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Abstract

Accurate nanoparticle (NP) size determination is essential across research domains,
with many functions in nanoscience and biomedical research being size-dependent. Al-
though transmission electron microscopy (TEM) is capable of resolving a single NP
down to the sub-nm scale, the reliable representation of entire populations is plagued
by challenges in providing statistical significance, predominantly due to limited sample
counts, suboptimal preparation procedures and operator bias during image acquisition
and analysis. Meanwhile alternative techniques exist, but reliable implementation re-
quires a detailed understanding of appendant limitations. Herein, conventional TEM is
compared to the size determination of sub-10nm gold NPs in solution by small-angle

X-ray scattering and analytical ultracentrifugation. Form-free Monte Carlo fitting of



scattering profiles offers access to a direct representation of the core size distribution
while ultracentrifugation sedimentation velocity analysis provides information of the
hydrodynamic size distribution. We report a comparison of these three methods in de-
termining the size of quasi-monodisperse, polydisperse and bimodal gold nanoparticles

of 2—7nm and discuss advantages and limitations of each technique.
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Introduction

The preparation and accurate characterization of sub-10nm nanoparticles (NPs) plays a
pivotal role in a multitude of chemical and biomedical applications, where size-dependent
efficacy is often observed.! Notably, the cutoff for efficient renal clearance is below 10nm,
and NPs with broad size distributions may impair biocompatibility.* For gold nanoparticles
(AuNPs), in particular, various important physicochemical properties are closely dependent
on size. AuNP populations with mean diameters ranging from 2—10nm manifest drastic
differences not only concerning in wvitro colloidal stability but also their intracellular and
antimicrobial properties.’® Consequently, the quantitative assessment of the AuNP size
distribution in a sample of interest is an indispensable routine that needs particular attention.

The most commonly implemented technique is transmission electron microscopy (TEM)
imaging, combined with a plethora of software-based image analysis methods.?1? As a direct
imaging technique, TEM is a convenient tool to study both size and shape in ultra-high res-
olution. However, obtaining an accurate and representative size distribution of the AuNPs
by TEM is challenged by limited sample counts, preparation procedures and operator bias
in image acquisition and analysis.!™3 Considering the rather limited sample size, it is la-

borious to obtain results of statistical significance, especially for non-uniform or multimodal



samples. Moreover, the drop casting for TEM sample preparation often results in drying
artifacts, which vastly complicates image analysis.!4!5 Even though fitting procedures with
minimal human intervention meanwhile exist,® image analysis in practice still commonly
involves manual operations prone to user bias. While cryo-TEM and liquid-phase TEM offer
mitigation and present exciting pathways for NP research, accessibility is limited. With the
current experimental workflows, their implementation in routine use for size characterization
remains unfeasible. 1316

To address these issues, a number of bulk-scale quantification techniques for NPs have
been developed as alternatives to TEM imaging. For instance, dynamic light scattering
(DLS) is widely used for its ease of access and simple protocol. Whilst DLS is able to probe
the hydrodynamic size information of colloidal systems at both microscopic and nanoscopic
scales, non-monodisperse samples are typically not accurately described due to the size-
dependent scattering cross-section. Thus, smaller NPs are usually overshadowed by larger
NPs or aggregates. ' In addition, the interference of multiple scattering events may also
impair the accuracy of DLS results. For AuNPs below 20nm, it is therefore extremely
challenging to obtain reliable results with DLS.!® X-ray diffraction (XRD) analysis enables
to obtain the mean size of crystalline domains, either via the Scherrer formula or the more
recent Fourier inversion method.*?® However, this approach is unable to represent particle
size distributions and is challenged by issues such as the overweighting of larger crystallites
as well as contributions from amorphous layers and lattice defects. 42! Nanoparticle tracking
analysis (NTA) allows to size each NP in an ensemble through the mapping of individual
Brownian trajectories.?? Per contra, it is challenging to resolve sub-10 nm NPs and to obtain
large enough datasets for an accurate representation of NP populations.!®

