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Accurate nanoparticle size determination is essential across various research domains, with many functionalities in nanoscience and biomedical research being size-dependent. Although electron microscopy
is capable of resolving a single particle down to the sub-nm scale, the reliable representation of entire
populations is plagued by challenges in providing statistical signiﬁcance, suboptimal preparation procedures and operator bias. While alternative techniques exist that provide ensemble information in solution, their implementation is generally challenging for non-monodisperse populations. Herein, we explore
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the use of small-angle X-ray scattering in combination with form-free Monte Carlo ﬁtting of scattering
proﬁles as an alternative to conventional electron microscopy imaging in providing access to any type of
core size distribution. We report on a cross-method comparison for quasi-monodisperse, polydisperse
and bimodal gold nanoparticles of 2–7 nm in diameter and discuss advantages and limitations of both
techniques.

1 Introduction
The preparation and accurate characterisation of sub-10 nm
nanoparticles (NPs) plays a pivotal role in a multitude of
chemical and biomedical applications, where size-dependent
eﬃcacy is often observed.1–3 Notably, the cutoﬀ for eﬃcient
renal clearance is below 10 nm, and NPs with broad size distributions may impair biocompatibility.4 For gold nanoparticles
(AuNPs), in particular, various important physicochemical properties are closely dependent on size. AuNP populations with
mean diameters ranging from 2–10 nm manifest drastic diﬀerences not only concerning in vitro colloidal stability but also
their intracellular and antimicrobial properties.5–8 Consequently,
the quantitative assessment of the AuNP size distribution in a
sample of interest is an indispensable routine that needs
special attention.
The most commonly implemented technique is transmission electron microscopy (TEM) imaging, combined with a
plethora of software-based image analysis methods.9,10 As a
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direct imaging technique, TEM is a convenient tool to study
both size and shape in ultra-high resolution. 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.11–13 Considering the rather limited sample size, it is
laborious 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.14,15 Even
though fitting procedures with minimal human intervention
meanwhile exist, image analysis in practice still commonly
involves manual operations prone to user bias.10
To address these issues, a number of bulk-scale characterisation techniques for NPs have been developed as alternatives
to TEM imaging, many of which manifest convincing advantages when assessing monodisperse NP populations. However,
the analysis of non-uniform size distributions remains
plagued by inherent weaknesses. For instance, dynamic light
scattering (DLS) is able to probe the hydrodynamic size information of colloidal systems at both microscopic and nanoscopic scales, but non-monodisperse samples are typically not
accurately described due to the size-dependent scattering
cross-section.11,16 In addition, the interference of multiple
scattering events may also impair the accuracy of DLS results,
especially for NPs below 20 nm in diameter.17 X-ray diﬀraction
(XRD) analysis enables to obtain the mean size of crystalline
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domains, either via the Scherrer formula or the more recent
Fourier inversion method.18,19 However, this approach is hindered by issues such as the overweighting of larger crystallites
as well as contributions from amorphous layers and lattice
defects.14,20 Analytical ultracentrifugation (AUC) represent an
alternative route to size and shape characterisation of NPs in
solution.21 2D evaluation of sedimentation and diﬀusion
coeﬃcients oﬀers pathways to representing non-uniform NP
populations.22 However, in order to deduce accurate core size
information from a hydrodynamic radius, additional information is required on the ligand shell and respective solvation
layers, which is at times diﬃcult to obtain. Two further techniques particularly suited for non-uniform NP populations are
disc centrifugation analysis (DCA) and nanoparticle tracking
analysis (NTA). Although DCA can track multimodal particle
samples, it suﬀers from sizing underestimation as well as a
strict requirement for well-matched calibrants.17,23 NTA allows
to probe single NP in an ensemble through the mapping of
individual Brownian trajectories.24 Nevertheless, it time-consuming to obtain large enough datasets for an accurate representation of NP populations is unable to resolve sub-10 nm
NPs.17 Ultra-small nanoclusters may further be sized by 2D
diﬀusion-ordered nuclear magnetic resonance spectroscopy
(DOSY-NMR) via comparing the specific NMR signal peak of
surface-bound ligands.25–27 In this case, size distribution analysis of non-uniform populations is particularly challenging
due to ligand density fluctuation and peak line broadening,
which results in altered resonance and chemical shift.28
An emerging technique to characterise the size distribution
of colloidal ensembles is small-angle X-ray scattering (SAXS).
Modern SAXS instruments are able to cover the NP diameter
distribution ranging from 1–100 nm. The scattering length
density (SLD) of gold is particularly pronounced in comparison
to organic ligands and common solvents. This distinct feature
of gold gives rise to significant contrast of the NP core and an
excellent signal-to-noise ratio for resulting SAXS profiles. In
principle, the size distribution of a NP sample may be calculated with an assumed functional form, i.e. lognormal,
Gaussian, Boltzmann or Schultz–Zimm distribution.12 In a
recent study on sub-5 nm hybrid NPs, SAXS enabled the simultaneous resolution of both core and shell, i.e. the size distribution of the silica core as well as the molecular mass
dispersity of the polymer shell.29 In order to represent an arbitrary size distribution, a form-free regularisation approach is
required, with the most widely adopted ones based on indirect
Fourier transform, either involving form factor pattern
matching and optimisation with least-squares methods.30–32
Nonetheless, the existing parametric regularisation methods
are sensitive to externally derived boundary conditions such as
the maximum diameter, which may incurr artificial oscillations of the pair distribution function.33 Consequently, a
Monte Carlo (MC) method, based on model-free trial-and-error
sampling, was proposed for unbiased NP size distribution
analysis.34,35 Pioneered by Martelli and Di Nunzio and later
refined by Pauw and co-workers, this MC method demonstrated
comparable sizing capabilities to the established indirect
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Fourier transform, structure interference and maximum entropy
methods.34–37 The recent development of the user-friendly software McSAS has further broadened the scope of this
approach.38,39 In a cross-lab collaboration of unimodal AgNPs,
the parametric fitting and the MC method led to consistent and
similar results, highlighting the validity and reliability of
employing the MC approach.40 The capabilities of the MC
method in comparison to fitting to a presupposed model were
further confirmed in a study of unimodal PbS nanocrystals.41
Despite these encouraging results, there remains a lack of comprehensive investigations utilising the MC-SAXS method,
especially for characterising non-uniform NPs below 10 nm.
To this end, we present a systematic study of sizing quasimonodisperse, polydisperse and bimodal thiol-capped AuNPs
of 2–7 nm in diameter by conventional TEM and solutionbased SAXS. The two characterisation techniques are based on
fundamentally diﬀerent working principles, i.e. single-particle
direct imaging vs. ensemble scattering. We present feasible
routes to obtain experimental data from both methods and
provide a side-by-side comparison of the size distribution
obtained for a variety of samples. By doing so, we aim to shed
light on the general applicability of SAXS with MC fitting
(MC-SAXS) for accurate NP size determination alongside a critical identification of its limitations.

