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Here we present a method to extract thermodynamic quantities
for nanoparticle dispersions in solvents. The method is based on
the study of tomograms obtained from cryogenic electron tomo-
graphy (cryoET). The approach is demonstrated for gold nano-
particles (diameter < 5 nm). Tomograms are reconstructed from
tilt-series 2D images. Once the three-dimensional (3D) coordi-
nates for the centres of mass of all of the particles in the sample
are determined, we calculate the pair distribution function g(r)
and the potential of mean force U(r) without any assumption.
Importantly, we show that further quantitative information from
3D tomograms is readily available as the spatial fluctuation in the
particles’ position can be efficiently determined. This in turn
allows for the prompt derivation of the Kirkwood—-Buff integrals
with all their associated quantities such as the second virial
coefficient. Finally, the structure factor and the agglomeration
states of the particles are evaluated directly. These thermody-
namic quantities provide key insights into the dispersion proper-
ties of the particles. The method works well both for dispersed
systems containing isolated particles and for systems with vary-
ing degrees of agglomerations.
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Currently, once a dispersion of nanoparticles is formed, very little can be
quantitatively known about the thermodynamic state of such dispersion.
In this paper we present a whole methodology to derive the radial
distribution function, the potential of mean force, the aggregation state,
and the structure factor for a generic dispersion of nanoparticles in water.
We show that all this information can be readily retrieved from cryogenic
electron tomography (cryoET). Furthermore, we prove that image seg-
mentation allows for the determination of the spatial fluctuations in the
sample allowing for the calculation of Kirkwood-Buff integrals, that in
turn allow to calculate a large number of key statistical thermodynamics
quantities.

Introduction

Nanoparticles (NPs) have been the subject of intense research
in the last thirty years. They are used in their dispersed form in
many putative applications (e.g. nanomedicine) as well as in the
most common processing steps.' To date, there is still sig-
nificant uncertainty on the colloidal properties of these parti-
cles, as determining their state is a significant challenge.*’
Colloids with characteristic dimension in the hundreds of
nanometres are known to follow DLVO (Boris Derjaguin and
Lev Landau, Evert Verwey and Theodoor Overbeek) theory when
dispersed in a liquid.®”® Their theoretical framework has been
validated thanks to a large body of experimental evidence that
can reconstruct the three dimensional (3D) position of the
micro-particles in their dispersed state.”° Here we present a
systematic method to characterize the 3D structure of NPs
dispersed in a solvent in a manner common to mixtures of
molecular solutions. From the centre-of-mass positions of NPs,
the radial distribution function (RDF) g(r) and the potential of
mean force (PMF), U(r) between NPs can be determined, leading
further to a series of other important thermodynamics quantities.
To the best of our knowledge, extracting these quantities without
any assumptions has not been achieved before.

Mater. Horiz., 2022, 9, 303-311 | 303


http://orcid.org/0000-0003-0842-0416
http://orcid.org/0000-0001-5752-2852
http://orcid.org/0000-0002-7853-1683
http://orcid.org/0000-0003-4635-6080
http://crossmark.crossref.org/dialog/?doi=10.1039/d1mh01461g&domain=pdf&date_stamp=2021-10-26
http://rsc.li/materials-horizons
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1mh01461g
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH009001

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 1400. Downloaded on 01/12/1404 01:37:57 ..

