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ABSTRACT: Understanding the polydispersity of nanoparticles is crucial
for establishing the efficacy and safety of their role as drug delivery carriers in
biomedical applications. Detonation nanodiamonds (DNDs), 3−5 nm
diamond nanoparticles synthesized through detonation process, have
attracted great interest for drug delivery due to their colloidal stability in
water and their biocompatibility. More recent studies have challenged the
consensus that DNDs are monodispersed after their fabrication, with their
aggregate formation poorly understood. Here, we present a novel
characterization method of combining machine learning with direct cryo-
transmission electron microscopy imaging to characterize the unique
colloidal behavior of DNDs. Together with small-angle X-ray scattering
and mesoscale simulations we show and explain the clear differences in the
aggregation behavior between positively and negatively charged DNDs. Our
new method can be applied to other complex particle systems, which builds essential knowledge for the safe implementation of
nanoparticles in drug delivery.
KEYWORDS: detonation nanodiamonds, Cryo-TEM, SAXS, machine learning, coarse-grained molecular dynamics modeling

■ INTRODUCTION
In last decades, various types of nanoparticles have been
extensively studied for biomedical applications, given their
immense potential for the improvement of drug delivery.1,2

The safety and efficacy of these nanocarriers are often limited
by inadequate drug delivery to the target area or undesired side
effects and severe toxicity. These concerns can be addressed
with strictly controlled and predictable characteristics such as
size and polydispersity.3 However, even monodisperse particles
can face aggregation later during application due to the buffers
and biological media, which may impact the nanoparticles’
colloidal stability.4,5 Hence, reliable characterization of particle
aggregation and assessment of their polydispersity are
important to gain more understanding about their effect on
the cell uptake and viability, release and molecular stability of
the administered drug, and thereby help to improve the safety
of new nanocarrier formulations.
Detonation nanodiamonds (DNDs), are 3−5 nm nano-

particles formed through a detonation process,6 which have
recently sparked interest for the use in drug delivery,7−14 gene
therapy,15−18 as biomarkers in bioimaging,19−21 tissue
engineering, and bone surgery22−25 due to their excellent
biocompatibility and flexibility in surface chemistry.

DNDs are commonly labeled as monodisperse in
solution,26,27 which is usually confirmed by techniques such
as dynamic light scattering (DLS) and small-angle X-ray
scattering (SAXS). However, these characterization methods
hold certain limitations. DLS only shows reliable size
distributions for (quasi)-spherical particles, and the size
distributions observable in SAXS are limited to approximately
a couple of 100 nm (depending on the scattering length
density) by the scattering angle. In the case of polydisperse and
aggregated systems, SAXS can only give an indication about
the shape and size distribution of the average aggregate
morphology. As a result, SAXS and DLS are not suitable to
obtain the distribution of individual aggregate morphologies.
Such information is especially important in a biomedical
context, since different particle shapes and aggregation may
influence cell uptake and cell viability.28 Moreover, newer
research has revealed the polydisperse and aggregated nature of
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DNDs in aqueous media,29−32 most likely due to their complex
surface structures.5,33,34 Unlike standard colloidal systems
where particle assembly and (prevention of) aggregation can
be controlled by surfactants,27,35 theoretical calculations have
shown that DNDs exhibit facet-dependent, unisotropical
surface electrostatic potential distributions. These electrostatic
potentials have been shown to promote ordered facet−facet
connections resulting in chain and loop assemblies36,37 which
have been observed using transmission electron microscopy
(TEM) (see Figure S1).29,35 Considering the complex
aggregation behavior and the limitations of DLS and SAXS,
a more direct and unambiguous characterization method
would be beneficial to improve the understanding of the
colloidal properties of DNDs.
Here we present a machine learning (ML)-based cryo-TEM

analysis of DND aggregates in aqueous media revealing the
shape and size distributions of their different morphologies.
Cryo-TEM, unlike conventional TEM, holds the advantages of
imaging the sample frozen in its native state, hence providing
information about the dynamic formation process at high
spatial resolution. It has been previously used for DND
suspension characterization;29,31,32 however, it has not been
used to provide statistical analysis comparable with the bulk
sample analysis like DLS and SAXS. Quantitative image
analysis using ML allows us to process a large amount of image
data and gain more statistics about the ensemble behavior of
DNDs in solution. Combining ML and cryo-TEM as a
characterization methodology provides additional information
about the distribution of size and shape of individual aggregate
components in a polydisperse nanoparticle system opposed to
only averaged information in common scattering methods.
Moreover, we present course-grained molecular dynamics
approach-based mesoscale simulations of nanodiamond
aggregation to provide insight into the formation mechanism
of these complex aggregate morphologies. Based on our direct

