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We report the first mass photometric characterization of nanoag-
gregates of atomically precise nanoclusters (NCs) in solution.
The differently-sized nanoaggregates of silver—gold alloy NCs,
[Ag11_xAu,(DPPB)sCls0,]%* [x = 1-5 and DPPB = 1,4-bis(diphenyl-
phosphino)butane], formed in solution, were examined by mass
photometry (MP) with a protein calibration. In addition, we con-
ducted MP studies of varying solvent composition to understand
the structural evolution of nanoaggregates. The masses of nanoag-
gregates were correlated to structures of 15 to 50 nm diameter
observed in cryo-electron microscopy.

Atomically precise metal nanoclusters (NCs) belong to an
emerging family of materials with potential applications in
areas such as energy, environment, and biology."™ These
NCs, resembling macromolecules, are typically characterized
by high-resolution mass spectrometry (MS), single-crystal X-ray
diffraction, and other spectroscopic studies.*”® They undergo
structural changes and interact with various molecular entities
or with each other in solution.” In such processes, under
specific conditions, they form aggregates that are observable
by dynamic light scattering (DLS) and related in situ spectro-
scopic/microscopic techniques.®*'* Aggregation of NCs is cen-
tral to building NC-based multi-dimensional materials.>""
Exploring such assemblies of NCs is an emerging area of
interest in nanotechnology due to its relevance in deriving
tuneable collective properties as well as for exploring novel
applications in a wide range of fields."”>™® Determining
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Observing atomically precise nanocluster
aggregates in solution by mass photometryT:i

*acC

accurate number of building units in superstructures in the
multi-dimensional closed-packed molecular aggregates of NCs
is a grand challenge, particularly in solution. However, metal
NCs themselves can exhibit a wide range of arrangements, from
monomeric species to large multimeric complexes. Conse-
quently, the presence of heterogeneity in complex systems
poses a significant challenge for accurately determining the
number of building units, especially when ligand-protected
NCs form superstructures such as chains, helices, spheres,
capsids, and prisms.'® At the same time, it is a challenge to
construct nanoassemblies of precise morphology due to the
lack of control of kinetics and assembly dynamics.

Over the years, several techniques have been applied to
characterize NC-based multidimensional assemblies and inves-
tigate their potential applications in the solid state."” Among
these techniques, electron microscopy and X-ray scattering
have been most relevant to understand their structural
integrity.'® Unfortunately, these techniques have inherent lim-
itations, primarily in determining the number of monomeric
units responsible for the formation of such structures. The
most efficient way to assess composition of these NC-aggregates
is to investigate their masses.'® The traditional mass analysis
technique, mass spectrometry, has focused on measuring
ensembles of hundreds or thousands of atoms/molecules in
the gas phase by imparting multiple charges on them.>® These
methods have been successful in analysing biomolecules, NCs,
and NC-based supramolecular-oligomeric small complexes.>"*?
However, mass spectrometry cannot examine the NC-
assembled species directly in solution and consequently their
structural evolution.

Here we report the first investigation of the structural
evolution of such nanoaggregates in solution using interfero-
metric scattering microscopy (iSCAT), later renamed as mass
photometry (MP).>®* MP is an emerging optical technique with a
high dynamic mass range, needing only nanomolar concentra-
tions of analyte, and has been used generally for examining
biomolecules such as proteins.”® Earlier, the iSCAT technique
has been employed in materials science to accurately infer the
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size-distribution of nanoparticles of various sizes without prob-
ing their masses.”*® Grant et al. employed this method
to determine size distributions of gold nanoparticles and
compared the results with those obtained from transmission
electron microscopy (TEM).>> The iSCAT technique can be
demonstrated to have superior accuracy in measuring the
particle size distribution of nanoparticles compared to DLS.
However, the use of MP for nanoparticle mass determination
has remained unexplored. Individual proteins, protein com-
plexes, and their aggregates in the 30 kDa-5 MDa mass range
have been examined by this technique, giving new insights into
their structural and functional properties; namely, polymeriza-
tion, host-guest interactions, and self-assembly.>**” These
nano-sized nanoparticles are comparable in size to that of
many biomolecules such as proteins, antibodies and nucleic
acids.”® Thus, MP can be used to study solution-phase aggrega-
tion dynamics of NCs, similar to its use in biomolecular
interactions. With this objective, we used MP to examine a
particular NC system that is known to form precise nanoag-
gregates in solution.®

