rounded spherical presentation of CTAC-
coated AuNPs. The shape of CTAC AuNPs is largely
attributed to the spherical CTAC bilayer around the AuNPs,
which controls the AuNP shape during the final etching stages
of synthesis.'>*® By comparison, citrate AuNPs lack shape-
controlling features and grow in a rapid and less controlled
manner during synthesis, resulting in disparate sizes and shapes
of the colloidally dispersed AuNPs® As such, describing
citrate-coated AuNPs using measurements of “diameter” is an
approximation based on an assumed spherical geometry. This
assumption is commonly applied in current literature and is
applied in our study.”'*'” By these results, we reaffirm that
CTAC-coated AuNP synthesis produces more monodisperse
particles compared to citrate-coated AuNP synthesis relative to
both size distribution as well as shape of individual particles.

Predictive Mathematical Modeling of Synthesized
Gold Nanoparticle Diameters. To develop mathematical
models correlating molar inputs of reactants with the output
AuNP diameter, we first performed seed-mediated AuNP
growth for citrate-coated AuNPs using ~14 nm citrate-coated
AuNP seeds. Before the growth reaction, we quantified the
diameter of the ~14 nm citrate-coated seeds using TEM
(Figure S1). We further quantified the concentration of the
~14 nm citrate-coated AuNP seed solution using ultraviolet—
visible (UV—vis) spectrophotometry based on Beer—Lambert’s
Law.”'*?7*% Prior studies have shown that the molar
extinction coefficient used to estimate nanoparticle concen-
tration heavily depends upon the nanoparticle diameter (eq
§3).%***” As such, small differences in nanoparticle diameter
may result in large changes in estimated nanoparticle molar
concentration. It is thus critical to obtain an accurate diameter
estimate of AuNP seeds used in growth reactions to ensure the
accuracy in the molar amount of AuNP seeds being used.

For each growth reaction, we added different molar amounts
of ~14 nm AuNP seeds, while keeping all other reactant molar
amounts and reaction conditions the same based on
established protocols.”'”** Following synthesis, we purified
the colloidal dispersions by centrifugation and characterized
them using dynamic light scattering (DLS), TEM, and SP-ICP-
MS to acquire estimated nanoparticle diameter measurements.
We plotted the resulting diameter estimates against the ratio of
the moles of AuNPs seeds to the moles of Au** precursor. We
n(AuNP)
n(Au‘H)
predicting AuNP diameter for different input reaction molar
amounts or scaling factors. Our synthesis and quantification
results are detailed in Figure 2 and Table S2.

As shown in Figure 2A, our citrate-coated AuNP synthesis
n(AuNP)
n(AuH)
ratio and the final AuNP diameter as measured by TEM
(Figure S3) and SP-ICP-MS (Figures S4, SS and Table S3).
This correlation is defined by eq 1:

used this ratio, termed the ratio, as a guide for

results demonstrate a strong correlation between the

—0.34
n(AuNPs)
Dcitrate = 02956 X VR
n(Au’") (1)
where D, is the predicted mean diameter of the citrate-
coated AuNP population, and ”((Izﬂjf)) is the molar ratio of ~14

nm citrate-coated AuNP seeds to ionic precursor Au’".

The SP-ICP-MS measurements are reported as the
frequency of AuNPs of specific masses. We converted these
measurements into estimated diameter frequency values and a
correlating AuNP size distribution using eq 2:

6*m
Dyune = 3 %
r pAu (2)

where D p is the calculated AuNP diameter, m is the mass of
the measured nanoparticle, and p,, is the density of gold (19.3
—£.). The mass data is reported in Table S3.

cm

The mean AuNP diameter was estimated from the Gaussian
normal distribution of the measured population, following
established methods."”"*™*° Our plotted results align with
previous studies on citrate-coated AuNP growth, which
showed a similar trend between the final AuNP diameter
and the number of AuNP seeds used in the reaction.’
n(AuNP)
n(Au>?)
we identify a possible linear correlation between reaction input
and final estimated diameter (Figure 2B). We performed this
operation based on the cubic relation between the mass of
AuNPs and the diameter of AuNPs, assuming a spherical
nanoparticle shaIpe, as well as similar reporting methods from
other literature."”"®'” The result demonstrates the expected
linear correlation, indicating our predictive model is reasonable
relative to relating nanoparticle geometry (i.e., diameter of a
sphere) with reaction inputs (i.e., gold ions).

We compared our TEM mean diameter measurements to
our SP-ICP-MS measurements using an unpaired ¢ test on each
n(AuNP)
n(Au‘H)
collecting images of synthesized AuNPs, while SP-ICP-MS
allows for high-throughput measurement of AuNPs with
relatively less sample preparation and data processing.'>" %!
Our statistical analysis reveals a statistically significant (p <
0.05) difference between TEM and SP-ICP-MS diameter
measurements. We attribute the statistical significance assign-
ment to the large number of AuNPs measured by the single
particle analysis methods used. For TEM diameter measure-
ments, N > 250 AuNPs were quantified while for SP-ICP-MS
diameter measurements, N > 750 AuNPs were quantified. We
present N values as inequalities since the number of AuNPs
that can be quantified per TEM image or per SP-ICP-MS
measurement decreases with AuNP size, resulting in lower N
values with increasing nanoparticle diameter (i.e., decreasing
n(AuNP)
n(AuH)
value will become for a given difference in measured mean
values. We assert the differences in measured mean diameter
n(AuNP)
n(Au’H)
of the differences (<9% change between absolute difference in
measured means and measured means themselves for all
ratios), as shown in Table S4. Further, we observe from the
tabulated data (Table S2), from the plotted SP-ICP-MS and

By taking the cubic root of the inverse of the ratio,

ratio value (Figure 2C). TEM is advantageous for

ratio value). The higher the value of N, the lower the p-

for a given ratio are acceptable based on the magnitude
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Figure 3. Predictive mathematical modeling of CTAC-coated AuNP synthesis. (A) Plot of measured AuNP diameter as determined by TEM and
SP-ICP-MS against the ratio of moles of ~10 nm CTAC-coated AuNP seeds n(AuNP) used to the moles of Au®* ions n(Au®*) used reveals a
strong power function correlation between the two variables. Mean diameter values were plotted with error bars representing standard deviation.
For TEM, N > 250 AuNPs. For SP-ICP-MS, N > 750 AuNPs. Inset TEM images (i—vii) show AuNPs from all different n(AuNP)/n(Au’*) ratio
numbers and demonstrate an increase in AuNP diameter with decreasing ratio value. The scale bar is 100 nm. (B) Linear form of the relationship
between moles of AuNP seeds and moles of Au** ions used during the CTAC-coated growth reaction. (C) Comparison between measured mean
diameter values between TEM and SP-ICP-MS. Bar graph shows mean diameter estimates with error bars representing the standard deviation. An
unpaired t test analysis on each n(AuNP)/n(Au*") ratio revealed statistically significant differences in measured mean diameter between TEM and
SP-ICP-MS measurements. Despite the apparent statistically significant difference, we assert that TEM and SP-ICP-MS data are comparable, given
the observed similarity in measured mean diameter values. **** = p < 0.0001. (D) Plot of measured AuNP diameter as determined by TEM and
SP-ICP-MS against hydrodynamic diameter (HDD) as measured by dynamic light scattering (DLS) reveals a strong linear correlation between the
measurements. Mean values for hydrodynamic diameter and actual diameter are shown with error bars representing standard deviation.
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TEM diameter data (Figure S6), and from the SP-ICP-MS and
TEM diameter distributions with Kolmogorov—Smirnov
statistical testing (Figure S7) that TEM and SP-ICP-MS
diameter measurements are reasonably similar such that TEM
and SP-ICP-MS may be used interchangeably for quantifying
AuNP diameter. Additionally, we argue that either TEM or SP-
ICP-MS may be used with our predictive synthesis model,
acknowledging that SP-ICP-MS is preferred given its more
rapid, higher-throughput quantification compared to TEM.
We further quantified the relation between measured
hydrodynamic diameter (HDD) by DLS and AuNP diameter
(Figure 2D). Based on the sphere of hydration effects, the
HDD is expected to be larger than the actual core AuNP
diameter.””> This phenomenon is largely observed in our
collected data, as shown in Figure 2D and Table S2. For larger
synthesized particles (diameter >80 nm), the HDD approaches
the same mean diameter estimate as measured by TEM and

SP-ICP-MS. We attribute this phenomenon to the scattering of
larger particles overcoming the scattering produced by the
sphere of hydration.”” Our results correlating HDD and core
diameter provide a guide for estimating AuNP core diameter of
citrate-coated AuNPs from DLS data without needing to use
complex, expensive instrumentation such as TEM or SP-ICP-
MS.

Applying a similar approach to CTAC-coated AuNPs, we
varied the mole amount of ~10 nm CTAC-coated AuNP seeds
used in the growth reaction while keeping all other reaction
components the same. We characterized the synthesized
CTAC-coated AuNPs using DLS, TEM, and SP-ICP-MS and
plotted the results using the same approaches applied for our
citrate-coated data. We show the results in Figure 3 and Table
Ss.
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Figure 4. Testing of citrate- and CTAC-coated AuNP predictive growth models using SP-ICP-MS. (A) 30, 60, and 90 nm AuNPs synthesized using
citrate-coated and CTAC-coated AuNP approaches were quantified by SP-ICP-MS to test model accuracy. Dashed black lines indicate the desired
target nanoparticle diameter. N = 1000 AuNPs for each population. Black solid lines represent Gaussian normal fit of the distribution. The resulting
mean diameter estimates are within 5% of the target diameter for all synthesized particles. (B) SP-ICP-MS size distribution analysis of SX reaction
scale-up 60 nm citrate-coated AuNPs (blue bars), SX reaction scale-up 60 nm CTAC-coated AuNPs (red bars), and the overlay of Gaussian normal
distribution from SP-ICP-MS measurements. Dashed black lines indicate the desired target nanoparticle diameter. N = 1000 AuNPs for each
population. Colored lines represent the Gaussian normal fit of the distribution. The resulting mean diameter estimates are within 5% of the target

diameter for all synthesized particles.