imaging observation and statistical analysis of the experimental
results, combined with the mesoscale simulations, we show
that the DND suspensions in water exhibit strong and robust
aggregates consisting of ropes and clusters. Such aggregate
morphologies are intrinsic properties of the DND particles,
where their surface electrostatic potential distributions are the
dominating factor for the rope and cluster formation, and the
reason why these ropes and clusters are stable against
flocculation.

■ MATERIAL AND METHODS

Machine Learning for Aggregate Distribution from
cryo-TEM Images
Our methodology is illustrated in the schematic diagram shown in
Figure 1. The method is divided into three parts: the first part is the
image preprocessing to separate the nanodiamond aggregates from
the background. The second part is to apply the data sets to the ML
algorithm for aggregate morphology labeling and categorized into
shape groups. The final part is the evaluation of the categorized results
and to obtain the relevant aggregate information including the size
distributions and fractal dimension distributions.
In the first part, the background intensity in the raw image was

removed by using the dynamic thresholding method38 and then
converted into binary image where the aggregates are initially
identified. This method has been shown to be robust in removing
often inhomogeneous background in the TEM images.39 After the
background removal, the aggregate identification still requires further
improvement due to the nature that the cryo-TEM images are very
noisy, as a low electron dose is required for imaging frozen samples.
The aggregate identification improvement is carried out by using a
combination of erosion and dilation,40 and hole-filling41 methods, so
that there are no “gap intensities” within the interior of the aggregates.
In the second part, unsupervised machine learning algorithm is

used in order to label and categorize the aggregate morphologies
without the use of the training data sets, and therefore the method is
general in principle. This is done by first dividing the preprocessed

Figure 1. Scheme of the ML assisted cryo-TEM image analysis for (a) aggregate morphology identification and (b) categorization and (c) size and
fractal dimension analysis.
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binary data into grid-cells (for example, see the green grid-cells
illustrated in Figure 1a). The choice of the grid-cell is optimized to
achieve high accuracy in shape categorization, by testing a range of
grid-cell sizes from 3 to 16 nm. The optimum grid-cell size was
determined to be 5 nm, which is approximately the size of the primary
DND particle. Next, the grid-cell intensity histograms were initially
categorized into three groups (kn) to differentiate the image
background (k1), aggregate edges (k2), and aggregate interiors (k3),
using the hierarchical agglomerative clustering method with the
average linkage.42 Details regarding the machine learning clustering
method can be found in refs 39 and 43. Then, a second categorization
was further applied, to include the first and second order nearest
neighbors of a given grid-cell, in order to differentiate aggregate
morphologies. In this second categorization, we use the groups (kn)
obtained from the initial categorization as input, to further obtain
three aggregate shape groups, sn.
While our method can automatically categorize the shape groups,

here we have predetermined the shape groups to be chain (s1), rope
(s2), and cluster (s3). Chains are defined to be one primary DND wide
and ropes are less than three DND wide. Clusters are defined to have
a diameter larger than the width of three primary DND. (More details
of the shape labeling and categorization method can be found in the
Supporting Information.) The choice of differentiating these three
shapes groups has significance in the assembly formation mechanism
(which is discussed in more detail in the Results and Discussion
section). Moreover, it is based on our previous experimental
observations that show particle size-dependent assembly behavior.29,44

The accuracy of the ML method has been verified through expert
human manual counting of more than 10 representative images, giving
<3% errors (in terms of the number of grid-cells).
In the third part, the resultant categorized aggregate shapes (Figure

1b) were analyzed to extract important aggregate parameters, namely
the size distributions and their corresponding fractal dimensions
(Figure 1c). This is done by first converting the categorized grid-cells
in the shape groups (sn) into the contour data sets. The areas enclosed
by the aggregate contours were then calculated to estimate their sizes.
In the case of the chain and rope aggregates their sizes refer to their
lengths. The size of a cluster is approximated as the diameter of the
disk. The fractal dimension is determined using the Minkowski−
Bouligand method45 from the contour of the cluster aggregates. This
method calculates the fractal dimension, D, using the formula,

