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Abstract
Bioanalytical and biomedical applications often require nanoparticles that exhibit narrow size distributions and biocompatibil-
ity. Here, we demonstrate how different synthesis methods affect gold nanoparticle (AuNPs) monodispersity and cytotoxicity. 
Using single particle inductively coupled plasma mass spectrometry (SP-ICP-MS), we found that the size distribution of AuNPs 
synthesized with a cetyltrimethylammonium chloride (CTAC) cap was significantly improved compared to AuNPs synthesized 
with citrate capping agents. We determined an up to 4× decrease in the full width at half maximum (FWHM) value of the normal 
distributions of AuNP diameter and up to a 12% decrease in relative standard deviation (RSD). While the CTAC-capped AuNPs 
exhibit narrow nanoparticle size distributions, they are cytotoxic, which limits safe and effective bioanalytical and biomedical 
applications. We sought to impart biocompatibility to CTAC-capped AuNPs through a PEGylation-based surface ligand exchange. 
We developed a unique ligand exchange method driven by physical force. We demonstrated the successful PEGylation using 
various PEG derivatives and used these PEGylated nanoparticles to further bioconjugate nucleic acids and peptides. Using cell 
viability quantification, we confirmed that the monodisperse PEGylated AuNPs were biocompatible. Our monodisperse and 
biocompatible nanoparticles may advance safe and effective bioanalytical and biomedical applications of nanomaterials.
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Introduction

Probing the interactions between nanoparticles and cells 
remains a primary focus of bioanalytical and nanomedicine 
research [1–3]. Current investigations have identified that 

the nanoparticle size and size distributions influence how 
nanoparticles interact with cells and biological systems 
[4–6]. The availability of monodisperse and biocompatible 
nanoparticles is often a prerequisite to enable safe, accurate, 
and effective applications in research and clinical practice.

Monodisperse nanoparticles are defined by minimal size 
variation between individual colloidally dispersed nanopar-
ticles. Studies have demonstrated that monodisperse nano-
particles are preferable for improved therapeutic results [7, 
8]. In particular, gold nanoparticles (AuNPs) are commonly 
employed given their relative ease of synthesis and surface 
modification and their inherent biocompatibility [9]. AuNPs 
are used in bioanalytical and biomedical contexts as model 
systems for understanding and probing nanoparticle-cell inter-
actions [10–13]. Additionally, AuNPs have demonstrated a 
significant ability to serve as carriers for adjuvant delivery or 
as drivers for photothermal therapy [14]. Further, AuNPs are 
frequently used for molecular detection and diagnostic assays 
[15, 16]. Given the continued usage of AuNPs, there is a sig-
nificant need to understand and improve upon the monodis-
persity of AuNPs used in research and clinical environments 
leading up to bioanalytical and biomedical applications.
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To assess nanoparticles’ relative size and colloidal stabil-
ity, batch characterization methods such as light scattering or 
spectrophotometry can be used [17, 18]. Despite their utility, 
batch methods do not precisely inform researchers of the 
differences between nanoparticles on a single-particle basis, 
making accurate quantification of nanoparticle monodis-
persity challenging. Two techniques for individual particle 
measurements stand out, i.e., transmission electron micros-
copy (TEM) and single particle inductively coupled plasma 
mass spectrometry (SP-ICP-MS) [19–21]. TEM allows for 
the exact measuring of individual particle size following 
appropriate sample preparation and post-imaging analysis. 
By counting large numbers of nanoparticles, a size distribu-
tion is generated that defines nanoparticle monodispersity. 
SP-ICP-MS techniques are applied in bioanalytical and 
biomedical studies to characterize nanoparticle mass, size, 
and concentration or correlating changes in nanoparticles 
due to solution conditions or biomarker presence [22–25]. 
SP-ICP-MS performs rapid, continuous measurement of 
individual nanoparticle mass, generating a mass distribu-
tion from collected data. The wider the mass distribution, 
the more polydisperse the nanoparticle sample is. We have 
previously demonstrated how SP-ICP-MS may be used to 
assess changes in nanoparticle aggregation and chemical 
composition based on changes in mass distribution, indi-
cating the ability of SP-ICP-MS to measure differences in 
mass distributions effectively [26, 27]. The high-throughput 
and continuous nature of SP-ICP-MS makes analysis rapid 
while maintaining high accuracy given its single-particle 
resolution.

In this study, we demonstrate how AuNPs synthesized 
between two different methods differ in their monodispersity. 
From reviewing several reports using AuNPs, we observed 
an apparent difference in the size distribution between 
large (> 10 nm) citrate-capped AuNPs and AuNPs capped 
with cetyltrimethylammonium chloride (CTAC) [28, 29]. 
If CTAC-capped AuNPs possess a better monodispersity 
compared to citrate-capped AuNPs, CTAC-capped AuNPs 
may prove more useful in bioanalytical and biomedical 
applications [8]. We synthesized citrate-capped and CTAC-
capped AuNPs of various diameters and characterized them 
extensively. Notably, SP-ICP-MS measures were collected 
to verify any differences in mass, and thus size, distribution 
between AuNPs. Through this, we demonstrate how SP-ICP-
MS techniques can be effectively applied to analyze differ-
ences in mass distribution between nanoparticle populations.

It is, however, well known that CTAC is cytotoxic and 
thus unfit for many applications in bioanalytical and bio-
medical settings [30, 31]. To overcome this challenge, we 
implemented a unique physical replacement method that 
imparts biocompatibility to CTAC-capped AuNPs, increas-
ing their bioanalytical and biomedical relevance. Using SP-
ICP-MS quantification, we demonstrated that our physical 

replacement method did not change the mass distribution 
of CTAC-capped AuNPs. Finally, we showed how through 
conjugating the appropriate ligand during our physical 
replacement method, CTAC-capped AuNPs could be made 
bio-functional by conjugating thiolated nucleic acids or pep-
tides. Further, we performed cell uptake experiments to find 
that when surface chemistries are matched, CTAC-capped 
AuNPs demonstrate similar performance to citrate-capped 
AuNPs, which are more commonly used in bioanalytical and 
biomedical contexts.