(cc)

Communication

Several methods have been used for understanding nano-
particle interactions in solution. Analytical ultracentrifugation
(AUC) measures the deviation from ideal solution behaviours of
NPs dispersion by means of the osmotic pressure (AUC-
sedimentation equilibrium, AUC-SE) or by the changes of the
sedimentation coefficients (AUC-sedimentation velocity, AUC-
SV) with respect to concentration.>'>* The second virial coeffi-
cients can be extracted and used as an indication of long-range
interactions. Direct osmotic pressure measurements using a
semipermeable membrane, albeit rarely attempted, have also
been demonstrated to give equivalent information.>® Small-
angle X-ray scattering (SAXS) and small-angle neutron scatter-
ing (SANS) determine essentially the structure factor S(g) and
lead to the extrapolation of the scattering intensity at the zero
scattering vectors. These measurements, when carried out as a
function of concentration, allow for the fit of the second virial
coefficient.>® Furthermore, the structure factor, obtained from
SAXS or SANS, contains information about how the particles are
distributed in the solution via the pair correlation function.
However, due to the limited g range of the measurements, a
direct Fourier transform of the structure factor cannot be
performed to derive the interaction potential, hence indirect
Fourier transform techniques are needed. Nevertheless, a
unique solution is not always found from such an
approach.'”?

It is well known from statistical mechanics that the posi-
tions of the particles in a liquid are captured statistically by g(7)
and the potential of mean force.?®*° This principle has been
used in this paper to derive some thermodynamic quantities for
NPs imaged in cryoET after the nanoparticle dispersion was
rapidly frozen to create a vitrified sample that could be imaged.
To date, most of these studies were conducted on samples
dilute enough so that two-dimensional (2D) images of their
vitreous films could be studied.’**® We find this approach
truly promising but the 2D nature of the images has the
following limitations. First, the assumption that the thermo-
dynamic properties extracted from 2D images apply to a 3D
state needs to be validated. Second, the constraint of dilute
solution does not allow studying many realistic dispersion
conditions. Third, the approach does not offer an easy way to
guarantee that the vitrification step does not alter the disper-
sion state. Nevertheless, it should be pointed out that such an
approach has a key advantage that 2D images can be acquired
and processed very rapidly.

Here, we have taken inspiration from the 2D work described
above and realized that the new instrumental developments in
cryoET allow for relatively straightforward tomography of vitri-
fied nanoparticle dispersions. The tomograms can be converted
into 3D maps of NPs. These maps lead to the determination of
g(r) and U(r). Interaction parameters such as Kirkwood-Buff
integrals (KBI), can also be determined straightforwardly.
Importantly, it is facile to derive a structure factor for the
dispersion imaged. This calculated structure factor can be
compared directly to an experimentally measured structure
factor for the pre-vitrified dispersion. The comparison enables
us to establish the absence of changes in the sample upon
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vitrification. As a result, we present here a method to extract key
colloidal properties for nanoparticle dispersions.

Experimental
Nanoparticle synthesis

HAuCl,;-3H,0, oleylamine, and ¢-butylamine-borane complex
were purchased from Sigma-Aldrich and used without further
purification. In a typical synthesis, 196 mg of HAuCl,-3H,O was
dissolved in a mixture of 16 ml of oleylamine and 20 ml of
n-octane, directly in the 250 ml three-necks round bottom flask.
The solution was stirred vigorously until the solid disappeared
completely. It was followed by the addition of 86 mg of
t-butylamine-borane complex previously prepared in 4 ml of
oleylamine in a small vial. The reaction was left in gentle
stirring for an hour and then quenched by 120 ml of ethanol.
The precipitated NPs were washed by a sequence of dispersion
in dichloromethane, precipitation by ethanol, and then gentle
centrifugation for several times. The ligand exchange proce-
dure was adopted from ref. 39. All the particles synthesized and
studied in this paper are described in Table 1, where their
acronyms are introduced. Briefly, for NP1 and NP2, 30 mg of
oleylamine coated NPs was dissolved in 4 ml of dichloro-
methane. To the dissolved sample, we added 106.4 mg of
sodium 11-mercaptoundercane sulfonate (MUS) dissolved in
5 ml of water. The mixture was sealed and stirred overnight.
NPs obtained from the upper phase were washed thoroughly
using ethanol using Amicon® 30 kDa MWCO filters. For NP3,
coated with MUS and OT (octanethiol), the thiolated molecules
with feed ratio of 55% OT were used in the ligand exchange
step. The purity of the AuNP was evaluated by NMR. Pegylated
NPs, NP4 and NP5, were purchased from Sigma-Aldrich. They
were freeze-dried into powder and used without further
chemical modification.

