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Abstract We report a comprehensive strategy based on imple-
mentation of orthogonal measurement techniques to provide
critical and verifiable material characteristics for functionalized
gold nanoparticles (AuNPs) used in biomedical applications.
Samples were analyzed before and after ~50 months of cold
storage (=4 °C). Biomedical applications require long-term
storage at cold temperatures, which could have an impact on
AuNP therapeutics. Thiolated polyethylene glycol (SH-PEG)-
conjugated AuNPs with different terminal groups (methyl-,
carboxylic-, and amine-) were chosen as a model system due
to their high relevancy in biomedical applications.
Electrospray-differential mobility analysis, asymmetric-flow
field flow fractionation, transmission electron microscopy,
scanning electron microscopy, atomic force microscopy, induc-
tively coupled plasma mass spectrometry, and small-angle X-
ray scattering were employed to provide both complementary
and orthogonal information on (1) particle size and size
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distribution, (2) particle concentrations, (3) molecular conjuga-
tion properties (i.e., conformation and surface packing density),
and (4) colloidal stability. Results show that SH-PEGs were
conjugated on the surface of AuNPs to form a brush-like poly-
mer corona. The surface packing density of SH-PEG was
~0.42 nm * for the methyl-PEG-SH AuNPs, ~0.26 nm > for
the amine-SH-PEG AuNPs, and ~0.18 nm  for the carboxylic-
PEG-SH AuNPs before cold storage, approximately 10 % of'its
theoretical maximum value. The conformation of surface-
bound SH-PEGs was then estimated to be in an intermediate
state between brush-like and random-coiled, based on the mea-
sured thicknesses in liquid and in dry states. By analyzing the
change in particle size distribution and number concentration in
suspension following cold storage, the long term colloidal sta-
bility of AuNPs was shown to be significantly improved via
functionalization with SH-PEG, especially in the case of
methyl-PEG-SH and carboxylic-PEG-SH (i.e., we estimate that
>80 % of SH-PEGS5K remained on the surface of AuNPs dur-
ing storage). The work described here provides a generic strat-
egy to track and analyze the material properties of functional
AuNPs intended for biomedical applications, and highlights the
importance of a multi-technique analysis. The effects of long
term storage on the physical state of the particles, and on the
stability of the ligand-AuNP conjugates, are employed to dem-
onstrate the capacity of this approach to address critical issues
relevant to clinical applications.

Keywords Nanoparticles - Nanotechnology, Interface -
Surface analysis, Kinetics
Introduction

Gold nanoparticles (AuNPs), principally in colloidal form, are
one of the most promising building blocks for biomedically-
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relevant nanoparticle enabled products (NEPs) and applica-
tions [1-6]. AuNPs have the advantageous property of tunable
surface plasmon resonance (SPR) [7], an optical phenomenon
that has been exploited for applications ranging from imaging
and optical-based molecular detection to hyperthermal thera-
py for cancer treatment, combined with facile synthetic
methods [8] and general biocompatibility [9]. Furthermore,
thiol-Au chemistry provides an effective route for rational
design by surface modification (i.e., attachment of functional
molecules to the surface of AuNPs). By conjugation with drug
ligands, for example, AuNPs can function as stealthy vectors
to improve drug-delivery efficacy [6, 10—12]. The concept of
applying AuNPs in nanomedicine is attractive, because in
theory they can provide a therapeutic synergetic effect while
avoiding or mitigating harm to healthy tissue [1, 6, 10].

In order to achieve the desired functionality described
above, it is necessary to identify and make use of AuNPs with
suitable material properties. For this, the concept of materials-
by-design offers a powerful and fascinating platform. A major
challenge for successful implementation of the design is the
accurate and precise specification of material properties for
AuNPs in NEPs (defined as AuNP-NEPs), including batch-
to-batch uniformity. On this basis, it is of essential importance
to understand the correlations between the properties of the
materials in design and their formulation chemistry. However,
serious questions have been raised about the quality of NEPs,
where the uncertainties in the accuracy of material property
measurements lead to challenges in assessing and understand-
ing the results of their corresponding efficacy and safety. Spe-
cifically, validated measurement methods do not exist to suf-
ficiently assess the purity of NEPs or to compare
nanomaterials from different vendors or laboratories. These
general, yet crucial concerns, if unaddressed, could adversely
affect the eventual implementation of these promising AuNP-
NEPs. For example, to preclude potential hazards to human
health, regulators may halt or disapprove the use of these
AuNP-NEPs for biomedical applications.

From the perspective of product development and quality
assurance, it is critical to have suitable AuNPs characterized
by traceable characterization methods. The development of
standard reference materials has partially satisfied the need
for traceability in AuNP size measurements. Similarly, to ob-
tain complete information of material properties for AuNP-
NEPs, it is necessary to establish suitable measurement me-
trology and methodology, the importance of which has been
recognized by regulatory agencies and pharmaceutical com-
panies world-wide [1, 13, 14]. Once established, material
characterization will help bridge the gap between AuNP-
NEP design and performance, and facilitate the screening of
AuNP-NEPs for disqualifying properties prior to performing
laborious and expensive biological tests [13, 14].