Analytical ultracentrifugation (AUC) offers an alternative route to size and shape char-
acterization of NPs in solution through an accurate determination of the velocity during

sedimentation. Unlike the sedimentation equilibrium (SE) mode in which a moderate cen-

trifugal force is applied to achieve an equilibrium between sedimentation and back diffusion,



the sedimentation velocity (SV) mode relies on high centrifugal fields that result in steep
concentration gradients.?® While in principle being a simple and versatile technique, the
utilization of AUC is still highly underrepresented in NP research. One of the main reasons
is attributed to the difficulty in determining the effective NP density for core-shell hybrid
colloids, since a solvation layer in addition to the ligand shell can pose significant influ-
ence. This challenge was addressed with a 2D evaluation of sedimentation and diffusion
coefficients, which permitted the direct estimation of the size, density and molecular weight
distributions of AuNPs stabilized by a thiol ligand shell.?* Further developments shared a
focus on modern algorithms for the analysis of core-shell properties as well as polydisperse
systems. 226 However, the AUC representation of non-uniform or multimodal NPs remains
largely unexplored.

Another emerging technique to characterize the size distribution of colloidal ensembles is
small-angle X-ray scattering (SAXS). With a momentum transfer ¢ of 0.06—6.3nm=*, SAXS
measurements are able to cover the NP size distribution ranging from 1-100nm in diam-
eter. Moreover, gold has a pronounced scattering length density (SLD) of 125 x 10~° A2
for Cu-source X-ray while the SLDs for H,O and alkanethiols are below 10 x 1076 A=2. This
distinct feature of gold gives rise to significant contrast and excellent signal-to-noise ratio for
resulting AuNP SAXS profiles. Contrary to TEM analysis, SAXS is an indirect method and
requires data correction and fitting for reconstructing the size distribution from measured
data.?” In principle, the size distribution of a NP sample can be directly calculated with
an assumed functional form, i.e. lognormal, Gaussian, Boltzmann or Schultz-Zimm distri-
bution.!? For the accurate representation of any kind of size distribution, a form-free regu-
larization approach based on indirect Fourier transform has been widely adopted to probe
colloidal systems in solution, involving form factor pattern matching and optimization with
least-squares methods.?*3Y In a recent comparative study for sub-5nm hybrid NPs, SAXS
demonstrated compelling advantages to DLS and fluorescence correlation spectroscopy by

resolving not only the size distribution of the silica core but also the molecular mass disper-



sity of the polymer shell via quantitative modeling with a core-shell sphere form factor.?!
Nonetheless, the parametric regularization methods are sensitive to prior information such as
the maximum diameter, which may occur artificial oscillations.3? To this end, a Monte Carlo
(MC) method, based on model-free trial-and-error sampling, was proposed for unbiased NP
size distribution analysis.3*3* Although this iterative process requires substantial computing
power, MC fitting exhibits a rather simple theoretical structure since it assumes the scattered
intensity is approximated by the sum of elementary components, i.e. for SAXS the Rayleigh
scattering functions of homogeneous spheres.® This approach was pioneered by Martelli
and Di Nunzio, who demonstrated comparable sizing capabilities to the established indirect
Fourier transform, structure interference and maximum entropy methods.3® However, this
pathway was limited to spherical systems, which severely restricted its further application.
A refined algorithm was developed by Pauw et al. by compensating the effect of size and
shape on the scaling of the form factors, which extended the use in polydisperse ensembles
with unknown shapes.*3% Importantly, the recent development of the user-friendly software

h.3738 In a cross-lab collaboration

McSAS has further broadened the scope of this approac
of unimodal 5nm AgNP, the parametric fitting and the MC method led to consistent and
similar results, highlighting the validity and reliability of employing the MC approach.3’
The consistency between the presupposed model fitting and the MC method was further
confirmed in a study of unimodal PbS nanocrystals in the range of 3—10nm.*° Despite
these encouraging results, there remains a lack of comprehensive investigations utilizing the
MC-SAXS method, especially for characterizing non-uniform NPs below 10 nm as well as in
direct comparison with other characterization techniques.