Conventional TEM

A drop of dilute dispersion of NPs was dried on a carbon film
grid (CF200-Cu, EMS) and inspected by TEM at 200 kV. Particle
size analysis was done by using Image] v1.53c (NIH).

SAXS

SAXS measurements were performed on a Bruker Nanostar
instrument (Bruker AXS GmbH, Karlsruhe, Germany) equipped

Table 1 List of nanoparticles in this study, their size, and their ligand
composition. Conventional TEM analysis is presented in Fig. SI1-S10 (ESI).
MUS: 11-mercaptoundercane sulfonate; OT: octanethiol; PEG2000:
poly(ethylene glycol) thiol with M,, = 2000 Da; PEG5000: poly(ethylene
glycol) thiol with M,, = 5000 Da;

Core size Dispersity Ligand Ligand
Particle (nm) (%) shell ratio (%)
NP1 3.2 9.4 MUS 100
NP2 3.1 16.1 MUS 100
NP3 4.6 10.8 MUS-OT 70-30
NP4 5.4 14.8 PEG2000 100
NP5 4.9 22.4 PEG5000 100

This journal is © The Royal Society of Chemistry 2022
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with a pinhole collimation system and a micro-focused X-ray Cu
source (wavelength Cu K, 1.5406 A) providing a beam with a
diameter of about 300 pm. The instrument was equipped with a
semi-transparent beam stop. Measurements were carried out at
room temperature in moderate vacuum conditions of about
10> mbar pressure to avoid air scattering. The sample-to-
detector distances (SDD) was calibrated with a standard silver
behenate powder for SDD = 107 cm. All NPs dispersion samples
were prepared in a quartz capillary with a diameter of 1.5 mm
(Hilgenberg Company, Germany). The scattering frames of the
NPs dispersion and the solvent were recorded in the same
conditions. The solvent data was considered as background
and subtracted before data analysis. Different NPs concentra-
tions were investigated. The background subtracted I(g) of the
sample with the lowest measured concentration in NaCl 30 mM
(1.0 mg ml ') was considered for a form factor, P(g), since there
was no increasing in forward scattering for this sample and
showed a plateau in small g range indicating the negligible
interaction. The structure factors were calculated by diving the
I(g) by P(g), and normalized to 1 at high .*°

CryoET

Four microliters of dispersion were applied onto a quantifoil
grid (200 mesh, EMS). The solution was blotted on one side of
the grid using a Whatman filter paper (1440-090) and immedi-
ately vitrified in liquid ethane with a homemade plunge freez-
ing apparatus. Observation was made at —170 °C in a Tecnai
F20 microscope (Thermo Fisher, Hillboro, USA) operating at
200 kV equipped with a cryo-specimen holder Gatan 626
(Warrendale, PA, USA). Tilt-series were collected automatically
from —60° to 60° with 2° angular increments at 29 000X
(camera’s pixel size = 0.35 nm) and 50000x (camera’s pixel
size = 0.20 nm) of magnification using the defocus range from
—3 um to —5 pm for a total dose of 40 e~ A™2. Digital images
were acquired using a camera Falcon III (Thermo Fisher,
Hillsboro, USA) 4096 x 4096 pixels. All the data were drift
corrected by the software of acquisition Tomo 4.0 (Thermo
Fisher, Hillsboro, USA).