Our results demonstrate that the relationship between the
n(AuNP)
n(Au“)
CTAC-coated AuNPs (Figure 3A) by eq 3:

ratio and the final mean diameter is well-correlated for

—0.361
n(AuNP) ]

Derac = 0.1648( =

n(Au

©)

where Dcrac is the predicted mean diameter of the CTAC-

n(AuNP)

FwD is the molar ratio of

coated AuNPs population, and

~10 nm CTAC-coated AuNP seeds to ionic precursor Au’*.
We collected AuNP mass data using SP-ICP-MS as shown in
Table S6 and calculated diameter estimates using eq 2.

The observed trend is similar to that observed with citrate-
coated AuNPs, implying a similar relationship between the
molar ratio and the final nanoparticle diameter despite the
different synthesis methods. Given that both AuNP types grow
by reducing Au3+(aq) to Auo(s) onto the surface of the AuNP

seeds or via new nucleation, it is not too surprising to find
similar trends in our predictive models.

As with our citrate-coated analysis, we determined a linear

n(AuNP)

correlation between a modified oD ratio (cubic root of the

inverse) and mean diameter by taklng the inverse cubic root of
the ratio value (Figure 3B). Here again, we see a well-
correlated linear trend, affirming our CTAC AuNP predictive
model algins well with our understanding of the relation
between AuNP geometry (i.e., diameter) and composition
(ie., gold ions). Additionally, we compared the diameter
results from TEM (Figure S8) and SP-ICP-MS (eq 2, Figures
S9 and S10) to identify any statistically significant difference
between measured mean diameters (Figure 3C). As with our
citrate-coated results, statistical analysis revealed that there is a
statistically significant difference in mean measured diameter
between TEM and SP-ICP-MS. Again, we attribute the low
calculated p-value to the high N used in our single particle
analysis, whereby N > 250 for TEM and N > 750 for SP-ICP-
MS. As from our citrate-coated analysis, we again observe that

https://doi.org/10.1021/acsanm.4c04838
ACS Appl. Nano Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c04838/suppl_file/an4c04838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c04838/suppl_file/an4c04838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c04838/suppl_file/an4c04838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c04838/suppl_file/an4c04838_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04838?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04838?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04838?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04838?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c04838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

n(AuNP)

for most analyzed values, differences between

measured mean diameters are acceptable based on the
magnitude of the differences. As reported in Table S7, the
percent change from the difference in TEM and SP-ICP-MS
mean diameter and measured mean diameters themselves is
<6% for all ratios except ratio vii and ratio vi. We attribute the
larger percent change for ratio vii and ratio vi to the diameter

of the AuNPs measured at these ”((Izﬂjf))

AuNP diameters, SP-ICP-MS will lose some accuracy due to
the instrument’s limit of detection.>* As such, we advise using
TEM for smaller AuNPs (<14 nm) given the improved
effective “resolution” compared to SP-ICP-MS. For all other
sizes, we recommend SP-ICP-MS given its high-throughput
single-particle resolution analysis. Even when considering the
outliers of ratio vii and ratio vi (Figure S11A), assessing the
linear correlation between TEM and SP-ICP-MS diameter
estimates demonstrates support for the similarity between
TEM and SP-ICP-MS measurements (Figure S11B). Further,
Kolmogorov—Smirnov statistical analysis of the measured
diameter distributions reveals no statistically significant
differences between TEM and SP-ICP-MS diameter distribu-
n(AuNP)
n(AuH)
against the use of SP-ICP-MS for AuNPs of <14 nm diameter,
but our data demonstrates that for CTAC-coated AuNPs,
TEM and SP-ICP-MS are equally valid in assessing AuNP
diameter.

Finally, we plotted the measured HDD from DLS with the
measured mean diameter (Figure 3D). We should note that in
the case of CTAC-coated AuNPs, the HDD estimate accounts
for the CTAC bilayer that is present on the surface of the
AuNPs."* Thus, the HDD is even further from the actual core
diameter estimate compared to citrate-coated AuNPs given the
relative size difference between CTAC and citrate molecules.
We should further note that for smaller CTAC-coated AuNPs,
the linear model shown in Figure 3D becomes less accurate.
We attribute this phenomenon to the reduced light scattering
efficiency seen from smaller nanoparticles. The CTAC bilayer
present on the surface of the AuNPs contributes to the HDD
estimate. The smaller the core diameter of the AuNP, the more
scattering from the CTAC will influence the net light scattering
that occurs during DLS measurements, “masking” the
scattering caused by AuNPs. This phenomenon has been
shown to affect other smaller nanoparticles as well.>> As such,
for smaller AuNPs (<14 nm) that are citrate- or CTAC-coated
AuNPs, we recommend using TEM imaging over other
methods, such as DLS or SP-ICP-MS, for accurate diameter
measurements.

Validation of the Predictive Mathematical Models.
Having demonstrated the high degree of correlation in our

models between the "(Auljf)
n(Au’")

sought to test the accuracy of our mathematical models both
for targeting specific nanoparticle diameters and maintaining
accuracy with reaction scale-up. When discussing scale-up, we
refer to 1X scale as using the volumes and concentrations
detailed in prior literature and in the Materials and Methods
section of this study.”'>** For accurately predicting specific
diameters at 1X scale, we synthesized citrate- and CTAC-
coated AuNPs with target diameters of 30, 60, and 90 nm to
demonstrate the model accuracy across a wide range of target
sizes We purified the synthesized colloidal AuNPs by

ratios. For smaller

tions for any ratio value (Figure S12). We still caution

ratio and final AuNP diameter, we

centrifugation and measured the mean diameter using SP-
ICP-MS (Figure 4A, Table S8).

Our mathematical models are designed using a molar ratio
n(AuNP)
n(Au“)
principles, this allows for easy translation of our models to
scale-up of AuNP reactions.”® The scale-up of AuNP reactions
is especially necessary for large in vitro or in vivo experiments
that may require a relatively large amount of uniform
nanoparticles. Thus, demonstrating the scalability of our
proposed reactions is inherently valuable.

To test our model accuracy for scale-up reactions, we
performed 5X scale-up synthesis of targeted 60 nm diameter
AuNPs for both citrate-coated and CTAC-coated AuNPs. We
scaled up the reactions by volume only, keeping the
concentration of all reaction components the same as if
completing the standard (i.e., 1X scale) synthesis. We purified
the 5X scale-up synthesized colloidal AuNPs by centrifugation
and characterized them using SP-ICP-MS exclusively (Figure
4B).

We chose to only perform SP-ICP-MS analysis of model and
scale testing AuNP populations given the high-throughput
nature of SP-ICP-MS and having demonstrated similar mean
diameter estimates between TEM and SP-ICP-MS (Figures
2C, S6, 3C, S11).

Based on the mean nanoparticle diameter estimates from our
SP-ICP-MS measurement results, we conclude that our models
were accurate to within <5% of the target diameter. At this
level of difference from the target diameter, we argue that there
is minimal difference in nanoparticle size-coated behavior.
Thus, we are confident our models provide a valuable and
accurate guideline for future AuNP synthesis of either citrate-
coated or CTAC-coated AuNPs so long as the recommenda-
tions and advice discussed are taken into consideration.

We further quantified the yield of the synthesis performed to
assess model accuracy. Here, we define yield in terms of the
number of nanoparticles of measured estimated diameters that
were close to the target diameter of either 30, 60, or 90 nm.
We define “on-target” as being within 5% of the target
diameter. Our yield results are listed in Table S9.

As seen in Table S9, there is a significant difference in the
yield values between citrate-coated and CTAC-coated syn-
thesis approaches. We further show the differences in
monodispersity between the citrate-coated and CTAC-coated
AuNPs in Table S8. Quantification of yield by particle size is
only possible with single-nanoparticle analysis, as we can get an
accurate distribution of the diameter of AuNPs in the
dispersion. While TEM is a viable method for similar analysis,
SP-ICP-MS is better-suited given its high-throughput rapid
quantification of nanoparticles.'”*>*" Thus, we recommend
using SP-ICP-MS measurements of AuNP concentration in
cases where the exact nanoparticle number needs to be known,
though the limit of detection of SP-ICP-MS must be
considered relative to the predicted size of the nanoparticles.

Importantly, our results in Table S9 reveal that CTAC-
coated AuNP reactions produce more AuNPs that are “on-
target” compared to citrate-coated AuNPs. This analysis raises
two points worth considering for future nanomedicine
research. The first point is to determine what percentage of
AuNP dose is responsible for inducing the effect observed.
While population-based analysis draws conclusions assuming
that 100% of administered AuNPs are of the target size, our
analysis reveals that in the case of citrate-coated AuNPs, <

as the independent variable (x). Per core engineering
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40% of administered AuNPs are “on-target” for the desired
(ie., “assumed”) diameter. By comparison, 40—70% of CTAC-
coated AuNPs are “on-target” for the desired (i.e., “assumed”)
diameter, revealing a more accurate AuNP population relative
to the 100% assumption mentioned earlier.

Based on these differences in yield of “on-target” AuNPs, we
conclude that using CTAC-coated AuNPs is a better approach
for nanoparticle-size-based nanomedicine experiments that use
AuNPs as model nanoparticles. Additionally, our data reveal
that there is a need to understand how the different sizes
within the size distribution of a given AuNP dose contribute
differentially to observed biodistribution and/or efficacy. If this
differential effect can be understood, nanoparticles may be
better engineered to either (a) design or improve synthesis
methods to better approach the assumed 100% “on-target”
diameter, or (b) understand how the distribution of sizes may
impact nanoparticle fate and subsequent therapeutic effect
following dose administration.

Understanding size-based differential effects of administered
nanoparticle dose may redefine how nanoparticle dosing is
quantified, such as using a dosing approach that is based on the
molar concentration of actual on-target nanoparticles with the
understanding that <100% of the administered dose is of the
desired target size. We leave it to future studies to further
investigate these opportunities.

Having confirmed the accuracy of our models, we have
developed a tool that users can apply for synthesizing AuNPs
of target diameters. Our calculator, provided as a supporting
Excel file “Target Diameter Gold Nanoparticle Growth
Calculator,” can be used to report the necessary solution
concentrations and volumes for the synthesis of citrate-coated
or CTAC-coated AuNPs of a specific target diameter. Users
can also provide a scaling factor for scaling the synthesis up or
down based on experiment needs. We provide this tool in the
Supporting Information with the goal of bolstering and
normalizing AuNP synthesis efforts for future nanoparticle
studies.