Our study shows the significant difference between the 
monodispersity of AuNPs synthesized by different methods. 
Further, we demonstrate how SP-ICP-MS is a valuable tool 
for quantifying and comparing the monodispersity between 
nanoparticle populations. Additionally, we illuminate how 
physical replacement methods of nanoparticle surface 
ligands may be applicable for improving the biocompatibil-
ity of highly monodisperse CTAC-capped AuNPs. The com-
bination of our findings offers new means by which highly 
monodisperse AuNPs may be synthesized, characterized, 
and surface modified for downstream use in bioanalytical 
and biomedical applications.

Experimental section

Materials

We used aqueous gold(III) chloride trihydrate (HAuCl4, 
Sigma-Aldrich 520,918), sodium citrate tribasic dihydrate 
(Sigma-Aldrich S4641), hydroquinone (Sigma-Aldrich, 
Reagent Plus, ≥ 99.0%), cetyltrimethylammonium bro-
mide (CTAB, Sigma-Aldrich H6269), sodium borohy-
dride (NaBH4, 213462), cetyltrimethylammonium chloride 
(CTAC, Sigma-Aldrich 292737), and L-ascorbic acid (AA, 
Sigma-Aldrich 255564) to synthesize gold nanoparticles 
(AuNPs) using different methods. We cleaned Glassware for 
synthesis and digested cell samples for ICP-MS using hydro-
chloric acid (HCl, Sigma-Aldrich ACS reagent 37%) and 
nitric acid (HNO3, Sigma-Aldrich ACS reagent 70%). We 
used Tween 20 (Sigma-Aldrich P9416) during the centrifu-
gation and purification of AuNPs. We PEGylated AuNPs 
using 5-kDa methoxy-PEG-thiol (mPEG-SH, Laysan Bio) 
or 5-kDa maleimide-PEG-OPSS (malPEG-OPSS, Laysan 
Bio). TEM imaging was completed on copper TEM grids 
with carbon film (Ted Pella, 01813-F).

We used DNA strands from Integrated DNA Technolo-
gies (IDT). We composed DNA storage and reaction buffers 
using mixtures of tris(hydroxymethyl)aminomethane ACS 
reagent ≥ 99.8% (Tris, Sigma-Aldrich 252859), ethylenedi-
aminetetraacetic acid BioUltra, anhydrous ≥ 99% (EDTA, 
Sigma-Aldrich EDS), or sodium chloride (NaCl S7653). We 
purified DNA using illlustra NAP-5 columns (GE Healthcare 
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17–0853-01). We implemented the peptide K7C (Biomatik, 
amino acid sequence N’-C’ KKKKKKKC) to improve cell 
uptake of AuNPs in cells.

In preparing RAW 264.7 macrophages for confocal laser 
scanning microscopy (CLSM), we used NucBlue DAPI 
(Invitrogen R37606) to label cell nuclei and wheat germ 
agglutinin CF488A (WGA, Biotium 29024) to label gly-
coproteins on cell membranes. We suspended both labe-
ling agents in 1 × Hank’s balanced salt solution (HBSS, 
Gibco 14185–052) in 1 × phosphate buffered saline (PBS, 
Thermo Fisher BP3994). We cleaned the microscopy cov-
erslips using a mixed solution of hydrogen peroxide (H2O2, 
Sigma-Aldrich 216763) and sulfuric acid (H2SO4, Avantor 
7664–93-9).

Instrumentation

CTAC-capped AuNP synthesis was performed using Har-
vard Apparatus PHD ULTRA syringe pumps (Harvard 
Apparatus 703,005). Vortexing steps for physical replace-
ment PEGylation were carried out using VWR® Analog 
Vortex Mixers (Avantor 10153–838). Dynamic light scat-
tering (DLS) and zeta potential measurements were carried 
out on a Malvern Zetasizer NanoZS. Ultraviolet–visible 
spectrophotometry measurements were performed using 
a UV–Vis-NIR spectrophotometer (Agilent Cary 5000). 
Transmission electron microscopy (TEM) images were 
collected on a JEOL 2010F Field Emission TEM with 
a Direct Electron DE-12 camera. We conducted SP-ICP-
MS analysis of AuNPs using a PerkinElmer NexION 2000 
ICP-MS instrument with a single cell introduction system 
(PerkinElmer N8150032) and the PerkinElmer Single Cell 
Application software. We performed confocal microscopy 
imaging using a ZEISS LSM 880 inverted CLSM with a 
photomultiplier tube (PMT) detector, a 405-nm diode laser, a 
488-nm argon laser, and a 561-nm diode-pumped solid-state 
laser for fluorescent channels through a main beam splitter 
(MBS) 488/561/633 filter.

Synthesis of gold nanoparticles by different 
methods

All gold nanoparticle synthesis was performed in glassware 
cleaned by Aqua Regia, comprised of a 3:1 v/v ratio of 
hydrochloric acid and nitric acid. Fourteen-nanometer cit-
rate-capped AuNP seeds were synthesized according to the 
Frens/Turkevich method, whereby ionic gold is reduced into 
solid gold via citrate at high temperatures [32]. These 14-nm 
seeds were used to grow larger quasi-spherical AuNPs based 
on methods developed by Perrault and Chan [28]. By vary-
ing the molar ratio of HAuCl4 to 14-nm AuNP seeds, the 
final size of grown AuNPs could be controlled (Table S1). 
This method targeted the synthesis of AuNPs of diameters 

30 nm, 45 nm, and 60 nm. The AuNPs were purified by cen-
trifugation after growth and resuspended in a 0.01% citrate, 
0.1% Tween 20 solution before characterization and surface 
modification.

The CTAC-capped AuNPs were synthesized using previ-
ously developed methods [29, 33, 34]. First, gold clusters 
were synthesized by reducing Au3+ ions with NaBH4 in a 
concentrated cetyltrimethylammonium bromide (CTAB) 
solution. These clusters were then used to synthesize 10-nm 
CTAC-capped AuNPs needed to grow larger CTAC-capped 
AuNPs. The growth process for CTAC-capped AuNPs dif-
fers from that of citrate-capped AuNPs as it uses CTAC as 
the stabilizing agent and ascorbic acid at 35 °C as the reduc-
ing agent. Further, the precursor Au3+ ions were added drop-
wise via a syringe pump setup. The size of grown AuNPs 
was predicted by controlling the moles of seeds used in the 
growth reaction (see Table S2). The CTAC-capped AuNPs 
of 15-nm, 30-nm, 45-nm, and 60-nm target diameters were 
synthesized using these methods. Following growth, CTAC-
capped AuNPs were purified by centrifugation and resus-
pended in 20-mM CTAC solution before characterization 
and surface modification. For more details on the AuNP 
synthesis methods, see the ESM.

