Self-Organization of Iron Sulfide Nanoparticles into Complex Multi-Compartment Supraparticles
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ABSTRACT: Self-assembled compartments from nanoscale components are found in all life forms.
Their characteristic dimensions are in 50-1000 nm scale, typically assembled from a variety of
biﬁganic ‘building blocks’. Among various functions that these mesoscale compartments carry out,

the content from the environment is central. Finding synthetic pathways to similarly
compl@®aad functional particles from technologically friendly inorganic nanoparticles (NPs) is needed

of biomedical, biochemical, and biotechnological processes. Here, we show that FeS,
S ed by L-cysteine self-assemble into multicompartment supraparticles (mSPs). The NPs
initc uce ~55 nm concave assemblies that reconfigure into ~75 nm closed mSPs with ~340
int@fconnected compartments with an average size of ~5 nm. The inter-compartmental partitions and

are formed primarily from FeS, and Fe,O3; NPs, respectively. The intermediate formation

Warﬁcles enables encapsulation of biological cargo. This capability was demonstrated by
loading mSPs with DNA and subsequent transfection of mammalian cells. We also found that the

tenmstability of the DNA cargo was enhanced compared to the traditional delivery vehicles.
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These findings demonstrate that biomimetic compartmentalized particles can be used to successfully
encapsulate and enhance temperature stability of nucleic acid cargo for a variety of bioapplications.

Graphical t

/ Self-assembly

1. Introdu#

Mesoscalegmpartmentalization with enclosures ranging from ~50 nm to 1,000 nm is one of the key

structural mliving matter' * and is observed even in the simplest lifeforms.>” Examples of
a

such self- biological structures include various viruses, cellular vesicles,® and numerous
organel mplified by carboxysomes,” endosomes, and lysosomes.*'® The constitutive
biomol of these nanoassemblies are diverse - lipids, proteins, oligosaccharides, and

4,10,11

polynucleotides - but, interestingly enough, all of them are in nanoscale dimensions. Protection

of the segrholecular content from environmental degradation or competitive reactions is the

@

sensing, and signaling. Looking at the intracellular organelles with higher complexity, many of them,

ion of these assemblies, with additional functions including transport, metabolism,

such as_th@ endoplasmic reticulum (ER), Golgi apparatus, mitochondria, and chloroplast, have
multiple“cted compartments with numerous functionalities.'> As such, ER is one of the
biggest organellesfin eukaryotic cells and is responsible for multiple functionalities such as protein
synthesis, foldingnodification, lipid/carbohydrate metabolism, and calcium storage. These different

functio in parallel manner in different structural domains of ER located in close proximity.
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Compartmentalization within one organelle makes it possible while avoiding enzymatic degradation,

. . . 13
reaction cross-talk, and chemical interference.

——

Compartm ion is, therefore, essential for organelle-like nanoassemblies with similar
functionali ting one of the easily identifiable structural targets in engineering biomimetic
I

nanomaters s. Synthetic mesoscale (ca 50 nm — 1,000 nm) and microscales (ca 1,000-10,000 nm)

particles witl single or multiple compartments made from organic amphiphilic compounds,*'*"* such

s e 1 19 : . 20,21 . 22,23 1,24,25
as lipids, mers = and nucleic acids,” that form liposomes,” polymersomes ",
capsosommnd protocells"'®® have been extensively investigated. In contrast,

compartm superstructures made from inorganic nanoparticles (NPs) are much less common.

30,31 33,34
1,

Li

Their uniq mechanical,®® catalytic, and biological characteristics can expand and

facilitate tHi€ engineering of the NP-based ‘organelles’ with similar and different functionalities as

N

their prototypes. However, the common methodology of using organic structures as templates and

complex processes negates many of these advantages.” >’ Toxic solvents and costly

38-43

biologi ts also make them environmentally and technologically unfriendly.

\%

To add blems and to develop a generalized scalable approach for their synthesis, one can

utilize an intrinsic ability of inorganic NPs to self-assemble®. In fact, the self-organization behavior

[

of metals, uctors, or ceramic NPs replicates that of nanoscale biological components,**
imparting the chemical and thermal robustness of inorganic materials. Utilization of NPs
with variou trical symmetries combined with the non-classical crystallization processes,*’

n

can als variety of possible structures and complex geometries.”' > However, the prior

[

studies mbly typically lead to nanostructured solids and semi-infinite nanoassemblies,

such as chains,*” Rsheets,” superlattices,™ and ribbons,”” rather than to compartmentalized particles

U

of specific di ns. Recently, self-assembly pathways based on electrostatic self-limitation to

59-61

termina lies with specific dimensions, such as nanoshellsf’58 helices, nanostars,62 rings,63

A

blackberries,” and supraparticles (SPs),**®® were found. This study explicitly shows the self-

3
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organization of FeS, NPs into multicompartment supraparticle (mSP) that has not been observed

before. This type of biomimetic nanoassemblies can encapsulate biological cargo, similar to virus-like

{

nanovectors  , exemplified by DNA and being demonstrated in this work by plasmids. Importantly,

inorganic @ xpected to expand the temperature range for stability of such formulations.

