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Coulombic interactions can be used to assemble charged nanoparticles into higher-order
structures, but the process requires oppositely charged partners that are similarly sized. The
ability to mediate the assembly of such charged nanoparticles using structurally simple small
molecules would greatly facilitate the fabrication of nanostructured materials and harnessing
their applications in catalysis, sensing, and photonics. Here we show that small molecules
having as few as three charges can effectively induce attractive interactions between oppositely
charged nanoparticles in water. These interactions can guide the assembly of charged
nanoparticles into colloidal crystals of a quality previously only thought to result from their co-
crystallization with oppositely charged nanoparticles of a similar size. Transient nanoparticle
assemblies can be generated using positively charged nanoparticles and multiply charged
anions that are enzymatically hydrolyzed into mono- and/or dianions. Our findings
demonstrate an approach for the facile fabrication, manipulation, and further investigation of
static and dynamic nanostructured materials in aqueous environments.

In one of its definitions, nanochemistry'? focuses on the intriguing and diverse analogies between
molecular-scale and nanosized species. In a widely cited example, ligand-protected metallic
nanoclusters exhibit quantized energy levels and are often referred to as “superatoms™. Larger,
superparamagnetic and superferromagnetic nanoparticles (NPs) behave in many ways like atoms of
paramagnetic and ferromagnetic metals, respectively™”. Various ways of encoding “valency” in
spherical NPs have been proposed® and utilized for constructing “colloidal molecules™’. NPs can also
be assembled into one-dimensional structures in a process similar to the polymerization of small
molecules®; indeed, the ability to visualize NPs by electron microscopy has been utilized to validate
theoretical models developed for molecular polymerization. This analogy was further extended to
copolymerization® and arresting polymerization with chain stoppers'®. NPs have also been assembled
into three-dimensional materials (colloidal crystals, or “supracrystals”) with structures mimicking
those of inorganic solids as simple as AIB, or NaCl', as well as ones without known molecular-scale
analogs'>. NP analogs of alloys and intermetallic compounds have been reported'® and very small
NPs within binary assemblies have been shown to behave as nanoscale electron equivalents'.
Furthermore, analogies between molecular-scale and nanosized species extend to chemical
reactions'”. Similar to molecules, NPs can react with themselves'®, be subjected to oxidation'’,
cation'® and anion'” exchange, and to other, more complex reactions, such as galvanic replacement.
Sequential reactions are possible’’? and the concept of the total synthesis of inorganic
nanostructures has been proposed®.



Similarly, spherical NPs functionalized with multiple charged groups (typically COO™ and NMC3+)
behave in many ways like nanoscale analogs of simple ions**. These “superions” can attract each
other and precipitate from solution as electroneutral solids, analogously to simple inorganic salts,
such as Agl. There are, however, some notable differences between the behavior of small ions and
charged nanoscale species. Figure 1a (left) shows an illustrative titration curve for the titration of Ag"
with I, whereby precipitation occurs quickly when the solubility product, Ky, = [A"][B], is reached.
In contrast, the titration of positively charged NPs with negatively charged ones leads to a gradual
increase in the NP aggregate size”® until precipitation occurs at a point of electroneutrality (i.c., the
number of positively charged ligands on the added NPs reaches the number of negatively charged
ligands on the titrated ones). Further addition of the negatively charged NPs leads to dissolution of
the precipitate and the formation of increasingly smaller NP aggregates (Fig. 1a, right), which is not
observed for small, non-complexing anions.

Interactions between oppositely charged small ions (e.g., Ag” and I') and, more recently, between
oppositely charged nanosized species”***" have been investigated extensively. In contrast,
relatively little attention has been devoted to studying electrostatic interactions across length scales,
i.e., between charged NPs and small molecules bearing opposite charges. Here, we investigated the
ability of small-molecule ions to mediate attractive interactions between oppositely charged NPs.
Importantly, we found that a sharp transition between non-mediators and mediators occurs between
doubly and triply charged molecules. Taking advantage of this finding, we prepared a family of
colloidal crystals and developed a dissipative self-assembly system whereby NPs exist in the
assembled state only during a continuous application of an oligoanion stimulus.

Results and discussion
Interactions between positively charged nanoparticles and small anions

A fundamental question to address when considering interactions between oppositely charged NPs
and molecules is: What is the minimum number of charges on a small molecule required to induce
attractive interactions with—and consequently, mediate the self-assembly of—oppositely charged
NPs in water? To this end, we synthesized differently sized spherical gold NPs decorated with the
positively charged trimethylammonium groups (TMA in Fig. 1b) and studied their interactions with
simple anions comprising increasing numbers of negative charges. Irrespective of the diameter of the
metallic core (we worked with NPs of various sizes between 2.8 nm and 13.1 nm Au NPs), the
particles exhibited excellent solubility in water (with Br as the counterion; Fig. 1b, inset), as
reported previously**’. The colloidal stability of these NPs was not affected by the addition of
aqueous solutions of various doubly charged anions (we tested carbonate COs*, sulfate(VI) SO4*,
hydrogen phosphate(V) HPO,*", chromate(VI) CrO,”, tartrate, and oxalate; all at pH values greater
than pKa, to ensure double deprotonation), even when used in a 100-fold excess with respect to NP-
bound TMA groups. In sharp contrast, all triply charged anions tested, including citrate,
trimetaphosphate, and triply deprotonated ethylenediaminetetraacetic acid (EDTA™), caused a red-
shift of the NPs’ localized surface plasmon resonance (SPR) band, indicative of NP aggregation.
Aggregation was also induced by anions featuring greater numbers of negative charges, including
fully deprotonated EDTA (EDTA%), pyrophosphate P,O,*, triphosphate P3Oy, and
hexametaphosphate (PO3)s” (see Supplementary Fig. 4 for structural formulas). In all cases,
aggregation was confirmed by transmission electron microscopy (TEM), which showed the
formation of mostly amorphous NP aggregates (Supplementary Fig. 6).



To better understand these results, we performed molecular simulations of TMA-coated NPs
interacting with HPO,* and citrate as model doubly and triply charged anions, respectively (for
details, see Supporting Information, Section 4). First, we studied the interactions between a positively
charged NP surface and individual anions by all-atom molecular dynamics (AA-MD) simulations
(Fig. 2a-b). To this end, we simulated a NP hemisphere (d = 7.4 nm) decorated with 347 TMA
ligands (with CI™ as the counterions) in the presence of citrate’”, HPO,*, or an extra CI™ ion (each
neutralized with three, two, or one Na™ counterions, respectively). We investigated the interactions
between the positively charged NP surface and individual anions by all-atom metadynamics (AA-
MetaD) simulations®'* (Fig. 2a-b). During these simulations, the anions bound to and unbound from
the NP surface multiple times (Fig. 2a), which allowed us to retrieve the free-energy profiles for their
interaction with the NP (Fig. 2b). The minima at d = 5 A are indicative of attractive interactions of all
three anions with the NP-bound ligands, with the depth of the minimum proportional to the
interaction free energy. We found that the difference in the interaction energy is proportional to the
ionic valence, within the precision of the AA-MetaD technique (AG, ~2.7 kcal/mol for CI, ~3.9
kcal/mol for HPO4*", and ~6.1 kcal/mol for citrate’; yellow, blue, and red curves, respectively).