Considerations for Applying Predictive Models. When
applying our models, we encourage considering several aspects
of how seed-mediated AuNP growth reactions occur. Our
models identify the correlation between final AuNP diameter
and the molar ratio of moles of AuNP seeds to moles of gold
ions (Au®) used during synthesis. We have indicated the
importance of knowing the diameter of the AuNPs seeds used
in the growth reaction given the relationship between AuNP
diameter, AuNP molar extinction coefficient, and AuNP
concentration estimates.”>” We have also shown that for our
citrate-coated AuNP model and for our CTAC-coated AuNP
model, we used AuNP seeds of ~14 nm diameter and ~10 nm
diameter, respectively. We selected these seed diameters based
upon the literature protocols used for the citrate- and CTAC-
coated synthesis reactions.”””** It is important to note that
significant deviations in AuNP seed diameter used in these
growth reactions are likely to result in the final AuNP diameter
deviating from the diameter predicted by our models.

While we maintain that knowing the AuNP seed diameter is
most critical for properly estimating the AuNP seed
concentration, we must also recognize that the amount of
growth a single AuNP seed can undergo is determined by the
AuNP seed diameter itself and the availability of Au®" ions. For
example, it is reasonable to conclude that if all other reaction
conditions are equivalent, larger AuNP seeds will be expected
to have a larger final diameter after the growth reaction finishes

compared to smaller AuNP seeds. While the difference
between the predicted final AuNP diameter and actual final
n(AuNP)
n(AuH)
ratio, we encourage the use of AuNP seeds that match the sizes
used in generating our predictive models. Assessing the
relationship between AuNP seed diameter and predicted

AuNP diameter with the same "((TT))

investigated in the future to increase the robustness and
applicability of our current models.

Further, the reaction conditions used to generate our models
are worth significant consideration. The pH and temperature
of the citrate- and CTAC-coated AuNP seed-mediated growth
reactions differ based on the reagents used for the synthesis.
pH and temperature play crucial roles in controlling the
growth reaction kinetics based on the rate of Au’* reduction
and reaction thermodynamics, respectively.””*® Deviation in
pH or temperature resulting from differing reagents, differing
reaction vessel temperature, or differing solvent temperature
may all influence the rate at which AuNP growth occurs and,
subsequently, alter either the stability of produced AuNPs or
the final diameter of produced AuNPs.*”**

Our models are based on AuNPs synthesized under specific
pH and temperature conditions based on the methods applied.
It is important to recognize that seed-mediated growth
reactions using alternative reagents or temperature conditions
may produce AuNPs that differ from our model predictions. As
such, we encourage continuing to use the seed-mediated
growth protocols selected for generating our models. Assessing
the relationship between our predictive model equation
coefficients, temperature, and pH may be investigated in the
future to increase the robustness and applicability of our
current models.

Understanding the Synthesis Kinetics of CTAC-
Coated Gold Nanoparticles. Our predictive mathematical
models were computed using nanoparticle diameter estimates
of AuNPs taken immediately after purification steps, which
were performed immediately after the synthesis was
completed. To demonstrate the importance of the timing of
purification for CTAC-coated AuNPs, we performed a kinetic
analysis of CTAC-coated AuNPs during synthesis using UV—
vis spectrophotometry and SP-ICP-MS. We have previously
reported on the use of SP-ICP-MS to quantify reaction kinetics
for gold—silver alloy nanoparticles at the single-nanoparticle
level.”’

Given the length of time over which CTAC-coated AuNP
synthesis occurs, we sought to measure the growth kinetics of
CTAC-coated AuNPs using SP-ICP-MS. We focused specif-
ically on CTAC-coated AuNPs as the kinetics of citrate-coated
AuNPs have been previously reported.” Additionally, the short
time scale over which citrate-coated AuNP synthesis occurs
due to the rapid reduction action of hydroquinone is not well-
suited for characterization by SP-ICP-MS measurements.® The
kinetics of CTAC-coated AuNP growth have been previously
reported using UV—vis spectrophotometry and TEM methods,
but SP-ICP-MS analysis has not yet been performed.’
Further, identifying kinetic trends across different target
AuNP diameters has not been explored, indicating an area
where our predictive mathematical models can be used to
inform size-based growth kinetics of AuNPs.

We collected aliquots from the reaction solution at varying
time points throughout the CTAC-coated growth reaction for

AuNP diameter is expected to decrease with decreasing

ratio may be
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30, 60, and 90 nm target diameters of produced AuNPs.
Aliquots were characterized by UV—vis spectrophotometry to
measure the change in extinction spectra as the reaction
progressed (Figure SA,B). We chose this method of character-
ization given the color change observed during the reaction.
We also measured the change in mean mass with time of 60
nm AuNPs in solution using SP-ICP-MS (Figure 5C).

Our data show that the growth of CTAC-coated AuNPs can
be quantified using UV—vis spectrophotometry and SP-ICP-
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Figure S. CTAC-coated gold nanoparticle growth kinetics measure-
ments. (A) Change in UV—vis extinction spectra with time for 60 nm
diameter CTAC-coated AuNPs during growth reaction. (B) Peak
extinction wavelength changes with time for 60 nm diameter
synthesized CTAC-coated AuNPs. The 90 min data is representative
of the peak extinction wavelength after purification by centrifugation.
(C) For 60 nm CTAC-coated AuNPs, the mean mass (error bars =
standard deviation) measured by SP-ICP-MS changes with time. The
90 min data are representative of the mean mass after purification
centrifugation. Inset TEM images are from (i) t = 15 min, (ii) t = 45
min, and (iii) t = 75 min from left to right. The inset scale bar for
TEM micrographs is 100 nm.

MS characterization. UV—vis spectrophotometry for the
growth of 30 nm AuNPs (Figure S13), 60 nm AuNPs (Figure
SA), and 90 nm AuNPs (Figure S14) reveals the same trend in
how absorption spectrum changes with time. Until ¢t = 40 min,
there is an evident growth of AuNP diameter as observed by
the increase in absorption spectrum amplitude and width. After
t = 40 min, there is an evident decrease in AuNP diameter as
observed by the decrease in absorption spectrum amplitude
and width. The trends we observed in our data match prior
studies that monitor CTAC-coated AuNP growth by UV—vis
spectrophotometry.””

We observed that the peak extinction wavelength increased,
and the spectrum width increased until t = 40 min. Then, we
observed the peak extinction wavelength decreased, and the
spectrum narrowed. In terms of how the peak extinction
wavelength changes with time, the trend is very similar across
all three sizes, the primary difference being the magnitude of
the overall change in wavelength with time. The difference in
magnitude is expected given that larger AuNPs possess larger
extinction wavelengths. Interestingly, the trends observed for
both peak extinction wavelength and mean particle mass are
very similar in behavior, showing an increase in value up to t =
40 min then a decrease to a final value that stabilizes starting as
early as t = 60 min.

Per earlier studies, we attribute the observed trends to the
behavior of AuCl,” ions in solution during the reaction. It has
been identified that CTAC-coated AuNPs undergo a growth
phase followed by an etching phase based on the balance
between AuCl,”, CTAC, and ascorbic acid in solution.”
During the growth phase, AuNP diameter increases, as shown
from our data, indicating an increase in UV-—vis peak
extinction wavelength and an increase in SP-ICP-MS measured
mass up to t = 40 min. We collected TEM images that also
show this growth over time (Figure SC). This growth is a
result of the reducing action of ascorbic acid on the Au®" ions
being added to the reaction in the form of HAuCl,. After ~40
min, the action of ascorbic acid is diminished in solution and
AuCl,” interacts with CTAC to form an Au-etching compound
that acts on AuNPs in solution.”” The etching of AuNPs
results in the loss of Au content from their structures. We
observe this in our results based on the decreased UV—vis
spectrophotometry peak extinction wavelength and SP-ICP-
MS measured mass after t = 40 min.

Interestingly, we observed a notable change in particle
morphology throughout the growth-etching process, whereby
the spherical geometry associated with CTAC-coated AuNPs
(Figure 1E) is not present until after etching is complete.
Initially, growth appears to be less shape-controlled, resulting
in a wide variety of shapes and sizes. This phenomenon is likely
a contributing factor to the wide UV—vis extinction spectra as
well as the SP-ICP-MS mass distributions for all ¢ < 40 min.
After the etching process begins at t = 40 min, the shape
appears to become more spherical. Thus, we conclude the
shape controlling aspect of CTAC is most efficacious during
the etching phase, due to the interaction of AuCl,” with
CTAC, compared to the growth phase associated with Au’*
reduction by ascorbic acid.

From our UV—vis spectrophotometry results, we see an
evident difference in the rate of both growth and etching based
on the target AuNP diameter, whereby the larger the target
diameter, the more rapidly both growth and etching appear to
occur. It should be noted that the time at which our reaction
switches from growth to etching occurs earlier than in prior
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Figure 6. Measuring colloidal stability, monodispersity, and CTAC removal of AuNPs after citrate-PR. (A) Representative HDD and PDI
measurements of 60 nm diameter CTAC-coated AuNPs before and after citrate-PR. Blue bars represent mean HDD measurement values, yellow
bars represent mean PDI values. Black error bars indicate standard deviation. Data collected for N = 3 replicates. (B) Zeta potential measurement
mean values of 60 nm diameter citrate-coated AuNPs (green), CTAC-coated AuNPs before citrate-PR (blue), and CTAC-coated AuNPs after
citrate-PR (red). Black error bars indicate standard deviation. Data collected for N = 3 replicates. (C) UV—vis normalized extinction spectra for 60
nm diameter CTAC-coated AuNPs before and after citrate-PR. (D) SP-ICP-MS normalized Gaussian distribution of AuNP diameter estimates of
CTAC-coated AuNPs before and after citrate-PR. N = 1000 AuNPs measured. Kolmogorov—Smirnov statistical analysis was run to determine if
distributions differ in a statistically significant way. ns = no statistical significance (p = 0.9864). (E) Low and high magnification TEM images of 60
nm diameter CTAC-coated AuNPs before and after citrate-PR. Top scale bar (40k X magnification) is S0 nm, bottom scale bar (100k X
magnification) is 30 nm. (F) FTIR spectroscopy analysis of 60 nm diameter CTAC-coated AuNPs before and after citrate-PR. Citrate-coated
AuNPs and 20-mM CTAC solution were also measured for a negative and positive control, respectively. The transmittance peak values noted in the
CTAC AuNPs spectrum are also observed in the 20-mM CTAC spectrum, with the latter having similar transmittance peak values.