Nanoparticle characterization

Initial characterization of the synthesized AuNPs was per-
formed using dynamic light scattering (DLS), ultravio-
let–visible spectrophotometry (UV–Vis), and transmission 
electron microscopy (TEM). The DLS techniques measured 
the hydrodynamic diameter and surface zeta potential of 
the synthesized AuNP before and after surface modifica-
tion. These measurements also provided an initial indica-
tion of polydispersity through the polydispersity index (PDI) 
value. Generally, nanoparticles possessing a PDI < 0.1 are 
colloidally stable and monodisperse; this arbitrary metric 
was considered when evaluating synthesis success. The 
UV–Vis measurements were used to determine the extinc-
tion spectrum of each nanoparticle dispersion and to esti-
mate the nanoparticle molar concentrations [28]. We further 
prepared TEM micrographs of the synthesized AuNPs and 
collected TEM images of each AuNP population. Images 
were analyzed using ImageJ, and typically > 150 AuNPs 
were counted and measured to determine the distribution 
of AuNP diameters for a given synthesized nanoparticle 
population.

SP‑ICP‑MS measurements of synthesized gold 
nanoparticles

Recently, we have demonstrated how SP-ICP-MS is useful 
for accurately and rapidly measuring nanoparticle mass and 
size distributions [2, 26, 27]. In the current study, we used 
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SP-ICP-MS to identify the mass distribution of synthesized 
AuNPs and corroborate the size distribution data observed 
from our TEM imaging studies. All measurements were col-
lected using a PerkinElmer NexION 2000 ICP-MS with a 
high-efficiency sample-introduction system comprised of a 
nebulizer, spray chamber, and a heating element wrapped 
around the spray chamber. The heating element limits con-
densation on the interior of the spray chamber, improving 
the transport efficiency (TE) of introduced AuNPs. We opti-
mized the instrument settings for SP-ICP-MS measurements 
(see Table S3). We measured the TE using commercially 
available Lu175-doped polystyrene beads and found the 
TE to be ~ 70%. Using a set of AuNP standards of known 
diameter, we created a particle calibration that correlated 
Au3+ signal intensity to Au mass in attograms (ag), allow-
ing for immediate translation of the intensity of individual 
Au events into an estimated particle mass. Prior to meas-
urements of prepared samples, we significantly diluted the 
AuNPs to ~ 3 × 10−16 M in nanopure water to minimize 
matrix effects between samples and to minimize any poten-
tial signal overlap that would result from multiple AuNPs 
being detected simultaneously [35–37]. Dilute AuNPs were 
then introduced into the instrument via a microfluidic intro-
duction system, and correlating mass distributions were 
collected. We then translated the mass distribution of each 
AuNP into a correlating size distribution to gain further 
insights into the monodispersity of the measured AuNPs.

PEGylation of gold nanoparticles

Modifying the surface of citrate-capped AuNPs with thi-
olated or disulfide-modified PEG ligands was performed 
according to prior methods [38]. Room temperature incu-
bation of AuNPs in a solution of PEG and Tween 20 for 
30 min was sufficient to complete PEGylation of the AuNP 
surface. A PEG density of 7 PEG/nm2 was targeted for each 
PEGylation procedure. Note: seven PEG per nanoparticle 
surface area in nm2 unit is the amount of PEG molecules 
added to the citrate-capped AuNPs.

The PEG molecules, however, do not readily bind to the 
surface of CTAC-capped molecules and therefore require an 
alternative conjugation method. Our approach was inspired 
by prior studies using physical methods to displace cetyl-
trimethylammonium-based positively charged ligands from 
gold-based nanomaterials [39, 40]. In this “physical replace-
ment” method, CTAC-capped AuNPs are spun down into 
concentrated pellets via centrifugation. The supernatant is 
removed, and the pellet is suspended in 50 µL of a concen-
trated solution of PEG in 0.1% Tween 20. The solution is 
sonicated for 1 min and then vortexed vigorously for 30 s. 
The resulting AuNP solutions were then diluted to 1 mL in 
a 0.1% Tween 20 solution before purification by centrifuga-
tion. This process was repeated twice for three iterations of 

sonication, vortexing, and centrifugation. The concentration 
of PEG used at each step was such that after the three repeti-
tions of the process, the final added PEG amount would be 
7 PEG/nm2.

We characterized all PEGylated AuNPs by DLS to affirm 
PEG presence. Further, we collected zeta potential meas-
urements of pre- and post-PEGylation AuNPs to demon-
strate successful surface charge changes. We also performed 
UV–Vis and SP-ICP-MS measurements of AuNPs to ascer-
tain how our “physical replacement” method may induce 
changes in AuNP extinction spectra or mass distribution. For 
more details on PEGylation methods, see the ESM.

Biofunctionalization via maleimide‑thiol 
conjugation

Previous studies have demonstrated that conjugating PEG 
with maleimide functional groups can be used to conjugate 
thiolated ligands to the surface of nanoparticles [38, 41]. 
Applying this technique to CTAC-AuNPs would increase 
the versatility of these monodisperse model nanoparticles 
beyond PEG functional groups. Thus, as described, we per-
formed PEGylation of 60-nm CTAC-capped AuNPs using 
5-kDa maleimide PEG-OPSS (malPEG) and confirmed the 
PEG presence using DLS measurements. After centrifuging 
PEGylated AuNPs to remove any excess malPEG, the result-
ing AuNP pellet was dispersed in a concentrated solution 
of either thiolated peptide K7C (amino acid sequence of 
KKKKKKKC) or thiolated single-stranded DNA (ssDNA) 
molecules (see Table S4). We selected these ligands based 
on prior studies [38, 42, 43]. For ssDNA and K7C, the con-
centration of ligands in solution added to malPEG-AuNPs 
was such that there would be a maximum of 7 ligand mol-
ecules per nm2 on the AuNP surfaces. After allowing the 
mixture to incubate overnight at room temperature, we took 
DLS measurements to confirm changes in hydrodynamic 
diameter associated with the conjugation of K7C or ssDNA.