2

Results and discussion

Homo-ligand AuNPs stabilised by 11-mercapto-1-undecanesulfonate (MUS) were prepared via thiol ligand exchange from
four batches of diﬀerently-sized AuNPs that were initially protected by oleylamine (OAm).42 The core diameter of the four
batches ranged from 2–7 nm and varying degrees of size dispersity (ESI, Table S1†). Two binary mixtures were prepared by
mixing MUS-NP1 and MUS-NP4 at weight ratios of 1 : 1 and
1 : 5, labelled as MUS-B1 and MUS-B2, respectively (Table S2†).
2.1

TEM imaging

TEM diameter 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 normalised
overlay and representative micrographs. The count rate for
each individual analysis was >2000. The micrographs for the
rest of samples can be found in the ESI (Fig. S1†).
The mean size and standard deviation of MUS-NP1 were
2.8 ± 0.3, 2.9 ± 0.5 and 2.8 ± 0.4 for the three respective analyses with corresponding coeﬃcient of variance of 12.4%,
17.7% and 15.9%, assuming a normal distribution (see ESI,
Fig. S2a†). These significant diﬀerences are also depicted in
the normalised overlays of the respective histograms, shown in
Fig. 1b. A similar comparative analysis of the respective TEM
experiments is presented for MUS-NP4 in Fig. 1c and d.
Further evidence for the disparity of the three sub-populations is provided by direct statistical comparison, namely the
t-test, the Kolmogorov–Smirnov test and the information
entropy test. The t-test assumes that both sub-populations

This journal is © The Royal Society of Chemistry 2020

View Article Online

Open Access Article. Published on 04 May 2020. Downloaded on 1/8/2023 4:16:08 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Nanoscale

Paper
and MUS-NP4-c. Furthermore, the position of the main peak
shifted from 5.6 nm to 6.0 nm between the three measurements. In contrast to other statistical measures, the normalised nanoparticle entropy can be calculated for any type of
population regardless of its distribution. Herein, values of
0.49, 0.30 and 0.44 were obtained for NP4-a, NP4-b, and NP4-c,
respectively (Table S6†), providing further evidence for the disparity between the sub-populations.
Overall these results indicate that the variation in sample
preparation and analysis is statistically significant. These findings are in agreement with earlier studies, emphasising on the
limitations of TEM size analysis when based on the conventional practice of sample preparation and image analysis
applied herein.45,46
2.2

Fig. 1 Diameter distribution histograms, normalised overlays and representative TEM image of (a) and (b) MUS-NP1 and (c) and (d) MUS-NP4.
Three histograms were obtained per batch of AuNPs in three separate
experiments (sample preparation and acquisition) from the identical
sample solution.