To this end, we present a cross-method comparative study of quasi-monodisperse, polydis-
perse and bimodal thiol-capped AuNPs of 2—7nm between conventional TEM and solution-
based SAXS and AUC. The three techniques are based on fundamentally different working

principles, i.e. direct imaging, scattering and sedimentation. We present feasible routes to

obtain experimental data from all three techniques and provide a side-by-side comparison



of the size distribution obtained from data analysis for a variety of samples. By doing so,
we aim to shed light on the general applicability of MC-SAXS and AUC-SV methods for

accurate NP size determination alongside a critical identification of their limitations.

Materials and methods

Preparation of gold nanoparticles. The 11-mercapto-1-undecanesulfonate (MUS) lig-
and*! and MUS-AuNP synthesis via oleylamine (OAm) ligand exchange?? were carried out
following previously published procedures. Four batches of MUS-AuNPs were synthesized
with varying reaction temperatures at 40, 25, 15, 10°C and labeled as MUS-NP1-NP4,
respectively. We refer to the Supporting Information for experimental details.

Transmission electron microscopy characterization. The TEM samples were pre-
pared by dipping a sample grid (Holey Carbon Film on Copper 400 mesh, EM Resolutions)
into AuNPs solutions in dichloromethane (DCM). TEM images were acquired with a high-
resolution JEM-2100 TEM system (200keV, JEOL). The size distribution was determined
by automated image analysis of the respective AuNP populations (count rates >2000) us-
ing the software ImageJ. The size and circularity threshold were set as >2nm? and >0.6,
respectively. To assess the reproducibility of TEM analysis, three individual sample grids
were prepared from each of MUS-NP1 and MUS-NP4 sample solutions. Subsequent TEM
imaging was performed in three separate experimental sessions.

Small-angle X-ray scattering measurements and Monte Carlo fitting. Samples
for solution-based SAXS were prepared in 10 mM NaCl aqueous solution at a concentration
of 5mg/ml for MUS-NP1-4 and 10 mgml~! for MUS-B1-B2. The SAXS measurements were
carried out using a Ganesha 300XL (SAXSLAB) at 20 °C under vacuum with a high brilliance
microfocus Cu-source (wavelength: 1.5418 A). The SAXS data were recorded on a Pilatus
300K solid-state photon-counting detector with a 2mm beam stop for 1h (g-range: 0.015

to 0.65 A‘l). After subtracting the scattering from the 10 mM NaCl buffer solution, the



SAXS data were fed into the software McSAS (version 1.3) for size distribution analysis.3
In McSAS, the fitting of each SAXS dataset consisted of 10 individual repetitions with strict
fitting criteria, namely a convergence criterion of y? < 1 and a minimum uncertainty estimate
of 2%. Sphere model was chosen as the fit model and the ASLD (= SLDya, — SLDy,0)
was input as 115.5 x 1076 A=2. Number-weighted histograms were generated in the post-fit
analysis. The number of bins was set to be 100 in a size range of 1.8-9.0nm in diameter.
Analytical ultracentrifugation characterization. The AUC-SV measurements were
carried out using an Optima XL-A Ultracentrifuge (Beckman Coulter) for diluted SAXS
sample solutions (with 10mM NaCl). Concentrations were adjusted to lie in the range
0.2-0.4mg/ml, which corresponded to 0.5—-1.0 0D, as confirmed by a pre-scan of UV-Vis
absorption at 400nm for each sample before the SV measurement. The recorded AUC
data were processed in the software SEDFIT to derive approximate solutions to the Lamm
equation via a numerical finite element method.*® This fitting process generated a smooth
sedimentation coefficient distribution ¢(s) for each sample. Extended 2D analysis was per-
formed to calculate the weighted average sedimentation s and diffusion coefficients D based

on average effective density using a previously published custom made MATLAB code.?*