2. Results and Discussion

Iron sulfideglFe$®), is the most abundant mineral on Earth, and the central advantages of FeS, NPs

C

include low , bioavailability, and likely biodegradability.”” Keeping biocompatibility in mind,

the synthe rgach avoided toxic reagents (i.e., dimethyl sulfoxide and ethylenediamine’"’®), high

5

boiling poi ¢ solvents, and long-chain surfactants.”' We investigate the possibility of a simple

U

method that es biocompatible FeS, NPs in aqueous media that facilitates hydrogen bonding and

other forca§ beneficial to NP self-assembly of diverse self-limited superstructures under ambient

A

conditions.* hoice of amino acid surface ligand, namely L-cysteine (Cys), was made to take

&

advantage iocompatible chemistry for the NP synthesis. The low molecular weight of this

surface also increases the attractive forces between NPs and the anisotropy of their interactions.

M

Careful d optimization of the reaction conditions: precursor concentrations, pH, reaction

time, and temperature allowed us to define conditions where FeS, NPs self-assemble into

I

compartm , positively charged mSPs within 30 min at room temperature (Figure 1a-e). After

30 min, m3$Ps begil to aggregate (Figure S1). This data suggests that the observed superstructures are

self-limitin mal assemblies. We stopped the reaction at the optimum time (30 min) to collect

well-di s for their further experiments and characterization.

{

2.1 Consti noparticles

The buildi s of self-assembled mSPs are simple inorganic NPs coated with short surface

onstituent NPs are synthesized on ice to prevent their spontaneous self-assembly into

mSPs. The as-prepared NPs carrying a layer of L-Cys display an electrokinetic zeta-potential of € =
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+20.5 £ 1.5mV (Figure S2-NP) and have a disk-like geometry with a diameter of 4.5£1.6 nm and a
height of ~1.5 nm based on TEM (Figure 1f, g, and n), STEM (Figure 2a), and AFM (Figure 2b)
data. Fuhanaysis, X-ray diffraction (XRD) gives a weak broad peak for NPs (Figure S3a)],
suggesting @ stallinity despite faceted shapes.”” Hence, electron diffraction (SAED) analysis
(FiguremS3bymsw@ssutilized for phase identification, and it revealed that NPs assembled into mSPs
display the*structure of FeS, (Pnnm and Pa-3 space groups, PDF 37-475 and PDF 06-710,
respectivelf) and He,O; (Aba-2 space group ICSD 430557) NPs (Table S1). Energy dispersion X-ray
spectrometpg ( also confirms the presence of oxygen (O) along with iron (Fe) and sulfur (S) in
NPs (Figum Since the assembly process occurs at ambient conditions, some NPs oxidized and
partially transfoai into iron oxide NPs (Figure 2¢-d). Notably, the chemical changes with the NPs

do not prey; ient self-assembly, which indicates the generality of the self-assembly behavior at

N

the nanosc , note that the presence of Fe,O; NPs does not decrease and, perhaps, further

improves bloc( @ tibility®”’*” of the resulting mSPs.

€O

2.2 Int ructures

After t esis of NPs, an increase of their dispersion temperature to 25°C allowed NPs to self-
assemble. Within 15 min on the pathway from NPs to mSPs, concave nanoassemblies (Figure 1c and

d), referreh nanocups, are observed as an intermediate (Figure 1h and i). The oblong mSPs

(Figure 1le @ closed external surface, whereas the intermediate nanocups are open, and their

geometry can be alternatively described as half-shells.

While tga‘ce structure and terminal mSPs can be seen together during synthesis (Figure 1d
and j), M nanocups found in the dispersions of mSPs at the end of the reaction (Figure 1e),
which points to th;ssembly process as NP = nanocups = mSPs. In addition, broken pieces of mSPs
reveal simil ve geometries (Figure S4). The average size of the nanocups is 55.2 + 23.1 nm
with ~5£s (Figure 10), and they contain ca 300 NPs. Three-dimensional images obtained
by scanning electron microscopy - through the lens detector (SEM-TLD) images (Figure 2e) show

5
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that the nanocups have an open rim area and closed bottom (Figure 2g-h). High-angle annular dark-
field (HAADF) scanning transmission electron microscopy (STEM) mode further supports their 3D
geometry.a#mgthe capability of HAADF to provide enhanced contrast between heavy atoms and
light atoms @ (void) areas, the organization of individual NPs in these concave intermediates

(Figures2 f sammewmucan be understood in a greater level of detail.