Next, we studied the ability of HPO,* and citrate to mediate attractive interactions between two
TMA-coated Au NPs (Supporting Information, Section 4.1). In these AA-MetaD simulations, 10
citrate® or 15 HPO,® (neutralized by 30 Na") were placed between two NP halves, each decorated
with 347 TMA groups (with the same number of CI™ ions). Throughout these simulations, the
distance between the NPs was varied repeatedly, allowing us to estimate the free energy of the NP—
NP interaction as a function of NP-NP separation (Supplementary Fig. 9). With citrate, the free-
energy profile extracted from the AA-MetaD simulation exhibited a minimum at the NP center-to-
center distance of ~9.4 nm, indicating that the NPs have a tendency to assemble. However, upon
replacing citrate with HPO,*, this energy minimum disappeared and the global energy minimum
moved toward larger distances (>10.5 nm), corresponding to the disassembled state (Supplementary
Fig. 9b).

To model the anion-mediated self-assembly of positively charged NPs on a larger scale, we utilized
coarse-grained molecular dynamics (CG-MD) simulations (see Supporting Information, Section 4.2).
Figure 2¢ shows snapshots from CG-MD simulations of two TMA-coated Au NPs, each decorated
with 804 TMA residues, neutralized by the corresponding number of HPO,* or citrate® anions (804
and 536, respectively). Whereas both anions exhibited a strong affinity to the NPs, only citrates had
the ability to bring the particles together during the CG-MD runs. This conclusion is also evident
from Fig. 2d, where we plotted the distance between the centers of mass of the two NPs as a function
of the CG simulation time.

To gain further insight into the NP aggregation behavior, we titrated suspensions of TMA-coated Au
NPs (i.e., AuuTMA) in water with an aqueous solution of another trianion, namely, triply
deprotonated EDTA (Fig. 1c) and followed the change in the position of Au NPs’ SPR band, Aspr.
Initially, Aspr corresponds to ~520 nm, typical of non-interacting NPs; a red-shift of the SPR band is
indicative of NP aggregation. We found that upon the addition of EDTA™, Ay red-shifts following a
sigmoidal curve, and then stabilizes upon the addition of ~0.5 eq of EDTA®" with respect to TMA
groups (Fig. 1d), which corresponds to ~150% of the amount expected to achieve the
electroneutrality point. No further changes were observed with higher amounts of the titrant (Fig. 1d).
This aggregation profile is akin to that of the precipitation of a water-insoluble inorganic salt (Fig. 1a,

left).

Our results are consistent with the Schulze-Hardy rule’*’, which states that the ability of an

electrolyte to mediate interactions between—and induce coagulation of—charged colloids is



proportional to the electrolyte’s ionic valence, z. Specifically, the critical coagulation concentration,
CCC, scales with z as CCC « z °, indicating that a small increase in charge can greatly increase the
ion’s potency to trigger coagulation®®. For example, increasing the charge from —2 (for HPO,*) to —3
(for citrate®) decreases the CCC value by as much as ~I1-fold. In other words, the assembly of
Au-TMA would require a much higher concentration of HPO,*™ than of citrate’”. However, at this high
concentration, the ionic strength of the solution is high enough to screen the electrostatic interactions;
hence, the assembly of Au-TMA using divalent (or monovalent) anions is never observed.

The Schulze—Hardy rule states that CCC is sensitive to the number of charges on the electrolyte, but
not to the way these charges are distributed across the anion. We hypothesized that flexible anions
might be more potent in mediating the self-assembly of TMA-coated Au NPs. To address this
question, we titrated 5.2 nm Au-TMA with three different tricarboxylates, differing only in the
number of methylene groups: propane-1,2,3-tricarboxylate, butane-1,2,4-tricarboxylate, and pentane-
1,3,5-tricarboxylate (Supporting Information, Section 5). These experiments showed no appreciable
difference in the behavior of the titrant (Supplementary Fig. 15). We also worked with a significantly
more rigid benzene-1,3,5-tricarboxylate, only to find that the titration profile remained the same.
Based on these results, we conclude that the conformational flexibility of oligoanions has little effect
on their propensity to mediate the assembly of positively charged NPs, at least in this series.

To further demonstrate the importance of Coulombic interactions in our system, we prepared aqueous
suspensions of differently sized Au-TMA (4.8 nm, 8.8 nm, and 13.1 nm) and titrated them with the
same solution of EDTA®>" (Extended Data Fig. 1). If the contribution of van der Waals (vdW)
interactions to the formation of NP aggregates was significant, the largest NPs would aggregate first,
followed by the 8.8 nm and 4.8 nm NPs. We found, however, that the aggregation profiles for all
three NP sizes were practically the same, indicating that the interparticle interactions in our system
are governed predominantly by electrostatics.

Remarkably, reversing the order of titration resulted in a drastically different NP aggregation
behavior. When an aqueous solution of EDTA®" was titrated with Au-TMA in water, the added NPs
assembled into increasingly large aggregates, which subsequently decreased in size upon the
continued addition of the NPs, eventually resulting in a suspension of non-interacting NPs (Fig. 1e).
This aggregation/disaggregation profile is reminiscent of that previously observed for mixtures of
positively and negatively charged NPs (Fig. 1a, right). Interestingly, however, the highest degree of
aggregation was consistently observed after the addition of only one-third of the NPs required to
achieve electroneutrality (denoted by a dashed red line in Fig. le, right; note the position of the
maximum with respect to the line). Overall, our results indicate that i) the yield of electroneutral
aggregates comprising “superions” and small-molecule counterions is maximized in the presence of
an excess of the latter, which can be attributed to the entropic penalty associated with bringing
multiple small ions together, and ii) once formed, these electroneutral aggregates can be
disassembled with an excess of “superions”, but not molecular-scale ions, thus combining the
characteristics of a molecular-scale system (ionic aggregates; Fig. 1a, leff) and a nanoscale system
(aggregates of opposite charged NPs; Fig. 1a, right).