We performed additional experiments depending on the 
ligand conjugated to confirm successful conjugation via 
maleimide-thiol click chemistry further. For K7C, in vitro 
experiments using various cell lines were performed. For 
ssDNA, we created DNA-AuNP superstructures by conju-
gating ssDNA of two different sequences to either 60-nm 
or 15-nm diameter AuNPs. The conjugated ssDNA is com-
plementary to different sections of a third “linker” ssDNA 
strand. After washing off excess ssDNA, one DNA-AuNP 
population would be hybridized to the linker through previ-
ously defined methods [42]. We centrifuged the resulting 
linker-DNA-AuNP complex multiple times to remove excess 
linker ssDNA strands. Then, we introduced the other DNA-
AuNP population, which binds to the other available section 
of the linker, forming a “core-satellite” AuNP-DNA-AuNP 
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superstructure. The resulting superstructures were character-
ized by DLS and TEM. For more details on maleimide-thiol 
conjugation steps, see the ESM.

Cell viability of PEGylated gold nanoparticles

To verify the complete removal of cytotoxic CTAC from 
the CTAC-capped AuNPs via our unique physical replace-
ment approach, we performed commercially available XTT 
viability assays for DC2.4 murine dendritic cells and RAW 
264.7 murine macrophages. Ninety-six-well plates with 
either 10,000 DC2.4 cells/well or 22,000 RAW 264.7 cells/
well were prepared in appropriate media and treated with 
0.1 nM of 60-nm AuNPs in media and incubated for 24 h. 
The AuNP groups included citrate-capped AuNPs, CTAC-
capped AuNPs, and citrate- and CTAC-capped AuNPs that 
underwent their respective PEGylation methods. Media-only 
and cell-only wells were included for negative controls. Fol-
lowing treatment incubation, an XTT cell viability assay was 
performed on all wells, and absorbance was measured to 
assess relative cell viability according to the manufacturer’s 
instructions. For more details on cell culturing and XTT 
viability assay methods used, see the ESM.

Cell uptake of biofunctionalized gold 
nanoparticles

The K7C peptide is a model positively charged biomolecule 
that has been reported to increase AuNP uptake in cells [2, 
38]. We sought to demonstrate that CTAC-capped AuNPs 
modified with malPEG and conjugated to K7C would dem-
onstrate similar uptake results compared to citrate-capped 
AuNPs of the same surface chemistry. We first affirmed our 
malPEG-K7C AuNP conjugates maintained biocompatibil-
ity via an XTT viability assay using RAW 264.7 murine 
macrophages. PEGylated or malPEG-K7C AuNPs synthe-
sized by citrate-capped or CTAC-capped methods (4 total 
groups) treatments in media (0.1 nM) were added to 22,000 
cells/well and incubated for 3 h. The CTAC molecules were 
used as positive controls for this experiment, and results 
were compared to media-only and cell-only negative con-
trols. Following incubation, wells were treated with XTT 
viability agents, and absorbance was measured.

Based on the XTT viability results, we sought to assess 
the uptake of our AuNPs by RAW 264.7 murine mac-
rophages using confocal laser scanning microscopy (CSLM) 
and ICP-MS. For CLSM, 0.01 nM of AuNPs in media were 
used to treat 15,000 cells/well in 24-well plates with cov-
erslips. This lower AuNP concentration was selected as it 
would not impact cell viability and would limit the satu-
ration of the scattering signal from CSLM. After 3 h of 
incubation, coverslips were stained to fluorescently tag cell 

membranes and nuclei according to previously defined meth-
ods [2]. Coverslips were then imaged using a ZEISS LSM 
880 inverted CLSM. The AuNPs were detected by light scat-
tering from the laser [2, 10].

Cell uptake of AuNPs was measured using previously 
defined ICP-MS methods [10]. Briefly, RAW 264.7 cells 
were seeded in a 48-well plate with 200,000 cells/well and 
treated with 0.01 nM AuNPs in media. The lower AuNP con-
centration was selected to limit the possibility of saturating 
the ICP-MS detector. After 3 h, wells were rapidly washed 
once with a dilute gold etchant (KI/I2) solution to remove any 
AuNPs not internalized by cells [2, 10]. Then, wells were 
washed with 1xPBS, and the well contents were digested in 
500 µL aqua regia (4:1 v/v HNO3:HCl). The digested solu-
tion (125 µL) was diluted in nanopure water and measured 
using standard ICP-MS to measure the Au content of each 
sample. The Au intensity signal was compared against the 
Mg intensity signal used to estimate the cell number, and 
calibration curves for both ions were used to calculate the 
number of AuNPs and the number of cells in each sample. To 
account for any AuNPs stuck to well plates, the same process 
was performed on a plate with no cells using the same AuNP 
treatments, incubation time, and wash steps. The ICP-MS 
signal from these wells was subtracted from the signal from 
the cell data, so only cell-associated AuNPs were counted. 
For more details on methods used for CSLM and ICP-MS 
preparation and data collection, see the ESM.

Results and discussion

Mass and size distributions of gold nanoparticles

We synthesized AuNPs by the citrate-capping and 
CTAC-capping methods and initially characterized 
AuNPs by DLS, UV–Vis, and TEM (Fig. 1). To synthe-
size CTAC-capped AuNPs, we followed the multi-step 
process reported in prior studies and characterized both 
the Au-clusters (Fig. S1) and the 10-nm CTAC-capped 
AuNP seeds (Fig. S2) [29, 34]. For DLS data of synthe-
sized AuNPs, it is important to consider that the diameter 
reported is the hydrodynamic diameter, which includes 
surface ligands and behavior that influence particle Brown-
ian motion [44]. Thus, hydrodynamic diameter estimates 
are typically larger than the desired or expected AuNP 
diameter. With this consideration, we observed that the 
hydrodynamic diameter estimates align with our targeted 
AuNP diameter during synthesis (Fig. 1a–b).

