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Abstract In this study, a prototypical thiolated organic li-
gand, 3-mercaptopropionic acid (MPA), was conjugated on
gold nanoparticles (AuNPs), and packing density was mea-
sured on an ensemble-averaged basis using inductively cou-
pled plasma optical emission spectrometry. The effects of
sample preparation, including centrifugation and digestion,
as well as AuNP size and concentration, on recovery were
investigated. For AuNPs with diameters of 5, 10, 30, 60, and
100 nm, calculated packing density is independent of size,
averaging 7.8 nm ~ and ranging from 6.7 to 9.0 nm 2, and is
comparable to reported values for MPA and similar short-
chain ligands on AuNPs. These preliminary data provide
fundamental information on the advantages and limitations
of ICP-based analyses of conjugated AuNP systems. More-
over, they provide necessary information for the develop-
ment of more broadly applicable methods for quantifying
nanoparticle-ligand conjugates of critical importance to
nanomedicine applications.
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Introduction

Attachment and release of functional ligands on/from engi-
neered nanoparticles (ENPs) is important in the application
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of nanoparticle-based therapeutics. It is necessary to develop
methods to characterize molecular conjugation in order to
obtain information on molecular packing density and the
corresponding molecular conformation of functional ligands
on the surface of ENPs. Both packing density and conforma-
tion have been used as indicators of therapeutic performance
[1, 2] and will be important for regulatory requirements and
quality control in a clinical scenario.

Gold nanoparticles (AuNPs) have attracted a great deal of
attention for biomedical applications such as diagnostics and
drug delivery agents [3, 4]. In particular, thiol-functionalized
AuNPs in medicinal applications have advanced to clinical
trials for cancer treatment [4—6]. Despite such progress, there
are significant challenges with respect to quality control of
nano-therapeutic products, including quantification of surface-
bound functional species [6, 7].

There is a need to develop methods applicable to proto-
typical ENP ensembles for quantification of ligands at con-
centrations relevant to drug delivery applications. Surface
species are commonly characterized based on dimensional
and optical responses. Elemental analysis is advantageous
because it quantifies the core (ENP) and the coating
(ligands) independently. Inductively coupled plasma optical
emission spectrometry (ICP-OES) is well suited for such
applications because it is highly sensitive to trace-level con-
centrations and small changes in concentration [8] and can
simultaneously detect multiple elements. Hence, ICP-OES
can, in principle, provide useful elemental information for
surface species conjugated on AuNPs.

In this study, we used ICP-OES to quantify Au and S mass
fractions and calculate the molecular packing density of thiol-
functionalized AuNPs on an ensemble-averaged basis. First,
AuNP recovery (R) was studied under different sample prep-
aration conditions, particle sizes, and concentrations. Then,
the sulfur and gold content of thiol-conjugated AuNPs was
measured using optimized sample preparation conditions.
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Centrifugation and digestion were considered because centri-
fugation is necessary to separate coated particles from free
ligands in the suspension, and digestion is required for accu-
rate ICP-based analysis of certain ligands, such as DNA, that
are commonly conjugated to nanoparticles for therapeutic
applications [8]. The data reported herein will be useful for
future studies aimed at improving product quality and batch-
to-batch consistency of AuNP-based therapeutics and for
further development of this and related analytical approaches.

Experimental
Materials

Commercially available gold nanoparticle colloidal suspen-
sions (5, 10, 30, 60, and 100 nm; optical density OD=1) were
purchased from Ted Pella' (Redding, CA) and (20 nm; OD=
50) from BioAssay Works (Ijamsville, MD). Additionally,
NIST gold nanoparticle reference materials (RMs) 8011
(10 nm) and 8013 (60 nm) were utilized. Reagent-grade nitric
acid (70%, Sigma-Aldrich, St. Louis, MO) and hydrochloric
acid (37%, Mallinckrodt Chemical, St. Louis, MO) were used
to digest AuNP samples. Sulfur standard solution (NIST SRM
3154, lot no. 892205) and gold standard solution (NIST SRM
3121, lot no. 991806) were used to prepare working solutions
as standards for ICP-OES calibration curves. Thiolated 3-
mercaptopropionic acid (MPA, >99%, Sigma-Aldrich, St.
Louis, MO) was used as a prototypical S-containing small
organic ligand. Biological-grade (18 M2 c¢m) high-purity
deionized water (Aqua Solutions, Jasper, GA) was used for
all sample preparation and dilutions.