Dynamics of small ions within nanoparticle/molecule ionic aggregates and their structural
transformation into crystalline assemblies

The CG-MD simulation described above demonstrates that citrate ions can readily mediate attractive
interactions between two positively charged TMA-coated NPs (Fig. 2c¢). Next, we investigated the
mobility of citrates within the resulting ensemble of two bound Au-'TMA NPs. To this end, we



extended the CG-MD simulation and analyzed the trajectory covering the period from 0.9 ps (i.e.,
once the NPs have stably aggregated; see Fig. 2c, d) to 8.4 ps. We turned to machine learning in
order to study the variability of the arrangement of citrates in the system. We used an unsupervised
clustering method—specifically, the Probabilistic Analysis of Molecular Motifs (PAMM)*’'—
employing the Smooth Overlap of Atomic Positions (SOAP)*® as rich descriptors of the molecular
environment surrounding each citrate in the molecular model. Such an analysis allows the
classification of different citrates based on differences in the local environment that surrounds them
during the CG-MD (namely, pertaining to local order, persistency in the interactions, etc.) to follow
the local variations and fluctuations in the citrate states and also to reconstruct the dynamic mobility
of the citrates in different regions of the system”. The analysis subdivides the citrates in the system
into three distinct clusters (states): i) citrates located at the interface between the two NPs (red in Fig.
3a), ii) citrates interacting with a single NP (gray), and iii) an intermediate state between the first two
(green) (for details, see Supporting Information, Section 4.2.2). The movement and reshuffling of
citrates between the three clusters during the CG-MD reveal the dynamics between the states (Fig.
3a, left vs. right).

From the CG-MD trajectory, we also constructed a two-dimensional free-energy surface (FES) of the
citrates in the system (Fig. 3b), represented as a function of two variables (the contact variable,
CONT, describing the number of contacts with NP-adsorbed TMA ligands, and the distance variable,
DIST, describing the position of a citrate on the NP cluster; Supplementary Fig. 13). This analysis
identified three local free-energy minima in the FES (Fig. 3b), consistent with the above
unsupervised clustering classification obtained above.

By tracking the individual citrates during the CG-MD simulation, we could monitor their transition
probabilities between the three states. Such probabilities, obtained by computing the transition matrix
among the three different states from the clustering analysis of the CG-MD (see Supplementary Fig.
12d), are reported next to the arrows inside the FES in Fig. 3b. These transition probabilities are
extracted from a simplified CG model, and thus have a qualitative value; nonetheless, they are
comparable to one another and are proportional to the rate constants of citrates in one state
transitioning to another. Moreover, we computed the mean square displacement of citrates in
different clusters (Supplementary Fig. 14), which, even accounting for simplifications in the model,
allowed us to estimate the diffusion of the “gray” citrates across the NP surface as being ~1 order of
magnitude faster than of the more static “red” citrates. Thus, these results demonstrate the internal
dynamics of the system, where the citrates at the interface between two bound NPs are less dynamic
(but not completely static) than those bound to the surface of a single NP.

We hypothesized that the facile diffusion of oligoanions between positively charged NPs, as revealed
by the MD simulations, might facilitate the transformation of the initial, mostly amorphous
aggregates into regular, crystalline assemblies (which represent the thermodynamic minimum of the
system). Indeed, we found that when left undisturbed in an aqueous suspension at room temperature,
the Au-TMA/citrate precipitates developed multiple crystalline domains over the course of 24 h (Fig.
3¢, bottom). At an elevated temperature (50 °C), the “annealing” process was complete within 1 h and
resulted in colloidal crystals 200-300 nm across, which did not grow further (Fig. 3d). Overall, the
observed increase in the NP order within the Au-TMA/citrate aggregates supports the idea of the
oligoanions acting as a dynamic—as opposed to “frozen”—ionic glue.

To characterize the crystalline assemblies, we utilized cryogenic TEM (cryo-TEM) — a technique that
preserves the native (solution) structures during imaging. However, cryo-TEM requires that the
specimens be very thin — we thus attempted to image aggregates obtained immediately after treating
the TMA-coated Au NPs with an oligoanion (here, P;0,o”). Interestingly, whereas these aggregates



appeared amorphous at a low magnification (Fig. 3e), close inspection revealed that they were
composed of small (~20-50 nm) interconnected aggregates featuring a regular arrangement of NPs;
thus, they exhibited a short-range crystalline order. In particular, we observed multiple instances of
~25 nm aggregates that we identified by cryo-scanning TEM (cryo-STEM) tomography as Mackay
icosahedra® (Fig. 3f). Within these aggregates, the central NP is surrounded by a 12-NP icosahedral
shell, which is enclosed inside an outer, deltahedral shell composed of 42 NPs, giving rise to a
closed-shell, “magic number” cluster consisting of 55 NPs. The formation of clusters that maximize
packing density of like-charged NPs may seem surprising, but is enabled by the presence of small,
oppositely charged molecules that compensate for the electric charges on the NPs. Based on our
tomography results, we determined the nearest-neighbor distance within the Mackay icosahedron
(Fig. 3f) as 8.1 nm. Given that the aggregate is composed of 4.73 nm NPs, the gap between the
metallic cores is equal to 3.37 nm — slightly more than twice the length of a TMA ligand in its fully
extended conformation (2 x 1.64 nm, which is the distance between the surface of Au and the
terminal N atom), leaving enough space for a monolayer P3O;o° anions.

Crystalline aggregates of oppositely charged nanoparticles and small ions

We hypothesized that the attractive electrostatic interactions between positively charged NPs and
oligoanions could be used for constructing large colloidal crystals (“supracrystals”), and ultimately
nanostructured materials. Since the annealing experiments shown in Fig. 3c-d did not afford
crystalline domains larger than ~300 nm, we sought another method to prepare crystalline assemblies
of our NPs. A previously reported method of generating ordered assemblies of ionic NPs is based on
1) generating amorphous aggregates by electrostatic interactions between oppositely charged
nanosized entities, ii) adding an inorganic salt (typically NaCl) at a high concentration to screen the
electrostatic interactions and therefore, to disassemble the initial aggregates*'**, and iii) slowly
decreasing the ionic strength of the solution by dialysis against pure water. Although this strategy has
been successfully applied to generate ordered assemblies of positively charged NPs and negatively
charged DNA®, it is not applicable to our system, where small-molecule anions would diffuse
through the dialysis membrane and leave the solution, along with the screening agent. However, we
hypothesized that this problem could be tackled by employing an intrinsically unstable screening
agent that 1) bears no more than two negative charges on the anion (to avoid mediating NP assembly)
and 1ii) undergoes a spontaneous decomposition into non-ionic products, thus slowly reducing the
ionic strength of the solution and triggering electrostatic interactions in the system. These criteria are
met by ammonium carbonate, whose added benefit is that the decomposition products (NH; and CO5)
are gaseous and spontaneously leave the system™:

2NH, +CO; — 2 NH;1 + CO, 1 + H,0.