studies.’® We attribute this to differences in reaction Surface Modification of CTAC-Coated Gold Nano-

conditions, such as reaction temperature. We further particles. CTAC is innately cytotoxic and must be effectively
removed before in vitro or in vivo use. We have previously
detailed one method for removing CTAC, i.e., replacing it with
poly(ethylene glycol), PEG."> While valuable, this approach
constrains available surface ligands.

emphasize how our findings indicate the importance of
purifying CTAC-coated AuNPs immediately after synthesis

to avoid continued etching and loss of confidence in predicted

AuNP diameter per the predictive models developed in this We sought to develop a new method that increases the
study. surface chemistry versatility of originally CTAC-coated AuNPs
J https://doi.org/10.1021/acsanm.4c04838
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in a size-independent manner. Through the removal of CTAC
and subsequent surface conjugation, AuNPs of any diameter
can be readily modified. Given CTAC’s cytotoxic nature,
removal of CTAC is vital to the biomedical applicability of
CTAC-coated AuNPs.'*'® Citrate is a prime choice for a
replacement molecule, given its innate biocompatibility and
the relative ease with which citrate is removed from the surface
of AuNPs when conjugating surface ligands.®

We call our process of removing CTAC and replacing it with
citrate “citrate-PR” as it uses physical (ie, mechanical)
replacement approaches. The driving force behind our
citrate-PR method is the physical removal of CTAC from
the surface of CTAC-coated AuNPs in an environment that
supports colloidal stability and allows for citrate ions to
associate with the surface of the AuNPs. Toward this end, we
used sonication and high-speed vortexing (~3200 rcf) to
facilitate disruption of the CTAC bilayer around the surface of
the CTAC-coated AuNPs in a 1% (v/v) Tween20 solution.
Tween20 acts as a surfactant and stabilizing agent to keep
AuNPs from aggregating during the citrate-PR process.

Simultaneously, the removal of CTAC by way of sonication,
vortexing, and washing by centrifugation allowed for Tween20
and citrate molecules to associate with the AuNP surface.
Repeating this process several times increases the confidence in

the complete removal of CTAC and the assumed saturation of
the AuNP surface with citrate molecules. We characterized
AuNPs that underwent citrate-PR using multiple methods,
including DLS, zeta-potential measurement, UV—vis spectro-
photometry, SP-ICP-MS, TEM, and Fourier transform infrared
(FTIR) spectroscopy, as shown in Figure 6.

The polydispersity index (PDI) is a preliminary indicator of
changes in colloidal stability that result from nanoparticle
aggregation.'”*” Based on our DLS measurements (Figure
6A), there was no observable difference between the HDD or
PDI of our AuNPs before or after citrate-PR. While we may
have expected the HDD to decrease slightly as a result of the
CTAC bilayer being removed by our citate-PR process, we
attribute the maintained HDD value to the presence of the
surfactant Tween20, which is known to increase HDD based
on measurement mechanics of DLS."'

Similar to results from prior studies, our zeta potential data
demonstrate a decrease in zeta potential, going from a positive
to a negative value (Figures 6B and S15)."> Given the positive
charge associated with CTAC, the decrease in zeta potential
value is a strong indicator of CTAC removal from the surface
of CTAC-coated AuNPs as a result of our citrate-PR process.
We further performed agarose gel electrophoresis to
corroborate our zeta potential data (Figure S16, Wells 1-3),
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wherein CTAC-coated AuNPs aggregated in the well during
electrophoresis. In comparison, the citrate-PR AuNPs did not
aggregate during electrophoresis and remained colloidally
stable. We observed that both the citrate-coated AuNPs and
the citrate-PR AuNPs moved toward the anode, further
indicating a negative charge is present with citrate-PR
AuNPs. The difference in distance traveled likely results
from the difference in surface charge between citrate- and
citrate-PR AuNDPs, as shown in Figure 6B.

The UV—vis spectrophotometry analysis, which can indicate
AuNP aggregation and colloidal instability based on increased
spectrum width,”? corroborates the lack of aggregation,
projected by DLS PDI measurements, based on the maintained
width of the normalized extinction spectrum (Figures 6C and
S17). SP-ICP-MS measurements of CTAC-coated AuNPs
before and after citrate-PR demonstrated no statistical
significance in the AuNP diameter distribution (Figures 6D
and S18). Similarly, we detected no observable change in
AuNP core shape or size by TEM (Figure 6E). Interestingly, at
higher magnification (100k x), we observed that the distance
between AuNPs decreased after AuNPs undergo citrate-PR.
Likely, this phenomenon is a result of the difference in size
between citrate molecule and CTAC. We conclude the CTAC
bilayer keeps nearby AuNPs further away compared to the
smaller citrate molecules due to steric interactions.

Finally, our FTIR spectroscopy confirmed that CTAC is
absent from the surface of CTAC-coated AuNPs after they
undergo our citrate-PR method (Figure 6F). The combination
of these data suggests that CTAC was successfully removed
from the surface of CTAC-coated AuNPs that underwent
citrate-PR. By all these metrics, we determined that our citrate-
PR process successfully maintained the monodispersity of
CTAC-coated AuNPs while removing CTAC. By this,
originally CTAC-coated AuNPs may be modified using our
citrate-PR method to remove cytotoxic CTAC and replace it
with biocompatible citrate while maintaining the narrow size
distribution associated with CTAC-coated AuNPs.

Comparing Surface Ligand and Protein Binding
Behavior. The development of our citrate-PR method allows
for more direct comparison between as-synthesized citrate-
coated and postcitrate-PR CTAC-coated AuNPs. After citrate-
PR, CTAC-coated AuNPs can be assumed to possess the same
surface chemistry as originally synthesized citrate-coated
AuNPs. Based on our SEM images (Figure 1D,E), we
identified that there are surface topological differences between
citrate-coated and CTAC-coated AuNPs. We sought to
identify if these topological differences result in any changes
in surface ligand density saturation or in interactions between
AuNPs and serum proteins. We used previously synthesized 60
nm AuNPs for our analysis, comparing citrate-coated AuNPs
to originally CTAC-coated AuNPs that underwent our citrate-
PR process. Citrate-coated and citrate-PR AuNPs were
modified with PEG or heparosan (HEP) using established
methods.”>**~**

To determine if the difference in surface topology influenced
surface ligand density saturation, we performed PEG saturation
analysis similar to prior studies.”” The PEG used was $-kDa
methoxy-PEG-thiol (mPEG-SH), having a methoxy functional
group and a thiol functional group. The thiol functional group
allows for formation of Au—S covalent bonds at the surface of
the AuNPs, completing PEG conjugation. We plotted our
results in terms of the change in HDD with the change in PEG
added in terms of the expected number of PEG molecules per

nm? surface area on the surface of the AuNP (Figure 7A). In
addition to quantifying change in HDD by DLS, we also
performed agarose gel electrophoresis of AuNPs of each PEG
density to identify how PEG density influences electrophoretic
behavior (Figure S16, Wells 4—15). Based on the quantitative
(DLS) and qualitative (gel electrophoresis) data, we conclude
there is not a significant difference between PEG saturation
points of citrate-coated and postcitrate-PR CTAC-coated
AuNPs despite the observed differences in surface topology
(Figure 1). The observed similarity in PEG saturation behavior
could be attributed to a couple of factors. First, as we have
previously shown, the size distribution of citrate-coated AuNPs
is very wide, making direct size-to-size comparison challenging.
Second, DLS scattering is influenced more by larger particles in
solution. Citrate-coated AuNPs possess AuNPs larger than the
target diameter by nature of their large size distribution, as
seen by SP-ICP-MS. It is possible that these larger AuNPs shift
the HDD estimate higher. An alternative means of quantifying
PEG saturation could reveal possible differences between the
two AuNP types, though DLS has historically proven an
accurate method for such assessment.

Protein analysis of adsorbed serum proteins was assessed
using AuNPs of various surface ligands, including citrate, two
PEG surface area densities (0.5 and 10 PEG/nm?), and
heparosan (HEP) polysaccharides.””™** The surface conjuga-
tion of PEG and HEP molecules to AuNPs was verified using
DLS quantification of HDD (Table S10). Understanding
protein interactions with nanoparticles of different surface
properties can inform nanoparticle behavior and fate in vivo.*

As with our PEG saturation curves, our results from the
bicinchoninic acid (BCA) assay (Figure 7B) and the sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE, Figure 7C) seem to indicate similar protein interaction
behavior between the two AuNP populations. In our BCA
assay, we observe no statistically significant difference between
the two AuNP populations for citrate and PEG surface
chemistries (p > 0.05) in terms of relative protein amount.
This behavior is observed for both low and high PEG densities.
Interestingly, our BCA assay revealed a statistically significant
difference in relative protein amount between the HEP-
conjugated AuNPs (p = 0.0161). This difference does not align
with what is observed in our SDS-PAGE gel, where we observe
no qualitative difference in protein content between HEP-
conjugated AuNPs. While the observed difference by BCA
assay could be attributed to differences in the surface topology,
we do not see similarly significant differences in all other AuNP
groups. As such, we recommend future analysis using more
refined methods be applied to identify the potential cause of
the difference in protein content from the HEP group. As with
the PEG analysis, we are using batch-coated methods of
analyzing AuNP-protein interactions. Identifying a means of
analyzing PEG-AuNP or protein-AuNP interactions at the
single particle level may reveal more of a possible difference
between the citrate-coated and CTAC-coated AuNPs based on
the significant difference in size and shape distributions.
Further analysis is recommended to identify the relationships
in surface topology and the interactions between AuNPs and
surface ligands or serum proteins at the single particle level.

While not used in our BCA or SDS-PAGE analysis, we
further conjugated DNA to the surface of postcitrate-PR
AuNPs. Our results demonstrate successful DNA conjugation
and PEG backfill (Figure S19). With this, the conjugation of
postcitrate-PR AuNPs with several different ligands conjugated
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using different means is shown, indicating the ability of citrate-
PR to impart multiple downstream modification opportunities
upon originally CTAC-coated AuNPs.