Image processing

The tilt series (binned 2x, for magnification of 50 000x) were
aligned using cross correlation in Inspect3D (Thermofisher).
Tomograms were reconstructed using the Simultaneous Itera-
tive Reconstruction Technique (SIRT) from Inspect3D using
24 iterations. The contrast of the tomogram was inverted and
the segmentation was followed using Imaris (Bitplane) and
custom-made Matlab codes. The typical size of a tomogram
was in the range of 800 nm x 800 nm x 100 nm. Due to the
limitation of our computer power, tomograms recorded at
29 000x were divided into four before analysis. Moving box of
sub-volumes and particle counting were realized with in-house
Matlab codes to calculate KBI values. g(r) was calculated based
on the python code provided by ref. 41. Here the bin size of g(r)
was set to be comparable with the pixel size of the tomogram.
Structure factors based on the positions of the particles in the
tomograms were calculated using Matlab codes that implement

This journal is © The Royal Society of Chemistry 2022
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the histogram-based algorithm presented in ref. 42. Agglomer-
ate states of particles were extracted from the tomograms using
Imaris (Bitplane) and in-house Matlab codes that were based on
the algorithm reported in ref. 43.

AUC-SV

AUC-SV measurements were carried out in an analytical ultra-
centrifuge XL-I machine (Beckman-Couter) using absorbance
optics. Double-sector cells having 12 mm or 3 mm path lengths
were utilized with sapphire windows and titanium center-
pieces. A dispersion of nanoparticle (370 microliters) at the
absorbance 0.1 < OD < 1 was placed in the sample sector,
while water was used in the reference sector. All samples were
run at 20 °C, while the set speeds were chosen to record at least
40 data curves. The absorbance was measured at the wave-
length of 520 nm, with radial increment set at 0.003 cm and the
acquisition was done in a continuous mode without delay. The
AUC data C(s) was processed by Sedfit v16.36 (http://www.
analyticalultracentrifugation.com/).

Results

Fig. 1 illustrates the workflow of the present method. After a
thin film of NP dispersion was quickly vitrified on a grid, the
sample frozen across a grid hole is imaged in a series of
discrete tilt angles, mainly from —60° to 60° with angular step
of 2°. This acquisition is assisted with on-line drift correction to
maintain the same image location. The tilt series is then
aligned by cross-correlation and a tomogram is reconstructed
by simultaneous iterations reconstruction technique (SIRT)
method using 24 iterations. This method has been implemen-
ted as a routine and was applied to a series of aqueous
dispersions of monolayer-protected gold NPs. The samples
used in this paper are presented in Table 1. Examples of their
tomograms can be found in the supporting materials,
Fig. SI118-S49 (ESIY).

The tomogram (namely, the 3D image) is used to determine
the coordinates of the centres of mass for the particles present
in the image. Thanks to the large contrast present between the
images of the particles and the background, the identification
of the particles can be achieved by intensity thresholding the
3D image. This step is called image segmentation.** Typically,
the tomograms were obtained at the image pixel size of 0.41 nm
or 0.35 nm, leading to a tomogram size in the range from 2 GB
to 7 GB. Large tomograms were divided into four sub-
tomograms to facilitate their processing. Due to the limited tilt
angles of the microscope used, the tomographic shape of the
particle appears slightly elongated in the z-direction (thickness)
of the tomogram, commonly known as a missing-wedge
effect.”> However, given the particles’ centre of mass (CoM) is
the key feature for this method, the symmetric elongation did
not impose any constraint.

The CoM was used to calculate the radial distribution
function (RDF) according to a published method that takes
into account the edge effect caused by a finite size of the
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Fig.1 Cryo-TEM work flow and extraction of thermodynamic information from the tomogram of vitrified dispersion of NPs. Top panel shows a
sequence of steps in the workflow. The bottom panel illustrates some thermodynamic parameters that can be obtained from tomograms of NPs.

tomogram.*' The potential of mean force (PMF, U(r)) equation
was calculated by inversion of the g(r) by

U(r) = —KgTln[g(r)]

where Ky is Boltzmann constant, and T is temperature.*® Here
r denotes a centre-to-centre distance.