The UV–Vis characterization can further indicate AuNP 
size and stability based on the nanoparticles’ surface plasmon 
resonance. Additionally, UV–Vis extinction spectral analysis 
is useful for estimating AuNP concentration. The Beer-Lam-
bert Law is a valuable method for estimating AuNP molar 
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concentrations based on measured UV–Vis extinction spec-
tra of the AuNP colloidal dispersions [28]. This remains the 
case for CTAC-synthesized AuNPs. Despite the difference 
in UV–Vis spectra between citrate- and CTAC-synthesized 
AuNPs (Fig. S3), we applied the Beer-Lambert Law for cal-
culating the nanoparticle concentration given that a primary 
driver of differences in the AuNP molar extinction coefficient 

is size [28]. Interestingly, the peak extinction wavelength and 
spectral width of all synthesized CTAC-capped AuNPs dif-
fered from citrate-capped AuNPs of the same size in that 
CTAC-capped AuNPs possessed a lower peak extinction 
wavelength and a narrower spectral width (Fig. 1c, Table 1). 
We attribute this phenomenon to how nanoparticle size 
and size distributions contribute to extinction [45, 46]. For 

Fig. 1   Physicochemical characterization of synthesized AuNPs. a DLS 
measurements of synthesized citrate-capped AuNPs. b DLS measure-
ments of synthesized CTAC-capped AuNPs. Colored bars for a and b 
represent the measured mean hydrodynamic diameter for synthesized 
AuNPs of different target diameters. Error bars for a and b show stand-
ard deviation from N = 3 measurements. c The UV–Vis extinction 
spectrum for 60-nm diameter citrate-capped AuNPs differs from that of 
the UV–Vis extinction spectrum for CTAC-capped AuNPs of the same 
diameter. d–e TEM micrograph images and size distributions of 60-nm 

diameter citrate-capped and CTAC-capped AuNPs. Colored bars indi-
cate the number of AuNPs (i.e., frequency) of each diameter listed on 
the x-axis. Black lines indicate the Gaussian normal distribution. Size 
distributions were normalized to N = 150 AuNPs for each distribution. 
The scale bar is 50 nm. f Overlay of the Gaussian normal distributions 
for 60-nm AuNPs by both capping methods demonstrating the differ-
ence in particle size distribution height and width. g–h Low magnifica-
tion TEM micrographs of 60-nm diameter citrate- and CTAC-capped 
AuNPs, respectively. The scale bar is 300 nm
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citrate-capped AuNPs, a greater proportion of AuNPs is larger 
than the target diameter, as shown by the TEM size distribu-
tions (Fig. 1d–e, Fig. S4). The larger particles in the citrate-
capped AuNP population may contribute substantially to the 
overall extinction spectrum, resulting in a red shift of the peak 
extinction wavelength and the spectrum width. By compari-
son, CTAC-capped AuNPs possess AuNPs that are primarily 
of the target diameter, minimizing “off-target” extinction. Our 
observations of the difference in extinction spectra indicate 
the AuNPs initially synthesized to be CTAC-capped may 
prove useful in bioanalytical and biomedical applications that 
could rely on small changes in extinction spectra to identify 
molecule presence [16] or solution conditions [27].

We collected TEM micrographs of each particle population 
to quantify AuNP size distributions (Fig. 1d–f, Fig. S4). Before 
measuring size distributions, we observed a striking difference 
in AuNP shape and monodispersity by TEM (Fig. 1g–h). We 
attribute this difference primarily to how Au3+ ions are reduced 
onto the surface of the precursor AuNP seeds and the differing 
surface chemistries of the precursor AuNP seeds. For CTAC-
capped AuNPs, Au3+ ions are added dropwise to the reaction 
solution, permitting gradual AuNP growth. Further, the bilayer 
nature of the amphiphilic CTAC molecules on the surface of 
the AuNPs as they grow serves to maintain a spherical AuNP 
shape. By comparison, the rapid nature by which Au3+ is 
added for citrate-capped AuNPs as well as the less constrain-
ing nature of citrate on the surface of precursor AuNPs results 
in quasi-spherical AuNPs of a wider shape and size variety.

In addition to calculating the approximate mean diameter 
values for each particle population using ImageJ, we applied 
a normal Gaussian distribution to the diameter distribution 
to assess the relative polydispersity. We quantified polydis-
persity through measuring the full width at half maximum 
(FWHM) of each distribution according to Eq. 1:

where � is the standard deviation of the Gaussian normal 
distribution.

(1)FWHM ≈ 2.355 ∗ �

This quantification of nanoparticle polydispersity is 
used in the literature and provides insight into the relative 
size differences between nanoparticles in solution [8]. For 
each target size except the 14-nm citrate-capped and 15-nm 
CTAC-capped AuNPs, there is an evident difference in the 
FWHM values (Table 1). Namely, the FWHM values for 
CTAC-capped AuNPs are lower than that of citrate-capped 
AuNPs by up to four times. Interestingly, we observed that 
the difference in FWHM values becomes more apparent with 
increasing AuNP diameter. The larger the target AuNP diam-
eter, the more monodisperse the CTAC-capped AuNPs are 
compared to the citrate-capped AuNPs. We demonstrate this 
phenomenon clearly in Fig. 1f.

As another metric for nanoparticle monodispersity, we 
calculated the relative standard deviation (RSD) using Eq. 2:

where RSD is reported as a perfect (%) value and µ is the 
mean diameter of the normal distribution for the nanopar-
ticle population. The RSD values are often used to assess 
nanoparticle monodispersity, with lower RSD values indi-
cating a greater degree of monodispersity [8, 47]. For each 
comparison between citrate-capped and CTAC-capped 
AuNPs, we found that the RSD value was lower for the 
CTAC-capped AuNPs than for the citrate-capped AuNPs. 
The magnitude of the difference was as high as ~ 12%, 
with the difference increasing directly with AuNP diam-
eter. These RSD trends align with those observed from the 
FWHM observations, further corroborating the improved 
monodispersity of CTAC-capped AuNPs compared to cit-
rate-capped AuNPs.

Imaging with TEM is limited in its ability to character-
ize numerous nanoparticles in a high-throughput manner. 
To overcome this limitation, we performed quantitative 
SP-ICP-MS analysis to provide additional insight into 
the mass and size distributions for synthesized AuNPs. 