We used a new series of Ag-Au alloy nanoclusters denoted as
[Agy; _Au,(DPPB);Cls0,]*" [x = 1-5]. They are co-protected by
1,4-bis(diphenylphosphino)butane (DPPB) and chloride ligands
and exhibit useful photophysical properties.® The unique sol-
vophobic property of this Ag-Au alloy NC leads to the formation
of luminescent solution phase self-assemblies. Size-dependent
luminescence characteristics of these aggregates and their
potential applications have been explored previously.® In this
report, we investigated these alloy NCs and their precisely
formed nanostructures, by varying the compositions of the
solvent system (methanol:water). This investigation was con-
ducted using a Refeyn TwoMP mass photometer (Refeyn Ltd),
complemented by cryogenic electron microscopy (cryo-EM).>
Details of the experimental protocol are discussed in the ESL#
To examine the suitability of MP for studying the solution
phase self-assembly of atomically precise NCs, we used an
equimolar mixture of B-amylase and thyroglobulin with a broad
mass range of 50-660 kDa as a standard, in 30% (v/v) methanol
solution. A calibration graph (r> = 0.9999) was obtained from
the measurements and the error was estimated to be +5%.
Details of the calibration method are described in ESIL.f The
stability of protein calibrants in 30% (v/v) methanol was con-
firmed by comparing the same in ammonium acetate (AmAc)
solution by MP measurements (see histograms in ESI}). In
Fig. 1, we show the electrospray ionization mass spectrometric
(ESI MS) characterization of the parent NC system used in this
study. The peaks marked with 1-5 correspond to different NCs
with varying number of gold atoms, ie., [Ag;,Au(DPPB)sCl;0,]*",
[AgoAu,(DPPB)sCl;0,]*", [AgsAus(DPPB)sCl;0,]>", [Ag,Au,(DPPB)s.
Cl;0,]**, and [AgeAus(DPPB)sCl;0,]**, with the same nuclearity
(Agy1_xAu, = My, with x = 1-5). The position and isotopic
distribution of each of these help us to assign the precise
composition of the NC (see inset of Fig. 1A(ii)). The well-defined
NC aggregates formed with varying solvent compositions was
revealed in a previous report by DLS and TEM studies.® As
demonstrated, the nature and quantity of the nanoaggregates
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Fig. 1 (A) (i) Calculated structure (x = 2), (ii) the metal, Agy;_xAu,, core (x =
2), and (iii) ESI MS of [Agy;_xAu(DPPB)sClsO,]%" (x = 1-5) nanoclusters. In
inset, calculated isotopic distribution is stacked with the experimental one.
(B) Concept and experimental implementation of MP. Parts in the graphic
representation: (1) solvent mixture (sol mix) containing nanoclusters; (2)
nanocluster aggregates in solution; (3) glass surface; (4) immersion oil; (5)
objective lens. Single-particle landing event on a non-coated cover slide is
shown on the right. (C) A stacked plot of the MP histogram of various-sized
nanoaggregates with the counts of particle landing events, with varying
solvent composition. M,, are shown on the spectra as [xx]. The photo-
graphs of single-particle binding events on the glass—sol interface during
each set of measurements is shown. The corresponding fyaterx Of solvent
mixture is labelled on each histogram.