Sample preparation

All samples and working standard solutions were prepared
gravimetrically (i.e., on a mass fraction basis).

Unconjugated samples

Unconjugated AuNPs were used as received without purifi-
cation to investigate the effects of centrifugation and diges-
tion on R. Four conditions were studied: not centrifuged
and not digested (NC-ND), not centrifuged and digested (NC-
D), centrifuged and not digested (C-ND), and centrifuged and
digested (C-D). The unconjugated AuNPs (1 mL) were centri-
fuged (MiniSpin Plus, Eppendorf North America, Hauppauge,
NY) for one cycle (additional cycles prevented resuspension)

! The identification of any commercial product or trade name does not
imply endorsement or recommendation by the National Institute of
Standards and Technology.
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under the following conditions: 100 and 60 nm for 5 min at
6,700xg, 30 nm for 15 min at 9,660xg, 20 nm for 40 min at
13,150%g, and 10 and 5 nm for 45 min at 14,100xg. After
centrifugation, the supernatant was removed, approximately
1 mL of fresh DI water was added, and samples were sonicated
using a Model 1510 bath sonicator (Branson, Danbury, CT) to
resuspend the particles.

Conjugated samples

For conjugation, an MPA solution was prepared in water
(600 mmol L"), and aliquots were added to 1 mL AuNP
samples at approximately x300 surface saturation [2], based
on the diameter and particle concentration values of the
AuNP suspensions reported by the manufacturers. Samples
were sonicated for 20 s after MPA addition and allowed to
equilibrate overnight. The MPA-AuNP samples underwent
three cycles of centrifugation (see “Unconjugated samples”)
followed by removal of the supernatant and addition of
approximately 1 mL of fresh DI water. Preliminary results
showed that additional cycles (up to six) did not affect the
calculated packing density of MPA within the range of
uncertainty; therefore, quantitative removal of free ligands
through centrifugation has been assumed in this work.

Digestion

For digested samples, HNO; and HCI (1:10) were added at
an HCI volume equal to the final volume of the AuNPs
collected after centrifugation (1 mL for NC samples); HNO;
was added first, followed by HCI. The digestion procedure
was originally developed and validated at NIST for the
analysis of gold nanoparticle RMs. After several minutes,
the digested sample presented a yellow solution due to
dissolved gold, and it was diluted to a final HNO;+HCI
volume fraction of 2.5% for ICP-OES analysis. RMs 8011
(10 nm) and 8013 (60 nm) were studied under the four
conditions at a final mass fraction of 1 pg g ' Au. Com-
mercially available AuNPs (20 nm) were studied under the
four conditions at final mass fractions of approximately 5,
10, 25, and 50 pg g71 Au, because the initial concentration
was extremely high (equivalent to an OD of 50), enabling
digestion to a final mass fraction of 50 ug g ' Au (2.5%
acid) without pre-concentration (NC-D).

ICP-OES analysis
Instrumental settings

An ICP-OES instrument (SPECTRO ARCOS, SPECTRO
Analytical Instruments, Inc., Mahwah, NJ) was used to
measure the mass fractions of Au and S using calibration
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curves generated from standard solutions. The operating
conditions of the ICP-OES instrument are listed in Table 1.

Calculations

R is defined as the mass fraction of Au measured using ICP-
OES divided by the known mass fraction of Au in the
sample times 100%. The known mass fraction of Au was
calculated for diluted samples based on the Au mass fraction
reported in the manufacturer’s specifications or in the RM
Report of Investigation.