2.3 Charaw)n of Multicompartment Supraparticles
Basedon T ages, mSPs are formed after 30 min of the self-assembly process (Figure 1e). The
diameter owSPs is 72.4 = 27.3 nm (Figure 1k and p), and they are positively charged with

electrokine‘gotential, ¢ = +25 + 7.2 mV (Figure S2, 30 min, dashed box). Their UV-vis

spectra of veal peaks at 225 nm, 270 nm, and 365 nm (Figure 1q -blue line) being red-shifted
from the ngs observed for constituent NPs (Figure 1q-black line). High-resolution transmission
electron mm (HR-TEM) images of mSP reveal different directional crystal lattices of NPs

(Figure 11 confirming NP assembly into mSP the expected total number of NPs incorporated

into m ca. 6200. The color change of the dispersion (Figure 1q inset) from black to yellow

implies rmation with the partial conversion of the surface FeS, NPs into iron oxide. Element

maps (Figure 3) show that iron oxide layer is located on the surface. Even though the larger

aggregatiow after 6 hours, since the optimal time is passed, the structure and size of mSPs

remain thg @ Figure S5 360min and S1). The geometries of the intermediates and final

nanoassemblicS were also independent of the Cys enantiomer or the use of N-acetyl derivative of Cys

(Figure S&
2.4 Multickpartment Supraparticles

SEM—TLDDshOW that mSPs are nearly spherical particles with a closed surface. By other
words, the t display distinct surface porosity (Figure 2i), unlike other inorganic and organic
particles bel ied’® and used as drug carriers. 7 ° HAADF images reveal, however, that the
continuous surface layer is a shell, and the synthesized SPs have a sophisticated internal structure

6

This article is protected by copyright. All rights reserved.



(Figure 2j-arrow). For further analysis of the internal organization of the mSP, STEM tomography
(Figure 2k and 1) and SEM-FIB ion milling (Figure 2m and n) were utilized. Both methods show
similar Mtaﬁon where ca. 5 nm compartments are interconnected (Figure 21 and n). From
these 3D iverall size of mSP is 78.04 £ 37.2 nm (See SI 1.3), that is consistent with the
TEM immagess@iigmre 1p). The volume of mSP and the compartments are measured 1.01 = 0.832 *10°
nm’ and 0.&8*106 nm’, respectively. Approximately 17 + 5 % of mSP's volume is taken by

compartmefits (TaPle S3), which is conducive for a high degree of cargo protection.

C

Element spteveal the atomic scale organization of these compartments (Figure 3a-e). We found

$

that Fe an cated inside the mSP, while the surface of mSPs is made of 9.86 + 1.85 nm thick

U

layer rich i O (Figure 3e) corresponding to Fe,O; NPs. Approximately 43% of NPs are Fe,O;

and locatedfon the surface of the mSPs (Figure 3f-i). To further investigate surface composition, we

N

performed X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared spectroscopy (FT-

IR) (Figure, S igh-resolution XPS data (Figure S10) suggests that cysteine bind to the mSP

a

surface s. Besides the expected Fe-S bond via thiol group, there is also an O-Fe-S bond

on the Fe ce. The cysteine binding on the NP was confirmed with FT-IR (Figure S9a).

)%

Asymmetric COO- and NH;" stretching can cause a shift in the position in the IR spectra due to dipole

moment ¢ e as when cysteine binds on the metal surface with high electron density. The S-H peak

q

disappears ectra, which verifies the covalent interaction of sulfur and iron (Figure S9 a).

O

Therefore, inding to iron from the thiol group is confirmed, and the positive charge in zeta

potential c4h be explained by the NH;" groups of the surface ligand (Figure 3j and Figure S2, please

h

see SI 1.4 for a de@iled explanation of XPS and FTIR data).

{

FeS, has an indired} bandgap of 0.95 eV, ***! and Fe,0; has a direct bandgap of 2.1 eV,* and thus the

b

mSPs have bro sorption bands with overlapping peaks (Figure 1q). Similar to FeSe, NPs,* we

observ photoluminescence of mSPs with emission peaks between 320 nm - 650 nm (Figure

A

84,85

3Kk). Emission peaks at 350-550 nm associated with surface sites” > (Figure 31-solid lined box) show

7
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excitation-independent emission spectra and large a Stokes shift of ~50nm. Strong fluorescence of

mSP enables the acquisition of confocal microscopy images (Figure 3 k and 1 and see SI 1.5) for their

tracking anl focalization in cell cultures.

2.5 Assem ism

I I
We learnec!n the previous studies™>**>**® that the control of the self-assembly of NPs into terminal

SPs is aonol of the balance between several forces with non-additivity relations between

them.® The ive interactions are short-range and include van der Waals, dipolar interactions,

hydrogen mrdination bonds. The repulsive interactions are primarily long-range electrostatic
forces wit ontribution of excluded volume interactions. As shown in Figure 2¢ and d,
cysteine la Ps increases the attractive forces between NPs and their anisotropy.” We believe
that the ngocup formation is associated with the platelet geometry of the constituent NPs and
asymmetry it charge distribution. The electrostatic repulsion between the surfaces of the

platelets gt eir assembly in a side-to-side fashion instead of forming vertical stacks.

Conco oxidation of iron on the NP FeS, to Fe,O; that may occur on small particles in
asymme{Li on top and bottom surfaces, may further increase the anisotropy on the NP and result
in the assembly that forms concave structures (Figure S21) instead of mesoscale sheets with
nanoscale w observed under different conditions with reduced rate of oxidation”" or with NPs
W

e multiple nanocups come together during the reaction and form mSPs resulting in

of differen The oxidation of constituent NPs increases the electrostatic repulsion further (SI

1.6, Table
multiple infernal cavities in mSPs (Figure 1c¢ and d). Size distribution and anisotropy on these

nanocuWhe distribution of sizes in the compartment, but the overall dimensions and the

total numbg in mSPs remain self-limited.