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 Table S4
(ESI†), with the null hypothesis clearly rejected for all couples
besides MUS-NP1-a and MUS-NP1-c, 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 subpopulations follow the same distribution. The obtained
p-values (Table S5†) 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. We have recently introduced the
concept of nanoparticle entropy, which provides a consistent
and reliable comparative measure for the dispersity of particle
populations.43 Herein, the normalised entropy value was 0.46,
0.69 and 0.63 for NP1-a, NP1-b, and NP1-c, respectively
(Table S6†). This disparity is significant and could allow a
population to be incorrectly identified as quasi-monodisperse
(threshold En < 0.618). Importantly, the sample size tested for
each population was suﬃcient to calculate a reliable estimate
of the NP entropy; however, the variation between samples
observed herein suggests that even count rates of more than
2000 AuNPs are insuﬃcient to represent entire populations.
It is important to note that a sole reporting of mean values
and standard deviation represents a simplification and is not
suitable for size populations that deviate from normal distributions.44 The MUS-NP4 sub-populations displayed herein
cannot be described by a normal distribution (ESI, Fig. S2b†).
Nevertheless, significant diﬀerences are also apparent from
qualitative comparison, most notably by the lack of a shoulder
towards smaller AuNPs in MUS-NP4-b compared to MUS-NP4-a
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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 5 mg ml−1 single-type
solutions and 10 mg ml−1 binary mixtures, respectively.
Qualitatively, both single-type and biomodal measured curves
demonstrated pronounced form oscillations in the high q
region and featureless flat profiles for q < 1 nm−1.

Fig. 2 SAXS proﬁles and MC ﬁtting (log–log plots) of (a) 5 mg ml−1
MUS-NP1, (b) 5 mg ml−1 MUS-NP2, (c) 5 mg ml−1 MUS-NP3, (d) 5 mg ml−1
MUS-NP4, (e) 10 mg ml−1 MUS-B1 (1 : 1 wt) and (f) 10 mg ml−1 MUS-B2
(1 : 5 wt).
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For single-type samples, the form oscillation in the high q
region was at 3.2, 2.8, 2.2 and 1.9 nm−1 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
oscillations observed in single-type samples (Fig. 2e and 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 solutions, (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 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 ESI (Table S7†). 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 resultsfor nonmonodisperse and bimodal AuNP populations with minimal
external information.
2.3

Comparative studies

Fig. 3 summarizes the diameter distribution histograms
obtained from TEM imaging and MC-SAXS for the single-type
samples MUS-NP1 to MUS-NP4, containing AuNPs ranging
from 2–7 nm. Some important characteristics emerge from a
direct comparison.
As evidenced by the Gaussian fit plotted alongside Fig. 3d
and g, the results obtained for MUS-NP3 by both techniques
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follow a normal distribution, thus enabling to reliably
compare mean diameter and standard deviation from statistical analysis. The obtained mean diameter was remarkably
similar, with 5.0 nm and 5.1 nm calculated for TEM imaging
and MC-SAXS, respectively. The spread of counts was broader
in TEM analysis with a standard deviation of 0.3 nm in comparison to 0.2 nm obtained for MC-SAXS. The corresponding
coeﬃcient of variance was calculated alongside with 6.8% and
3.9%, respectively.
The shape and position of the main peak was found rather
consistent for all AuNP populations across both techniques
and within the observed fluctuations observed in TEM analysis
of individual runs (see Fig. 1) The existence of shoulders or
minority populations was found more pronounced in TEM
than in MC-SAXS, but both techniques detected some degree
of dispersity. For AuNPs below 3 nm, MC-SAXS provided a less
defined spread and higher error values.
These trends were also observed in the binary mixtures
MUS-B1 and MUS-B2, as shown in Fig. 4. A comparison of the
data to expected simulated histograms via superposition of the
single-type results can be found in the ESI (Fig. S3†).
The following discussion aims to systematically examine
the advantages and limitations of each technique. In all
samples, the variation between individual characterisation
runs for the identical sample was observed to be significantly
higher for TEM compared to SAXS. 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 sample population, and (2) the inspection of single particles and the experimenter-guided workflow
of sample preparation, imaging and data analysis can entail
errors from operator bias.12,13 Furthermore, the commonly
used TEM procedures require the removal of the suspending
liquid after drop-casting. This process is typically realised by
vacuum or ambient drying, which often alters the dispersion

Fig. 3 Diameter distribution analysis of single-type samples by TEM (red) and SAXS (blue): (a) and (e) MUS-NP1, (b) and (f ) MUS-NP2, (c) and (g)
MUS-NP3, (d) and (h) MUS-NP4.
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Fig. 4 Diameter distribution analysis of binary mixtures by TEM (red)
and SAXS (blue): (a) and (c) MUS-B1 (1 : 1 wt), (b) and (d) MUS-B2 (1 : 5
wt).