We were pleased to find that 1) the addition of ammonium carbonate induced the redissolution of all
the ion/superion precipitates described above (we worked with a concentrated (NH4)>COs3 solution; ¢
~ 2.5 M), and ii) the spontaneous decomposition of (NH4),CO; resulted in the formation of well-
defined colloidal crystals (over the course of ~24 h) (Fig. 4a).

Figure 4b—h shows representative scanning electron microscopy (SEM) images of colloidal crystals
comprising TMA-coated Au NPs and various multiply charged anions (for additional examples, see
Extended Data Fig. 2 and Supporting Information, Section 6). Interestingly, the crystallinity of the
assemblies was not compromised by the presence of relatively large uncharged moieties on the
anions — for example, replacing triphosphate P;0,,” with adenosine triphosphate (ATP) resulted in
crystals of the same quality (Supplementary Fig. 18). Irrespective of the anion and the NP size, the
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NPs assembled into close-packed colloidal crystals whose average sizes could be controlled in the 1—
50 um range simply by tuning the concentration of NPs during crystallization between 0.16 and 10
mg/mL (Supplementary Figs. 17-18). The largest crystals were obtained from 4.7 nm Au-TMA as
thin hexagonal plates with a diameter of >50 pum, which corresponds to as many as ~6000 NPs
arranged regularly in a row; these crystals were sufficiently large to be imaged by optical microscopy
(Fig. 4i). In terms of the number of repeating unit cells (>4000), they represent some of the highest-
quality colloidal crystals from small NPs obtained to date. We believe that this long-range order is
enabled by the mobility of the mediating oligoanions between the TMA-coated NPs (as revealed by
the MD simulations). This mobility (particularly pronounced at the early stages of aggregation, when
the ionic strength is still relatively high) can enable the NPs to adjust their positions and optimize the
packing within the aggregate, ultimately resulting in a long-range, crystalline order.

Analysis of the SEM images revealed that irrespective of the oligoanion used, the colloidal crystals
exhibited morphologies (habits) typical of atomic crystals with a face-centered cubic (fec) lattice®,
including hexagonal plates (Fig. 4c) and truncated decahedra (Fig. 4e). Moreover, we directly
observed the lowest-energy crystal facets of fcc lattices, namely, (111) and (100) (see Extended Data
Fig. 3). To confirm the fcc structure, we analyzed colloidal crystals assembled from 4.73 nm
Au-TMA and P;0,,” by synchrotron-based small-angle X-ray scattering (SAXS). Figure 4j shows a
ID SAXS pattern of an aqueous suspension of the colloidal crystals. Interestingly, repeated
measurements on several samples of Au"TMA/P;0,o” crystals consistently revealed the presence of
two types of fcc lattices (major and minor). The pink trace is a simulated pattern for an fcc crystal
with a lattice constant, ¢ = 121.3 A that corresponds to the dominant structure. This value of a
corresponds to the NP center-to-center distance of 8.58 nm; given the diameter of the metallic core =
4.73 nm and twice the TMA monolayer thickness (~1.64 nm; defined here as the distance between the
NP surface and the terminal N atom) =~ 3.28 nm, the gap between fully extended TMA ligands on the
neighboring NPs = 0.57 nm. We note that this value is slightly larger than the one within Mackay
icosahedra (which were obtained from P30,,> and the same batch of NPs); this small increase can be
attributed to the larger interparticle distance within an fcc lattice compared to a densely packed
icosahedral cluster.

For the minor fcc species simulated by the blue trace in Fig. 4j, we found that @ = 130.9 A. The two
lattices coexisted throughout the aqueous suspension, although the relative intensities of their signals
depended on the location within the sample. Interestingly, these results could be correlated with SEM
imaging, which often showed a bimodal size distribution of the colloidal crystals. For example,
Supplementary Fig. 19 shows a mixture of ~5 pm and ~20 um crystals obtained after slow removal
of (NH4),CO3 from the solution of 4.73 nm Au-TMA and P30 . We hypothesize that the small
crystals might correspond to the minor (i.e., large-a) lattice found by SAXS, and the larger ones — to
the major (small-a) one. We note that at the onset of crystallization, the solution contains a
substantial amount of C0327 and NH, . Whereas the former ions are incapable of mediating attractive
interactions between the NPs, the latter can readily interact with P;0;0> adsorbed onto TMA-coated
NPs by means of both electrostatic and hydrogen-bonding interactions, resulting in the entrapment of
NH," within the crystals, as schematically illustrated in Fig. 4k, bottom (indeed, the gap between
extended TMA ligands in this large-a lattice = 1.25 nm, i.e., it is slightly more than twice the gap in the
small-a lattice). Over time, however, the amount of NH," in the system decreases, and the growth of
these crystals is arrested at the expense of the small-a crystals illustrated in Fig. 4k, fop.

We also investigated colloidal crystals composed of the same 4.73 nm NPs and ATP and similarly
found the coexistence of a major species with a smaller @ (119.8 A) and a minor species with a larger
a (130.9 A) (Fig. 41). The lattice constant for the major species corresponds to the interparticle gap (the
distance between the terminal N atoms of fully extended TMAs) of ~0.46 nm. The smaller gap found
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in the Au"TMA/ATP crystals (compare with ~0.57 nm for Au-TMA/ P;0,,°) may seem surprising,
given the significantly larger size of ATP compared with P;0,o° (which is essentially ATP lacking
the nucleoside moiety). However, it is reasonable to hypothesize that the organic part of ATP might
intercalate between the NP-adsorbed TMA ligands, thus strengthening the interactions within the
Au-TMA/ATP aggregates.

Interactions between negatively charged nanoparticles and small cations

Next, we were interested in determining whether the observed behavior can be extended to a
“reverse” system of negatively charged NPs and oligocations. To address this question, we
synthesized 1) 4.7 nm Au NPs coated with thiols terminated with sulfonate groups (MUS in Fig. 5a;
note that we used sulfonate rather than carboxylate end groups in order to ensure a maximum degree
of deprotonation*®) and ii) small molecules bearing three and two positively charged quaternary
ammonium groups (OMA*" and HMA?" in Fig. 5b). Upon the dropwise addition of an aqueous
solution of OMA®" to MUS-coated Au NPs (i.e., Au'MUS) in water, an S-shaped titration curve was
observed (Fig. 5c), similar to the titration profile of Au-TMA with oligoanions. However, we
consistently observed that a slight excess of OMA™" (with respect to the amount of oligoanions used
for titrating Au-TMA) had to be added to reach the curve’s inflection point (denoted by the dashed
red line in Fig. 5¢; compare with Fig. 1d for EDTA™). As expected, the control dication HMA*" did
not mediate interactions between Au-MUS (Fig. 5c), even when used in a large excess
(Supplementary Fig. 21).