( )N r C( )
r

D1 , where N is the total number of the “boxes” covering
the cluster contour (illustrated as orange color boxes in Figure 1c), r
is the dimension of the box, and C is a constant coefficient.
Course-Grained Molecular Dynamics Simulations of Nano-

diamond Assembly. Simulation nanoparticle assembly using
protoparticles (SNAP) was used to investigate the meso-structure
of aggregated faceted polyhedral nanodiamonds. Details of the SNAP
coarse-grained molecular dynamics approach have been published
elsewhere.46 The package has been used previously to investigate
nanodiamond self-assembly,29,46,47 and we use the same polyhedral
particle models and facet interactions here. Three particle shapes, the
great rhombicuboctahedron (GRO), the small rhombicuboctahedron
(SRO), and the modified truncated octahedron (mTO), were
constructed with each polyhedra enclosed by low index {100},
{110}, and {111} facets, which were previously observed
experimentally via TEM35 (and additional examples can be found in
Figure S1), and known to have characteristic positive, near-neutral
and negative surface electrostatic potentials, respectively.37 The
facet−facet electrostatic potential was fit via density functional tight
binding calculations of the orientation- and separation-dependent
potential energy binding curves between pairs of atomistic nano-
diamond models36,37 and is responsible for the aggregation and self-
assembly. A polydispersed mixture at a density of 1.75 × 1018
particles/cm3 was simulated containing 20% GRO, 50% SRO and
30% mTO particles types, with each type having an experimentally
motivated size (diameter) distribution of 20% at 2.2 nm, 50% at 2.7
nm and 30% at 3.2 nm (thus 9 distinct particles when including size).
Postsimulation analysis focused on the time-dependent first, second,

and third nearest-neighbor coordination contributions from the
different particle type/size pairs to investigate which sizes and types
dominated the initial stages of aggregate assembly.

Detonation Nanodiamond Synthesis

Two different types of DND dispersions were chosen for comparison
exhibiting different ζ-potentials. They are commercial DND
dispersions obtained from Daicel Corporation (Osaka, Japan). The
synthesis of the DNDs has been reported elsewhere.48 In short, to
produce the DND particles, 50:50 TNT:RDX charges were detonated
in CO2 atmosphere, and the detonation soot was purified in a mix of
70 wt % nitric acid and concentrated sulfuric acid in a 1:6 volume
ratio at 150 °C for 5 h. The resulting powder was annealed in either
hydrogen or in oxygen, at 350 °C in order to break down the intrinsic
aggregates.
DNDs that have been annealed in hydrogen gives positive ζ-

potential at 32.2 ± 1.8 mV, named DND-pos. here. Those annealed in
oxygen gives negative ζ-potential at −40.3 ± 3.0 mV, named DND-
neg. here.
Cryo-TEM. The DND samples were prepared via freeze-plunging

method for cryo-TEM imaging. The process of rapid cooling
transforms (within microseconds) water into vitreous ice, thereby
preserving the native state of the DND aggregates in solution.
Approximately 1 wt % of each sample in deionized water was
sonicated for ca. 30 min prior to being prepared for cryo-TEM.
Afterward, 4.5 μL of sample was deposited as a droplet onto the glow-
discharged grid (R2/2 Quantifoil copper grids, Jena, Germany) using
a Leica grid plunger at 15 °C, 89% humidity, and a blotting time of
3.5 s. Images were acquired using a Talos Artica TEM (Thermo
Fisher Scientific, Waltham, USA) with an acceleration voltage of 200
keV.
Small Angle X-ray Scattering. SAXS data were collected using

the TPS 13A BioSAXS beamline of the Taiwan Photon Source (TPS)
at the National Synchrotron Radiation Research Center (NSRRC),
Hsinchu.49 With a 10 keV beam and a sample-to-detector distance of
5.32 m, the SAXS data were collected at a sample temperature of 318
K using the Eiger X 9 M pixel detector in vacuum. The scattering
vector q = (4π)sin(θ)/λ is defined by the X-ray wavelength λ and
scattering angle 2θ. More details can be found in the Supporting
Information.
Here we analyze the DND aggregates using the Beaucage model

which is better suited for hierarchical structures. It proposed a unified
Guinier/power-law method which has proven to be a very appropriate
tool to characterize multilevel structures. For an arbitrary number N
of structural levels it can be written as50