Paper
These findings are in agreement with the published results on
unimodal PbS nanocrystals, where larger average diameter of
3.2 nm for the MC method in comparison to 2.8 nm when
fitting the identical SAXS profile with a classical log-normalbased model.41 This limitation of the MC method for sub3 nm NPs may be predominantly attributed to the diminishing
scattering intensity in the high q region (as described by
Porod’s law), which entails significant data noise.12 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 2.3 nm in their MC fitting results.41
Consequently, the presented MC-SAXS is generally not suitable
for characterising ultra-small AuNPs below 3 nm. Moreover,
when considering the limitations in sample-to-detector distance of SAXS instrumentation as well as the reduced beam
flux at the low q region, the MC-SAXS method may not provide
accurate estimation of NPs above 100 nm in diameter without
the use of ultra-small angle X-ray scattering (USAXS).

3
state of sample materials and introduces artifacts obscuring
accurate measurement.15 Furthermore, 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. All these factors generate discrepancies for representing the diameter distribution, which can
impair comparable and reproducible data analysis.46 On the
other hand, the diameter distribution observed in TEM results
suggests a broader distribution, i.e. a higher dispersity, most
notably in MUS-NP2–NP4. It is important to note that in contrast to SAXS, TEM measures individual NPs, and thus minority size fractions are equally counted and represented,
oﬀering an intrinsic advantage for arbitrary populations. In
spite of several drawbacks, TEM still oﬀers a number of advantages including accessibility and ease of data analysis, thus
providing a rapid characterisation of AuNP core sizes and
shapes, with a semi-quantitative estimation of the degree of
homogeneity.14
By contrast, SAXS is an ensemble method 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 the gold core and similar SLD values between
alkanethiols and solvent molecules in a AuNP sample, SAXS
permits the selective characterisation of the gold core while
excluding the influence of the ligand shell and the solvation
layer. Importantly, the histograms obtained by MC-SAXS as an
ensemble technique display a similar level of detail to the
ones obtained by TEM analysis, highlighting the potential of
the form-free MC modelling, which extends the use of SAXS for
non-monodisperse NP systems. It is important to note that the
average diameter in SAXS histograms was slightly larger than
those obtained by TEM for NP populations with significant
fractions below 3 nm, notably MUS-NP1, MUS-B1 and MUS-B2.
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Conclusions

In summary, a comparative study of sub-10 nm AuNP diameter
distribution characterised by TEM and SAXS is presented.
Both methods provide consistent assessment of quasi-monodisperse AuNPs with an average core diameter of 5 nm, but
distinct diﬀerences were observed for non-monodisperse and
bimodal populations. The conventional TEM imaging method
permitted facile characterisation of AuNPs with various size
distributions, but it suﬀered from poor reproducibility and a
lack of statistical significance. SAXS measurement, 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. This
study oﬀers valuable insights into state-of-art AuNP characterisation methods and may guide the size distribution analysis
on other material systems.

4 Experimental section
4.1

Preparation of gold nanoparticles

The MUS ligand and MUS-AuNP syntheses via thiol-for-OAm
ligand exchange were carried out following previously published procedures.42,47 Four batches of MUS-AuNPs weresynthesised with varying reaction temperatures at 40, 25, 15,
10 °C and labelled as MUS-NP1–NP4, respectively. We refer to
the ESI† for experimental details.
4.2

Transmission electron microscopy characterisation

The TEM samples were prepared 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
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(200 keV, JEOL). The size distribution was determined by automated image analysis of the respective AuNP populations
(count rates > 2000) using the software ImageJ. The size and
circularity threshold were set as >2 nm2 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.
4.3 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 5 mg ml−1 for
MUS-NP1–4 and 10 mg ml−1 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 Å). The SAXS data were
recorded on a Pilatus 300 K solid-state photon-counting detector with a 2 mm beam stop for 1 h (q-range: 0.15 to 6.5 nm−1).
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.38 In McSAS, the
fitting of each SAXS dataset consisted of 10 individual repetitions with strict fitting criteria, namely a convergence criterion of χ2 < 1 and a minimum uncertainty estimate of 2%.
Sphere model was chosen as the fit model and the ΔSLD (=
SLCAu − SLDH2O) was input as 115.5 × 10–6 Å−2. Numberweighted histograms were generated in the post-fit analysis.
The number of bins was set to be 100 in a size range of
1.8–9.0 nm in diameter.
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