Similarly, titrating a solution of OMA®" with Au-MUS afforded NP aggregates, which gradually
disassembled as more Au-MUS was added (Fig. 5d). The analogy to the original
Au-TMA/oligoanions system could be extended further: upon increasing the ionic strength using
(NH,),CO;, the Au-MUS/OMA®" aggregates dissolved as the electrostatic interactions were
screened; moreover, the slow decomposition of (NH4),COj that followed resulted in the formation of
well-defined colloidal crystals (Fig. Se-f and Extended Data Fig. 4).

Out-of-equilibrium aggregates of oppositely charged nanoparticles and small ions

The above results indicate that small anions bearing three (or more) negative charges can mediate
attractive interactions between positively charged NPs, which remain unassembled in the presence of
mono- or dianions. These findings led us to hypothesize that a spontaneous decrease in the charge of
the “anionic glue” within the aggregates of Au-TMA should entail the disassembly of these
aggregates. Such a charge reduction could occur as a result of the hydrolysis of multiply charged
anions, which, owing to their high charge density, are often thermodynamically unstable and can be
catalytically decomposed into smaller, mono- and di-anionic species. A prime example of such a
process is ATP hydrolysis — a highly exergonic reaction catalyzed by phosphatase enzymes®’.
Therefore, we reasoned that in the presence of a phosphatase, ATP would act as a stimulus for the
transient generation of NP aggregates (Fig. 6a).

The blue trace in Fig. 6¢c (labeled “start”) shows a UV/Vis absorption spectrum of an aqueous
solution of TMA-functionalized 7.4 nm Au NPs in the presence of a phosphatase enzyme, potato
apyrase. The Aspr value of the solution is centered at 519 nm, indicating that the particles are well
dispersed in the solution. Upon injection of an ATP aliquot, Aspr rapidly increased and stabilized
(within 2 min) at ~565 nm, accompanied by a pronounced increase in absorbance at 800 nm (Ago0) —
i.e., changes indicative of NP aggregation. We were pleased to find that at # = 60 min, 4gg started to
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decrease sharply and the initial spectrum was regenerated within the next 20 min, indicating that the
process is reversible. A similar assembly/disassembly profile was observed by dynamic light
scattering (DLS), where the addition of ATP resulted in the rapid formation of ~90 nm aggregates,
which persisted for ~100 min, and then disassembled within a relatively short period of time (Fig.
6d). SEM imaging revealed the amorphous nature and lack of long-range order within these aggregates
(Fig. 6e; see also Supplementary Figs. 23-24 and TEM images in Supplementary Fig. 25).

The equilibrium state of our system corresponds to ATP hydrolyzed into adenosine monophosphate
(AMP) and HPO,>, neither of which induces the self-assembly of Au-TMA. However, because the
ATP-induced self-assembly of NPs is faster than ATP hydrolysis, NP aggregates will exist
temporarily—in the out-of-equilibrium regime—for as long as ATP is present at a sufficiently high
concentration. Therefore, an assembly/disassembly cycle is associated with a chemical reaction
involving the consumption of a high-energy species (“energy dissipation”), constituting an example
of dissipative self-assembly (DSA).**** DSA of NPs has previously been reported for silicon®,
gold™, polystyrene™ particles, however, in all cases self-assembly was triggered by small-molecule
“fuels” that are not biocompatible.

To verify that the disassembly of NP aggregates was triggered by the enzymatic activity of apyrase,
we worked with a non-hydrolyzable ATP analog, adenosine [p,y-imido]-triphosphate (APPNP)*®
(Supplementary Fig. 4). We found that whereas APPNP induced NP aggregation similarly to ATP,
the resulting aggregates showed no signs of the disassembly in the presence of the enzyme. Similarly,
aggregates obtained from Au-TMA and other multiply charged anions—such as pyrophosphate and
triphosphate—remained static in the presence of apyrase. At the same time, pyrophosphate and
triphosphate can be hydrolyzed by another enzyme from the phosphatase family, namely, alkaline
phosphatase (ALPase), which is not specific for ATP. Indeed, the addition of either P207Aﬁ or P30105’
to an aqueous solution of Au'TMA in the presence of ALPase resulted in assembly, followed by
disassembly — the latter not observed with apyrase.

Once the oligophosphate stimulus had been consumed and the system returned to its non-assembled,
equilibrium state, a new assembly/disassembly cycle could be initiated by injecting a fresh aliquot of
the stimulus (Fig. 6f). Remarkably, the optical properties and structure of the aggregates generated in
the sixth cycle were indistinguishable from those obtained by the initial injection of ATP (Fig. 6f-g),
although it took them ~3 times as long to disassemble completely (Fig. 6f; see also Supplementary
Fig. 26). Differently sized NPs behaved similarly; see Supplementary Figs. 27-29. More than 20
assembly/disassembly cycles could be performed with TMA-functionalized Au NPs using various
multiply charged oligophosphates. This high recyclability stands in sharp contrast to many other
synthetic DSA systems, where only up to several cycles are typically observed” ™. In these
previously reported systems, the chemical “waste” generated during the initial cycles often interferes
with the assembly process. We attribute the comparatively excellent performance of our system to the
non-invasive nature of the waste—AMP and HPO,> —which, as dianions, are incapable of inducing
NP aggregation. However, owing to the slightly weaker basicity of the “waste” anions, compared
with the ATP stimulus, the solution pH drops when the number of assembly/disassembly cycles
increases, which lowers the enzyme activity and therefore extends the lifetimes of the transient
aggregates. Furthermore, repeated cycling results in a gradual increase in the ionic strength of the
solution, which will ultimately prevent NP aggregation owing to the screening of electrostatic
interactions between Au-TMA and the oligoanions.