= [ + ]
=

I G q R B q R qexp( /3) exp( /3)
i

N

i g i g
P

1

2 2 2 2
i i

i
1 (1)

with q̃ = (erf(qRg di
/6(1/2)))3/q, i = 1 refers to the smallest structural

level, i.e., Rgd1
= rg and Rgd2

= Rg are the radius of gyration of the primary
particles and the aggregates, respectively, Pi refers to the slopes with p1
= (6 − ds) and df = p2, and Gi is the Guinier prefactor of the i-th level
structure. More information on the theory can be found in the
Supporting Information.
Vibrational Spectroscopy. Approximately 10 μL of each

nanodiamond dispersion was placed on a clean diamond ATR crystal
and allowed to air-dry in a desiccator for at least 1 h. Infrared
spectroscopy was conducted using a Bruker Vertex80v FTIR
spectrometer (Billerica, USA), equipped with a diamond ATR crystal.
A background was taken prior to analysis of the dried dispersions, and
the ATR crystal was cleaned with ethanol prior to each analysis. All
analyses were conducted under vacuum, with 128 scans collected over
the region of 4000−400 cm−1.
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■ RESULTS AND DISCUSSION

Aggregate Morphology and Size Distributions

Figure 2 shows the cryo-TEM images of DND-pos. (Figure 2a)
and DND-neg.(Figure 2b), respectively. The detonation
synthesis process of these two samples is identical except
that their the postsynthesis purification treatments (for
removing non-sp3-bonded carbon) differ. The former is
annealed in hydrogen where as the latter in oxygen. These
two were chosen for comparisons as DND-pos. can bind
negatively charged drugs or macromolecules such as DNA via

electrostatic interactions. DND-neg. on the other hand is often
further functionalized or coated with positively charged
polymers to reduce nonspecific adsorption of biomolecules
and converting the charge to enable electrostatic binding of an
anionic drug/biomolecule.51

Upon a first qualitative inspection of both samples via cryo-
TEM images, the coexistence of three different aggregate
morphologies: cluster, ropes and chains, becomes apparent.
The chains refer to an ordered aggregate formed by connecting
low index crystallographic facets of individual DND particles
and have a nominal width of one particle (Figure 2c, and high-

Figure 2. (a,b) Representative cryo-TEM images of DND samples DND-pos. and DND-neg., respectively. Cluster are indicated by blue circles,
ropes by green and chains by red rectangles. (c−e) High-magnification cryo-TEM images of (c) chains, (d) ropes and (e) clusters. (f) Schematic
diagram of hierarchical assembly behavior of DNDs in solution.
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resolution TEM image showing connecting facets is given in
Figure S1).
Ropes are like chains but wider in width with multiple

branches (Figure 2d). The cluster morphology (Figure 2e)
does not have any ordered interparticle connections. This
observation is consistent with the previous reports.29,31,47

Moreover, there are clear visual differences between both
samples: DND-neg. shows more chains and ropes which are
forming dendrite-like structures, whereas DND-pos. exhibits
more clusters that form larger networks. Figure 2f illustrates
how the self-assembly of the presented DND samples in
solution leads to hierarchical structures: As displayed in the
schematic diagram, primary particles in the size range of ca. 5
nm form the three main aggregate morphologies which then

self-assemble into various types of complex aggregate
structures.
Overall, such polydispersity and complex aggregate

morphology distribution present in these DND dispersion
can lead to inaccurate aggregate size measurement and
interpretation if only conventional scattering techniques are
used for measurements. To further quantify the aggregate size
and morphology distribution as well as their fractal dimension,
the ML assisted cryo-TEM imaging analysis that we developed
here allows us to statistically assess the differences in the
morphology distributions and additionally extract the diameter
of clusters and length of chains and ropes (Figure 1).
In order to quantitatively compare images of the different

samples without the influence of the concentration effects, it
was ensured that the areal concentration of the DNDs (defined