Results and discussion

Homo-ligand AuNPs stabilized by MUS were prepared via thiol-for-OAm ligand exchange
from four batches of differently-sized AuNPs that were initially protected by OAm.*? As
summarized in Tab S1, the core size of the four batches ranged from 2—-7nm and varying
degrees of size dispersity. Two binary mixtures were prepared by mixing MUS-NP1 and
MUS-NP4 at weight ratios of 1:1 and 1:5, labeled as MUS-B1 and MUS-B2, respectively
(Tab S2).



TEM imaging

TEM size histograms of MUS-NP1 and MUS-NP4 from three separate experimental sessions
for both sample preparation and imaging are shown in Fig 1 alongside a normalized overlay

and representative micrographs. The count rate for each individual analysis was > 2000.
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Figure 1: Size distribution histograms, normalized overlays and representative TEM image
of MUS-NP1 (a-c) and MUS-NP4 (d-f). Three histograms were obtained per batch of AuNPs
in three separate experiments (sample preparation and acquisition) from the identical sample
solution.



For MUS-NP1, the obtained histograms are reasonably well represented by a normal
distribution (see Supporting Information Fig Sla), yielding mean size and standard deviation
of 28 £ 0.3, 2.9 + 0.5 and 2.8 + 0.4 for the three respective analyses and corresponding
dispersity values of 12.4 %, 17.7% and 15.9 %. These significant differences are also depicted
in the normalized overlays of the respective histograms, shown in Fig 1b. Further evidence for
the disparity of the three sub-populations is provided by direct statistical comparison, namely
the t-test and the Kolmogorov-Smirnov test. The t-test assumes that both sub-populations
follow a normal distribution with equal variance and determines whether the two groups
have the same mean, i.e. originate from the same parental population. The corresponding
p-values of the pairwise comparison are shown in the Supporting Information, with MUS-
NP1-a and MUS-NP1-c likely originating from the same parental population, while the null
hypothesis was rejected for all other couples, i.e. there were significant differences detected
between the respective sub-populations. The more generic two-sample Kolmogorov-Smirnov
test was also applied to determine whether the respective pairs of sub-populations follow the
same distribution. The obtained p-values were orders of magnitude below the significance
level of 5%, suggesting that none of the sub-population would, from a statistical perspective,
originate from the same AuNP population. Overall these results indicate that the variation in
sample preparation and analysis is statistically significant. See the Supporting Information
for details.

A similar comparative analysis of the respective TEM experiments is presented for MUS-
NP4 in Fig 1d-f. It is important to note that the above conducted (and widely common)
reporting of mean values, standard deviation and dispersity represents a simplification and
is not suitable for size populations that deviate from normal distributions.** As shown in the
Supporting Information (Fig S1b), the MUS-NP4 sub-populations displayed herein cannot
be described by a normal distribution. Nevertheless, significant differences are also appar-
ent from qualitative comparison, most notably by the lack of a shoulder towards smaller

AuNPs in MUS-NP4-b compared to MUS-NP4-a and MUS-NP4-c. Furthermore, the posi-



tion of the main peak ranges from 5.6 nm to 6.0nm between the three runs. Both, t-test
and Kolmogorov-Smirnov were also applied to MUS-NP4-a, MUS-NP4-b and MUS-NP4-c,
yielding stark evidence that the three respective sub-populations are significantly different
from a statistical perspective (see Supporting Information)

These findings are in agreement with earlier studies, emphasizing on the limitations of
TEM size analysis when based on the conventional practice of sample preparation and image

analysis applied herein. 274

MC-SAXS analysis

The SAXS profiles of both single-type samples and binary mixtures were measured in aqueous
solutions. For a better estimation of the form factor of individual AuNPs, 10 mM NaCl was
added to increase the ionic strength of the medium and thus screen any medium- and long-
range interaction between AuNPs. SAXS curves after background subtraction are presented
as log-log plots in Fig 2 for 5mg/ml single-type solutions and 10 mg/ml binary mixtures,
respectively. Qualitatively, both single-type and biomodal measured curves demonstrated
pronounced form peaks in the high ¢ region and featureless flat profiles for ¢ < 1nm™!.