Physical dimensions (including surface area), surface prop-
erties, colloidal stability, and particle concentration are

@ Springer

considered among the most important material properties for
applications in nanomedicine. Among these properties, phys-
ical dimensions, especially the primary and/or secondary par-
ticle diameter, have arguably the greatest impact on the AuNP
functionality (e.g., transport behavior, circulation half-life, li-
gand loading, drug dosage, etc.). For example, to avoid renal
filtration through the glomerular capillary wall in the kidney,
while still being able to target and accumulate at a tumor site
without recognition by the reticuloendothelial system (RES),
the acceptable primary diameter for sphere-like AuNPs should
range from about 10 to 100 nm [15, 16]. Therefore, physical
dimensions are always the first consideration during the de-
sign and formulation of a NEP.

Similarly, surface properties of AuNPs determine their in-
teractions with ligands, cells, or physiological systems in the
human body (e.g., hemolytic properties), affecting the thera-
peutic performance and biodistribution of AuNP-NEPs [17].
Surface engineering of AuNPs with targeting moieties via
thiol-Au chemistry has proven advantageous, where transport
properties (including circulation time), imaging/diagnostic
ability, and drug loadings can be enhanced by judiciously
choosing suitable ligands [18]. In the design phase, knowl-
edge of the type of ligand that binds to the surface of AuNPs,
ligand surface-packing density, and its molecular conforma-
tion at the surface is the key to modify and optimize AuNP-
NEP performance. Surface packing density is determined by a
combination of the binding affinity of ligands with the AuNP
surface, the equilibrium ligand/AuNP concentration used in
the formulation, and the size/structure of the ligand (e.g., steric
effects can reduce packing density). Molecular conformation
is determined by the interactions between the surface-bound
ligands and the biological medium, including the number of
ligands existing on the Au surface. In general, AuNPs grafted
with a high-packing-density, neutral polymer corona (e.g.,
thiolated polyethylene glycol, SH-PEG) on the surface are
more transportable and less likely to be recognized by the
RES, resulting in an increased efficacy in the delivery of drug
ligands [1, 10, 11, 19, 20]. In addition to the transport proper-
ties, a variety of desirable functionalities can be transferred to
AuNPs by modifying the Au surface through ligand conjuga-
tion. For example, the drug cisplatin has been studied for its
application in chemo-radiation therapy [6]. Through design
and engineering of the AuNP surface with ligands that have
both thiol and carboxylic end groups, cisplatin can be com-
plexed to the AuNP-based platform, delivered to the tumor
cells, and released on target or enhanced by the synergetic
stimulated emission of photoelectrons and Auger electrons
from both the Au and Pt components. With the concept of
surface modification, the effective dosing and targeting can
be improved relative to the therapeutic application of tradi-
tional small molecule drugs.

Colloidal stability of AuNPs is an important factor for the
production and application AuNP-NEPs. Agglomeration/
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aggregation is the principal result of poor or uncontrolled col-
loidal instability, occurring due to the strong van der Waals
attractive force between AuNPs. The physical dimensions
(mainly secondary size) generally change over time once
agglomeration/aggregation begins [6, 13, 14, 21]. This non-
equilibrium process directly leads to decline of both the trans-
port properties and imaging/diagnostic capacity (e.g., via
quenching of the SPR effect), which cause difficulties in the
construction of correlations between the designed material
properties and the therapeutic performance. Because of the
issues described above, colloidal stability has to be considered
at the outset in the design and formulation of AuNP-NEPs, not
just in the native suspension but under use conditions and in
biological fluids.

Another important factor is the concentration of particles
needed to deliver a required dose in therapeutics, or to exhibit
the required sensitivity for imaging and diagnostic applica-
tions [6, 21]. As discussed previously, the surface area of
AuNPs is a key factor for dosing, as it sets limits for the
maximum number of ligands that can be carried by a single
particle. An increase in the concentration of primary particles
is expected to increase the total surface area in NEPs and
concomitantly the therapeutic load. To monitor both dose
and biodistribution, it is necessary to have particle concentra-
tion above the detection limit for the measurement of choice
[13, 14]. In general, these properties are correlated or interre-
lated, making it a challenge to differentiate dependencies and
develop clear structure—property-performance criteria. For ex-
ample, particle size and number concentration of AuNPs can
be strongly affected by colloidal stability over time; on the
other hand, surface properties significantly impact the colloi-
dal stability and the resulting physical state [6, 11, 21].

In this work, we propose an orthogonal multi-technique
characterization approach as a viable strategy to interrogate
correlations between key material properties and the efficacy
and safety of AuNP-NEPs. We focus on investigations of
particle size and size distribution, number-based and mass-
based concentration, surface properties (e.g., packing density,
binding affinity, and conformation), and colloidal stability. As
a test bed, we employ SH-PEG-conjugated AuNPs with dif-
ferent terminal groups, due to the relevance of PEG in bio-
medical applications [1, 10, 11, 19, 20]. We also examine the
changes that occur during extended cold storage (=4 °C) over
a period of =50 months, shedding light on the chemical sta-
bility of the ligand-Au complex and its relationship to colloi-
dal stability of the functionalized particles. For nanomedicine
platforms, long term storage, particularly at reduced tempera-
tures, could potentially alter the physical and chemical state,
thus impacting their therapeutic efficacy. Studies of long term
cold storage of functionalized nanomaterials in aqueous-based
suspensions are virtually non-existent in the peer reviewed
literature. To our knowledge, this is also the longest cold stor-
age study of functionalized AuNPs reported in the literature.