Figure 3. (a,b) ML categorized aggregate morphologies overlaid on the cryo-TEM images for DND-pos. and DND-neg., respectively. clusters are
marked in blue, ropes in green and chains in red. (c) Ratio of each aggregate morphology for DND-pos. (solid bar) and DND-neg. (shaded bar).
(d) Minkowski−Bouligand fractal dimension with respect to the cluster diameter of individual clusters for DND-pos. (black asterisk) and DND-
neg. (blue circle). (e,f) Size distribution for clusters, ropes and chains for DND-pos. and DND-neg., respectively.
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as the projected areas of DND over the total areas of the
image) are the same (approximately 35% for each sample). To
ensure sufficient statistics multiple cryo-TEM showing ca.
20000 particles for each of the two samples were analyzed.
Figure 3a,b shows the results of the quantitative analysis

using our ML method applied to cryo-TEM images. The ML
categorized aggregate morphology distribution were overlaid
onto the cryo-TEM images where clusters are marked in blue,
ropes in green and chains in red (Figure 3a,b). The ratio of
each aggregate morphology is quantitatively determined and
shown in Figure 3c. It confirms that both samples exhibit a
coexistence of chain, rope and cluster morphologies.
Moreover, it reveals differences in the chain, rope and cluster

ratios for both samples. In sample DND-pos., the ratio of
clusters is almost doubled (46.7%) in comparison to DND-
neg. (20.8%). In contrast, DND-neg. has almost twice as many
ropes (41.1%). The ratio for chains is similar for DND-pos.
and DND-neg. with 31.2% and 37.8%, respectively.
Figure 3e,f shows the extracted size information for cluster,

ropes and chains in both samples. Each error bar represents the
standard deviation of the aggregate distribution across the
multiple images analyzed.
Despite DND-neg. showing more rope and chain

morphologies, the size distribution of ropes and chains for
both samples is similar to their lengths ranging from 10 to 200
nm peaking at 25 nm for ropes and at 15 nm for chains in both
samples. However, the cluster diameter for sample DND-neg.
has a narrower distribution ranging mostly from 20 to 50 nm
peaking at ca. 25 nm, whereas DND-pos. has a wider
distribution ranging up to 200 nm.
Additionally, our method is able to extract and analyze the

fractal dimension of individual clusters, therefore giving the
fractal dimension distributions rather than the averaged
dimension as in SAXS. Figure 3d shows the scatter plot of
the cluster diameter vs the Minkowski-Bouligand dimension
showing a narrower distribution for DND-neg. with a fractal
dimension between 0.95 and 1.1 representing dendritic
structures, whereas the fractal dimension of DND-pos. is
more scattered, ranging from 1 to 1.2 with small fractions of
larger clusters around 1.3. This is closer represented by
“dragon curve” structures,52 exhibiting more interconnected,

tighter structures. Overall, our quantitative analysis accurately
reveals the detailed difference in the colloidal behavior of both
samples, which is manifested in the higher ratio of cluster
aggregates, less ropes and chains, and more interconnected
aggregate structures for DND-pos. compared to DND-neg.
Comparison with SAXS Analysis

Having established our ML-based cryo-TEM imaging analysis
method for measuring the polydisperse aggregate morphology,
size distributions as well as the fractal dimension, we have also
conducted comparative SAXS measurement. Figure 4a shows
the experimental and fitted SAXS intensity curves for DND-
pos. (blue curve) and DND-neg. (black curve). Regardless of
their ζ-potential, both curves show at least two different size
populations (aggregates and primary particles), indicated by
the two transitions in the scattering curve (Rgdaggr.

and Rgdp
,

respectively). Importantly, only DND-pos. shows an upturn at
a low q-range indicating the presence of a third population that
is larger than Rgdaggr.

. This is in good agreement with our cryo-
TEM image analysis.
Table 1 summarizes the different radii for primary particles

and aggregates derived from fitting the experimental SAXS data
using the Beaucage model, as well as the dimension variable S
and Porod constant FDm extracted from a Guinier−Porod fit.

Figure 4. (a) Experimental and fitted SAXS intensity curves derived from a unified Beaucage model for DND-pos. (blue curve) and DND-neg.
(black curve). The dashed lines illustrate the contributions of each structural level described in eq 1 to the full model. Red arrow points toward
upturn in the spectra indicating network formation. (b) FTIR spectra for DND-pos. (blue curve) and DND-neg. (black curve). The spectra have
been normalized and scaled for the sake of clarity. * indicates stretching vibrations; † bending vibrations.