Cell Viability and Uptake. As a final verification of CTAC
removal and confirmation of imparted biocompatibility, we
performed in vitro analysis of cell viability and AuNP uptake by
RAW 264.7 murine macrophages based on established
protocols.' > *¥**

From our cell viability study (Figure 8A), the citrate-PR
group possesses a higher cell viability % value than as-
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Figure 8. Cell viability and cell uptake analysis of the synthesized gold
nanoparticles in macrophages. (A) 2,3-bis(2-methoxy-4-nitro-5-
sulphenyl)-(2H)-tetrazolium-S-carboxanilide (XTT) assay cell viabil-
ity results from treating RAW 264.7 murine macrophages with 0.02-
nM of 60 nm AuNDPs for 24 h. Green represents cell-only control, blue
is for citrate-coated AuNP groups, and red is for CTAC-coated AuNP
groups. Values shown are mean cell viability measurements with black
error bars representing standard deviation. One-way ANOVA testing
was performed to assess statistical significance in data. ns = no
statistical significance (p > 0.05). N = 8 replicates for each group. (B)
Confocal Laser Scanning Microscopy (CLSM) images of RAW 264.7
murine macrophages treated with citrate-coated AuNPs or postcitrate-
PR CTAC-coated AuNPs. Blue shows the cell nucleus (DAPI), green
shows the cell membrane (wheat germ agglutinin-AF488), and red
shows scattering of light caused by AuNPs. White arrows point to
locations of scattering resulting from AuNP presence. Scale bar is 20
pm.

synthesized CTAC-coated AuNPs. We conclude that our
citrate-PR method imparts biocompatibility to CTAC-coated
AuNPs. The data we observed across other surface chemistries
are similarly promising, whereby trends in PEG- and HEP-
coated AuNPs between citrate- and CTAC-coated AuNPs
were similar. Performing the same cell viability experiment
with 4T1 mammary tumor mouse cells demonstrated similar
trends in cellular viability (Figure S21A).

Confocal laser scanning microscopy (CLSM) imaging
(Figures 8B and S20) revealed qualitative nanoparticle uptake
by the RAW 264.7 murine macrophages. Nanoparticle-based
light scattering revealed the location and relative amount of
AuNPs within cells.**”* Based on the apparent scattering in
both citrate-coated and citrate-PR groups, it appears the AuNP
uptake behavior is similar between the two AuNP types. This
further demonstrates that our citrate-PR is effective at (a)
removing CTAC from the surface of CTAC-coated AuNPs
and (b) promotes similar cell uptake behavior to citrate-coated
AuNPs. Performing the same uptake experiment with 4T1
mammary tumor mouse cells demonstrated similar trends in
cellular uptake for citrate-PR AuNPs compared to citrate-
coated AuNPs (Figure S21B). For XTT and CLSM of either
the RAW 264.7 murine macrophages or the 4T1 mammary

mouse tumor cells, we attribute observed behavior to the
AuNPs themselves and to their surface chemistries. We
recognize that Tween20, a biocompatible stabilizing agent
used during washing and citrate-PR processes, is present
during in vitro experiments as AuNPs are concentrated by
centrifugation prior to in vitro experiments. The concentration
of Tween20 in our treatment doses given to the cells is within
reported ranges of nontoxic Tween20 effect (<0.01% v/v).49
Further, all administered doses except for CTAC-coated
AuNPs are expected to have the same concentration of
Tween20, indicating that any identified differences result from
other factors. Based on these considerations, we are confident
that our results accurately reflect the biocompatibility imparted
by our citrate-PR process relative to the biocompatibility
observed by citrate-coated AuNP synthesis methods.

B CONCLUSIONS

In this study, we demonstrated how the mean diameter of
AuNPs synthesized using citrate-coated or CTAC-coated seed-

mediated growth methods can be predicted based on models

n(AuNP)

) ratio values. For both
u

relating final diameter with

citrate-coated and CTAC-coated AuNPs, our models are
accurate to within ~5% of the target diameter and can be
scaled up based on the desired synthesis output. Further, we
developed a citrate-PR method by which CTAC can be
removed from the surface of originally CTAC-coated AuNPs
while maintaining monodispersity. We showed how our
citrate-PR method imparts biocompatibility to CTAC-coated
AuNPs based on cell-viability and cell uptake experiments.
Combined, our results empower several future investigations.
First, our predictive synthesis models permit easier AuNP
synthesis and are available for public use. The accuracy of our
models and the characterization we performed relating TEM,
SP-ICP-MS, and HDD data provides synthesis and character-
ization workflow insight for AuNPs made using citrate-coated
or CTAC-coated methods. Additionally, our approach of
systematically synthesizing, characterizing, and modeling
AuNP growth serves as a benchmark for subsequent
nanoparticle characterization studies. In time, our hope is
that nanoparticle syntheses may be studied in a similar manner
for other nanoparticle formulations. In doing so, we may
provide greater confidence and uniformity of nanoparticle
synthesis and analysis approaches that normalize preparation
methodologies in nanomedicine studies. We also stress the
value of citrate-PR in transforming monodisperse CTAC-
coated AuNPs into biocompatible and biofunctionalized
nanomaterials. We have established the foundation for further
investigation into alternative surface modification of citrate-PR
CTAC-coated AuNPs and subsequent application in single
nanoparticle analysis and nanomedicine studies.

B MATERIALS AND METHODS

Citrate-Coated AuNP Synthesis. Prior to any synthesis, we
cleaned glassware using ~100 mL of aqua regia comprised of a 3:1 v/
v mixture of hydrochloric acid (HC], SigmaAldrich ACS reagent 37%)
and nitric acid (HNO,, SigmaAldrich ACS reagent 70%). We rinsed
aqua regia-treated glassware thoroughly with nanopure water before
synthesis. To synthesize citrate-coated AuNPs using the established
HQ reduction method, we first made ~14 nm AuNP seeds based on
the well-established Turkevich method.**° We added 1 mL of 30 mg/
mL (0.102-M) aqueous sodium citrate tribasic dihydrate (SigmaAl-
drich S4641) to ~100 mL of nanopure water inside the cleaned
glassware. We mixed the solution gently using a Teflon magnetic stir
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bar and brought the solution to a boil. We then added 100 uL of a
98.5-mg/mL (0.25-M) solution of HAuCl, (SigmaAldrich 520918)
and stirred the solution vigorously for 7 min. After 7 min, we cooled
the solution to room temperature, quenching the reaction, by placing
the glassware on an ice bath. Once cooled to room temperature, we
characterized the resulting AuNPs by dynamic light scattering (DLS)
and ultraviolet spectrophotometry (UV—vis). DLS measurements
were collected on a Malvern Zetasizer NanoZS. UV—vis measure-
ments were collected using a UV—vis NIR spectrophotometer
(Agilent Cary S000). AuNPs were stored at 4 °C prior to use. We
took a 1 mL aliquot of these AuNP seeds and added 11 uL of a 10%
(v/v) Tween20 (SigmaAldrich P9416) solution such that the final
Tween20 percentage was 0.01% (v/v). We centrifuged this aliquot at
15,000 relative centrifugal force (rcf, 1X rcf = 1X g-force) for 30 min
at 4 °C and removed the supernatant. The resulting pellet was
dropped onto a copper TEM grid with copper film (Ted Pella 01813-
F) for TEM imaging to determine the exact AuNP seed diameter.
We then synthesized >14 nm AuNPs of different target sizes using
established methods.*'>** Across all syntheses performed, we kept
the mole amounts of HAuCl,, sodium citrate tribasic dihydrate, and
hydroquinone (HQ, SigmaAldrich, H9003) the same and only varied
the moles of ~14 nm AuNP seeds added. In this way, we define the
predicted final AuNP diameter resulting from the citrate-coated
growth reaction in terms of the ratio of the moles of ~14 nm AuNP

seeds added and of the moles of ionic gold (Au®*") added, henceforth
n(AuNP)

referred to as the >
n(Au” +)

ratio. We chose this ratio as our independent

variable as it allows for easy reaction scaling based on the target

number of AuNPs needed from a given reaction.
n(AuNP)

We rationally selected ratio values based on prior

literature.”'>*> We targeted final predicted diameters of less than or

equal to 100 nm based on relevance of nanoparticle size in biomedical
applications and nanoparticle in vivo behavior.>'™>* Selected ratio
values are reported in Table S2. We used established methods as a
guide for our syntheses.” Prior to synthesis, we measured the
approximate concentration of the previously synthesized ~14 nm
AuNP seeds using UV—vis. Once we knew the concentration of the
~14 nm AuNP seeds, we calculated the milliliter volume of the ~14
nm AuNP seeds to add to the reaction vessel that would contain 1 mL

of 0.025-M HAuCl, based on the target % ratio value (Table

3

S2). Then, to a flask cleaned with aqua regia as previously described,
we added chilled nanopure water, 1 mL of 0.025-M HAuCl,, 1 mL of
0.015-M sodium citrate tribasic dihydrate, the calculated mL volume
of ~14 nm AuNP seeds, and 1 mL of 0.025-M HQ under stirring such
that the final solution volume in the flask was 100 mL. We let the
AuNP growth reaction run overnight prior to characterization by DLS
and UV—vis spectrophotometry. To remove excess reactants and
smaller AuNPs resulting from new nucleation,® we added 1 mL of
10% (v/v) Tween20 to the flask after the reaction was completed.
After 10 min, we centrifuged for 90 min at 4 °C. We removed the
resulting supernatant and suspended the pellet in ~10 mL of a 0.1%
(v/v) Tween20 0.01% (w/v) sodium citrate tribasic dihydrate
solution. We split the solution into 1.5 mL tubes and centrifuged
again for 30 min at 4 °C. We removed the supernatant and combined
the pellets, diluting to a final volume of ~1 mL. We adjusted the
centrifugation speed based on the estimated AuNP diameter (see
Table S2). The purified AuNPs were characterized by DLS, UV—vis
spectrophotometry, TEM, and SP-ICP-MS. We collected TEM
images using a JEOL-Zeiss 2010F Field Emission TEM with a Direct
Electron DE-12 camera. We conducted SP-ICP-MS analysis using a
PerkinElmer NexION 2000 with a single cell introduction system
(PerkinElmer N8150032) and PerkinElmer Single Cell Application
software. A heating element was wrapped around the spray chamber
to limit condensation and improve AuNP transport efficiency (TE).
We measured TE based on established methods using commercially
available 3-ym polystyrene microparticles doped with Lul75
(Fluidigm).'>'®~° SP-ICP-MS conditions are shown in Table S11.