2.6 Graph T ical Description
The structu Ps and other nanoassemblies possible in this system can be described by methods

of graph theory (GT) ** whose an implementation to nanoscale structures is similar to GT indexes
8
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used for organic molecules.”” The GT-based structural models provide a method to describe different
nanostructured assemblies taking into account both the geometry of the constituent NPs and their
resultinm patterns (SI 1.7). The benefit of the GT structural models is that they are
uniformly @ e to all types of nanoassemblies — organic, inorganic, and biological — which can

be usedformtheimemmparative evaluation and structural design.

L

The GT repsgsengations of NPs, nanocups and mSPs are given in (Figure 4a-c). The minimal GT
representatmc-like NPs is K; graph (Figure 4a and S13a). The GT representation of nanocups
in Figure wts the fact they are formed by edge-to-edge merger of nanoplatelets. Mesoscale
nanosheets g ontinuous inorganic phase are represented by the same K3 graph as the
nanoplatel ever, they also have a concave shape overall. Unlike ‘flat’ nanoscale sheets
(represent y K3) and similarly to inorganic ribbons with a twist (represented by Ks), the non-
random 3D shape of the nanocups is reflected by the two additional nodes. GT representations of
mSPs des@kib e fact that they carry a shell comprised of iron oxide NPs (Figure 4c).
Compa

SPs are graphically represented graph loops (closed circle with a node). The self-

assembled ale nanosheets (K;) assembled from NPs are assumed to be randomly distributed

\Y

within the SP filling the remainder of the space (Figure S19d). Similarly, to self-assembled particles

of Au-S nafloplates with L-cys surface ligands,”” we calculated the complexity index (CI) for each

[

structure (s for detailed calculation) to operate with quantitative rather than notional concept

O

of complex

n

mSPs di jous structural similarities and comparable complexity with human adenovirus

f

(Figure . point can also be strengthened by the fact that typical viral structural capsid

94

proteins have a nfgan diameter of 5 nm and a mean thickness of 2 nm, ~ which is similar to

Gl

195

constituent NP and thickness here, with self-assembly in stable spherical shell.” Furthermore,

adenov mSP has similar loading capacity where adenovirus can be loaded up to 8kb’ and

A

mSP can be loaded >6kb (SI1.13, Table S5).
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2.7 DNA Encapsulation

The process of mSP formation facilitates the use of compartments for cargo packing and delivery. To
dernonsoading of the compartments within mSPs, we added pEEB Cherry plasmid DNA
(pDNA) af nanocup self-assembly. Allowing subsequent maturation of nanocups into
mSPs, tHe FRAFARicles containing DNA cargo, abbreviated here as mSP-pDNA, were analyzed for
DNA pres localization. UV-Vis and circular dichroism data do not show significant

differences\in the gpectra between mSPs and mSP-pDNA (Figure 5a-b) since the absorption of mSP

Cr

and nucleierap. In addition, there is the possibility that structural change of the nucleic acid
in mSPs may alter its hyperchromicity, similar to viruses.”””® Dynamic light scattering (DLS) data of
mSP-pDNA also SOWS that the zeta potential of loaded and empty mSPs are the same (Figure 5c)

indicating g is not located on the mSP surface. STEM, TEM, and HAADF STEM images

(Figure S minimal differences in size/shape of mSP size with and without DNA. Some
alterations zation of the internal compartments in presence of pDNA are possible but will
require i udies with 3D reconstructions of the multiple mSPs. No DNA in the supernatant
after formatio separation of mSP-pDNA was also found (Figure 5a). All these data suggest
comple ncapsulation, which was confirmed via electrophoresis mobility shift assay

(EMSA), where naked DNA moves freely in the gel, but its mobility is restricted if it is bound to

another entity=EMSA proves the DNA present in the system by first showing bands for pPDNA only

but not the\ ly lanes in the gel; second, stained DNA remains in the well (restricted mobility

into the ﬂwSP-pDNA lane due to encapsulation by heavy mSP (Figure 5d). Note that mSPs
are positively charged, and they move in the opposite direction; however, when they are loaded with

pDNA, D SP want to move in different directions, and that causes them to be stuck in the
well. Th ition of DNase prior to gel electrophoresis indicates that DNA is protected from
digestion wi e mSPs (Figure 5d). The absence of a free pDNA band in the mSP-pDNA line,
along with A in the supernatant of the reaction, may also suggest that mSPs show

approximately 100% encapsulation and protection of pDNA. The final evidence for DNA
10
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encapsulation within the mSP is elemental mapping where phosphate signal specific to DNA stays
inside the iron oxide layer of mSP (Figure 5e). These multiple lines of evidence confirm that DNA is
successmulated in the mSP. The driving force of the encapsulation of pDNA is electrostatic
interaction @ the negatively charged pDNA and positively charged constituent NP that allows

the multicompastment supraparticles (mSPs) to trap pDNA during their maturation. The average

number of hr mSP is calculated ~80.