300

are dependent on the solution composition. Specifically, an
increase in solution polarity, achieved by increasing the fraction
of water (i.e., fyaters), cOrresponds to an increase in the size of
nanoaggregates. To understand the possible intercluster inter-
action, we tried to predict the structure of NC and its ligand
orientation theoretically (see Fig. S1, ESI¥). To measure the mass
of each nanoaggregates corresponding to a specific composition,
MP experiments were carried out by dropcasting the solution on
the pre-treated glass slide (see details in ESI}), as shown in
Fig. 1B. Data for the first set of measurements with NC-
aggregates at fio, solution of the solvent mixture (sol mix) Ze.,
40% (v/v) water and 60% (v/v) methanol, are shown in Fig. 1C(i).
The nanoaggregates exhibit non-specific binding events on the
glass slide during their landing on the substrate, which are
captured as microscopic events, as presented in Fig. 1C(i) images.
The size distribution resulting from such multiple-binding events
was captured and plotted, corresponding to a mass of 47 kDa as
determined using protein calibration, at fjo. Several such MP
measurements were carried out by increasing fyaterso. Upon gra-
dually increasing the water percentage in the sol mix (water%:
50%, 60%, 70%, and 80%), different sets of equimolar NC
solutions were prepared, and their mass distributions were mea-
sured immediately. The stacked MP histogram presented in
Fig. 1C(i)-(vi) are indicative of the average mass distributions
(May) of promptly generated-nanoaggregates across the different
sets of NC solutions. It is evident that an increment in the water
percentage leads to a systematic increase in M,,. It increases from
65 to 83 to 93 to 103 kDa with an increase in water content. This
systematic evolution in mass agreed with the previously reported
DLS data.® A table containing various percentages of solvents, the
corresponding masses of aggregates, and the number of NCs

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Stacked plots of the time-dependent mass variation of nanoag-
gregates with normalized counts of single-particle landing events at (A)
faox and (B) fgox respectively, in MP. The time scale of each stack
represents the time of data acquisition at a particular sol mix. The photo-
graphs of single-particle landing events at the glass—sol mix interface with
increasing time are shown as insets with each measurement. (C) Sche-
matic representation of the variation in diameter of nanoassemblies during
NC-aggregation at (i) f4oy, and (i) fgoy respectively. ry, ry’ represent the
diameter of the nanoaggregates at the initial stage of growth, and r,, r,’
represent the same at the final stage.
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present in each of them is presented in ESIi (Table S1). Aggrega-
tion numbers (Nycs) of 13, 18, 23, 26, 29, and 50 for various
solvent compositions corresponding to smaller aggregates, grow-
ing aggregates, and bigger aggregates were observed. However, at
water% = 90%, the size of nanoaggregates decreases, consistent
with the previously reported DLS data (an explanation will be
presented later).® As expected, aggregation depends strongly on
the input concentration of the NC and the binary solvent compo-
sition. In Fig. 2, we show the data obtained at a constant input
concentration (~60 nM) in two distinct solvent compositions:
(i) fioss which correspond to the formation of the smallest
nanoaggregates with M,, = 47 kDa, and (ii) fgoe, forming the
largest nanoaggregates with M,, = 103 kDa. Here are two different
aggregate dimensions at a given point of growth. A smaller
aggregate (i.e., at fio0,) grows systematically with time while the
larger aggregates remain essentially invariant in time. When the
water% is high, e.g., at fgoo, individual NCs become unstable in
solution, which make them aggregate rapidly. Lower solvent
polarity results in a gradual increase in the diameter of the
nanoaggregates, whereas higher solvent polarity leads to rapid
aggregation, as schematically shown in Fig. 2(C). Fig. 3 illustrates
the comparative size-evolution (mass) of nanoaggregates at fjoo,
and fgoo, with changes in solvent polarity, represented as a
function of evolution time. The total number of particles non-
specifically interacting with the uncoated coverslip during mea-
surements was recorded, and subsequently the mass of a single
particle was calculated by spatio-temporal isolation (see ESIi for
more details about data processing and mass calculations). In the
case of fy09, (Fig. S3, ESL¥), time-dependent measurements show a
gradual increase in the mass from 39 to 47 kDa (Fig. S3(i)-(iii),
ESI%), implying solution phase growth of aggregates during the
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Fig. 3 Time-dependent size-evolution of nanoaggregates.