(2)RSD =
100 ∗ �

�

Table 1   Physicochemical characterization results for synthesized AuNPs

# Mean value ± standard deviation

Target AuNP 
diameter (nm)

Synthesis method Hydrodynamic 
diameter# (nm)

Polydispersity 
index# (PDI)

Peak extinction 
wavelength (nm)

TEM AuNP 
Diameter# (nm)

TEM FWHM 
(nm)

TEM RSD (%)

14 Citrate 17.2 ± 0.1 0.02 ± 0.02 518 13.1 ± 1.2 2.8 9.0
30 Citrate 37.2 ± 0.2 0.05 ± 0.02 525 29.2 ± 5.3 12.5 18.1
45 Citrate 54.8 ± 0.0 0.08 + 0.01 533 46.3 ± 6.5 15.3 14.1
60 Citrate 70.0 ± 1.0 0.08 + 0.01 548 62.1 ± 9.7 22.7 15.5
15 CTAC​ 27.7 ± 0.4 0.09 ± 0.01 527 15.3 ± 1.1 2.7 7.4
30 CTAC​ 50.1 ± 0.6 0.05 + 0.02 526 35.5 ± 3.3 7.7 9.2
45 CTAC​ 56.5 ± 0.6 0.02 + 0.01 526 42.2 ± 1.5 3.6 3.7
60 CTAC​ 74.5 ± 0.4 0.04 + 0.02 533 59.3 ± 2.4 5.6 4.0
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We used an AuNP calibration curve made by measuring 
synthesized AuNP standards to correlate individual event 
ion signals with AuNP mass distributions (Fig. S5). With 
this calibration curve, accurate mass distributions for all 
AuNPs were generated (Fig. 2a–c, Fig. S6). The SP-ICP-
MS technique measures the mass of individual particles, 
which we converted into an estimated AuNP diameter by 
assuming a spherical AuNP (Eq. 3).

In Eq. 3, D is the calculated AuNP diameter, m is the 
particle mass as measured by SP-ICP-MS, and ρ is the den-
sity of the particle composite material ( � = 19.3

g

cm3
 for Au).

From the mass distributions measured by SP-ICP-MS and 
using Eq. 3, we estimated the apparent size distributions for 
each AuNP population (Fig. 2d–e, Fig. S7).

The results from SP-ICP-MS corroborate those found in 
TEM, i.e., CTAC-capped AuNPs possess tighter mass dis-
tributions compared to citrate-capped AuNPs. Further, we 
observed that the general FWHM and RSD trends from the 
TEM analysis are similar to those seen in the SP-ICP-MS 
mass and size distributions (Table 2). CTAC-capped AuNPs 
generally possess lower FWHM and RSD values. We noted 

(3)D =
3

√

6 ∗ m

� ∗ �

an exception to the previous TEM data in the case of the 
citrate-capped 14-nm AuNPs and the CTAC-capped 15-nm 
AuNPs, where the mean diameter along with the FWHM 
and RSD values and trends are all different from those found 
by TEM. We attribute these results to the fact that these 
particles are small enough to push the limit of detection of 
SP-ICP-MS instrumentation and methods [37, 48].

Thus, from both TEM and SP-ICP-MS characterization of 
the nanoparticles, we see that AuNPs synthesized using the 
CTAC-capping method possess a greater degree of monodis-
persity (i.e., narrower mass/size distribution) in comparison 
to AuNPs synthesized using the citrate-capping method.

Surface modification of gold nanoparticles

While our comparisons of monodispersity promote the use 
of CTAC-capped AuNPs for bioanalytical and biomedical 
applications, additional steps must be taken to remove the 
cytotoxic effects CTAC imposes on these AuNPs. PEGyla-
tion is a commonly applied method to improve nanoparticle 
stability and biocompatibility in biological environments 
[49, 50]. We performed PEGylation of AuNPs as previously 
described. We incubated citrate-capped AuNPs with PEG at 
room temperature, while we PEGylated the CTAC-capped 

Fig. 2   SP-ICP-MS characterization of synthesized 60-nm diameter 
AuNPs. a–b Mass distributions of 60-nm diameter citrate-capped and 
CTAC-capped AuNPs. Colored bars indicate the number of AuNPs 
at each mass on the x-axis. Distributions were normalized to N = 750 
AuNPs. c Overlay of Gaussian normal mass distributions of synthe-
sized 60-nm diameter AuNPs demonstrating differences in distribu-

tion height and width. d–e Measured mass distributions were con-
verted into diameter distributions using Eq. 3. Colored bars indicate 
the number of AuNPs of each diameter n the x-axis. Black lines indi-
cate the Gaussian normal distribution. f Overlay of Gaussian normal 
diameter distributions of synthesized 60-nm diameter AuNPs demon-
strating differences in distribution height and width
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Table 2   SP-ICP-MS characterization results for synthesized AuNPs

# Mean value ± standard deviation

Target AuNP 
diameter (nm)

Synthesis method Mean mass# (ag) Mass 
FWHM (ag)

Mass RSD (%) Mean calculated 
diameter# (nm)

Diameter 
FWHM (nm)

Diameter 
RSD (%)

14 Citrate 39 ± 2 4.2 4.6 16.7 ± 0.8 1.9 4.8
30 Citrate 251 ± 169 397.5 67.2 30.1 ± 6.0 14.2 20.1
45 Citrate 923 ± 527 1241.1 57.1 45.9 ± 8.9 21.0 19.4
60 Citrate 2379 ± 1114 2623.5 46.8 62.8 ± 9.8 23.1 15.6
15 CTAC​ 67 ± 18 42.6 27.1 18.8 ± 1.8 4.2 9.6
30 CTAC​ 379 ± 133 312.3 35.0 34.5 ± 4.7 11.1 13.6
45 CTAC​ 681 ± 144 339.1 21.1 40.6 ± 3.2 7.5 7.9
60 CTAC​ 2391 ± 476 1121.0 19.9 61.9 ± 4.7 11.1 7.6

Fig. 3   PEGylation of CTAC-
capped AuNPs is possible 
by applying physical force. a 
Schematic demonstrating the 
transition from CTAC-capped to 
PEG-conjugated AuNP surface 
chemistry using either 5-kDa 
mPEG-SH or 5-kDa malPEG-
OPSS. b DLS data demonstrat-
ing an increase in hydrodynamic 
diameter following PEGylation 
of CTAC-capped AuNPs with 
5-kDa mPEG-SH. Error bars 
indicate the standard devia-
tion for three measurements. c 
Zeta potential measurements 
of CTAC-capped AuNP before 
and after PEGylation. Error bars 
indicate the standard deviation 
for three measurements. d UV–
Vis extinction spectra of 60-nm 
diameter CTAC-capped AuNPs 
before and after PEGylation, 
demonstrating no change in 
extinction from PEGylation. e 
SP-ICP-MS Gaussian normal 
distribution of 60-nm diameter 
CTAC-capped AuNPs before 
and after PEGylation, demon-
strating no change in the mass 
distribution from PEGylation. 
Mass distributions were normal-
ized to N = 750 AuNPs



	 Frickenstein A. N. et al.