Packing density was calculated from the ratio of the mass
fractions of S and Au measured simultaneously by ICP-OES.
Assuming the absence of element-specific R, the calculated
packing density is independent of the value of R. The mass
fraction of S measured using ICP-OES was converted to the
equivalent number of MPA ligands, and calculated MPA
packing density (0carc) Was determined per square nanome-
ter of surface area based on measured particle diameters (see
Electronic supplementary material (ESM)). The equation for
packing density is derived in the ESM.

Measurement uncertainty

Error bars shown in figures and uncertainty ranges associated
with measurement values represent one standard deviation
calculated from replicate (2 to 4) measurements performed
under repeatability conditions.

Results and discussion

Recovery

Figure 1a compares the recoveries of RMs (10 and 60 nm) at
~1 pug g ' Au under the four specified conditions (NC-ND,

NC-D, C-ND, and C-D) to determine the effect of particle
size on R.

Table 1 Operating conditions of the ICP-OES instrument

Nebulizer Cross-flow
Spray chamber Glass—Scott type
Power (W) 1,400
Coolant gas (L min ") 13.5
Auxiliary gas (L min") 1.2
Nebulizer gas (L min") 0.8
Viewing Axial
Sample uptake (mL min ") 1
Analyte wavelengths (nm) Au 267.595
S 180.731
Measurement time per replicate (s) 24
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Fig. 1 Recovery of AuNPs (a) at =1 pg g ' Au for RMs (10 and
60 nm) and (b) at various Au mass fractions for 20 nm AuNPs. NC-ND
not centrifuged, not digested, NC-D not centrifuged, digested, C-ND
centrifuged, not digested, C-D centrifuged, digested

For the NC-ND condition, recoveries were high for both
RMs (>97%). The recoveries of the RMs increased to >100%
after digestion. The additional =<10% Au was not due to the
acid, because analysis of a 1:10 HNO3/HCI solution (2.5%
acid) without AuNPs yielded only 0.03 pg g ' Au (=3%). It
was not due to a memory effect because analysis of the blank
between AuNP samples showed background level Au con-
centrations (0.02 ug g ). There was no difference in R for the
two AuNP sizes when the samples were not centrifuged.

As expected, centrifugation resulted in lower R values for
both samples (C-ND) because it can induce aggregation and
inhibit resuspension, which may result in incomplete transport
to, and atomization within, the plasma. Indeed, some of the
suspensions appeared purple after centrifugation, in contrast to
their initial pink/red color, indicating that aggregation occurred.
Sonication and/or vortexing did not reclaim the initial color.
Also, larger particles (60 nm RM) had a higher R than smaller
particles (10 nm RM) after centrifugation; larger particles are
more easily separated from the supernatant due to centrifugal
force because of their higher mass. After digesting the centri-
fuged samples, the increase in R for the 10 nm RM was
significant, and R of the 60 nm RM was the highest at
>110%. The increase in R for centrifuged samples after diges-
tion was likely a result of improved transport of Au into the
plasma, improved atomization due to dissolution of aggregates,
and/or increased removal of Au from the centrifuge tube wall.
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Higher Au mass fractions correspond to higher ligand
concentrations for conjugated AuNPs; thus, increased Au
mass fractions may be required to detect S in large ligands
and/or ligands with low surface coverage, and a range of Au
mass fractions must be studied to optimize the determination
of S in solution. Figure 1b shows the R of AuNPs at various
Au mass fractions under the four conditions (NC-ND, NC-
D, C-ND, and C-D). For the NC samples, the effect of Au
mass fraction on R was minimal and, in some cases, within
the range of uncertainty. The NC-ND samples were recovered
at >90% at all mass fractions. The R of the C-ND samples
decreased by approximately 20% compared with the NC-ND
samples. The measurement uncertainty increased significantly
for C-ND samples due to aggregation and loss of particles on
the tube wall, as discussed previously. It is also possible that
transport of large aggregates to the plasma through the tubing
may be relatively poor. Digestion (NC-D and C-D) resulted in
recoveries of >100% for nearly all samples in Fig. 1a, b. The
reason for this is unclear; Au recoveries of >100% resulted
only when the acid and the AuNPs were combined (i.e., not
for the acid solution alone or AuNPs alone). Therefore, it is
likely that an interaction between the acid species and AuNPs
or Au ions caused an increase in the measured Au signal and
thus an increase in R.