For single-type samples, the peak position of the form peak in the high ¢ region was
at 3.2, 2.8, 2.2 and 1.9nm™! for MUS-NP1—NP4, respectively (Fig 2a-d). This clear shift
towards lower angles corresponds to a size increase of the scatterer, which was in line with
the TEM results. Meanwhile, the curves of the binary mixtures followed closely the pattern
overlapping of individual form peaks observed in single-type samples (Fig 2e,f).

Both, the date fitting of single-type and binary mixtures indicate that effective scattering
occurred from individual AuNPs with non-interacting contributions, which we relate to three
major factors: 1) the distinct SLD of gold gave rise to pronounced form factors in diluted so-
lutions, 2) the ionic repulsion by MUS maintained excellent colloidal stability and prevented

NP clustering or aggregation, 3) the addition of 10 mM NaCl resulted in charge screening,

which disrupted medium- and long-range NP-NP ionic interaction. It is important to note
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Figure 2: SAXS profiles and MC fitting (log-log plots) of (a) 5mg/ml MUS-NP1, (b) 5 mg/ml
MUS-NP2; (c¢) 5mg/ml MUS-NP3, (d) 5mg/ml MUS-NP4, (e) 10mg/ml MUS-B1 (1:1)
and (f) 10 mg/ml MUS-B2 (1:54¢).

that these features were key prerequisites for the implementation of MC fitting analysis. A
summary of statistical information obtained from 10 number-weighted output distributions
by independent MC fitting repetitions for each sample is shown in the Supporting Infor-
mation (Tab S3). Note the closely matched fitting curves and the negligible discrepancies

between individual runs. These results indicate that the herein presented MC-SAXS method

provides robust results for non-monodisperse and bimodal AuNP populations with minimal
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external information.

AUC-SV analysis

The sedimentation of NPs relates to their size, shape and density. Herein, the procedure
of an AUC-SV measurement alongside numerical finite element fitting in SEDFIT allowed
to retrieve the 1D sedimentation coefficient distribution c¢(s) and deconvolute D from the
s profile to generate 2D ¢(s, D) information for a more comprehensive analysis. The rep-
resentative results are shown in Fig 3 for MUS-B2. Further results for separate samples of
MUS-NP1 and MUS-NP4 are provided in the Supporting Information (Fig S2). Character-
ization of MUS-NP1 gave rise to a primary peak at 48 S (Svedberg unit, equals to 10713 )
and a less pronounced secondary peak at 77 S. Both peaks were also retrieved in the 2D plot
with matched peak position and relative intensity. By contrast, although the 1D analysis of
MUS-NP4 resolved a dominant peak at 204 S and a much reduced peak at 141S, the sec-
ondary peak was diminished after 2D analysis, which required experimental data of higher
signal-to-noise ratio. Two peaks at 58 S and 198 S, respectively, were well resolved in both
1D and 2D plots of the mixed sample MUS-B2.