Our objectives are (1) to develop a methodology to perform
pre-screening prior to AuNP-NEP use in biomedical applica-
tions and clinical evaluations, and (2) to identify and quantify
key properties of these materials that may provide scientific
insight into the correlations between material properties and
therapeutic performance (e.g., the size effect).

Experimental methods
Materials

Four types of surface-modified AuNP colloids were obtained
from Nanopartz [22] (Loveland, CO, USA): citrate-stabilized
(“unconjugated”), methyl-terminated-SH-PEG (m-SH-PEG-
AuNPs), carboxyl-terminated-SH-PEG (c-SH-PEG-AuNP),
and amine-terminated-SH-PEG (a-SH-PEG-AuNP). The di-
ameter of the AuNP core is =20 nm for all samples. The
starting concentration (at /=0) is unknown for all samples.
The molar mass of the SH-PEG, M,,, is 5 kDa (i.e., SH-
PEGS5K, based on the vendor’s information). Aqueous ammo-
nium acetate (Sigma-Aldrich, >98 %, USA) solution was used
to adjust the ionic strength of samples and to perform
electrospray ionization. All chemicals were used as received
without further purification. Biological grade 18.2 M{2-cm
deionized water (Millipore, Billerica, MA, USA; Aqua Solu-
tions, Jasper, GA, USA) was used to prepare solutions and
colloidal suspensions. The pH of the unconjugated AuNP,
m-SH-PEG-AuNP, ¢-SH-PEG-AuNP, and a-SH-PEG-AuNP
suspensions, was measured as 7.8, 7.0. 7.3 and 3.9, respec-
tively. These materials were analyzed and compared before
and after long term cold storage (=50 months) at 4 °C; t=
0 months refers to as-received material prior to cold storage.

Electrospray-differential mobility analysis

The electrospray-differential mobility analysis (ES-DMA)
was used to obtain a number-based particle size distribution
[11, 23, 24]. Briefly, the electrospray (ES) aerosol generator
(model 3480, TSI Inc., Shoreview, MN, USA) was used to
aerosolize AuNPs. Then the aerosolized AuNPs were deliv-
ered to an electrostatic classifier (model 3081, TSI Inc.),
where the particles were classified based on their electric mo-
bility under an applied DC electric field. Particles of a specific
mobility size, dj, ,, that exited the electrostatic classifier were
counted by a condensation particle counter (CPC, model 3775
ormodel 3025, TSI Inc.). The step size used in the particle size
measurements was 0.2 nm and the time interval between each
step size was 10 s. Sample flow rate (Qgamp) in the DMA was
setto 1.2 L min~' and sheath flow rate (Qy,) in the DMA was
10.0 L min~' or 30 L min"". The uncertainty in the measure-
ment of dy, ,, was estimated to be 0.3 nm in this study, using
one standard deviation of triplicate measurements.
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Asymmetric-flow field flow fractionation

The asymmetric-flow field flow fractionation (A4F) system
consists of a high-performance isocratic pump (1100 series,
Agilent Technologies, Santa Clara, CA, USA), manual injec-
tion valve (Rheodyne 77251, IDEX Corporation, Oak Harbor,
WA, USA) with a 100 pL stainless steel sample loop, field/
flow control module and A4F separation channel (Eclipse 2,
Wyatt Technology, Santa Clara, CA, USA), multi-angle light
scattering (MALS) detector (Dawn Heleos, Wyatt Technolo-
gy) and ultraviolet—visible (UV—Vis) diode array detector
(1200 DAD, Agilent Technologies). Regenerated cellulose
membrane (molar mass cut-off=10 kDa, Wyatt Technology)
was used for all A4F experiments. A 350 pm spacer was used
to define the depth of the A4F channel for all separation ex-
periments reported here. The mobile phase for A4F separation
was 0.02 % aqueous sodium azide solution. The cross flow
rate was 2 mL min ' and the channel flow was 0.5 mL min ™.
[Details of the A4F method, including the estimation of parti-
cle size based on retention time, have been described in our
previous publications and are summarized in the Electronic
Supplementary Material (ESM)] [23]. At least two replicate
fractograms were measured by A4F for each condition.

Electron and atomic force microscopy

The primary structures of AuNP samples were imaged
using a transmission electron microscope (TEM, JEM-
2100HT, JEOL, Tokyo, Japan) at an acceleration volt-
age of 80 kV. The drop-cast method was used to pre-
pare samples for TEM analysis. To image and under-
stand the extent of particle aggregation, we use a scan-
ning electron microscope (SEM, Hitachi SU8010,
Hitachi, Japan) operated at 10 kV and an atomic force
microscope (AFM, Dimension 3100, Veeco, Santa
Barbara, CA, USA) operated in intermittent-contact
(tapping) mode. Positively-charged aerosolized AuNPs
were delivered to an electrostatic precipitator and de-
posited onto a silicon chip operated at a sample flow
rate of ~1.5 L min ' and an electric field of —(2 to 5)
kV c¢cm™ ' [23]. Due to electrostatic repulsion,
deposition-induced aggregation is negligible under
these conditions.