Remarkably, we observed very different disassembly profiles for the aggregates of Au-TMA in the

presence of ALPase, depending on the anion used (Fig. 6h). The addition of both adenosine
triphosphate and inorganic triphosphate resulted in rapid aggregation of the NPs (Fig. 6h, t = 0-3
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min). However, whereas Au-TMA/ATP aggregates persisted for a defined period of time, after which
they rapidly disassembled, the disintegration of the aggregates obtained from P30’ began soon
after they formed, proceeding at a steady rate until a solution of free NPs was regenerated after
several hours (Fig. 6h; the solid triangles and empty circles, respectively). To better understand these
results, we prepared both types of aggregates (Au'TMA/ATP and Au'TMA/ P;0y0>) in the absence
of the enzyme and compared their structures using cryo-TEM (to avoid artefacts resulting from
sample drying). As mentioned above, Au"TMA/P;0;, was composed of small, pseudospherical ~20—
50 nm NP aggregates linked into larger, branched structures (Fig. 6i; see also Supplementary Fig.
39). The formation of such “aggregates of aggregates™"® is not surprising, given that the mediating
agent (P30y0° ) was used in the amount necessary to compensate for the overall positive charge on the
NPs. Surprisingly, however, analogous primary aggregates obtained using ATP persisted without
aggregating further (Fig. 6j; see also Supplementary Fig. 40). We also analyzed both types of
aggregates in more detail by cryo-STEM tomography (see Extended Data Figs. 5-7). This analysis
revealed that i) the interparticle center-to-center distance within the Au-TMA/ATP aggregates is
shorter than for the Au"TMA/P;0> aggregates (8.08 + 0.07 nm vs. 8.27 + 0.03 nm; in agreement
with the SAXS results) and ii) the number of nearest NP neighbors is larger within the Au-TMA/ATP
aggregates (7.4 + 0.5, compare with 6.4 + 0.8 for Au"TMA/P;0,,”). Taken together, these results
indicate that the Au-TMA/ATP aggregates have a more compact nature, which can be attributed to
the incorporation of ATP’s nucleoside group within the organic monolayer on the NPs (as discussed
above in the context of the SAXS results). Importantly, such an intercalation would render
Au TMA/ATP aggregates less dynamic, which can explain both i) their resistance towards further
aggregation and ii) their enhanced stability against enzymatic hydrolysis (i.e., any excess (unbound)
ATP is consumed first; we note that the disassembly profile in Fig. 6h is remarkably similar to typical
assembly profiles (e.g., Fig. 1d) analyzed backwards). In contrast, in the Au-TMA/P;010” system, the
enzyme discriminates less between free and NP-bound P;0,0°: both are consumed, which explains the
disassembly profile shown in Fig. 6h.

Finally, we hypothesized that the lifetimes of the out-of-equilibrium NP aggregates could be
controlled by the amount of added stimulus (green in Fig. 6d). Figure 6k shows the dependence of the
Aspr Value on Au'TMA following the addition of increasing amounts of ATP. The rapid disassembly
of the NP aggregates commenced ~20 min after adding 13.5 nmol of ATP vs. as long as ~180 min
after adding 40.5 nmol of the stimulus. The behavior of our system is reminiscent of the reversible
formation of actin filaments®, which similarly assemble (from a globular protein G-actin) in the
presence of ATP. Within these assemblies, ATP is rapidly hydrolyzed®, and they need to constantly
be resupplied with ATP to remain in the assembled, out-of-equilibrium state. In addition, our system
allows for an additional way of controlling the lifetimes of the dynamic NP aggregates, which is
based on varying the concentration (activity) of the enzyme. As Fig. 61 shows, aggregates generated
by the addition of 27 nmol ATP could persist for periods of ~5-200 min, depending on the
concentration of apyrase (~3—22 units of the enzyme per mL).

Conclusions

In sum, we investigated electrostatic interactions across the molecular and nanoscopic length scales,
focusing on a model system of negatively charged small molecules and positively charged
nanoparticles. We found that small molecules having three (or more) charges could mediate attractive
interactions between oppositely charged NPs, whereas those bearing one or two charges were unable
to do so. These results could be rationalized by the Schulze—Hardy rule applied to a system of small
NPs. Titration of charged NPs with oppositely charged small-molecule ions and vice versa
demonstrated that our system combines the characteristics of molecular-scale and nanoscale systems,
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depending on the order of addition. Molecular dynamics simulations revealed that oligoanions
holding nanoparticles together behave like a “dynamic ionic glue”, thus facilitating structural
transformations of the NP aggregates. Our results indicate that co-crystallization of charged NPs with
oppositely charged small molecules, over one order of magnitude smaller in size, can give rise to
colloidal crystals of a quality previously only thought to arise from co-assembling oppositely charged
entities of similar sizes. Based on the above findings, we conceived a dissipative self-assembly
system, whereby NPs exist in the aggregated state only under a continuous supply of multiply
charged anions, which are constantly hydrolyzed into smaller anions. These results open up several
avenues for further research. First, we anticipate that the herein disclosed method for crystallizing
NPs, based on the spontaneous decomposition of a volatile salt, will provide important insights into
the underlying crystallization mechanisms. Second, the finding that the molecular ions within NP/ion
aggregates exhibit mobility suggests that these aggregates may behave and will be investigated as
ionic conductors. Third, it will be interesting to integrate metastable-state photoacids within our
system of NP/trianion aggregates; the light-induced proton release can be used for protonating the
trianion, thus reversibly toggling between a trianion (in the dark; induces NP aggregation) and a
dianion (under light; no aggregation), and consequently disassembling and reassemling the NPs for
multiple cycles. Finally, the ATP-mediated dissipative self-assembly system represents a unique
example of a system composed of biocompatible components and one that operates in water, thus
bringing us closer to interfacing dynamically self-assembling NPs with biological environments.

Data availability. All the data supporting the findings of this study are available within the main text
of the paper and the Supporting Information and also from the corresponding author on request.
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Figure captions
Fig. 1 | Electrostatic co-assembly between positively charged nanoparticles and negatively

charged small molecules. a, Typical aggregation behavior of oppositely charged species on a
molecular scale (left) and a nanoscale (right). b, Structural formula of (11-mercaptoundecyl)-N,N,N-
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trimethylammonium (TMA) used for stabilizing gold nanoparticles (NPs) in water (counterion, Br);
right: a representative TEM image of TMA-functionalized 7.4 nm Au NPs (Au-TMA). ¢, Examples
of multiply charged anions capable of mediating attractive interactions between Au-TMA. d,
Representative titration curve for the titration of Au-TMA (here, 11.4 nm; overall 20 nmol of TMA
groups) with EDTA trisodium salt. The dashed red line denotes the point of electroneutrality (~6.7
nmol of trianionic EDTA37). e, Representative titration curve for the titration of EDTA (trisodium
salt) (6 nmol), with 11.4 nm Au-TMA. The dashed red line denotes the point of electroneutrality (18
nmol TMA on Au NPs).