Importantly, with MUS-B2 being a mixture of MUS-NP1 and MUS-NP4 (1:5,4), both
peaks can be assigned to the primary peaks in the single-type solutions. Meanwhile, no
further distribution feature was extracted from the 2D analysis, suggesting a potential loss of
information such as the secondary peaks of the respective native populations MUS-NP1 and
MUS-NP4. Our results are in line with a recent study by Walter et al., who related the lack
of sensitivity to the regularization process and the simplified treatment of applying a global

average density in the 2D sedimentation-diffusion analysis, ignoring the size dependence of

26
Peft -

Due to the above observed limitations of the 2D sedimentation-diffusion analysis, the
results of the 1D sedimentation served to calculate the size distribution. Please see the

Supporting Information for a full overview of the hydrodynamic size analysis. In short, the

12



0.04

c(s) (1/S)

o

x 101
-
o
T
L

~ o ©
T
1
o
o
N

0.025

T 0.015

T T
=—

Diffusion (m?s)

w A~ a0 o

0.005

50 100 150 200 250 300
Sedimentation (S)

Figure 3: Sedimentation and diffusion analysis of MUS-B2 (1:5,4). Two plots correspond
to the integral 1D sedimentation coefficient distribution and the 2D sedimentation-diffusion
correlation.

dy obtained from the Stokes-Einstein equation (Eq S1) was related to core-shell model (Fig
S3) consisting of a rigid gold core of diameter d and a soft shell of thickness [ formed by
the MUS ligand capping and a solvation layer. The effective density p.g of MUS-AuNPs
with hydrodynamic diameter dy was then calculated for each sample. The derived dy vs.
c(s) relationships are summarized in Fig S4 and the results are exemplified by the plot for
MUS-B2 in Fig 4(a). Since the AUC data was represented by absorbance, the ¢(s) data was
corrected by the extinction coefficient € to compensate for size-dependent Rayleigh scattering
and absorption. ¢47 The size dependence of NP extinction coefficient (black dots, based on“®)
and corrected distribution plots (green) for MUS-B2 are summarized in Fig 4(b), with results
for the other samples shown in Fig S4. Note the significant increase in the number fraction
of the smaller-sized AuNPs as a consequence of the extinction compensation.

It is important to note that for retrieving the core size distribution of AuNPs with the
implemented 1D approach, a fixed value for [ was used to account for both the ligand capping

layer and the solvation layer, here 1.3 nm according to published results on an identical NP
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Figure 4: Calculated size distribution before (a) and after (b) extinction correction of MUS-
B2 (1:54¢) by AUC-SV. The extinction coefficient of the gold core as a function of size is
shown in black scatters.

system.*® While this is a simplified approximation, the ample contrast between the gold core

and the soft shell layer still renders this method transferable to many NP systems which

have rigid cores and smooth surface morphologies.

Comparative studies

Fig 5 summarizes the size distribution histograms obtained from TEM imaging, MC-SAXS
and AUC-SV for the single-type samples MUS-NP1—-NP4, containing AuNPs ranging from
2—T7nm. Some important characteristics emerge from a direct comparison.

As evidenced by the Gaussian fit plotted alongside Figs 5g,h.i, the results obtained for
MUS-NP3 by all three techniques follow a normal distribution, thus enabling to reliably
compare mean size and standard deviation from statistical analysis. The obtained mean size
was remarkably similar, with 5.0nm, 5.1 nm, and 5.0 nm calculated for TEM imaging, MC-
SAXS and AUC-SV, respectively. The spread of counts was broader in TEM analysis with

a standard deviation of 0.3nm in comparison to 0.2nm obtained for both MC-SAXS and

14



AUC-SV. The corresponding dispersity was calculated alongside with 6.8 %, 3.9%, 3.4 %,
respectively.

Apart from MUS-NP1 (Fig 5a-c), where the MC-SAXS result was discrepant to TEM
and AUC-SV, the position of the main peak was consistent for all AuNP populations across
the three techniques. In general for AuNPs below 3nm, MC-SAXS provided a less defined
spread and higher error values. The existence of shoulders or minority populations was
found more pronounced in TEM than in MC-SAXS and AUC-SV, but all techniques picked
up some degree of dispersity. In particular for MUS-NP1 and MUS-NP4, the main peak