Inductively coupled plasma mass spectrometry

An inductively coupled plasma mass spectrometer (ICP-MS,
Model 7500x, Agilent Technologies) was used to measure the
mass fraction of Au in solution. Samples were diluted by a
factor of 10,000 using 10 % aqua regia (volume basis) prior to
measurements. Uncertainty was evaluated as one standard de-
viation of at least two replicate measurements.

@ Springer

Ultra-small angle X-ray scattering

Ultra-small angle X-ray scattering (USAXS) measurements
are a modified form of small-angle X-ray scattering (SAXS)
that extends the technique to smaller scattering angles and
larger scattering features. Other than correction for the slit-
smeared geometry, data reduction and analysis proceeds in a
similar way to that for conventional SAXS measurements.
USAXS experiments were performed at sector 15ID-D at
the Advanced Photon Source, Argonne National Laboratory
using a Bonze-Hart instrument with slit-smeared geometry
[25]. The X-ray energy was 10 keV, which corresponds to a
wavelength of 0.124 nm. Standard liquid cells with Kapton
windows were used as sample containers, in which the effec-
tive sample thickness was 1 mm. The incident photon flux on
the sample was ~10'® photon s '. We acquired scattering data
in a g range between 1.5x10> nm ' and 10 nm '. Here, g=
47/ x sin(#), where ) is the X-ray wavelength and 26 is the
scattering angle. Average acquisition time for each data point
was 1 s, and there were 200 points in each scan.

Results and discussion
Particle size and size distribution

As discussed previously, dimensional properties, including
the primary and secondary particle diameter, particle shape,
and the width of particle size distribution are very important to
AuNP-based therapeutics. These dimensional properties are
shown to be strong indicators for the amount of drug loading
and transport to the diseased cells for applications in targeted
drug delivery (e.g., enhanced permeation and retention effect,
active targeting, blood circulation time). We have utilized dif-
ferent characterization techniques to provide comprehensive
information on the dimensional properties of AuNPs.

TEM was first employed to evaluate the diameter of pri-
mary (core) particles. Figure 1a—d show representative images
(additional TEM images are included in the ESM) of uncon-
jugated AuNPs, m-SH-PEG-AuNPs, c-SH-PEG-AuNPs, and
a-SH-PEG-AuNPs, respectively. The AuNPs are predomi-
nantly spheroidal (with facets apparent) and have a primary
particle peak diameter centered at ~(20 to 24) nm with ~(5 to
6) nm full width at half maximum (see Fig. 1e-h). We note
that the surface corona of SH-PEGS5K is not visible due to its
low electron contrast, and, as such, the presence of the SH-
PEGSK corona has no significant impact on measurement of
the core size. The samples were imaged after a storage period
of =50 months at 4 °C. Since Au has a very high chemical
stability, we assume that the primary structure was
largely retained.

We analyzed the USAXS data for (SH-PEG)-conjugated
AuNPs, before cold storage, within the framework of lrena,
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Fig. 1 Morphology and primary
diameter of AuNPs obtained by

TEM after cold storage for

~50 months. Representative TEM
images of a unconjugated
AuNPs, b m-SH-PEG-AuNPs, ¢
c-SH-PEG-AuNPs, and d a-SH-
PEG-AuNPs. Histograms of
primary size for e unconjugated
AuNPs (N=39; N is the number
of particle measured), f m-SH-
PEG-AuNPs (N=109), g c-SH-
PEG-AuNPs (N=66), and h a-
SH-PEG-AuNPs (N=51). Fol-
lowing cold storage, samples
were prepared by the drop-cast
method
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an Igor Pro-based small-angle scattering analysis suite [26].
In our analysis, we assume the AuNPs are simple spheres with
uniform scattering length density, and that their diameters fol-
low a Gaussian-type volume-size distribution. Details of the
USAXS analysis can be found in the ESM. The fitted diame-
ters and the Gaussian full width at half maximum of the pri-
mary particle size distributions are summarized in Table 1. We
found that the core diameter of (SH-PEG)-conjugated AuNPs
identified by TEM (Fig. 1) and USAXS are consistent, as
expected. The primary core diameter from USAXS is statisti-
cally identical for the three samples, confirming that primary
core size does not change during cold storage. While TEM is
visual and direct, USAXS has the advantage of being statisti-
cally significant as it probes a much larger sample population.
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Corresponding USAXS derived volume size distributions for
the primary particles are provided in Section 4.1 of the ESM.

An interesting aspect of the USAXS results is that both m-
SH-PEG-AuNP and c-SH-PEG-AuNP scattering profiles are
well accounted for by a single population of primary particles

Table 1 Primary size parameters of (SH-PEG)-conjugated AuNPs
from USAXS analysis of samples prior to cold storage