Table 1. DND Average Size and Morphology Analysis
Derived from SAXS and ML/cryo-TEM Analysisabcd

Sample
Rg daggr.

(nm)
Rg dp

(nm) FD S Rm (nm) FDm

DND-
pos.

38.4 3.6 2.30 1.42 43.6 ± 34.7 1.08 ± 0.09

DND-
neg.

30.9 2.3 2.22 0.98 28.7 ± 6.8 1.03 ± 0.05

aRgdaggr.
refers to the radii of the aggregates and Rgdp

to the radii of the
primary particles analyzed using Beaucage model; FD refers to the
fractal dimension (Porod constant) of the aggregates and S to the
dimension variable, analyzed using Guinier-Porod model. FDm refers
to Minkowski−Bouligand fractal dimensions and Rm refers to the
averaged aggregate size derived from the ML-based cryo-TEM image
analysis method. bS = 0: spheres. cS = 1: rods. dS = 2: platelets.
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The Beaucage model has been demonstrated to be well suited
for measuring particle and aggregate sizes in complex
hierarchical structures,53−55 and the more simplified Guin-
ier−Porod model was additionally applied to the SAXS data
(Figure S2) to gather more information about the morphology
of the aggregates. To quantitatively compare the SAXS
measurement with our ML assisted image analysis, we also
included the averaged value of the aggregate size (with the
standard deviation indicating the spread of the size
distributions) and the fractal dimension determined using
the Minkowski−Bouligand method. It should be noted here
that the Minkowski−Bouligand fractal dimension is not the
same as the Porod exponent but can be compared relatively.
Based on the SAXS measurements, the primary particle radii
for DND-pos. and DND-neg. are 3.6 and 2.3 nm and the
aggregate radii are 38.4 and 30.9 nm, respectively.
The extracted dimension variable S of 1.42 presented in

Table 1 suggests a more plate-like morphology for DND-pos.
On the other hand, DND-neg. has a S value of 0. 98 which is
closer to a rod-like morphology. The fractal dimensions
(Porod exponent) of DND-pos. and DND-neg. are 2.3 and 2.2,
respectively. The Porod exponent values of less <3 suggest
both DNDs exhibit fractal structures, with DND-pos. giving
slightly more dense structures.
These SAXS analysis results are in excellent agreement with

our quantitative analysis using the ML assisted method. First,
the higher combined fraction of 79% of chains and ropes in the
DND-neg. sample compared to 53% in the DND-pos. sample
is nicely reflected by the lower dimension variable S of rod-like
structures in the SAXS measurement of the former sample.
Second, the size averaged through all aggregates based on our
method quantitatively agrees well with the SAXS aggregate size
measurement. DND-pos. appears to be a higher average size
compared to SAXS measurement. One explanation could be
the large deviation in the aggregate size distribution present in
DND-pos., leading to a biased average toward a higher value.
Based on these comparisons, it is important to highlight that
while SAXS is excellent for bulk analysis, e.g., averaged
aggregation behavior, the image-based combined ML-based
cryo-TEM analysis method can provide additional comple-
mentary and statistical information regarding the individual
aggregate behavior. This information can be critical in
understanding more complex and polydisperse systems.
Overall, combining ML and cryo-TEM holds the advantage
of giving a more detailed distinction of both samples.
Surface Chemistry

DND particle surfaces are known to contain multiple
coexisting functional groups including ketones, aldehydes,
amines, hydroxyl, and hydrogen, which are leftover from the
purification process.10 FTIR measurements were conducted
here to confirm the differences in surface chemistry of the
samples. Figure 4b shows the FTIR spectra for both DND-pos.
(blue line) and DND-neg. (black line). The spectra of the
samples DND-neg. is rich in carboxylic groups with a
prominent peak at 1720−1740 cm−1. DND-pos. shows distinct
C−H stretching vibration and O−H stretching at approx-
imately 2867−2981 cm−1 and 3200−3550 cm−1. Despite the
differences in their surface chemistry, they both show the
coexistence of three aggregate morphologies, although with
different ratios and size distributions. Therefore, the surface
chemistry is likely to play a role in moderating the ratios of the
aggregate morphologies.