obtained by AUC-SV was significantly narrower than for the other techniques.
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Figure 5: Size distribution analysis of single-type samples by TEM (red), SAXS (blue) and
AUC (green): (a)-(c) MUS-NP1, (d)—(f) MUS-NP2, (g)—(i) MUS-NP3, (j)—(1) MUS-NP4. To
represent core size distribution, 2x1[ were subtracted for the AUC results after normalization
with corresponding extinction coefficients.
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These trends were also observed in the binary mixtures MUS-B1 and MUS-B2, as shown
in Fig 6. A comparison of the data to expected simulated histograms via superposition of
the single-type results can be found in the Supporting Information (Fig S5). Most notably,
the AUC-SV characterization was unable to accurately represent the minority population in
MUS-B1, where a equal weight mixture of MUS-NP1 and MUS-NP4 and thus a dominance

of MUS-NP1 in numbers effectively led to an overshadowing of the larger, less numerous

AuNPs.
(a) 500 (d) 200
MUS-NP1+4 (1:1 MUS-NP1+4 (1:5)
400
150
300 -
= =
= S 100
3 d o
200 N (&) f ]
h 50 |
1004 | | m ﬁ
11 SO 1L
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9
Diameter (nm) Diameter (nm)
(b)oos (€)oor
c c
.S 0.06
.05 =
8
L 005
[}
o004
E
0.03
z
Lo
==
Ko}
© 0.01
14
| 0.00
8 9 2 3 4 5 6 7 8 9
Diameter (nm) Diameter (nm)
(€)oz (F) 006
c = [ VUS-NP1+4 (1:5)
S 0.18 o
g 8
£ 0,15 i
w LL 0.04
5] 5]
So12 g
E [S
0.09 S
z z
0.02
Lo0s 4
s 3
© 0.03 Ko
o &
0.00 , , : ; 0.00
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9

Diameter (nm) Diameter (nm)
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The following discussion aims to systematically examine the advantages and limitations
of each techniques. In all samples, the variation between individual characterization runs
for the identical sample was observed to be significantly higher for TEM compared to SAXS
and AUC. This may be related to the fact that 1) TEM is a local imaging technique, which
carries limited statistical representation by examining only a small fraction of the whole sam-
ple population; 2) The inspection of single particles and the experimenter-guided workflow
of sample preparation, imaging and data analysis can entail errors from operator bias.!?13
Furthermore, it is important to mention that although we have seen a growing utilization
of in situ liquid-phase TEM and cryo-TEM, the commonly used standard TEM requires
the removal of the suspending liquid after the drop-cast sample preparation. This process
is typically realized by vacuum or ambient drying, which often alters the dispersion state
of sample materials and introduces artifacts obscuring accurate measurement.'® All these
factors generate discrepancies for representing the size distribution, which can impair com-
parable and reproducible data analysis.?” On the other hand, the size distribution observed
in TEM results suggested a broader size distribution, evidenced by a higher polydispersity,
most notably in MUS-NP2—-NP4. It is important to note that in contrast to SAXS and
AUC, TEM measures individual NPs and thus minority size fractions are equally counted
and represented, offering an intrinsic advantage for arbitrary populations. On the other
hand, thresholding for image contrast may lead to an underestimation of the smaller-sized
NPs as the outer part of smaller NPs with poor contrast is typically filtered when applying
an overall threshold in common image analysis routines. In spite of these drawbacks, TEM
still offers a number of advantages including accessibility and ease of data analysis, thus
providing a rapid characterization of AuNP core sizes and shapes, with a semi-quantitative
estimation of the degree of homogeneity. !4

By contrast, both SAXS and AUC are ensemble methods which provides collective data
in solution that can be used for detailed statistical analysis of in situ colloidal features. Due

to the distinct X-ray SLD of gold core and the similar SLD values between alkanethiols and