Diameter (nm) Gaussian width (nm)

m-SH-PEG-AuNPs 214 24
c-SH-PEG-AuNPs 21.6 2.3
a-SH-PEG-AuNPs 21.6 22
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(see ESM section 4). This serves as strong testimony to the
stability of these species, i.¢., no particle aggregation is detect-
ed. The USAXS data for a-SH-PEG-AuNPs, on the other
hand, cannot be described by primary particles alone. A small
secondary population with a nominal diameter at~101 nm and
a broad size distribution has to be included to ensure a quality
fit. The presence of this small secondary population suggests
some aggregation of AuNPs in this particular sample (i.e.,
least stable among the three (SH-PEG)-conjugated AuNPs).
Further implications of this finding are discussed later.
ES-DMA was employed to characterize the full particle
size distributions, where we can obtain the primary diameter
of AuNPs and the secondary structure size. Figure 2a shows
the particle size distributions for AuNPs measured by ES-
DMA prior to cold storage. For the unconjugated sample,
we observed AuNPs with different aggregation states (i.e.,
monomers, dimers, and trimers). The presence of aggregates
in the as-received material is attributed to the synthesis process
and relatively high solids content [21, 23], and is beyond the
scope of this study. For the three SH-PEG-AuNP samples, we
observed only peaks representing the monomer (primary)
AuNPs, indicating that aggregates were absent from these
as-received samples (i.e., below the detection limit for ES-

a So 1 ~+ Unconjugated AuNP

-~ m-SH-PEG-AuNP

(=N
o
T

» ¢-SH-PEG-AuNP

9
4 W x a-SH-PEG-AuNP

de/dilp (arb.)

15 20 25 30 35 40 45
Mobility Diameter (nm)

100 nm

b-1

20 pm

Fig.2 Characterization of particle size prior to cold storage (=0 months)
for AuNP samples using orthogonal techniques. a Particle diameter
distributions measured by ES-DMA. 0g,=30 L min '. Here N, is the
number concentration of aerosolized AuNPs and d, = d;, .. b AFM
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DMA). The observation is consistent with our findings from
AFM (Fig. 2b, showing only m-SH-PEG-AuNP as an exam-
ple). We attribute this lack of aggregation to the steric repul-
sion between the surface-bound SH-PEG coronas that reduces
the binding affinity between the particles. For the unconjugat-
ed AuNP sample, the peak diameter of monomers (n=1) was
23.3 nm, slightly higher than the values measured by TEM
(Fig. 1), USAXS (Table 1), and AFM (=21 nm. Figs. 2b and
3). The difference may be due to the measurement physics in
determination of the diameter of these spheroidal AuNPs as
shown in a previous study [27]. For example, ES-DMA mea-
sures the particle’s diameter based on its electrical mobility,
which may be different than its two-dimensional projected
length as measured by TEM, its three-dimensional electron
density arrangement as measured by USAXS, and its height
as measured by AFM. We also observed the peak diameter of
the SH-PEG-AuNPs was ~(5 to 7) nm larger than that of the
unconjugated AuNP monomers, but we will defer the discus-
sion on this point to the next section.

Orthogonally, we use A4F, a solution-phase chromato-
graphic-like approach, to obtain fractograms of the dispersed
particles with retention time converted to equivalent spherical
hydrodynamic diameter using a calibration described in the
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measurements: b-1: representative image of unconjugated AuNPs, b-2:
representative image of m-SH-PEG-AuNPs. b-3: histogram of
unconjugated AuNP and m-SH-PEG-AuNP samples. ¢ A4F fractograms
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ESM [23]. As shown in Fig. 2c, we observed a multi-modal,
intensity-based particle size distribution for the unconjugated
AuNP sample, confirming the presence of discrete size AuNP
clusters measured by ES-DMA and AFM. A4F identified the
peak size of the monomers at ~24 nm, which is close to the
results found by TEM and ES-DMA (n=1). A possible reason
of cluster formation can be attributed to the relatively high
concentration of the present samples (>2000 ppm) in compar-
ison to other AuNP samples (including NIST RM 8011, 8012
and 8013) used in the previous studies [28]. For m-SH-PEG-
AuNPs and c-SH-PEG-AuNPs, the peaks corresponding to
discrete populations of AuNP clusters are absent, consistent
with results obtained by ES-DMA, AFM and USAXS. More-
over, for the SH-PEG5K-conjugated AuNPs, the peak diam-
eters measured by ES-DMA and A4F differ. This difference
will be addressed in the next section. Combining the data
shown in Figs. 1 and 2, we obtain a complete set of informa-
tion on primary particle size, secondary particle size, particle
morphology, and particle size distribution. Note that we were
unable to measure a-SH-PEG-AuNPs using the A4F due to
the strong interaction with the negatively charged membrane
surface (i.e., low recovery and poor separation).

Surface properties

Using a core-shell analogy, the difference in particle size be-
tween the unconjugated and SH-PEG-AuNPs, as measured by
ES-DMA and A4F prior to cold storage, can be correlated to
the PEG corona thickness on the AuNP core. Assuming the
conformation of SH-PEG in the dry state is independent of the
environmental condition in solution, the increase in d, ;, with
SH-PEG conjugation calculated from the data at =0 months
in Fig. 2a can be used to obtain the initial surface packing
density of SH-PEG5K on the AuNPs. Using a previously-
developed analytical model [16], the surface packing density
of the SH-PEGS5K, o, was calculated based on the increased
mobility diameter, Ad,, ,,,, measured by ES-DMA as given by,