DNA releaowas also performed with UV spectroscopy to determine what conditions and how

long it tak@s t@ release the DNA from the mSP-pDNA complex. pPDNA release assay of mSP-

$

pDNA w. cted at two different pH (~5.5 and 7.4) in two different media -water and
phosphate . On the other hand, pH 5.5 is used to model the endosome environment. The
relative p!EA release was quantified at 260 nm (Figure 5f-g). Encapsulated pDNA is

released amconditions (pH 5.5 in water and pH 5.8 in PBS) within 2 hours (Figure 5g)

as mSP starts 10 degrade (SI 1.9). Importantly mSP-pDNA remains stable even after 50h in

water and pH 7.4 (Figure 5f black and red lines) at 37 °C. Electrophoresis was
emplo t pPDNA release (Figure 5h).

2.8 Cytotomalular Uptake, and Transfection

For cellulents, the number of particles per cell must be controlled. We want to provide as

many particles as possible to maximize transfection while avoiding cytotoxicity. Even though toxicity
is not expe@ted with these mSPs, the cytotoxicity may still originate from the nature of NPs. So, we
tested hHNA affects the viability of human cells (HEK293T) for different exposure times,
concentrati@cell numbers (Figure 6a, b). The toxicity of mSP-pDNA on cells compared to the

control group is insignificant if the particle: cell ratio is kept at 4000 or low for 24h (Figure 6a dashed

esholds where p-value>0.05). It is noticeable that 1000x concentration decreases cell
viability significantly since the particle: cell ratio is 4*¥10* or higher. After 48h of incubation in the
11
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presence of 10x mSP-pDNA, cell viability decreased by ca. 22% if the particle: cell ratio is higher

than 2000 (Figure 6b, dashed lines show the threshold). For transfection experiments, HEK293T

{

cells were ffeated with mSP-pDNA with 1000 particle: cell ratio for specific time intervals from 6h to

24h.

P

|
Based on ghe cytotoxicity assay, we calculated the particle concentration of mSPs, that is ~1000

mSPs per cgll, giving a sufficient number of particles without creating cytotoxicity (SI 1.10). For

G

cellular up lysis, we used the advantage of mSP fluorescence and calculated the mean

fluorescentliintgnsity of mSPs under confocal images. mSPs gave the highest emission intensity when

S

they excite nm and 500 nm in the window of 520-700nm emission wavelengths (Figure 3k-

3

and 1 and Thus, confocal images of mSP-treated cells are observed at 475 nm (Figure 6c¢)
and 500 nrif(Figure 5d). We are using two different excitation wavelengths to confirm that the signal

is coming from mSPs and that it is not an artifact of the other cell compound. With increasing

an

incubation mean fluorescence intensity per area of an image increased gradually, reflecting

cellular ure 6e). For the first 2 hours, the cellular uptake was faster than in the following

time perio h, the cellular uptake gradually reached saturation, where is the percentage of

\1

fluorescence-positive cells no longer increased. mSPs attach to cells in 1h; even after 3x washing, we

can see paficle attachment on the cell surface (Figure S18). The fluorescence intensity of particles in

g

cells does Ge much between 4h-12h (Figure S19 a-b); untreated cells show no fluorescence
e

at the sam ensity (Figure S19c).

Transfe@ expressed as the mean fluorescent intensity of confocal images of reporter protein

(pEBB WCOIOI'). Even though cellular uptake reaches saturation at 6 h, releasing and
transcriptio@!A takes time. Therefore, we started to see red-emitting cells after 9 hours (Figure
6h). Confocal imges of mSP-pDNA transfection can be seen in Figure 6j-1. The comparison
betwee d lipofectamine is not statistically different (Figure 6i, Figure S20). However, mSPs

can condense DNA, protect it against degradation, enter the cell and release it in the cytosol (Figure

12
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5f-h). A fine balance between extracellular protection, intracellular release, and biodegradation is
crucial. The presence of iron in mSPs may facilitate cellular uptake due to van der Waals interactions
of the Mellular membrane. This feature may decrease the excessive membrane potential
change thah liposomes. The release of cargo after transmembrane transport is facilitated
by the spomtameemsidisassembly of mSPs in the cells. Attractive-repulsive forces between constituent
NPs contr ability. Disassembly occurs because of the shift in the balance between attractive
and repuls(e forc} that keeps NPs together when they self-assemble outside the cells. Once mSPs

entered thm drastic change in pH and dielectric constant (g) occurs.” For example, the
a

dielectric ¢ for cytosol of human red blood cells is reported to be <50,'” while for water and

interstitial fluid, € & 78. The reduced dielectric constant is associated with an increase in electrostatic

forces in a ith the Coulomb law. Therefore, the increase of inter-NP repulsion'”' leads to mSP
disassembl rrently, pH differences from outside (7.4) to inside (5.5) of the cell cause
disassembmA release in Figure 5f-h. The increased osmotic pressure can lead to the ‘burst’

of the mSPs in the cytosol.