Fig. 2 | Molecular dynamics simulations of electrostatic interactions between positively charged
nanoparticles and small anions. a, Atomistic model of one-half of a TMA-functionalized Au NP
(here, interacting with citrate) used in the all-atom simulations. b, Free-energy profile for the
interaction between Au-TMA and CI™ (yellow), HPO4* (blue) or citrate®” (red) (expressed as a
function of the distance d between the center of mass of the anion and the center of mass of the
closest TMA charged headgroup; errors bars are calculated as the standard error of the mean). c,
Snapshots from CG-MD simulations of two TMA-coated Au NPs in the presence of HPO,*™ (top) or
citrate®” (bottom). d, Distance between the centers of two TMA-functionalized Au NPs in the
presence of HPO,4*~ (blue) or citrate®™ (red) as a function of the CG-MD simulation time.

Fig. 3 | Dynamics of small anions and the annealing of TMA-functionalized Au NPs. a,
Snapshots from a CG-MD simulation of two Au-TMA NPs in the presence of citrate ions after stable
binding of the two NPs (0.9 ps), and at the end of the CG-MD simulation (8.4 us). Red, green, and
gray identify citrates grouped into three different macro-clusters at ¢+ = 0.9 ps (the NPs are
represented as solid yellow spheres, with TMA ligands omitted for clarity). b, A two-dimensional
free-energy surface associated with the configurations of citrate ions as a function of two variables,
CONT and DIST (for definitions, see Supporting Information, Section 4.2.2). The areas encircled by
dashed-line ovals denote three local energy minima corresponding to citrates interacting with a single
NP (gray), located at the interface between the two NPs (red), and an intermediate state (green). The
black arrows denote transitions between the three states, with the numbers next to the arrows
indicating the relative probability of a given transition. ¢, Annealing of Au-TMA/citrate aggregates at
23 °C over 24 h. d, Annealing of Au-TMA/citrate aggregates at 50 °C over 24 h. e, Representative
cryo-STEM bright-field image of an Au-TMA/P;0,o° aggregate. The entity inside the turquoise
square is a NPss Mackay cluster. f, Top: Voxel projections of the tomographic reconstruction of the
cluster marked in (e). The three projections shown correspond to the 5-fold, 3-fold, and 2-fold
symmetry. Bottom: Matching projections of a model Mackay cluster. Scale bars in the insets, 50 nm.

Fig. 4 | Self-assembly of co-crystals of TMA-functionalized Au NPs and small anions. a,
Schematic illustration of the method for anion-mediated crystallization of Au-TMA (the counterion
for multiply charged anions, indicated in green, is Na'. Ammonium ions and ammonia are shown in
red; carbonate ions and carbon dioxide are shown in blue). b-h, Representative SEM images of
colloidal crystals of Au'TMA and various multiply charged anions: P;015° (b, e, g, h), EDTA® (f),
citrate’ (d), and ATP* (c). The size of Au NPs was 7.4 nm (b, ¢, e), 11.4 nm (d, f), and 4.7 nm (g,
h). For additional images, see Extended Data Fig. 1. i, Optical micrograph of colloidal crystals of 4.7
nm Au'TMA and P;O},. j» 1D X-ray diffraction (SAXS) patterns for 4.73 nm Au-TMA/ P30,
crystals. SAXS data are plots of scattered intensity I(q) (y-axis, arbitrary units) vs. scattering
vector q (x-axis, Afl). Black traces are experimental data; pink and blue traces are modeled SAXS
patterns for perfect lattices (pink: @ = 121.3 A; blue: a = 130.9 A). k, Proposed models of binding
within crystals with a smaller (top; major species) and larger (bottom; minor species) lattice constants.
I, 1D SAXS patterns for 4.73 nm Au-TMA/ATP crystals. Black traces are experimental data; pink
and blue traces are modeled SAXS patterns for perfect lattices (pink: @ = 119.8 A; blue: a = 130.9 A).
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Fig. 5 | Electrostatic co-assembly of negatively charged nanoparticles and positively charged
small molecules. a, Structural formula of 11-mercaptoundecanesulfonate (MUS) used for stabilizing
gold NPs in water (counterion, Na'); right: a representative TEM image of MUS-functionalized 4.7
nm Au NPs. b, Structural formulas of an organic trication capable of mediating attractive interactions
between AuMUS (octamethyldiethylenetriammonium; OMA®™) and a control dication
(hexamethylethanediammonium; HMA®") (counterions, I). ¢, Solid markers: a representative
titration curve for the titration of Au-MUS (4.7 nm; overall 50 nmol of MUS groups) with OMA™",
The dashed red line denotes the point of electroneutrality (~16.7 nmol of OMA™"). Empty markers:
control titration with HMA*". d, Solid markers: a representative titration curve for the titration of
OMA*" (20 nmol) with 4.7 nm Au-MUS. The dashed red line denotes the point of electroneutrality
(60 nmol MUS on Au NPs). Empty markers: a control titration with of HMA®" with the same NPs. e-
f, Representative SEM images of colloidal crystals of Au-MUS and OMA*".

Fig. 6 | Dissipative self-assembly of gold nanoparticles driven by ATP. a, Structural formulas of
ATP and inorganic triphosphate. b, Schematic representation of the ATP-induced dissipative self-
assembly (DSA) of Au-TMA. The assembly/disassembly cycle is associated with an exergonic
reaction of the hydrolysis of ATP into AMP and HPO427. ¢, A series of UV/Vis absorption spectra of
TMA-functionalized 7.4 nm Au NPs (nrma = 19.2 nmol) in the presence of 11.1 units/mL of apyrase
before and after injecting a solution of ATP (nsa1p = 54 nmol). d, Changes in the maxima of the
dynamic light scattering (DLS) profiles of a solution of the same Au-TMA (with 11.1 units/mL of
apyrase) after injecting 40.5 nmol of ATP at = 0. e, Representative SEM images of 7.4 nm Au-TMA
(11.1 units/mL of apyrase) before (¢ = 0) and after different time intervals following the injection of
54 nmol of ATP. f, Six cycles of DSA of Au'TMA in the presence of 1000 units/mL of alkaline
phosphatase (ALPase), followed by monitoring the position of the NPs’ SPR band. For each cycle,
54 nmol of ATP was used. g, Six cycles of DSA of Au-TMA (1000 units/mL of ALPase), followed
by monitoring the absorbance at 800 nm. Each cycle was initiated by injecting 54 nmol of ATP. h,
Stimulus-dependent disassembly profiles of aggregates of Au-TMA in the presence of ALPase (200
units/mL). Solid triangles denote ATP (12 nmol); empty circles denote inorganic triphosphate (9
nmol). i, Representative cryo-TEM image of 4.7 nm Au"TMA/ P;0,,° aggregates. j, Representative
cryo-TEM image of 4.7 nm Au-TMA/ATP aggregates (the scale bar in the inset corresponds to 20
nm). k, Controlling the lifetimes of dynamic NP aggregates by the amount of added ATP injected at ¢
= 0 (in all cases, 200 units/mL of ALPase were used). 1, Controlling the lifetimes of dynamic NP
aggregates by the amount of a phosphatase enzyme (here, apyrase; in all cases, 54 nmol of ATP were
injected at £ = 0). In panels b—d and h, the syringe indicates injection of an oligophosphate stimulus
and the petrol pump indicates the availability of the stimulus.