The structure factor S(g) was determined by means of the
Debye formula:

N N 1 ..
) = 3 Y Flah(g )

where g is the magnitude of the momentum transfer factor, r;
is the pairwise inter-particle distance between particle i and j.*’
F(g) is the form factor of the particle, and it was set to one for
the calculation of structure factor S(q). The operation could be
done readily as the positions of the particles in the tomogram
were known. A fast computer algorithm based on the histogram
of distance was implemented based on the ref. 42.

The Kirkwood-Bulff integrals (KBI) are one of the most common
statistical mechanics approaches to determine many key thermo-
dynamic properties such as chemical potential, partial molar
volume, compressibility and osmotic pressure.** *° They are based
on concentration fluctuation. KBIs are commonly used to extract
thermodynamics quantities from molecular dynamics simulations
where concentration fluctuation is followed along time. In our
method, the time is fixed at the moment of vitrification, yet
concentration fluctuation can be followed spatially, by dividing
the images into sub-volumes and calculating the needed averages
for the particles in the 3D image.”" In this way we calculated the KBI
between NPs G,, via

Gy = L2(<"22> — (m)? = ()

(m2)

where V is the volume of the box, (...) denotes an ensemble
average, and n, is the number of CoM in the box. Here, we adopted
the index 2 for indicate NPs, and reserved the index 1 for the solvent

particles. Sub-volumes, ie. the box, predefined rectangular
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parallelepipeds with a square base that was then scanned across
the tomogram and, at each relocation step, the number of CoM that
lay inside the box was counted. In order for the calculated KBI to be
valid, it needs to be independent of the box size. To verify this, we
varied the box volume, V, and plot the value of G,, as a function of
V (see Fig. SI11, ESIT). The plot shown keeps the z dimension
constant and varies the base size. We find that the G,, value
plateaus from 150 nm (edge length) onwards. The specific value
will vary with particles’ concentration; therefore, to be consistent in
all the comparisons performed in this paper we chose the safe value
of 200 nm edge lengths. The shape of the box chosen was that of a
rectangular parallelepiped with a square base because overall our
tomograms are rectangular parallelepipeds with a square base that
has an average edge length in the order of 800 nm and a thickness
in the order of 100 nm. As a consequence, scanning our box in the
z dimension was challenging, hence we decided to adopt the box to
be as high as the tomogram and scan only in the x-y plane.

The aggregation states of particles were visualized and quantified
using the tomogram. To this end, one needs first to determine a
threshold distance below which two particles are deemed to be
“touching”. We set such distance as a sum of mean core diameter of
NPs and twice the length of the ligand. When CoMs had a distance
below such threshold, the corresponding particles were considered
to be aggregated. Such aggregated states were classified as dimer,
trimer, tetramer, etc. We produced images where particles were
attributed an artificial colour (corresponding to the specific aggre-
gate they belonged) for easy visualization.

Fig. 2 and 3 show representative results to illustrate what
can be achieved with this method. Specifically, it shows the g(7)
of NP1 which is a non-aggregate particle in Fig. 2a and its
corresponding PMF (U(r)) in Fig. 2b. The calculated structure
factor is in Fig. 2c. In Fig. 2e-g we show the g(r), U(r), and
agglomerates for NP3 that is an aggregating particle. We then
show U(r) for these two particles as varying concentrations in
Fig. 2e (for NP1) and Fig. 2h (for NP3). Fig. 3 shows the KBI G,,
for NP1 (blue) and NP2 (red) as a function of number concen-
tration. NP2 and NP1 have the same surface chemistry but they
are different in particle size distribution.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Extracted information from tomograms of gold nanoparticle dis-
persions. Cartoons at top show schematic of nanoparticles presented for
NP1 and NP3, respectively. The ligands are represented by grey beads with
their negatively charged head by red colour. (a—c) Show the radial
distribution function, the potential of mean force, and structure factor
for NP1. (e—g) Show the radial distribution function, the potential of mean
force, and the agglomerate states for NP3. The agglomerates are plotted
as mole fraction concentration against the agglomerate number. (d and h)
Present the potential of mean force for NP1 (d) and NP3 (h) at various
concentrations.