2.9 Ther ity of Biological Cargo

We wanted to check if mSP can stay stable under extreme conditions for a long time. We kept mSPs

at -20 °C amwmperature (RT) for more than 4 years and at 70 °C for 50 hours. After bringing

them to RJ ecked for their stability via UV-Vis spectra (Figure 7a), DLS (Figure 7b), and

TEM (Figure . UV-Vis spectra and zeta potential data did not show any significant changes
between mgs kept at different temperature (Figure7a). Only difference we observed is mSP at 70 °C
has a liWize (Figure 7b-size), this can be due to completion of unmatured particles or
aggregatiogler particles as can be seen TEM images (Figure 7c). Since we did not see any

changes for m ¢ tested SP-DNA for its ability to protect DNA at high temperature (70 °C) for

sfect the cells (Figure 7d-e). These images show that DNA is protected at 70 °C by

mSPs with giving the red color of the reporter protein (pEBB cherry).

13
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3. Conclusion

FeS, NPs self-assemble into compartmentalized mesoscale particles with multiple internal cavities via

reorganization _of these cup-shaped metastable nanoassemblies. The complexity and organization of

mSPs are s @ identical to those observed in viruses, which led us to conclude that the nanoscale
comparfPhcHS™ERE cffectively protect the cargo against heat and other environmental factors

representin the biggest bottlenecks for deployment of vaccines.'” We demonstrated that

mSPs can otect @hd deliver the DNA cargo against temperatures as high as 70 °C. We expect that

applicatiormcan considerably improve the accessibility to vaccine.

Based on icity of the mSP assembly-disassembly mechanism, we expect the possibility of
using mSP ne therapies and other area of medicine as well as biotechnology. However, the

stability O!the molecule must be considered. For example, mRNA encapsulation, similar to the

103,104

current S -2 vaccines, may require additional modifications'” such as 5’ cap'®,

. . . 1 .. . 1 . o
pseudourid ifications'”” or sequence-optimization'® to increase the stability before

encaps n addition, the electrostatic interaction of NPs and mRNA has to be balanced to allow
complet in the cell.

4. Experimental Section/Methods

L

Materials: All_materials except plasmid were purchased from commercial sources: Iron III Chloride

(FeCly), Ifide nonahydrate (NaS,.9H,0) and L/D-cysteine and N-Acetyl cysteine were
purchasmma—Aldrich (St. Louis, MO, USA); absolute ethanol from Fisher-Scientific
(HamptOf, N1, ); grids with ultra-thin carbon film on holey carbon film support for transmission

electron microscope (TEM) and carbon film only for scanning transmission electron microscope

(STEM) a is plirchased from Ted Pella (Redding, CA, USA); disposable folded capillary cells for
dynamic 1i ering measurements were purchased from Malvern Instrument (Worcestershire,
UK). Hel escence cuvettes were purchased from Sigma Aldrich for UV-Vis, Fluorescence,
and CD measurements. All cell culture materials were purchased from Gibco-BRL Inc. (Gaithersburg,

14
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MD, USA) unless otherwise stated differently. The pEBB-Mchery plasmid is used to transform

Escherichia coli and amplified plasmid extracted with plasmid isolation kit (Invitrogen™ PureLink™

HiPure Plah& !1|ter Maxiprep Kit).

Synthesis Qx 10° M L-cysteine and 10”M iron III chloride in 100 ml DI water under

magnetic sging on ice under air. 10 ml of 5 x 10" M sodium sulfate nano-hydrate was then dropwise
added to thegolugion under constant magnetic stirring. Once color changed to black, reaction stopped,
and NPs w cted by centrifugation at 14K for 1h, washed three times with absolute ethanol. We

dried the %enﬁrely at room temperature to make sure no trace of ethanol. Particles then

dissolved 1§ water for further experiments.

Compartmentalized synthesis of mSPs: mSPs obtained by increasing the NP reaction temperature to
room temp@fter 30 min, the color changed from black to yellow and the reaction is stopped.
mSPs are m by centrifugation 10k for 15min, and subsequently washed three times with

absolute ethanol™For the time-dependent experiment, the reaction stopped at specific time points. We

dried the 1
dissolv i1l

Cup-like irSrmediate structure synthesis: The time-dependent experiment showed that intermediate

entirely at room temperature to make sure no trace of ethanol. Particles then

water for further analysis and experiments.

structures fo tween time 0 (right after the sulfur source added to reaction) and 15min when the

reaction is temperature. For collecting cup-like intermediates, the reaction stopped at 15min

and washecree 1mes similar to mSPs.

EncapsMNA into mSPs: The system was slowed down by stopping the mSP reaction at 15

min to utilize the'@ompartments of the mSPs. At this point, 150 pg plasmid (pEEB cherry — 6073bp)

U

is added dropwis the system, and the reaction was allowed to complete the mSP formation under

. After 15 min (total of 30min), mSPs containing DNA (mSP-pDNA) were collected
and washed as usual.
15
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Calculating amount of DNA molecule in mSP: This calculation is based on the assumption that the

average weight of a base pair (bp) is 650 Daltons.