2 . 2)?
> [(dp,m + Ady ) =dp } 0

[2d,,, < x2 >]2

where <x*>"* is the random-walk radius of SH-PEG5K, given

Fig. 3 Analysis of SH-PEG5K 0.6
corona on AuNP surface at 1= a ..;‘ ol
0 months (prior to cold storage). a 5 >
Surface packing density of SH- ?D 0.4
PEGSK on AuNPs as measured £
by ES-DMA. b Thickness of SH- % E o3
PEGS5K corona (i.e., half of the £~
increase in particle diameter) on § 0.2 -
AuNPs as measured by ES-DMA t
and A4F a o
o}

m-SH-PEG ¢-SH-PEG a-SH-PEG

by <x*>'"2=cN,*N,“I, where , is the length of the monomer
segment (/,=0.44 nm), ¢ is the interaction constant between
polymer and particle surface (¢c=0.62 for end-anchored poly-
mers), N is the number of statistical bases per segment (V=
1.6), N, is the number of segments per polymer (N,~113 for
M,=5 kDa), and a is constant adjusted by the polymer’s in-
teraction with the solvent [29]. In a dry condition (i.e., mea-
sured by DMA) we assume ¢=0.5 since no extra interactions
like electrostatic and hydrophobic interactions with the sol-
vent [29]. Using Eq. (1), the surface packing density was
found to be 0.42 nm 2, 0.18 nm 2, and 0.26 nm 2, for m-
SH-PEG-AuNP, ¢c-SH-PEG-AuNP, and a-SH-PEG-AuNP, re-
spectively (Fig. 3a). Results suggest that the presence of
carboxyl or amine sites may reduce packing density as a
result of electrostatic repulsion between the surface-
bound SH-PEGS5K.

USAXS probes the spatial inhomogeneities in the scatter-
ing length density over the nanometer- to micrometer-scale.
For SH-PEG-AuNPs, the surface corona has a different scat-
tering length density when compared with both the solvent
and the Au core. Therefore, in principle, when data quality
allows, information related to the surface corona could be
extracted from a proper USAXS analysis. Based on this pre-
sumption, we applied a simple core-shell model to probe the
molecular configuration of the polymeric corona on the AuNP
surface in the solution phase prior to cold storage. In this
model, we assumed both the core and the shell possess uni-
form scattering length density p. and p;, respectively. Given
the non-optimal quality of the USAXS data, we only explore
this feasibility using the USAXS data for m-SH-PEG-AuNPs,
and its detailed analysis can be found in the ESM. In this
analysis, a nominal diameter for the AuNPs was determined
at 21.3 nm, a shell thickness at 1.7 nm, and scattering length
density difference between the shell and the solvent of 0.22 x
10'" cm 2. Based on a calculated scattering length for PEG5K
of4.73x10 ' m, we found that the scattering intensity can be
accounted for with ~1295 PEG5K molecules per particle,
which translates to a surface packing density of 0.91 nm >
for m-SH-PEG-AuNP. This value is twice that obtained from
ES-DMA analysis, but both values are of the same order of
magnitude, which suggests that there might be validity to this
core-shell analysis. However, we stress that the USAXS data
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are noisy and do not allow the electron density profiles to be
conclusively determined for the samples presented here.

In addition to surface packing density, we probed the mo-
lecular conformation of SH-PEG5K on AuNPs. SH-PEG5K,
as a hydrophilic polymer, has a calculated <x*>"* of 6.2 nm in
water (¢=0.6). From Fig. 3b, the shell thickness (i.e., half of
the increase of particle diameter) for both m-SH-PEG-AuNP
and c-SH-PEG-AuNP in water (measured by A4F) was shown
to be greater than <x*>", suggesting that SH-PEG5K starts to
form a brush-like corona, in contrast to the assumed random-
coil conformation, on the surface of AuNPs. At the same time,
the identified shell thicknesses were much less than the length
of the fully extended SH-PEGS5K chain (estimated at ~49 nm
by using a=1 in the calculation of <x*>"*). This result suggests
that SH-PEG5K may be in an intermediate state between
brush-like and random-coiled conformations. The packing
density was approximately 10 % of its theoretical maximum
value of a short chain, self-assembled monolayer [29]. Note
that the thickness of SH-PEG corona was measured by
subtracting the peak size of the unconjugated AuNP monomer
(i.e., core size of 23.3 nm) from the value obtained for SH-
PEG-AuNP. The m-SH-PEG-AuNP sample indicates a great-
er thickness in both dry and wet states compared with a-SH-
PEG-AuNP or c-SH-PEG-AuNP, presumably because of its
high surface packing density.

Figure 3b shows a comparison between the results obtained
using ES-DMA and A4F. We found the thickness of the SH-
PEG corona is larger in the wet state (measured by A4F) than
in the dry state (measured by ES-DMA). This is consistent
with SH-PEGS5K being a hydrophilic polymer that the calcu-
lated <x*>" for SH-PEG5K is 3.7 nm under dry conditions
and 6.2 nm in water, respectively (i.e., theoretical values by
assuming random walk coils) [29, 30]. Because a larger <x*>"*
in the wet state is accompanied by surface-bound water

Fig. 4 Comparison of the
colloidal state for unconjugated a
AuNPs and a-SH-PEG-AuNPs,
before (+=0) and after (1= 800
50 months) cold storage. a

Particle diameter distribution of

AuNPs after =50 months as 600 r
measured by ES-DMA. Qy,=

30 L min~' for the /=0 samples

and Oy,=10L min ! for the 1= 400 F

50 months samples. Sample
concentrations were different for
the two samples. b Representative
SEM images after (=50 months)
cold storage. /: unconjugated
AuNP; 2: a-SH-PEG-AuNP

200

dN,/dd, (cm3-nm™)

18 23

Mobility Diameter (nm)
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associated with SH-PEGS5K, a larger shell thickness was ob-
served by A4F than by ES-DMA.