As stated above, the calculated packing density is indepen-
dent of R when element-specific R effects can be neglected.
As long as R is high enough to allow the ligand analyte (S, in
this work) to be quantified, packing density can be calculated
using the ratio of the measured S and Au mass fractions.

Packing density

Analysis of conjugated AuNPs was carried out without diges-
tion (C-ND) to avoid element-specific loss during digestion
and improve the likelihood that the measured ratio of the S
mass fraction to the Au mass fraction is representative of the
actual S/Au mass ratio in the conjugated nanoparticles. Pre-
liminary data showed that MPA concentration was accurately
detected based on S content (Fig. S2 in the ESM).

Figure 2a shows ocarc for AuNPs ranging in size from 5
to 100 nm. The calculated packing density of MPA averaged
7.8 nm 2, with a range from 6.7 to 9.0 nm 2. This result is
comparable to reported values, which ranged from approxi-
mately 5 to 8.5 nm > for MPA on 30 nm AuNPs [7], MPA
self-assembled on 50—100 nm AuNP-coated planar gold [9],
and similar short-chain ligands on 30 nm AuNPs relative to
planar gold [10]. Due to the small physical dimension of MPA
(<1 nm) and also the insignificant difference in the surface
curvature (<7°) among the different particles sizes, Ccap c Was
independent of particle size for the size range considered in
this study.

The packing density of MPA versus the Au mass fraction
measured by ICP-OES is shown in Fig. 2b. These data show
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Fig. 2 Calculated packing density of MPA as a function of (a) AuNP
size and (b) Au mass fraction (10 nm AuNPs). The dashed line in (a)
shows the average MPA packing density

that, for MPA-coated AuNPs, Au mass fractions less than
approximately 2.5 ug g ' correspond to unreliable results with
enormous uncertainties, including physically impossible neg-
ative packing density. Although the detection limits (as three
times the standard deviation of the blank) for Au and S were
5.4 and 3.6 ng g ', respectively, unreliable results were ob-
served for samples with S mass fractions of <20 ng g '. The
measured S mass fraction decreased as Au mass fraction
decreased, with S mass fractions of approximately 215, 90,
19, and 10 ng g ' corresponding to Au mass fractions of
approximately 15, 5, 2.5, 1, and 0.25 pg g ', respectively.
Thus, to accurately quantify ligands on AuNPs using this
method, the conjugated AuNPs must be sufficiently concen-
trated to ensure that the analyte of interest is present at a
significant mass fraction.

Conclusions

ICP-OES analysis of conjugated AuNPs can be used to quan-
tify the packing density of ligands of interest. Although R was
affected by sample preparation, a major benefit of this method
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is that the calculated packing density does not depend on R, as
long as element-specific differences in R can be neglected.
However, low R can be problematic, particularly for ligand
detection, due to reduced analyte mass fractions in the sample.
The ocarc values were reproducible and consistent;
however, we are currently developing complementary or
orthogonal techniques to confirm the accuracy of the results.
These preliminary data were based on ensemble-averaged
measurements, but ICP-based techniques are adaptable to
hyphenation with size-separation techniques [11-13] and
have the potential to be optimized for single-particle analysis
[14, 15]. These data will be applied to future work focusing on
other ligands of interest as well as addressing the limitations of
the method, including hyphenation with size-selective techni-
ques and improvement of detection limits using [CP-MS.
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