CTAC-Coated AuNP Synthesis. Prior to any synthesis, any
glassware was cleaned using aqua regia, as previously described. The
synthesis of CTAC-coated AuNPs occurs in multiple steps according
to established protocols.'>**** First, we synthesized precursor Au-
clusters that would be used to make the ~10 nm CTAC AuNP seeds
for later reactions. To make Au-clusters, we added 9.5 mL of a 38-M
cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich H6269)
solution and 500 uL of a S-mM HAuCl, solution to a 20 mL cleaned
scintillation vial. We heated the vial with the solution to 30 °C and
stirred using a Teflon-coated magnetic stir bar for 5 min. We then
added 600 uL of a freshly prepared ice-cold 0.1-M sodium
borohydride (NaBH,, 213462) solution to the vial under vigorous
stirring. After mixing for 2 min, we let the reaction rest at 30 °C for 3
h before measuring the Au-cluster extinction spectrum using UV—vis.
Per prior methods, we used the extinction value at a wavelength of
390 nm to estimate the volume of Au-clusters to add for the next
step.

Eompared to established protocols,”*>* we scaled-up our synthesis
of ~10 nm CTAC AuNP seeds by 25X to ensure we had enough for
subsequent experiments. We first prepared a 110-mM solution of
CTAC from a 756-mM CTAC stock solution (SigmaAldrich
H292737) and a separate 0.17-M L-ascorbic acid (SigmaAldrich
255564) solution. To a clean 250 mL flask, we added 75 mL of the
110-mM CTAC solution, 10.575 mL of a 0.17-M L-ascorbic acid
solution, and 2,246 uL of the previously synthesized Au-clusters. We
determined the Au-cluster volume to add based on the extinction
value (0.44) at the extinction wavelength of 4 = 390 nm per prior
methods.'”> We mixed the resulting solution for 5 min at 25 °C before
rapidly adding 25 mL of a 1-mM solution of HAuCl,. We allowed the
solution to continue mixing for 15 min before centrifuging for 90 min
at 21,000 rcf and 4 °C. We removed the supernatant after
centrifugation and resuspended the AuNP pellet in nanopure water.
We repeated centrifugation one more time, this time resuspending the
AuNP pellet in a 20-mM CTAC solution. The final solution was
diluted to a AuNP concentration of ~5.9 nM as measured by UV—vis
spectrophotometry. We characterized the final ~10 nm CTAC AuNP
seeds by DLS, UV—vis, and TEM to estimate colloidal stability and
mean diameter. SP-ICP-MS could not be used to characterize CTAC
AuNP seeds based on the limits of detection of the method.****

Using the ~10 nm CTAC AuNP seeds we synthesized, we proceed

n(AuNP)

—— ratio and the final

to investigate the relationship between the

diameter following CTAC-coated growth reaction (see Table SS). We
rationally selected % ratio values based on prior literature,'>**>*
To perform CTAC-coated synthesis, we placed a cleaned 250 mL
flask onto a hot plate set for 35 °C. Separately, we prepared three
solutions. Our first solution (Solution A) was a 100-mM CTAC
solution that contained the ~10 nm CTAC AuNP seeds. The volume
of seeds used for each synthesis was determined based on the target
n(AuNP)
n(Au3+)
AuNP seed solution. We set the final volume of Solution A to be 20
mL. We sonicated Solution A for 10 min before adding it to the 250
mL flask to preheat. Our next solution (Solution B) was a 22 mL
0.625-mM HAuCl, solution. We loaded Solution B into a 30 mL
plastic syringe, which was mounted on a Harvard Apparatus PHD
ULTRA syringe pump (Harvard Apparatus 70300S). The final
solution (Solution C) was a 10-mM solution of L-ascorbic acid, which
serves as the reducing agent for CTAC-coated growth reactions. We
added 1.3 mL of Solution C to the flask containing Solution A and
gently mixed for 1 min using a Teflon-coated magnetic stir bar. After
1 min, we started the Harvard syringe pump to begin dropwise
addition of Solution B. We set the syringe pump to add solution at a
rate of 20 mL/h for 1 h. After 1 h, we allowed the reaction to continue
for 15 min before the AuNP solution was immediately centrifuged. As
with the citrate-coated synthesis, we varied the centrifugation speeds
based on the estimated AuNP diameter (see Table SS). For the first
round of centrifugation, we centrifuged for 90 min at 4 °C. We then
removed the supernatant, resuspended the AuNP pellet in ~10 mL of

compared to the measured concentration of the stock CTAC
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nanopure water, split the solution into 1.5 mL tubes, and centrifuged
one more time for 30 min at 4 °C. After this centrifugation, we
combined AuNP pellets and resuspended to ~1 mL using a 20-mM
CTAC solution. We characterized the purified AuNPs by DLs, UV—
vis, TEM, and SP-ICP-MS.

Characterization of AuNPs and Predictive Model Develop-
ment. Immediately after synthesis and centrifugation, we charac-
terized AuNPs by dynamic light scattering (DLS) and ultraviolet—
visible spectrophotometry (UV—vis) to estimate AuNPs hydro-
dynamic diameter (HDD), peak absorption wavelength, and
concentration in solution. We collected 20—100 uL aliquots of
purified and concentrated AuNPs, centrifuged them at a speed
appropriate for their estimated diameter (see Tables S2 and SS), and
dropped S-uL of the resulting pellet onto a copper TEM grid with
carbon film. We collected TEM images using a JEOL-Zeiss 2010F.
We analyzed all collected images using Image]J to estimate the mean
diameter of each synthesized AuNP population.”® We used the
Analyze Particles feature of ImageJ to measure the surface area of each
AuNP in each image. We then estimated the diameter of each AuNP,
assuming a spherical geometry. We then computed the mean diameter
of each AuNP population.

SP-ICP-MS allows for high-throughput analysis of individual
nanoparticles in solution with single nanoparticle resolution.”’ We
have previously used SP-ICP-MS to characterize AuNP diameter as
well as to identify differences in AuNPs based on colloidal stability or
synthesis method.'”' We used these same methods to identify the
mean diameter estimate and relative monodispersity of all synthesized
CTAC-coated AuNPs. All SP-ICP-MS measurements of AuNPs were
performed on a PerkinElmer NexION 2000 using previously
described methods and the conditions described in Table S11.'>'57°

We compared mean diameter estimates collected from TEM
imaging and from SP-ICP-MS data against each other and against the

target n(AuNP)
8 (AT

ratio values used during AuNP synthesis for both

citrate- and CTAC-coated syntheses. We plotted the data and used

GraphPad PRISM to identify nonlinear regression results linking the

n(AuNP)
(ad®*)

independent variable of the ratio to the dependent variable of

the final AuNP diameter. We performed additional analysis using
collected data to identify possible correlations between the estimated
mean diameter and measured hydrodynamic diameter as determined
from DLS measurements. Additionally, we compared mean diameter
estimates from TEM and SP-ICP-MS to identify any significant
differences between the results from the two single particle analysis
methods.

AuNP Predictive Model Testing and Scale-Up. After
generating the predictive growth models for both citrate-coated and
CTAC-coated AuNP synthesis, we sought to test the apparent
accuracy of our models. Using the AuNP growth reactions described,
we synthesized citrate-coated and CTAC-coated AuNPs with targeted
diameters of 30, 60, and 90 nm. We used our predictive growth
models (eqs 1 and 3) to determine the volume of either ~14 nm
citrate AuNP seeds or ~10 nm CTAC AuNP seeds to use in our
respective synthesis approaches. Following synthesis, we purified the
AuNPs using centrifugation, as previously described. We quantified
the diameter distribution of the resulting synthesized AuNPs using
SP-ICP-MS to compare how the final estimated mean diameter
compared with the diameter predicted from our models.

As previously described, the final diameter of AuNP growth

AuNP .
n(ANP) o olar ratio.

synthesis reactions can be predicted based on the

By defining this relationship in terms of molar ratios, we present an
opportunity to easily scale-up AuNP growth synthesis reactions to
increase total number of synthesized particles. This approach may
prove especially valuable for studies that require large numbers of
AuNPs, such as animal studies. To validate that our predictive models
remain accurate for scale-up reactions, we synthesized 60 nm target
diameter AuNPs using both citrate- and CTAC-coated growth
reactions. We scaled-up reactions five times (5X) by volume
compared to the normal (i.e., 1X) reaction scale, described previously.

Following purification, we quantified AuNP diameter using SP-ICP-
MS and compared the mean estimated diameter to the target of 60
nm.
CTAC-Coated AuNP Growth Reaction Kinetics Analysis. Our
CTAC-coated AuNP growth reaction occurs over a time span of ~75
min. During this time, the color of the solution changes, indicating a
change in the size of suspended AuNPs. To characterize the growth of
AuNPs during the reaction, we synthesized CTAC-coated AuNPs of
target diameters 30, 60, and 90 nm using the described synthesis. We
used our predictive model (eq 3) to determine the volume of ~10 nm
CTAC seed solution to use for each synthesis. During the reaction, we
collected 100 uL of the reaction solution at ¢ = 1 min, 5 min, and
every S min after until t = 75 min. We used UV-—vis
spectrophotometry with quartz cuvettes to measure the change in
reaction solution extinction spectrum with time. Additionally, for the
60 nm AuNP synthesis, we used SP-ICP-MS to track the changes in
mean mass with time and identify AuNP growth kinetics. For SP-ICP-
MS measurements, we applied thresholds per prior protocols to
remove signal from small AuNPs (i.e,, new or original seed nuclei) to
better measure the change in AuNP mass with time.'®

Removal of CTAC from CTAC-Coated AuNPs Using Citrate
Physical Replacement (Citrate-PR). To remove CTAC and
replace it with biocompatible citrate, we modified our previous
method of physical replacement PEGylation.'> 60 nm diameter
CTAC AuNPs were aliquoted into 1.5 mL centrifuge tubes to a
volume of 1000-uL and a concentration of 0.2-nM in 0.1% (v/v)
Tween20. We centrifuged each tube at 1200 rcf for 30 min at 4 °C.
After removing the supernatant, we added 250-uL of a 1% (v/v)
Tween20 containing 0.005% (w/v) sodium citrate tribasic dihydrate
solution (0.17-mM) to each pellet and sonicated for 10 min. We then
vigorously vortexed (~3200 rcf, Avantor 10153-838) each tube for 2
min before adding 750-uL of 1% (v/v) Tween20 to each tube. This
process of centrifugation, sonication, and vortexing was repeated two
more times before centrifuging AuNPs one final time. After the final
centrifugation, we removed the supernatant, combined pellets from
multiple tubes as needed, and resuspended in 0.1% (v/v) Tween20
0.01% (w/v) sodium citrate tribasic dihydrate. We collected
approximately S00-uL across multiple tubes at each stage of this
process to characterize AuNPs by zeta potential analysis, UV—vis, and
SP-ICP-MS to identify changes in surface chemistry resulting from
CTAC removal and citrate presence. Prior to using AuNPs for further
experiments, AuNPs were then washed two more times by
centrifugation using 0.1% (v/v) Tween20 and 0.01% (w/v) sodium
citrate tribasic dihydrate solution for resuspension.