17



solvent molecules in a AuNP sample, SAXS permits the selective characterization of the gold
core while excluding the influence of the ligand shell and the solvation layer. Compared to
the results by TEM and AUC, the histograms by MC-SAXS entailed more detailed features
of the distribution patterns in both single-type samples and binary mixtures. This can be
related to the adequate resolving power of SAXS and the implementation of the unbiased
MC modeling, which extends the use of SAXS for non-monodisperse NP systems. It is
important to note that the average size in SAXS histograms was slightly larger than those
of TEM and AUC for populations with NPs below 3nm, notably MUS-NP1, MUS-B1 and
MUS-B1. These findings are in agreement with the published results on PbS nanocrystals
with an unimodal distribution, where larger average size of 3.2nm for the MC method in
comparison to 2.8 nm when fitting the identical SAXS profile with a classical log-normal-
based model.*® Importantly, this discrepancy was markley reduced for samples above 4 nm.*°
This limitation of the MC method for sub-3 nm NPs may be attributed to a number of factors:
1) as described by the Porod’s Law, the scattering intensity decreases rapidly at the high ¢
region (corresponding to smaller size), which entails non-negligible systematic data noise; 2)
molecules in solution (e.g., salt and solvent) share similar length scales to ultra-small NPs and
the scattering of these molecules can not be effectively canceled by solvent subtraction.!?
Once more, this is in line with the PbS study, in which the scattering of unbound lead
oleate molecules resulted in a secondary population at 2.3nm in their MC fitting results.*’
Consequently, the presented MC-SAXS is generally not suitable for characterizing ultra-
small AuNPs below 3nm. Moreover, considering the limit of sample-to-detector distance in
SAXS instrumentation as well as the reduced beam flux at the low ¢ region, this MC-SAXS
method may not provide accurate estimation of NPs whose diameter above 100 nm without
the use of ultra-small angle X-ray scattering (USAXS).

AUC-SV analysis, on the other hand, is a strictly in situ process that examines the hy-

drodynamic behavior of the measured material system. In our experiments, the analysis

of 1D sedimentation by a simplified core-shell model resulted in sharp distribution profiles,
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observed by the pronounced primary peak in both single-type samples and binary mixtures.
Consequently, the underrepresentation of minority populations led to an overestimation of
the uniformity when compared to SAXS and TEM. This can be explained by the constrained
resolution of both AUC measurements and subsequent data fitting. It is important to note
that the at times laborious optimization of centrifugation conditions is imperative to achieve
a dynamic range covers all species of interest and avoid discrimination of a certain popu-
lations.*® Furthermore, although diluted sample solutions with salt stabilization were used
to minimize the charge effects, the concentration dependence of dy could not be completely
excluded without the extrapolation to infinite dilutions.!” The process of extrapolating core
sizes from hydrodynamic sizing of 1D sedimentation analysis may also incur systematic er-
rors, especially for non-spherical samples or materials with extended soft shell structures.
For such complex systems, more advanced instrumentation, such as multi-wavelength detec-
tor, and fitting schemes, e.g. the Custom Grid spectrum analysis, are required to facilitate

the implementation of AUC.?%26:50

Conclusions

In summary, a comparative study of sub-10nm AuNP size distribution characterized by
TEM, SAXS and AUC is presented. All three methods provided consistent assessment
of quasi-monodisperse AuNPs with an average core diameter of 5nm but distinct differ-
ences were observed for non-monodisperse and bimodal populations. The conventional TEM
imaging method permitted facile characterization of AuNPs with various size distributions,
but it suffered from poor reproducibility and a lack of statistical significance. SAXS mea-
surement, combined with subsequent model-free MC fitting, enabled reliable estimation of
non-monodisperse size distributions with comprehensive statistical analysis. However, this
method is not suitable for ultra-small NPs below 3 nm due to the reduced scattering intensity

and the interference of small molecules. The sedimentation-based AUC-SV method allowed
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comparable estimation of both single-type samples and binary mixtures. Par contra, its
relatively low resolution resulted in the underrepresentation of the minor populations. This
study offers valuable insights in state-of-art AuNP characterization methods and may be

transferred to guide the size distribution analysis on other material systems.
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