Particle concentration and long-term colloidal stability

ES-DMA has proven to be an effective and quantitative ap-
proach to determine colloidal stability of AuNPs by monitor-
ing the number-based particle size distributions of AuNPs
over an extended reaction time [23]. Figure 4a shows the
particle size distributions of the unconjugated AuNP and a-
SH-PEG-AuNP samples after a 50-month cold storage period.
We found that the unconjugated AuNPs were severely aggre-
gated in comparison with the DMA results acquired prior to
cold storage (Fig. 2a). At =50 months, the distinct peaks
representing monomers and dimers for unconjugated AuNPs
observed at /=0 month disappeared with the formation of
large clusters identified via SEM imaging (Fig. 4b-1). The a-
SH-PEG-AuNP sample also showed a significant degree of
aggregation (Fig. 4a and b-2), but we identified both mono-
mers (=29 nm) and dimers (37 nm) of detectable levels in the
sample. The m-SH-PEG-AuNP and c¢c-SH-PEG-AuNP sam-
ples were found to be very stable after this 50-month storage
time (Fig. 5a), where the particle size distributions were al-
most unchanged with a slight change in peak d|, ,,, suggesting
that the SH-PEGS5K corona provides a significant improve-
ment to the colloidal stability of AuNPs, but is highly depen-
dent on the functional end group. This is also echoed by the
USAXS results, where the m-SH-PEG-AuNP and ¢-SH-PEG-
AuNP data are well described by a single population of pri-
mary particles, but a population of secondary particles
(aggregates) is required to obtain a reasonable fit to the a-
SH-PEG-AuNP data. We surmise that the contributing factors
to the observed difference in the long-term colloidal stability
include [31, 32]: (1) steric repulsion by the polymer chains

-e-Unconjugated, t=0
month (x0.15)

4 ¢-SH-PEG, t=0 month

+unconjugated, t=50
months (x0.01)

—+a-SH-PEG, t=50 months

(x0.02)

33 38 43 48
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Fig. 5 Colloidal stability of m-
SH-PEG-AuNPs and c-SH-PEG-

AuNPs before (+=0) and after (1= a 20000 r
50 months) long term cold stor-

age. a Particle size distribution of

AuNPs at =0 and =50 months 15000 -

as measured by ES-DMA. Qgy,=
30 L min' for the =0 and Og,=
10 L min ' for /=50 months. b
Representative SEM images after
(=50 months) cold storage. /: m-
SH-PEG-AuNP; 2: c-SH-PEG-
AuNP

10000

5000

dN,/dd, (cm3-nm™)

16 21

Mobility Diameter (nm)

and (2) electrostatic repulsion. SEM measurements on sam-
ples at =50 months, as shown in Fig. 5b-1 to b-2, further
confirm the ES-DMA results. Also, we found the stability
between c-SH-PEG-AuNP and a-SH-PEG-AuNP was quite
different, and we attribute this difference to variations in the
stock suspensions (e.g., the pH of c-SH-PEG-AuNP and a-
SH-PEG-AuNP was 7.3 and 3.9, respectively). Additionally,
it is important to note that significant changes in the peak size
of the (SH-PEG)-conjugated AuNPs were not observed over
the 50-month period (i.e., 0.2 nm for c-SH-PEG-AuNP and
0.7 nm for m-SH-PEG-AuNP), indicating that SH-PEG5K is
strongly bound to Au. With >80 % of SH-PEG5K ligands
remaining on the surface of AuNPs, steric repulsion between
provides colloidal stability during long term cold storage.
Bothnumber-based and mass-based concentrations of AuNPs
are important to their therapeutic performance and cytotoxicity.
ICP-MS was employed to study the elemental mass-based con-
centration of AuUNPs, C;,, aunp. Previous studies have shown that
ICP-MS is effective in providing quantitative information on

Fig. 6 Elemental mass-based
concentrations and number-based
concentrations of primary parti-
cles of AuNP samples measured
by ICP-MS after cold storage for

~50 months
0.6

0.4

0.2

Elemental mass-based
concentration (mg L")

26 31 36 41 46

L

Unconjugated m-SH-PEG

-=-m-SH-PEG, t=0 month

& ¢-SH-PEG, t=0 month
(x35)
—+—m-SH-PEG, t=50 months

——¢-SH-PEG, t=50 months

AuNPs[21,33-35]. Asshownin Fig. 6, the Cy,, aunp values mea-
sured by ICP-MS following cold storage are 2506+750 mg L™,
5948+1488mgL ", 6164+995mgL " and7187+3124mgL ",
for unconjugated AuNPs, m-SH-PEG-AuNPs, c-SH-PEG-
AuNPs, and a-SH-PEG-AuNPs, respectively (uncertainty inter-
vals are one standard deviation for two or more replicate measure-
ments). Using the volumetric density of AuNPs derived from a
previousstudy (paunp=19.2 gem °)[33]and theaverageprimary
diametermeasuredby TEM (21.5nminFig. 1), thenumber-based
concentrations of primary AuNPs in solution C,, a,;np are estimat-
ed to be (2.3+0.8)x 10" cm ™, (6.0+1.5)x10" em >, (6.2+
1.0)x10" ¢cm™, and (7.2£3.1)x 10" ¢cm ™ for unconjugated
AuNPs, m-SH-PEG-AuNPs, c-SH-PEG-AuNPs, and a-SH-
PEG-AuNPs, respectively (also shown in Fig. 6). These observa-
tions show that we were able to resolve the concentration of
AuNPs even in a highly aggregated state; however, the inhomo-
geneity insampling could contribute to measurement uncertainty.