7

number of ies = (amount in g* 6.022x10%) / (length* 650)

150pg @W*IOB pDNA molecule per system

Since the sys as ~3*10"" particles per system, it is calculated that there are ~80 pDNA molecules

per mSP.

Particle szation: UV-Vis measurements are acquired by an 8453 UV-Vis Chem station

spectrophom!roduced by Agilent Technologies. Zeta potential of mSPs was measured at 25°C

using a Z ano ZS instrument (Malvern Instruments Ltd, Malvern, Worcestershire, UK).

Circular D!Eroism (CD) spectra were obtained by a JASCO J-815. TEM images obtained by utilizing

JEOL 301 Lghi olution electron microscope equipped with a CCD camera and a field emission
)

gun (FEG) g at 300 kV. SEM images were obtained with FEI Helios 650 Nanolab SEM/FIB.

STEM 1 obtained with JEOL 2100 Probe-Corrected Analytical electron microscope equipped

with a trascan 1000 CCD TV camera and a field emission gun (FEG) operating at 200KV.
The Fourier transform infrared spectroscopy (FTIR, Thermo-Nicolet IS-50); energy dispersive X-ray
spectrometm FEI Helios 650 Nanolab SEM/FIB and JEOL 2100F) and X-ray photoelectron
spectrome Kratos Analytical AXIS Ultra) and X-Ray diffractometer (XRD, Rigaku Rotating

Anode with Cu Ko radiation generated at 40 kV and 100 mA) were used to exam the composition of

particles. rescence data is obtained by a Jobin Yvon Horiba FluoroMax-3 instrument.

Particle si!: Particle size is calculated with image J analysis with number of TEM images. The total

number of particleMn) is measured for calculatios. n for mSP is 1276, n for cup-like structures is 300

and n for i . Nanoparticle Tracking Analysis (NTA) was also conducted for confirming size
of mSP in environment. NTA data were obtained by Malvern NanoSight NS300 on aqueous
dispersions.

16
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Phase Identification: Multiple diffraction rings of mSPs are obtained, and d-spacing of each
diffraction rings calculated with image-J. All results are recorded and sorted with decreasing d-
spacing, Hie : l‘l A is considered as a measurement error. The list of d-spacing of mSPs is

compared samples containing iron, sulfur, and any combination of these three elements.

Excztatzongmzsszon Matrix: Excitation-emission matrix (EEM) is a 3D landscape with a z-axis

measuring wsity where red color shows the highest intensity, and purple color displays the

lowest intchgi the material is fluorescent, emission peaks of different excitation wavelengths
should be mhe scanning. Likewise, we excited mSP suspension from 200 nm to 600 nm with

10 nm incr

Electron Tomography: The electron tomography studies at room temperature were carried out on two
different S)ﬁ

1) JEOL 2—Corrected Analytical electron microscope equipped with a Gatan Ultrascan 1000
CCDT d a field emission gun (FEG) operating at 200KV and
2) FEI Hels Nanolab SEM/FIB with slice and view software.

For JEOL 2100, a series of 2D projection images were recorded by tilting the specimen from -65° to

70° for increments of 1°. A tomography reconstruction software package Etomo was used to align the

tilt series. e and volume rendering were generated using the Avizo software.

For SEM tﬁography, slice, and view software employed. The particle cluster on a silicon wafer was

coated withfirst catbon and then platinum to protect the particles from ion beam damage. The area is
milled Wit:eam every 3 nm, and images were taken. The images taken with FEI Helios 650

Nanolab S

Avizo S<
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were aligned, and the surface and volume rendering were generated using the
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Surface area and volume calculation: 17 polydisperse mSPs were grouped based on location in the
cluster and color-coded. Number of mSP, each mSP size in diameter, average volume, and surface
area of eacl color—coded area were calculated within Avizo software.

Calculatiotoer of compartments in an mSP

I
We consim shape of the individual compartments and whole compartment unit structure are

sphere to siinplify the calculations. We calculated the number of compartments in mSP in a way that a
volume of a sphere is highly packed with smaller spheres. Based on TEM analysis Vgp can be
calculated 6.2nm, Vg =1.98%10° nm3). Therefore, we can calculate the volume of

compartments (Vs@) as 3.37*%10* nm’ (17% of the Vgp).

€

Vse=0.17 §P >~ 3.37*%10*

N

Kepler co e highest packing density of same-sized spheres in the three-dimensional space

. T . 4
iss =~ 74.048%%W e also know the sphere volume is ;m‘s’.

3v2

d

Using the of compartments (ric =2.6nm- tomography analysis (dic=5.2nm)) number of

W

compartments per mSP can be calculated to be ~340

I

74048 / Vic = 340

In where

O

¢ of whole compartments in mSP, Vic: Volume of individual compartments, and

Vgc 18 3.37 nm> and V¢ is 0.74*10° nm3(Figure S8)

N

The nu in an mSP: Since mSPs are self-assembled with multiple compartments, we

t

conclude tha hould form chains. Therefore, we calculate the number of NP in a mSP in a way

U

that the plane 1s_highly packed with circles. The densest packing of circles in the plane is the

Steinha gonal lattice packing is % ~ 90.689%. We consider the packing density of NP in an

A

18
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mSP is ¥ 90% and we know the volume of a cylinder is mr?h, where d=4.5nm and h=1.5nm.