Discussion

We present here a novel method to extract thermodynamic
quantities from the tomogram of a generic nanoparticle dis-
persion in water imaged by cryoET after sample vitrification.
The main assumption in this method is that the state of the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Plot of extracted KBl Gy, from tomograms of NP1 and NP2
dispersed in water as a function of number concentration determined
directly from the tomograms.

dispersion is not affected by the vitrification. This assumption
needs to be verified. We have carried this out experimentally in
two ways. In both cases, we compared the status of the disper-
sion measured by a known technique, with the knowledge
acquired on the status of the dispersion by our method from
a vitrified sample. Specifically, in the first case we performed
SAXS on a dispersion of NP1 particles and then vitrified such
dispersion to apply our method to calculate the dispersion’s
structure factor. Fig. 4a shows the experimental SAXS and the
calculated S(g). It presents a quantitative comparison of the
peak position in Fig. SI12 (ESIt). The comparison shows a
remarkable agreement in peak position but also finds a small
discrepancy in the concentration determined by the two tech-
niques, most probably due to the handling of small volumes in
cryoET. Once peak positions were corrected for the small
concentration difference, we could overlap the two sets of data
in Fig. 4a, which shows a remarkable agreement. This study
was also performed on the same NPs dispersed in water having
NaCl 30 mM. In this case, we found no difference in concen-
tration between SAXS and our techniques and the structure
factors found could be directly overlapped with a truly remark-
able agreement as shown in Fig. 4b. The second approach used
to validate the central assumption takes advantage of the
known ability of AUC-SV to determine precisely the aggregation
states for nanoparticle dispersions. In Fig. 2g we present a
quantitative calculation of the aggregation state for NP3 parti-
cles at a concentration of 40 mg ml ™. The exponential decay of
the aggregate populations versus aggregate states is known for
nanoparticle dispersions.””>* This phenomenon is indeed
validated by both AUC-SV (weight-based distribution) and by
our method (number-based distribution) for a whole range of
concentrations from both at low range (AUC-SV) and to high
range (present method). The agreement found confirms that
vitrification did not alter the aggregation states. Taken all
together, the data presented in Fig. 4 validate the assumption
that vitrification does not alter the dispersion state of particles
in solution, thus allowing us to study the vitrified sample to
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Fig. 4 Validation of cryoET results by known techniques. (a) Structure factor S(g) of NP1 dispersed in water from cryoET and SAXS. (b) S(q) of NP1
dispersed in NaCl 30 mM from cryoET and SAXS. (c) Aggregate states and their populations of NP3 at various concentrations by cryoET. In the same figure
are the agglomerate states obtained by AUC-SV with their concentrations normalized by the area under curve of C(s). (d) Histograms C(s) of
sedimentation coefficients at three concentrations in the dilute regime for NP3. The attributes of the peaks to presumably aggregate states are presented

in Fig. SI17 (ESIY).

extract the relevant thermodynamic properties of the particles’
dispersion.

The number of particles in an ensemble contributes to the
standard deviation of g(r) determined through sampling. In our
method such a number, N, depends on many factors. First, the
size of the tomogram depends on the instrument used. In our
case, the tomogram size on average was 800 x 800 x 100 nm
(i.e. an average volume of 6.4 x 10~ ** cm?). Another factor that
determines N is the particle’s concentration. This parameter
varies from sample to sample. In the measurements performed
for this paper we have used as low as ~ 850 particles. Indeed,
we successfully applied our method for NP5 which was coated
by a long PEG molecule (5000 Da) at the concentration
1.2 x 10" particles per cm ", resulting in the number of particles
counted N of ~850 particles. The effect of N on the calculation of
g(r) is shown in Fig. SI13 (ESIt) where we evaluated the standard
deviation (stdev) of the g{r) values at the large interparticle distance
(from 80 nm to 100 nm). We chose this approach to gauge the noise
in our approach as it is known theoretically that the expected value
for g{r) when the interaction is no longer present has to be 1. The
plot presented (with stdev calculated with 1 as the expected value) is
indeed a plot of noise in the system. We show that for N > 40000
the noise was less than 0.01. In the case of the measurement with