1 3

AuNPs using our unique physical replacement approach. 
The CTAC interactions with AuNPs occur via electrostatic 
interactions between the positively charged CTAC mol-
ecules and the AuNP surface. In our physical replacement 
approach, CTAC is replaced by PEG molecules that cova-
lently bind to the gold surface through Au–S interactions 
[51, 52]. With repeated washing of AuNPs and introduction 
of PEG in multiple steps, all CTAC is effectively removed 
and replaced with biocompatible PEG molecules covalently 
bound to the AuNP surface (Fig. 3a).

We confirmed the successful conjugation of mPEG-SH 
based on our DLS measurements, indicating an increase in 
hydrodynamic diameter (Fig. 3b and Table 3). We attempted 
to confirm the PEG layer presence through TEM imaging 
of negatively stained AuNPs, but there was no apparent 
difference between CTAC-capped AuNPs before or after 

PEGylation (Fig. S8). However, zeta-potential quantifica-
tion further confirmed the presence of PEG on the AuNP 
surface (Fig. 3d). It is known that CTAC-capped AuNPs 
possess a positive surface charge due to the CTAC on the 
surface of the AuNPs [40]. Following PEGylation by our 
physical replacement method, we observed that zeta poten-
tial measurements indicated a shift towards neutral charge 
values associated with mPEG-SH. Remarkably, our physi-
cal displacement PEGylation process did not result in a sig-
nificant change in the UV–Vis extinction spectrum (Fig. 3e) 
or mass distribution of AuNPs as measured by SP-ICP-MS 
(Fig. 3f), thus demonstrating that our technique does not 
change the monodispersity of AuNPs.

Having demonstrated our physical replacement PEGyla-
tion method was successful, we sought to expand the 
possible surface chemistries available to CTAC-capped 
AuNPs. Previously, we have shown how maleimide PEG-
OPSS (malPEG-OPSS) can be used to conjugate thiolated 
peptides onto the surface of AuNPs [38]. We applied our 
physical replacement method using malPEG-OPSS and 
incubated the PEGylated AuNPs overnight with thiolated 
molecules. Specifically, we performed this first with thi-
olated single-stranded DNA. We deemed conjugation 
successful based on increased hydrodynamic diameter as 
measured by DLS (Fig. 4a, Table 3). We selected single-
stranded DNA (ssDNA) strands for our investigation on the 
basis that they could form DNA-AuNP superstructures as 
seen in other studies (Table S3) [42, 43]. Using established 
protocols, we created similar DNA-AuNP superstructures 
using 60-nm diameter AuNPs and 15-nm diameter AuNPs, 
as evidenced by both DLS and TEM data (Fig. 4b–c). These 
results demonstrated how CTAC-capped AuNPs could be 
made bio-functional with nucleic acids by using PEGylation 
with malPEG-OPSS and then conjugating thiolated DNA 
strands to the surface.

Table 3   DLS results of nanoparticles with PEG and PEG-biomole-
cule conjugation

# Mean value ± standard deviation

Nanoparticle sample Hydrodynamic 
diameter# (nm)

Polydispersity 
index# (PDI)

15-nm CTAC mPEG 46.2 ± 1.5 0.06 ± 0.04
15-nm CTAC malPEG-DNA 51.8 ± 4.7 0.10 ± 0.04
30-nm CTAC mPEG 73.2 ± 1.7 0.02 ± 0.01
30-nm CTAC malPEG-DNA 77.2 ± 1.8 0.05 ± 0.01
45-nm CTAC mPEG 75.7 ± 1.6 0.02 ± 0.01
45-nm CTAC malPEG-DNA 78.1 ± 1.1 0.04 ± 0.04
60-nm CTAC mPEG 82.2 ± 0.8 0.03 ± 0.02
60-nm CTAC malPEG-DNA 94.9 ± 1.6 0.03 ± 0.02
60-nm CTAC malPEG-DNA-linker 99.9 ± 1.8 0.03 ± 0.02
60-nm CTAC Superstructure 152.0 ± 6.4 0.09 ± 0.05
60-nm CTAC malPEG-K7C 90.6 ± 0.6 0.05 ± 0.03

Fig. 4   DNA conjugation to malPEG on the surface of CTAC-syn-
thesized AuNPs. a DLS data of CTAC-capped AuNPs following 
PEGylation with 5-kDa malPEG-OPSS PEG and overnight incuba-
tion with thiolated DNA oligos. AuNPs of 15–45-nm diameters were 
conjugated to DNA strands having the OligoB sequence, while 60-nm 
diameter AuNPs were conjugated to DNA strands having the OligoA 
sequence. b DLS data of 60-nm CTAC-capped AuNPs after PEGyla-

tion with 5-kDa malPEG-OPSS PEG, overnight conjugation with Oli-
goA, hybridization with the “linker” strand, and conjugation to 15-nm 
AuNP conjugated to malPEG-OligoB. For a and b, colored bars 
represent mean hydrodynamic diameter values from N = 3 measure-
ments. Black error bars represent the standard deviation from three 
measurements. c TEM micrograph of resulting final DNA-AuNP 
superstructure. The scale bar is 100 nm
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Fig. 5   Cell viability and cell 
uptake experiments with 
modified CTAC-capped AuNPs 
compared to modified citrate-
capped controls. a XTT cell 
viability data were collected 
from DC2.4 cells treated with 
PEGylated and non-PEGylated 
AuNPs and incubated overnight. 
b XTT cell viability data were 
collected from RAW 264.7 
cells treated with PEGylated 
and non-PEGylated AuNPs and 
incubated overnight. For a and 
b, colored bars indicate mean 
cell viability values for N = 4 
measures for each treatment 
group. c XTT cell viability data 
were collected from RAW 264.7 
cells following 3 h of incuba-
tion with AuNPs modified with 
PEG or with malPEG-K7C 
conjugates. A CTAC solution 
was used as a positive control. 
Colored bars indicate mean cell 
viability values for N = 3 meas-
ures for each treatment group. 
d ICP-MS estimations of the 
number of AuNPs/cell for RAW 
264.7 cells following the same 
treatments used in d. Colored 
bars represent mean AuNP/
cell values for N = 3 measure-
ments per treatment group. 
One-way ANOVA was used to 
assess the statistical significance 
between PEG-only AuNPs and 
K7C AuNPs. ns = no statistical 
significance, **** = p < 0.0001. 
e CLSM images of RAW 264.7 
cells treated with AuNPs fol-
lowing the same conditions as 
in d. Red arrows point to the 
scattering signal associated with 
internalized AuNPs. The scale 
bar is 20 µm
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Biocompatibility and cell uptake of AuNPs