Methods

General information. All chemicals were of analytical grade and were used as received. Scanning electron microscopy
(SEM) was carried out on a Zeiss Ultra 55 microscope (operating at 10 kV unless indicated otherwise). Transmission
electron microscopy (TEM) was carried out on a JEOL JEM-2100 microscope (operating at 200 kV). UV/Vis absorption
spectra were recorded on a Shimadzu UV-2700 spectrophotometer. 'H NMR spectra were recorded on a Bruker Avance
111 400 MHz NMR spectrometer (30 scans; relaxation delay of 20 s). Dynamic light scattering (DLS) measurements were
performed on a Zetasizer Nano ZS (Malvern). SAXS measurements were carried out at the 12-ID-B beamline of the
Advanced Photon Source (APS), Argonne National Laboratory. Aqueous suspensions of crystalline NP aggregates were
placed inside quartz capillaries. Each sample was exposed to X-ray beams with energy of 14 keV for 1 s. Scattered
photons were counted with a Pilatus2M detector located about 2 m downstream of the sample. Collected 2D SAXS
images were azimuthally averaged with the software provided at the beamline. The diffraction patterns were simulated as
reported elsewhere®®”. For the simulation, particle sizes were determined from solution SAXS measurements. The
diffraction patterns were indexed by a custom-built software and the space groups were determined to yield the highest
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symmetry, assuming perfect spherical particles. The Debye—Waller factor and micro-strain used for the simulation were
about 2.5% and 1.0%, respectively. The domain size was approximated to about 500 nm.

Molecular dynamics simulations. TMA-functionalized Au NPs and anions (citrate and hydrogen phosphate HPO?)
were built and simulated at two different molecular resolutions: all-atom (AA) and coarse-grained (CG), where the
resolution in the CG models is ~5 A (Supplementary Fig. 7). All the AA and CG simulations were conducted using
GROMACS 2018.6 software® patched with the PLUMED 2 plugin®. Further details are provided in Supporting
Information, Section 5.

Preparation of crystalline assemblies of positively charged nanoparticles and small anions. Supracrystals of TMA-
functionalized Au NPs (Au-TMA) and multiply charged anions (Supplementary Fig. 4) were prepared by slowly
decreasing the ionic strength of the solution by the spontaneous decomposition of (NH4),CO; (see the scheme in Fig. 4a).
In a typical experiment, Au-TMA dissolved in water was treated with an aqueous solution of a multiply charged anion
under vigorous shaking until the NPs’ Agpr plateaued (see Fig. 1d, Supplementary Fig. 5a). The resulting aggregates were
collected by centrifugation, washed twice with deionized water, and dispersed in a small volume (typically 200 pL) of a
2.5 M aqueous solution of (NH4),CO;, resulting in a solution of well dispersed NPs. The sample was left for 24 h,
resulting in the quantitative precipitation of the NPs in the form of colloidal crystals. Representative SEM images of
Au-TMA co-crystallized with different multiply charged anions are shown in Fig. 4b—h and Extended Data Fig. 2.

Preparation of crystalline assemblies of negatively charged nanoparticles and small cations. Supracrystals of MUS-
functionalized Au NPs (Au-MUS) and trications (Supplementary Fig. 20) were prepared by slowly decreasing the ionic
strength of the solution by the spontaneous decomposition of (NH4),CO; (see the scheme in Fig. 4a). In a typical
experiment, Au-MUS dissolved in water was treated with an aqueous solution of OMA®** under vigorous shaking until the
NPs’ Aspr plateaued (see Fig. Sc). The resulting aggregates were collected by centrifugation, washed twice with deionized
water, and dispersed in a small volume (typically 200 puL) of a 0.5 M aqueous solution of (NH4),COs;, resulting in a
solution of well dispersed NPs. The sample was left for 24 h, resulting in the quantitative precipitation of the NPs in the
form of colloidal crystals. Representative SEM images of Au-MUS co-crystallized with OMA®* are shown in Fig. Se-f
and Extended Data Fig. 4.

Cryo-TEM analysis of aggregates of charged nanoparticles and oppositely charged small ions. Aggregates of 4.7
nm Au-TMA and P;0}, and aggregates of 4.7 nm Au-TMA and ATP were first prepared by mixing 64 nmol Au-TMA (in
terms of surface TMA ligands) in 100 pL of water with 12.8 nmol of P;0;, and 16 nmol of ATP, both dissolved in 5 uL
of water. Immediately thereafter, TEM specimens were prepared by transferring 2.5 pL of aqueous suspensions of the NP
aggregates onto glow-discharged Quantifoil Cu 300-mesh R 2/1 or R 3.5/1 holey carbon grids, blotted for 3 seconds at
100% humidity, and plunge frozen in liquid ethane cooled by liquid nitrogen using a Vitrobot plunger (Thermo Fisher
Scientific). The grids were loaded onto a Talos Arctica electron microscope (Thermo Fisher Scientific) and imaged under
liquid nitrogen temperature. Cryo-TEM and cryo-STEM images were taken under low-dose conditions at an acceleration
voltage of 200 kV. TEM images were recorded with a Gatan OneView camera (Gatan, Inc.), STEM images were
collected with a bottom-mount bright-field detector (Thermo Fisher Scientific). Cryo-STEM tomograms (CSTET) were
collected by tilting the sample along a single axis, spanning a tilt range from up to —60° to 60° with a tilt increment of 2°.
2kx2k scan frames were recorded with a probe semi-convergence angle of 1.3 mrad, a beam current of approximately 10
PA, a sampling rate of 0.60 nm per pixel, and a dwell time of 5 us per pixel, resulting in an exposure of approximately 9
electrons per A? per frame. These settings were kept constant for all tomograms. Tomograms were reconstructed using
the iterative simultaneous reconstruction technique. In order to avoid air—water interface artefacts, we analyzed only those
structures that were located in the bulk of the cryo-STEM tomography samples that had thicknesses of 200-400 nm. The
three-dimensional reconstruction was done after cross-correlation alignment and displacement refinement using an
iterative feedback loop algorithm as described before”. Quantitative order analysis was based on computational
procedures described in detail in a previous publication’".
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