There are two principal characteristics we were looking for from
AuNPs that had undergone citrate-PR. The first of these was
maintained monodispersity expected from CTAC-coated AuNDPs.
During citrate-PR, we characterized AuNPs by DLS to measure any
changes in HDD or PDI. Additionally, we measured the extinction
spectrum of AuNPs throughout the citrate-PR process as another way
of detecting possible AuNP aggregation. We also collected TEM
images of post-PR AuNPs to visually observe any differences in AuNP
shape, size, stability, or size distribution. Finally, we performed SP-
ICP-MS on AuNPs collected before, during, and after the citrate-PR
process to identify any possible changes in colloidal stability or size
distribution.

The second principal characteristic we examined was the extent of
CTAC removal following citrate-PR. Given that CTAC is positively
charged at neutral pH in water, the removal of CTAC from the
surface of AuNPs could be detected by collecting zeta potential
estimates of AuNPs. We measured the change in zeta potential
throughout the citrate-PR process to determine the effective removal
of CTAC and replacement with citrate, which is expected to be
negatively charged at neutral pH in water. To further verify CTAC
replacement with citrate, we performed agarose gel electrophoresis
alongside citrate-coated AuNPs of the same target diameter as a
positive control. Agarose gel was run using previously established
conditions.*>** Briefly, we prepared 0.5% (w/v) agarose gel using
0.5X TBE buffer. We added 4-uL of 150-mg/mL Ficoll to 20-uL of
concentrated AuNP solutions (0.15-nM). We added the Ficoll-AuNP
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mixtures to the wells of the agarose gel. We ran gel electrophoresis at
50V for 90 min before imaging the gel using an Azure C600 imaging
system. The AuNP bands were visible without the need for additional
imaging instrumentation or methods.

We also performed Fourier transform infrared (FTIR) spectrosco-
py to identify CTAC removal. CTAC possesses a quaternary amide
group that would register as transmission peaks at wavelengths of
2700—3000 cm ™" using FTIR.*™>7 We analyzed 60 nm citrate-coated
AuNPs, 20-mM CTAC solution, as-synthesized 60 nm CTAC-coated
AuNPs, and postcitrate-PR CTAC-coated AuNPs using FTIR to
identify any changes in the transmission spectra after our citrate-PR
process. FTIR analysis was performed using a Thermo Scientific
Nicolet iS-50 with the Attenuated Total Reflection module. We
collected a total of 64 scans with a resolution of 1 cm™ for each
analyzed sample. We analyzed the collected data using the Omnic
Specta software. For each solution, we dropped 20-uL of solution
onto the detector of the instrument and let the droplet air-dry for 60—
90 min before running the instrument for data collection.

Ligand Conjugation to AuNP Surfaces. After performing
citrate-PR, the surface of originally CTAC-coated AuNPs should be
capped with citrate molecules and Tween20 surfactant. Based on prior
literature, the surface modification of AuNPs with these surface
ligands should be readily modifiable with polyethylene glycol (PEG)
molecules that possess reactive sulfide groups, such as maleimide.*”
By comparison, CTAC-coated AuNPs are resistant to standard
PEGylation methods due to the CTAC bilayer present on the surface
of CTAC-coated AuNPs following synthesis.”® To verify existing
potential for surface modification, we PEGylated our post-PR CTAC-
coated 60 nm AuNPs using established methods.””> We prepared a
solution of 5-kDa methoxy-terminated thiol PEG, mPEG-SH (Laysan
Bio) dissolved in 0.1% (v/v) Tween20 and added post-PR CTAC-
coated AuNPs to the solution. We incubated the PEG-AuNP solution
for 30 min at room temperature before characterizing. The
concentration of the mPEG-SH and the AuNPs was such that the
expected molecular surface density of PEG per nanometers squared
(PEG/nm?) of AuNP surface was 10 PEG/nm?* We selected this
target PEG density to ensure the complete saturation of the AuNP
surface per prior literature.”> We then measured the change in HDD
using DLS to verify if PEGylation was successful (Table S10).

Based on our collected TEM and SEM images, we identified that
there was an apparent difference in the geometry and surface topology
between citrate- and CTAC-coated AuNPs. It is well-stablished that
surface curvature of AuNPs can influence the binding density of
conjugated surface ligands, such as PEG.”**® To determine if the
topological differences we observed result in changes in ligand binding
densities, we synthesized 60 nm citrate- and CTAC-coated AuNPs to
identify if the surface ligand saturation point between citrate- and
CTAC-coated AuNPs differs. We synthesized citrate- and CTAC-
coated AuNPs using the methods described above. We used our
diameter predictive models during AuNP synthesis to determine the
volume of AuNP seeds to add to achieve the target diameter value of
60 nm. We performed citrate-PR on all CTAC-coated AuNPs using
the described method.

We proceeded to PEGylate the 60 nm AuNPs as described, aiming
for target ligand density values of 0, 0.01, 0.1, 0.5, 1, 2.5, and S PEG
molecules per nanometer squared (PEG/nm?). We selected these
target PEG surface densities based on a prior study performing similar
analysis.”> Across each nanoparticle core (citrate-coated or CTAC-
coated) and targeted PEG density, samples were prepared in
triplicate. We then measured the change in HDD for each sample
using DLS. We compared the measured HDD value of PEGylated
AuNPs to the HDD value of non-PEGylated AuNPs to quantify the
change in HDD for each targeted PEG density. We plotted the
resulting change in HDD values against targeted PEG density to
identify differences in saturation point between citrate-coated and
CTAC-coated AuNPs.

As an alternative surface ligand to PEG, we aimed to assess if
heparosan (HEP, Paul DeAngelis Lab) could be successfully
conjugated onto the surface of postcitrate-PR CTAC-coated
AuNPs. ™" HEP was prepared according to prior studies, and we

used the pH-salt a§in§ method to perform HEP-conjugation onto the
surface of AuNPs.”>** We added HCI to nanopure water until the pH
was 3.0 as determined by pH probe. We added 13-kDa HEP to the
acid water followed immediately by either citrate-coated AuNPs or
postcitrate-PR CTAC-coated AuNPs such that the target surface area
density of HEP was 10 HEP/ nm?  After incubating at room
temperature for 20 min, we added 3.43-M NaCl solution to the
HEP-AuNP solution until the concentration of NaCl was 0.3-M and
vortexed the solution. After incubating for 20 min at room
temperature, we added more 3.43-M NaCl solution until the final
concentration of NaCl in the HEP-AuNP solution was 0.6-M. We
vortexed the solution and incubated for 20 min at room temperature.
We then characterized AuNPs by DLS to verify successful
conjugation.

DNA Conjugation to Citrate-PR AuNPs. We synthesized 60 nm
CTAC AuNPs and performed citrate-PR as described. Initially, 104-
uL of 3.96-nM AuNPs were combined with 40-uL of 0.1% (v/v)
Tween and 60-uL of nanopure water in a 1.5 mL Eppendorf tube.
Then, 300-uL of 19-uM thiolated DNA (5'-TAACAACGATCCCT-
CAAAAAAAAAA—SH-3/, Integrated DNA Technologies) in TE
Buffer (10-mM Tris SigmaAldrich 252859, 1-mM EDTA SigmaAl-
drich EDS) was added to the AuNPs. The DNA sequence was used
based on prior literature demonstrating successful conjugation to
AuNPs.*”® DNA was purified using Illustra NAP-S columns (GE
Healthcare 17-0853-01). After a 30 min incubation, 100-uL of 100-
mM sodium citrate tribasic dihydrate at pH 3 was introduced, and the
solution was gently vortexed, followed by a 60 min incubation. We
then measured HDD and PDI via DLS to confirm DNA conjugation.
To stabilize the AuNP-DNA conjugates, we added 50-uL of 2-mM 1-
kDa mPEG-SH solution and 700-uL of 0.1% (v/v) Tween. After a 30
min incubation, we quantified the AuNPs by DLS again before
centrifuging at 1200 rcf for 30 min at 4 °C and resuspending in PBST
(1x PBS, 0.1% (v/v) Tween). The washing by centrifugation process
was repeated twice to remove any excess DNA or PEG. We
characterized the resulting cleaned AuNP-DNA conjugates using DLS
and UV-—vis spectrophotometry. We also negatively stained the
AuNP-DNA conjugates with 2% (w/v) uranyl acetate solution and
collected images using a JEOL 2000FX TEM.

SDS-PAGE and BCA-Based Protein Corona Analysis. It is
well-understood that citrate-coated AuNPs can be defined as “quasi-
spherical” (i.e, polygonal) while CTAC-coated AuNPs trend more
toward “perfectly spherical” by nature of their respective synthe-
ses.%6'7% To identify differences in protein identity or relative
protein concentration around the surface of citrate-coated or
postcitrate-PR CTAC-coated AuNPs, we performed SDS-PAGE and
the commercial bicinchoninic acid (BCA) assay analysis according to
previous protocols.”>**%*%* We prepared stock solutions of 60 nm
citrate-coated AuNPs and postcitrate-PR CTAC-coated AuNPs 60
nm. We took aliquots of these stock solutions and modified them with
mPEG-SH or HEP as described previously. We prepared AuNPs with
two different PEG surface ligand densities, 0.5 or 10 PEG/nm?, to
allow for analysis of protein content on the surface of partially-PEG-
saturated and fully-PEG-saturated AuNPs. We thus compared protein
content analysis for eight different groups based on two different core
nanoparticles (citrate- or CTAC-coated) and four different surface
chemistries (citrate, 0.5, 10 PEG/nm? and HEP). After surface
modification, AuNPs were centrifuged twice to remove excess ligand.