Next, we investigated if our method imparts biocompatibility 
to the originally CTAC-capped and thus cytotoxic AuNPs. 
We ran XTT-based cell viability assays with DC2.4 murine 
dendritic cells (Fig.  5a) and RAW 264.7 murine mac-
rophages (Fig. 5b) following incubation with 60-nm AuNPs 
for 24 h. Our CTAC-synthesized AuNPs PEGylated with 
mPEG-SH demonstrated a significantly higher degree of cell 
viability than as-synthesized CTAC-capped AuNPs in both 
cell lines. Thus, we confirmed that our method is not only 
successful in conjugating PEG to the surface of originally 
CTAC-capped AuNPs, but also that our process removes any 
cytotoxic CTAC from the surface of the AuNPs.

While the conjugation of PEG to the surface demonstrated 
improved biocompatibility, the conjugation of additional 
ligands is essential to improving and understanding interac-
tions between nanoparticles and cells. This bio-functionaliza-
tion is key to optimizing nanoparticle-cell mechanisms that 
will enhance bioanalytical and nanomedicine outcomes. As 
we had previously shown that thiolated biomolecules could 
bind to malPEG on the surface of AuNPs, we conjugated 
malPEG to 60-nm AuNP surfaces and then incubated the 
mixture overnight with the model peptide K7C. In an earlier 
study, we demonstrated that K7C peptides increase AuNP 
uptake by cells [2, 38]. We decided to focus our cell uptake 
and cell viability studies on using 60-nm diameter AuNPs 
based on nanoparticles of this diameter being favored for 
cellular uptake, as demonstrated in earlier studies [53]. We 
first confirmed that a 3-h incubation of RAW 264.7 cells with 
these K7C-conjugated AuNPs would not affect cell viabil-
ity (Fig. 5c). Having seen that viability was not affected, we 
assessed AuNP uptake. We used K7C-AuNPs to treat RAW 
264.7 cells that we then imaged using confocal scanning laser 
microscopy (CLSM) (Fig. 5e). We have previously shown 
that AuNP uptake by cells can be visualized by CLSM based 
on the scattering caused by AuNPs [2, 11]. We observed that 
our CLSM images possess a clear scattering signal associated 
with AuNPs internalized by the cells, indicating that CTAC-
capped AuNPs modified to have K7C surface chemistry 
demonstrate similar uptake compared to the more commonly 
applied citrate-capped AuNPs [54, 55].

We then quantified this uptake using ICP-MS methods. 
In preparing our samples, we noted that CLSM detected an 
AuNP signal that was not associated with cells. We attribute 
this signal to AuNPs that stuck to the surface of the cover-
slip due to the strong positive charge on the AuNP surface 
from K7C. To remove this background signal for our ICPMS 
analysis, we washed cells with a dilute gold etchant (KI/
I2) solution. Further, we prepared separate wells without 
cells that received the same treatment and washing steps. 
We quantified the gold content of these wells with the gold 
content of the treated wells that contained cells. We used 

the measurements from the wells with no cells as the back-
ground signal that was subtracted from the signal measured 
from the wells with cells. Our ICP-MS results demonstrated 
that RAW 264.7 cells interacted with originally CTAC-
capped AuNPs at identical rates (p > 0.05) to originally 
citrate-capped cells for both mPEG-SH and K7C surface 
chemistries (Fig. 5d). With this, we show that CTAC-capped 
AuNPs can be applied in bioanalytical and biomedical set-
tings and resolve similar effects to citrate-capped AuNPs.

It is worth considering that the relative number of AuNPs 
inside cells is dependent on calculations that assume uniform 
AuNP diameter. ICP-MS measures the mass of Au in each 
sample, which is then translated into the number of AuNPs 
using calibration curves and assuming that each individual 
AuNP possesses the same shape and size (Fig. S9). Thus, the 
calculations for 60-nm AuNPs tend to be more accurate for 
CTAC-capped AuNPs than for citrate-capped AuNPs, as dem-
onstrated by the differences in the size distributions we meas-
ured in this study. When considering if exact quantification 
of the number of AuNPs/cell is needed, researchers may look 
into using CTAC-capped AuNPs for more accurate measures.

Conclusions

In this study, we demonstrated a significant difference 
between the size distribution (i.e., monodispersity) of 
AuNPs synthesized by two different methods: citrate-
capped and CTAC-capped synthesis. The AuNPs synthe-
sized by the CTAC-capped method demonstrated a signifi-
cantly narrower size distribution than AuNPs synthesized 
by the citrate-capped method, indicating a higher degree of 
monodispersity. While CTAC-capped AuNPs are innately 
cytotoxic and thus incompatible with many bioanalytical 
and biomedically relevant systems, we provide a method by 
which CTAC can be physically replaced with biocompat-
ible PEG molecules without changing the monodispersity of 
the AuNPs. The PEG molecules used in this process impart 
biofunctionalization to the AuNPs the PEG is conjugated 
to, as we showed using maleimide-PEG that conjugates to 
thiolated peptides or nucleic acids. Compared to the often-
used citrate-capped AuNPs, we showed that CTAC-capped 
AuNPs demonstrate the same uptake behavior in cells when 
modified to possess the same surface chemistry. Our work 
additionally demonstrates the value of SP-ICP-MS in assess-
ing monodispersity between AuNPs synthesized using vari-
ous methods. Further, we demonstrated a possible method 
by which cytotoxic CTAC ligands may be removed from 
the surface of monodisperse CTAC-capped AuNPs, increas-
ing their viability for bioanalytical and biomedical research. 
Continued studies into the utility of SP-ICP-MS for nano-
particle population comparisons are encouraged. We pro-
pose that researchers consider using appropriately modified 
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CTAC-capped AuNPs for bioanalytical and biomedical stud-
ies, given their high degree of monodispersity. In particular, 
we encourage further investigations into alternative surface 
chemistry modification and ligand functionalization options 
for CTAC-capped AuNPs.
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