Aggregate Assembly Formation Mechanism and
Dynamics
To elucidate why the equilibrium aggregate structures of chain,
rope, and cluster morphologies are present in the DND
samples and their formation kinetics, mesoscale calculations
using the course-grained molecular dynamics approach (using
SNAP code46) were conducted using 25000 particles with
varying particle sizes and shapes. The particle shapes
considered here are the great rhombicuboctahedron (GRO),
the small rhombicuboctahedron (SRO), and the modified
truncated octahedron (mTO) constructed with each polyhedra
enclosed by low index {100}, {110}, and {111} facets. The
choice of including these three facet types is based on the
experimental observation via TEM,35 which never showed the
presence of any other higher index facets, and are known to
have characteristic positive, near-neutral, and negative surface
electrostatic potentials, respectively.46,47,56 The sizes chosen
are 2.2, 2.7, and 3.2 nm for each particle shape (details of the
simulation method and parameters can be found in the
Supporting Information). Effects of size and shape polydisper-
sity have been investigated previously showing a size and shape
dependent assembly process.44,47 Hence, this work uses
combinations of three particle sizes and three different particle
shapes resulting in 45 unique particle pair type combinations.
Figure 5a displays the assembly of 25000 particles.

Distributions of aggregates with chains and ropes branches
and clusters are present which is qualitatively in agreement
with our experimental observations. Exemplar rope and cluster
aggregate structures are shown in Figure 5b,c.
To gain more understanding about the kinetics of the

aggregate formation, the coordination contribution was
calculated for all particle type/size combinations as a function
of time looking at the first, second and third nearest neighbors.
An example for the first nearest neighbor contributions is

Figure 5. (a) SNAP modeling for clusters in larger volume. (b,c)
Cluster extractions from SNAP modeling with the corresponding
bond diagram (in gray color) showing the connections between the
fastest ordering particles.
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found in the Supporting Information in Figure S4. The fastest
and slowest pairs that begin increasing their coordination (to
start assembly) are outlined in Table 2 (and correspond to the
blue and red lines in Figure S4).
Initiation of assembly, as the simulation temperature is

decreased, is shape and size dependent with preference for
larger mTO (dominated by negatively charged {111} surface
area) and GRO (dominated by positively charged {100}
surface area) particles shapes. This effect is even more
pronounced considering that SRO (dominated by neutral
{110} surface area) particles make up 50% of all particles in the
simulation. The different particle shapes are shown in Figure
S3. The picture that emerges is that the first particle pairs to
connect are the largest 3.2 nm mTO pairs dominated by a
negative surface area, which after a delay are also the first to
appear in the second shell and subsequently the third shell.
These findings are consistent with previous SNAP simulations
at higher density which also showed that larger particles
dominated early assembly forming chains as measured by the
Lindemann index.44,47 The smallest and near-neutral SRO
particles end up lining the pore surfaces of the aggregates
(assembling last). With these findings, the final, quenched
simulation configuration was decomposed into chain, rope, and
cluster formation. The surface chemistry of DNDs plays a
minor role, individual isolated structures where the member
particles of a common structure have some nearest neighbor
path connecting them. Some examples of these are shown in
Figure 5 including the largest structure found Figure 5a.
Additionally, the five fastest type/size pairs from Table 2 which
are neighbors are highlighted in Figure 5b,c via black line
connections. As expected, larger mTO and GRO particles tend
to form central backbones of many of these structures in line
with their dominance in Table 2. Then a mixture of mTO,
GRO, and SRO particles attach to the backbones to form
ropes. The neutral SRO particles attach last to form ropes and
clusters. While these SNAP simulations are performed in
vacuum and neglect the surface functional group interactions
with water, the excellent agreement between the experimental
analysis and the simulations strongly indicates that the
formation mechanism of the three aggregate morphologies is
largely based on the distribution of surface electrostatic
potentials. The picture that emerges is that the large, faceted
particles tend to assemble first, forming a structural backbone
of chains. The weaker interacting particles with a near-neutral
surface area and small sizes assemble last on the outside of

these structures to form ropes and clusters. This potentially
makes two such structures neutral to each other and stops their
coalescence. With the results of the mesoscale calculation, it is
then evident that the ratio of primary particle sizes and shapes
is the dominating factor in terms of self-assembly and
aggregation morphology.