308 | Mater. Horiz., 2022, 9, 303-311

850 particles (NP5) in one tomogram, we find a noise of 0.12
that should still be acceptable for a coarse evaluation of the
sample. For example, we analysed two tomograms of NP5 and
NP4 particles with total particles counted of 850 and 1104,
respectively. The g(r) calculated for the samples show a first
peak at 34 nm (NP5) and 24 nm (NP4) in full agreement with
what is expected by the length of their ligands (see Table 1 and
Fig. SI14, ESIf).

To show the efficacy of our method, we investigated a series
of dispersions of particles at varying ionic strengths. The
particles selected for this study were NP2 as these particles
have their state in water mostly determined by electrostatic
repulsion. It is known from the DLVO theory that the long-
range part of this repulsion should decrease with increasing
ionic strength. We studied 15 mM, 30 mM, and 50 mM salt
concentrations. As expected, the potentials of mean force, U(r),
obtained with our approach started with a minimum at
~22 nm for pure water as the dispersant. The minimum
shifted to ~18 nm for 15 mM and then to ~15 nm for
30 mM. The PMF became quite complex at 50 mM where the
higher salt concentration caused extended aggregation, as seen
in the tomograms present Fig. 5 and Fig. SI15 (ESIT) (for NaCl
100 mM).
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Fig. 5 The effect of NaCl on the potentials of mean force of NP2.
(@) Tomogram of NP2 at the NaCl 30 mM. (b) Tomogram of NP2 at the
NaCl 50 mM. (c) Comparison of the resulted potentials of mean force at
various NaCl concentrations.

Applying the general Kirkwood-Buff theory for liquid, one
can connect the ensemble fluctuations to the macroscopic
thermodynamic properties KBI. Here, the KBI G,, is straight-
forwardly related to the second virial coefficient (B,) by the
equation G,, = —2B,. G,, is a quantity exhibiting the deviation
from the bulk distribution of the particle ensemble around a
probe nanoparticle. The calculation of G,, from g(r)

Gy = J:C4T:r2(g(r) — 1)dr

is influenced by the noise and the finite-sized nature of the
tomogram, which requires the application of a correct window
function.>®”° In our approach, it is advantageous to have 3D
positions of the NPs available so that spatial fluctuation can be
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obtained. Expected for NP1 in water, the obtained KBI values are
negative at all concentrations, a signature of the repulsive PMF
between NPs. In Fig. 3 we display the value of G,, as a function of
number concentration that is obtained directly from the tomograms
(blue dot), and the trend is remarkably clear despite the fact that
each point on the plot is derived from a different tomogram.
Furthermore, the red dots in the same Fig. 3 are the G,, of NP2,
a particle that is nominally the same as NP1 but differs in size
distribution. The agreement observed is expected as G,, will depend
mostly on the ligands and hence a small difference in size should
not have an effect. G,, as a function of a purely repulsive system of
hard spheres is calculated based on ref. 57, and it shows a
remarkably similar trend to the plot, shown in Fig. SI16 (ESIY).

There is one more aspect, both qualitative and quantitative,
of our methods that should be discussed. The use of the CoM of
the NPs to calculate the RDF (g(r)) and the PMF (U(r)) provides
two key insights. First, a peak in the RDF is the distance at
which the probability of finding neighbouring particles is
greatest, hence the RDF provides a quick tool to understand
if short- or long-range interactions are present. For example, for
repulsive non-aggregate particles, we found a peak at
~4-diameter distance indicating the presence of long-range
interactions. As expected, the peak shifted to a shorter distance
as the particle concentration was increased. Similar considera-
tions can be made for particles where dimer and larger aggre-
gates are found. Such qualitative information can be coupled
with important quantitative evaluation. When aggregates are
present, the PMF presents a corresponding energy landscape
characterized by a minimum and a barrier. Both quantities are
present in the U(r) plot (see for example Fig. 2f). To the best of
our knowledge, no other technique can provide energy barriers
for dynamic aggregates in such a simple and effective way.