initial 20 min. After 45 min of incubation, along with simulta-
neous growth in smaller aggregates (<100 kDa), larger aggregates
(>500 kDa) were also recorded in single particle mass analysis.
These two mass distributions are shown in Fig. S3(iv) (ESLi). This
phenomenon continued until 60 min of measurement [as shown
in Fig. S3(v)(a and b), ESIf]. Similar measurements were per-
formed in the case of f3o. Here, systematic growth of smaller
particles in the smaller mass range was absent (see Fig. S3(i)-(iii),
ESIi). Moreover, the presence of bigger particles was recorded
coherently throughout the entire tracking timeframe, ie., 5-60
min. The possible Nycs were calculated from the recorded mass
(see Fig. S3, ESI}). The evolution of the size and structure of the
nanoaggregates was captured first by room-temperature TEM (RT-
TEM). Standard time-dependent TEM examination showed that
the aggregates were well-defined NCs with a hollow-cage sphere-
shaped or vesicle-like structures (as shown in Fig. S5-S7, ESIZ).
For additional understanding, time dependent RT-TEM micro-
graphs (see S7, ESIi for RT-TEM sample preparation) of f;oq, and
fso9 were collected. In Fig. S5-S7 (ESIt), time dependent RT-TEM
micrographs at 3¢, are presented, which in turn reflects that with
increasing growth time (i.e., from 0 to 30 to 60 min), there is a
gradual increase in M,, along with thickening of the wall of the
nanoaggregates, corroborating the MP observations (see Table S2,
ESIZ).

To obtain more precise information about the gradual
increase in diameter during solution-phase growth, we
employed cryo-EM, as shown in Fig. 4. Detailed cryo-TEM
methodology is provided in the ESI.i While RT-TEM images
suggest the presence of a hollow-cage morphology within
individual nanoaggregates, this feature is less distinct in the
cryo-TEM micrographs. This disparity may be attributed to
differences in sample preparation methods used in the respec-
tive TEM studies. Cryo-TEM micrographs display the size
evolution of nanoaggregates over time, revealing sizes of 12.5,
33, and 45 nm at 0, 30, and 60 min of aggregation, respectively.
Notably, the trend in gradual increase of diameter derived from
cryo-TEM data align well with the MP data. In the case of f3q,
cryo-TEM and RT-TEM observations indicate the minimal size
evolution of donut-shaped nanoaggregates as a function of
growth time (Fig. S5-S11, ESIE). Our data suggest that the
aggregates are hollow in nature as we described previously.®
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Fig. 4 Time-dependent (A)—(C) RT-TEM (scale bar 100 nm) and (D)-(F)(i)
cryo-TEM (scale bar 50 nm) measurements and (ii) the extracted average
particle-size distribution with average diameter from cryo-TEM micro-
graphs, all formed at f40x.

As water and methanol are miscible, we believe that the solvent
molecules encapsulated within the nanoaggregates also have the
same composition as in the bulk. Due to the limited mass
accuracy of MP, an exact number of solvent molecules encapsu-
lated in the aggregates is unclear. By assuming a donut-/vesicle-
shaped assembly of NCs, we calculated the Nyc mathematically
from the average radius of the nanoaggregates obtained from the
cryo-TEM micrographs. The Nyc value, initially (ie., ~1 min
incubation) was 12 which is in very good agreement with the
mass calculated by MP (see Fig. S3(iv), ESI). A detailed mecha-
nism of formation of NC-based nanoaggregates and their solution
phase evolution are discussed in ESIf (see SI11). To carefully
assess the applicability of MP measurements for investigating
nanoparticle systems, we tried to correlate the observed MP data
with cryo-TEM (see SI12, ESIi).

In conclusion, we presented the first MP studies of atomically
precise NC aggregates showing their systematic assembly leading to
hollow spheres of precise composition. MP is simple, highly
sensitive, intrinsically quantitative, and fast technique in measuring
masses of protein complexes. We showed that atomically precise
cluster aggregates could be quantified in terms of their Nyc in
solution. The results could be correlated with cryo-TEM and RT-
TEM, which confirmed that the aggregates are hollow spheres. Their
solution phase size evolution and dynamics could be observed in
real-time (in MP). In conjunction with computational studies, MP
makes it possible to propose structures and correlate those with
emerging properties such as enhanced luminescence in such
aggregates. Our study show that mass photometry is a new way to
explore the properties of nanoparticle assemblies in solution.
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