By using a polystyrene latex (PSL) colloidal suspension
with a known size and concentration as reference, the particle

- 8E+13

46E+13

4E+13

Number-based
concentration (cm3)
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concentrations in solution (V,;) of m-SH-PEG-AuNP and c-
SH-PEG-AuNP can be calculated from ES-DMA measure-
ments using Eq. 2 [21, 33].

Npps 2)

Npj=Npg X N
p:.g.PS

Here N, ; and N, , ps are the number-based concentrations of
AuNPs and PSL in the gas phase, respectively, which were
calculated by integrating the peak area of the particle size dis-
tribution. From the data in Fig. 4a, N,,; was found to be 7.6+
0.1x10" em™ and 9.3+1.0x10" cm > for m-SH-PEG-AuNP
and c-SH-PEG-AuNP, respectively. The mass-based concentra-
tions were then calculated as 7570129 mg L™ and 9257+
1018 mg L™ for m-SH-PEG-AuNP and c-SH-PEG-AuNP, re-
spectively, by assuming a particle diameter of 21.5 nm. These
findings show that for both samples the measured concentration
by ES-DMA is =33 % higher than that derived from ICP-MS.
We speculate this discrepancy is due to mass loss during sample
digestion/processing for [CP-MS and/or a higher transport effi-
ciency of AuNPs through the silica capillary for PEGylated
surfaces. Experiments (not shown) have suggested that the di-
gestion process can contribute to loss of mass for AuNPs, but a
systematic study would be required to validate this effect. Opti-
mization of the digestion process to avoid mass loss is also a
viable option in this case. It should be further noted that ES-
DMA is only useful to measure the concentration of AuNPs
with good colloidal stability (e.g., m-SH-PEG-AuNPs and c-
SH-PEG-AuNPs). Thus, we were unable to provide an accurate
evaluation of concentration by ES-DMA for a-SH-PEG-AuNPs
and unconjugated AuNPs after cold storage for =50 months,
due to the substantial aggregation present in the system.

Conclusions

In summary, a comprehensive orthogonal characterization strat-
egy to analyze functionalized AuNPs was presented using
physical/classification (ES-DMA, A4F), microscopic (TEM,
SEM, AFM), and spectrometric (ICP-MS, SAXS) measure-
ment techniques. Quantitative analysis of particle size, size dis-
tribution, particle concentration, molecular conjugation, and
colloidal stability are shown to be effective through an orthog-
onal comparison of results. Primary size and morphology of the
particles can be effectively characterized by electron microsco-
py or AFM imaging, but these methods cannot provide reliable
information on the state of aggregation due to the limited sta-
tistical relevance and the prevalence of sample preparation ar-
tifacts. In contrast, ES-DMA, USAXS, and A4F can be used to
measure the primary and secondary size and possibly to track
changes in colloidal stability in a quantitative manner, but are

@ Springer

limited with respect to determining particle morphology. Num-
ber and mass concentration of AuNPs can be obtained by ICP-
MS and ES-DMA, where ICP-MS exhibits better resolution
and less restriction on the sample conditions, but ES-DMA
provides single particle resolution at concentrations relevant
for biomedical use. The volume size distribution of AuNPs
can be obtained by small angle scattering, e.g., USAXS, which
is also particularly sensitive to the presence of aggregates. Al-
though not addressed in this work, the emerging method of
single particle ICP-MS can provide single particle mass-based
size and particle concentration without the need for pre-
digestion of the sample; however, measurements must be con-
ducted at very low concentrations (i.e., ng L™") to avoid coin-
cident detection. We are currently exploring this approach and
have published initial studies elsewhere [35]. An estimate of the
number of surface-bound ligands (important for both its thera-
peutic and stability implications) was obtained via analysis of
ES-DMA and USAXS data, with order of magnitude agree-
ment between the two orthogonal approaches. Combining the
information of the thicknesses of surface corona measured by
AA4F (in solution) and ES-DMA (in dry state), we can evaluate
the conformation of SH-PEG on AuNPs. Finally, the multi-
technique approach clearly shows that colloidal stability of
AuNPs can be substantially improved for long term storage
and use, by PEG-conjugation via thiol-Au bonding, which re-
sults in a high packing density and brush-like PEG corona.
Importantly, up to 20 % ligand loss (possibly via oxidation of
the thiol group) of the SH-PEG does not appear to adversely
impact colloidal stability over long periods of time, though it
could affect other properties beyond the scope of this study. Our
approach is broadly applicable to obtain the key material char-
acteristics of AuNPs as described above, and can be used to
help resolve critical issues related to uncertainties in material
properties prior to clinical or pre-clinical evaluations.
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