Limitation and future prospect

It is a non-trivial task to characterize the configuration of nanopar-
ticle in 3D. As pointed out previously,*>*"**®° CryoET is an excellent
technique to investigate the structural and dispersion properties of
NPs. The present method offers a simple but a true 3D approach to
obtain a wealth of thermodynamic information relevant to under-
stand nanoparticle dispersion properties. It takes advantage of
combining a snap freezing sample preparation and tomographic
reconstruction to offer a detailed look into the 3D states of the
dispersion, and thereby providing a quantitative approach for
obtaining important thermodynamic parameters. One of the key
advantages is that the number of concentration and the spatial
distribution of NPs are directly accessible. Additionally, the energy
barriers for aggregating particles can be quantitatively obtained. The
present method was used to study NPs in a wide range of
concentrations dispersed in aqueous solutions and can be expected
to work well for particles dispersed in different media.®"*

The present technique, however, suffers from several draw-
backs. First of all, what have been presented here are the results
for gold NPs that have high contrast against the amorphous ice
background. It would be more challenging to study other particles
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whose core materials are not metallic or particles of nature such as
polymer and protein. Nanoparticles with propensity to accumulate at
the air liquid interfaces could be problematic to study with this
approach. This issue has been recognized in proteins,**** however,
some solutions have been provided such as reducing time between
blotting and vitrification,” and using surfactants.®® Furthermore, the
high tilt of the sample holder during imaging, coupled with high
concentration of particles used prevents effective imaging of thick
samples, which would be valuable in extending the finite z dimension
of the tomogram. A major drawback is that the method is composed
of multiple sequential steps that are time-consuming, which include
sample freezing, grid transferring, holder station cooling, holder
stabilization, imaging, image alignment, reconstruction, and image
segmentation. For instance, imaging a tiltseries alone in our
machine takes about 1.5 h after completing the setup of the sample
and microscope. The reconstruction and image segmentation are
impeding also by the number of images and the size of the
tomogram.

With recent development in both hardware and software asso-
ciated with cryoET techniques, this method could become a stan-
dard for studying NPs. Further improvements of the present work
are already available, such as the use TEM with higher acceleration
voltage, such as 300 kv, to investigate thicker vitrified samples so
that more particles can be counted, and expand the z-scale limit of
the already finite-sized tomograms. Electron energy loss filter (GIFT
filter) can be also utilized to suppress further background noise. We
believe the versatility of this technique applies not only to spherical
gold NPs but also to the extension of the method to incorporate the
directional interactions of asymmetric particles. With the high
contrast bestowed by NPs compared to the medium, this method
paves the way to study the distribution of particles in realistic media
at the application concentration in a true 3D manner. Furthermore,
the presented methodology is well poised to quantify interaction
potentials in other soft matter particles such as protein and supra-
molecular structures.

Conclusion

We have presented a method based on the tomographic reconstruc-
tion of vitrified dispersion of NPs to study their thermodynamic
properties. We demonstrated the methodology for gold NPs of
diameter <5 nm. With the true 3D positions of NPs, g{r) and the
potential of mean force U(r) are calculated directly without any
assumption. The Kirkwood-Buff integrals, structure factor, and
aggregation states are accessible as well to help understand the
dispersion. The method can be extended and generalized to a wide
variety of soft mater particles in the nanoscale size. We believe this
technique will eventually be a powerful tool to understand particle
dispersion, as cryoET has already become a popular technique to
study protein structures.
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