For each of the eight groups, we prepared three 1.5 mL tubes of
AuNPs with a volume of 1500 yuL and a concentration of 0.49-nM.
We targeted a total AuNP surface area of 50 cm’® for each tube to
allow for sufficient protein content for analysis.**** We centrifuged all
tubes and removed the supernatant. We diluted the resulting AuNP
pellets in 20-uL of nanopure water before pipetting the AuNP
solutions into 1000-uL of 100% FBS solution in 1.5 mL LoBind tubes.
We incubated the AuNP-protein mixtures for 2 h at 37 °C before
washing by centrifugation 3 times to remove excess unbound protein.
After each centrifugation, supernatant was removed and the pellet was
resuspended in a 1X PBS (dilute from 10X, BioBasic PD8117) 0.05%
(v/v) Tween20 solution. After the third wash, we combined pellets
from the same group, resuspended to a total volume of 1000-yL using
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1X PBS 0.05% (v/v) Tween20 solution, and centrifuged one more
time. After removing the supernatant following this centrifugation, we
diluted each AuNP pellet using SO-uL of 1X PBS 0.05% (v/v)
Tween20, and we measured the AuNP concentration of each group
using UV—vis spectrophotometry. We then diluted all pellets to the
same nanomolar concentration using 1X PBS 0.05% (v/v) Tween20
solution. To isolate bound protein from the surface of the AuNPs, we
added 4-uL of 500-mM dithiothreitol (DTT, Fisher Scientific
FERR0861) and 8-uL of NuPAGE 4x LDS sample buffer
(ThermoFisher NP0007) to each AuNP solution for every 15-uL of
dilute AuNP solution. We then incubated AuNP solutions for 1 h at
70 °C before pelleting the AuNPs by centrifuging at 5000 rcf for 20
min at 4 °C. We recovered the supernatant from each sample to use in
our SDS-PAGE and BCA analysis.

For SDS-PAGE analysis, we used 4—129% NuPAGE Bis-Tris precast
1.0 mm protein gels with 12 wells (ThermoFisher NP0322BOX). We
mixed 15 pL of the recovered protein supernatant with 6-uL of 4X
LDS and 3-uL 500-mM DTT (total final volume of 24-uL). A 2% (v/
v) FBS control solution was similarly prepared. We heated the
resulting solution to 95 °C for 5 min to denature present protein. We
then injected samples into separate wells in the gel. We ran the gel for
S5 min at 200 V before transferring the gel to a fixing solution
comprised of 10% (v/v) acetic acid (SigmaAldrich 695092) and 40%
(v/v) ethanol solution. We let the gel fix for 2 h before rinsing with DI
water and staining the gel using 1X SYPRO Tangerine Protein Gel
Stain (ThermoFisher $12010). We allowed the stain to act on the gel
in a light-protected environment for 1 h. After 1 h, we rinsed the gel
with DI water before imaging the gel using an Azure C600 gel imaging
system. For image collection, we used an excitation/emission setting
compatible with the stain and the ladder PageRuler Plus Prestained 10
250-kDa Protein Ladder used (ThermoFisher PI26619).

Before the BCA analysis of the recovered protein supernatant, we
first collected 4 separate 25-uL aliquots of each of the 8 groups (32
total samples) from the original protein supernatant solutions. We
added 950-uL of a 10% (w/v) trichloroacetic acid (TCA,
SigmaAldrich T9159) in acetone solution to each aliquot and
incubated the resulting solutions overnight at —80 °C. We centrifuged
the resulting protein precipitates at 18,000 rcf for 15 min at 4 °C,
removing the supernatant immediately afterward. We dissolved the
newly formed protein pellets using S00-uL of a 0.03% (w/v) sodium
deoxycholate (SigmaAldrich, 30970) in water solution, vortexing to
ensure complete pellet dissolution. We precipitated the protein again
by adding 100-uL of a 72% (w/v) TCA solution in water before
incubating the solutions on ice for 30 min. We recovered the protein
pellets by centrifuging at 18,000 rcf for 15 min at 4 °C, discarding the
supernatant. We dissolved the protein pellets once more in 1000-uL
of chilled 100% acetone and incubated at —80 °C for 1 h. We
centrifuged protein solutions one more time at 18,000 rcf for 15 min
at 4 °C before removing the supernatant and air drying the tubes for
~10 min.

We added 28-uL of a 2% (w/v) sodium dodecyl sulfate (SDS,
Fisher Scientific AC230421000) solution in 1X PBS to each dried
protein pellet. We added 10-uL of each sample to separate wells of a
96-well plate. We added 50-uL of serially diluted bovine serum
albumin (BSA, SigmaAldrich A7906) to serve as the protein standard
curve. We then added 200-uL of working BCA assay solution to all
solution-containing wells of the plate before incubating the plate for 1
h at 37 °C. We used a BioTek Synergy Neo2Multi-Mode Plate Reader
to measure the 562 nm absorbance of each well, comparing our
sample measurements against the BSA concentration serial dilution
standard curve measured alongside our samples.

Cell Viability and Cell Uptake. CTAC is innately cytotoxic.
By removing CTAC and replacing it with citrate using our citrate-PR
method, we hypothesized there would be a significant difference in
cell viability compared to as-synthesized CTAC-coated AuNPs. To
test this, we performed an XTT cell viability assay. We seeded 10,000
cells/well of RAW 264.7 murine macrophages (ATCC TIB-71) into a
96-well plate in 100-uL of complete cell culture media (DMEM high
glucose pyruvate, ThermoFisher 11995065) supplemented with 1%
(v/v) penicillin-streptomycin (ThermoFisher, 15-140-122) and 10%

14,15

(v/v) fetal bovine serum (FBS, ThermoFisher 16000044 ). We let the
cells incubate overnight before adding 100-uL of 0.02-nM AuNP
solution to each well. For this assay, we used the following AuNP
groups: unmodified citrate-coated AuNPs, PEGylated citrate-coated
AuNPs (10 PEG/nm” target surface density using 5-kDa mPEG-SH),
and HEP-conjugated citrate-coated AuNPs (10 HEP/nm* target
surface density using 13-kDa HEP), as-synthesized CTAC-coated
AuNPs, citrate-PR  CTAC-coated AuNPs, PEGylated citrate-PR
CTAC-coated AuNPs (10 PEG/nm? target surface density using S-
kDa mPEG-SH), and HEP-conjugated citrate-PR CTAC-coated
AuNPs (10 HEP/nm? target surface density using 13-kDa HEP).

For all AuNP formulations, we used 60 nm target diameter AuNPs.
We washed all AuNP groups 2 times by centrifugation using 0.1% (v/
v) Tween20 solution prior to treating cells to ensure complete
removal of any excess unbound molecules. Before adding AuNP doses
to cell wells, we incubated the AuNPs in complete cell culture media
for 30 min at 37 °C. After incubating cells with AuNP doses for 24 h,
we removed the AuNP-containing media and rinsed each well with
1x PBS two times. We used the XTT assay (2,3-Bis(2-Methoxy-4-
Nitro-S-Sulfophenyl)-2H-Tetrazolium-S-Carboxanilide, SigmaAldrich
11465015001) method according to the manufacturer’s instructions
to assess cell viability by measuring the absorbance of formazan in
dimethyl sulfoxide (DMSO, SigmaAldrich D2650) at 570 nm using a
plate reader. We normalized absorbance values from each AuNP
group to the cell-only group after subtracting background absorbance
resulting from the well-plate or remaining media.

To collect qualitative images supporting our XTT viability data, we
prepared samples for confocal laser scanning microscopy (CLSM)
according to prior methods.”” We used ~20 mL of a 3:1 v/v mixture
of sulfuric acid (H,SO,, Avantor 7664-93-9) and hydrogen peroxide
(H,0,, Sigma-Aldrich 216763) to clean 18 mm glass #1 round
microscopy coverslips by immersing the coverslips in the solution for
~15 min. We rinsed the clean coverslips by thorough rinsing with
nanopure water before placing them in a 12-well plate. We treated the
12-well plate with the coverslips using UV light for 10 min before
adding 20,000 cells/well in 500-uL of complete cell culture media to
each well with a coverslip. We gave the cells 24 h to adhere to the
coverslips before adding 150-uL of 0.01-nM AuNP solution. We
matched the AuNP groups and media incubation time from our XTT
assay analysis, but we did not include as-synthesized CTAC-coated
AuNPs as an experimental group, given the lack of measured cell
viability (Figure 8A). We incubated the cells with AuNPs for 24 h
before the media was removed and washed coverslips three times with
1X PBS. We added S500-uL 4% (w/v) paraformaldehyde (PFA,
ThermoFisher AAj19943K2) at room temperature for 10 min to fix
cells before staining the cells using the DNA stain, 4',6-diamidino-2-
phenylindole (DAPI, ThermoFisher R37606) and wheat germ
agglutinin-CF488A (WGA, Biotium, 29022-1) according to the
manufacturer’s protocols to label the cell nuclei and cell membrane,
respectively. We used a ZEISS LSM 880 inverted confocal laser
microscope with a 63X oil immersion objective (1.4 NA) to collect all
images. The coverslips were imaged on 35 mm #1.5H glass-bottom
dishes. A photomultiplier (PMT) detector, a 405 nm diode laser, a
488 nm argon laser, and a 561 nm diode-pumped solid-state laser
were used for fluorescent channels. A main beam splitter (MBS) was
used with a 488/561/633 filter. We applied previously detailed light
scattering principles of AuNPs to detect nanoparticle presence inside
of imaged cells.***

For additional verification of XTT and CLSM results, we repeated
the experiments using 4T1 mammary mouse tumor cells (ATCC
CRL-2539). The same seeding densities, treatment groups, dose
conditions, and treatment times were used. The primary difference is
that for 4T1 cells, RPMI-1640 (ATCC, 30-2001) supplemented with
1% (v/v) penicillin-streptomycin and 10% (v/v) FBS was used for
culturing and seeding cells.
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