■ CONCLUSIONS
In conclusion, we have demonstrated a newly developed
particle aggregate characterization method by combining cryo-
TEM imaging with unsupervised ML for measuring the particle
aggregate dispersion in their native state. This new method
allows us to analyze the complex aggregate system of DNDs
unambiguously, quantitatively and statistically, giving critical
information on aggregate morphology and size distribution as
well as their fractal dimension. The results show that purified
DND dispersions in water exhibit coexistence of chains, ropes,
and cluster structures of varying ratios, regardless of their ζ-
potential. However, size distribution analysis of the different
morphologies shows that the cluster size distribution for DND-
pos. is broader with significant fractions of larger sized clusters,
while DND-neg. has a narrower and smaller cluster size
distribution. Moreover, DND-pos. shows a higher fractal
dimension, indicating a network formation, which is not
present in the DND-neg. sample. This is consistent with the
SAXS measurements, yet our ML-based cryo-TEM image
analysis method still offers more information by quantitatively
showing the differences in size distribution and fractal
dimension. The mechanism of the coexistence of the three
morphologies is dominated by the anisotropic electrostatic
potential distributions of the nanodiamond particles. The
larger primary particles with dominating positively or
negatively charged surface electrostatic potential form the
chain morphology first and become the backbones of ropes
and cluster assembly, which are formed by attaching the
smaller and near-neutral particles to the backbones. The
dispersion stabilizes eventually due the near-neutral particles
coating the surface aggregates, preventing further aggregation
and flocculation, which explains the long-term colloidal
stability of DND-aggregates. Moreover, the SNAP simulation
reveals that it is the ratio of the sizes and shapes of primary
particle that has the biggest influence on the aggregation
morphology distribution. The surface chemistry, on the other
hand, can moderate the ratio of the aggregate morphologies.
For example, it has been shown theoretically that the presence

Table 2. Fastest and Slowest Pair to Assemble According to SNAP Modela

No. First nearest neighbor Second nearest neighbor Third nearest neighbor

Fastest pair to assemble
1 mTO 32 - mTO 32 mTO 32 - mTO 32 mTO 32 - mTO 32
2 mTO 32 - GRO 27 mTO 32 - mTO 27 mTO 27 - mTO 27
3 mTO 32 - mTO 27 mTO 27 - GRO 32 mTO 32 - mTO 27
4 mTO 32 - GRO 32 mTO 32 - GRO 32 mTO 27 - GRO 27
5 mTO 27 - GRO 32 mTO 27 - mTO 27 mTO 32 - GRO 27

Slowest pair to assemble
1 SRO 22 - SRO 22 SRO 22 - SRO 22 SRO 22 - SRO 22
2 GRO 22 - GRO 22 SRO 22 - mTO 22 mTO 22 - GRO 22
3 SRO 22 - GRO 22 mTO 22 - GRO 22 SRO 22 - GRO 22
4 mTO 22 - GRO 22 SRO 22 - GRO 22 SRO 22 - mTO 22
5 SRO 22 - mTO 22 SRO 22 - SRO 32 mTO 22 - mTO 22

amTO: modified truncated octahedron; GRO: great rhombicuboctahedron, SRO: small rhombicuboctahedron; and 22, 27, and 32 refer to the
overall size of the particles in Å.
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of the C−H group on the surface can weaken the
nanodiamond interparticle interaction and disrupt the
assembly ordering, thereby promoting the formation of
random cluster aggregates.36 This explains that the DND-
pos. which is rich in C−H groups has higher ratios of clusters
compared to DND-neg. Overall our results presented here
offer potential solutions for controlling aggregate morphologies
for specific biomedical applications. Fabricating larger particles
with less C−H groups can promote the formation of chains
and ropes, which offer higher surface areas for drug
biomolecule absorption, and the elongated aggregate shapes
can be beneficial for cellular uptake through penetration of the
membranes. On the other hand, the smaller DND particles rich
in C−H surface groups promote clusters which can be utilized
as nanoporous structures. The robustness of the aggregate
formation provides possibilities and flexibility of controlling
aggregate morphologies and distributions tailored toward the
needs of the desired applications.
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