Therefore, number of NPs per mSP can be calculated to be ~6,200.

T

Vap =T z.ﬁzsss nm’ = 0.024*10° nm®

09*(\]1‘:-% = ’\’6, 185

=1.65 *10° nm’

1.65 *10° nm" *0.9 = 1.48*10° nm’

The top twmeb&%m) of mSPs are Fe,O; NPs, therefore approximately 43% of NPs are Fe,O;

NPs.

Lambda Sgnning in confocal microscopy: Super-resolution Leica SP8 MP Confocal STED

microscope jisutilized for lambda scanning. A lambda scan is an acquisition of an emission spectrum
using spec tors, and it records a series of individual images of the sample within a defined
wavele . Lambda scan is performed between 470-570 nm excitation range with a white light
laser to fi est excitation wavelength. The size of the emission window is kept 50 nm long, and

it is shifted 20 nm further along with excitation wavelength for the sake of the detector. The intensity
of each image is quantified and graphed with Las X software. As the white light laser range is 470-
670 nm, w ed the lambda scanning starting from 470 nm and ending at 570 nm (no emission

after 570nm)e

Cell Cu£93T cells were purchased from American Type Culture Collection ATCC (#CRL-
11268). ¢ maintained at 37°C with 5% CO, in Dulbecco's Modified Eagle's Medium
(DMEM) media sESplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Thermo
Fisher Scienti altham, MA) and passaged every 3-4 days at 80% confluency. Cell cultures are

tested re and no mycoplasma infection was found.

19
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Cell Viability Assay: 100l HEK 293T cells were seeded on cell culture treated 96 well-plate (in the
concentration of from 100.000 cells/ml serial dilution to 82 cells/ml and incubated at 37C° for 24
hours Tm discarded and cells were washed with PBS 2 times to remove non-attached cells.
90ul fresh d along with 10ul mSPs in the concentration of 10x and 1000x and incubated
for 24hmormdSlmmRromega™ CellTiter 96™ Nonradioactive Cell Proliferation Assay (MTT) was
conducted hbed in the protocol. Shortly, 15ul dye solution added to cells and incubated for 4
h, then IO@Iubilization solution is added, and then sealed and incubated at 37C° overnight to
allow compigt azan product solubilization. Tetrazolium salt in the dye solution converted into
the formazmy:ng cells, and the solubilization solution solubilizes the formazan product. The

next day, plate rg@ader (BioTek Synergy 2 Plate Reader, BioTek Instruments, Inc., Winooski,

U

Vermont, ized to record absorbance at 570nm. As a blank absorbance of mSP solutions in

N

media use tracted from all samples. All experiments were repeated three times. The results

were exprefsed w ean + SD (n = 5).

d

Cellula Transfection: The Hek293T cells were seeded in a Lab-Tek® chambered cover

glass syste % % 10" cells per well (8 wells per chamber) and cultured for 24 h to achieve 70%

\Y

confluence. The media is discarded, and cells washed two times to remove unattached cells. 20 pL of

mSP and @SP-pDNA dissolved in media were added for cellular uptake and transfection,

[

respectivel are completed to 200 pL with media. Treated cells were incubated for 30min up to

O

48h. The ¢ e washed two times with PBS and fixed by 4% paraformaldehyde for 1h, and

fixative waf aspirated, and the cells washed with PBS three times. Nuclei were labeled by Prolong®

g

Gold Antifade Reagent with DAPI and store in the dark until imaging. Cells were imaged using Leica

{

SP8 MP C‘JTED microscope for cellular uptake of SPs. Different confocal images were taken

from diffe ions of a plate in a matrix of 3 by 5 at 475 and 500 nm excitation wavelength for

cellular experiment. Mean fluorescence intensity quantified by using FIJI software. Instead of

threshold apply, We subtracted an empty area of an image of cells without particles taken by exact

20
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same configurations. The data were normalized, and results were graphed based on each time point in

origin. This imaging was repeated on three independent experiment sets for each time slot.

{

For transfecgs used same cell density with aiming 1000 SP-DNA per cell ratio. For comparison
we used ime 3000® that was obtained from Life Technologies (Invitrogen, Carlsbad,

]
USA). Thggproduct protocol followed exactly as described. Three independent transfections were

[

repeated forgbothpSP-DNA and Lipofectamine. Nikon Al with Texas red filter was utilized for live

G

cell imagin -24h. Fluorescence intensity from these images were quantified via Image J. All

errors givefl repres@nt standard deviations.

Mobility Shift Assay: 1% agarose gel was prepared with gel red, and 10 pL samples (mSP, mSP-

US

pDNA, pDNA) mixed with 10x loading dye (Thermo Scientific™ 6X TriTrack DNA Loading Dye).

Fl

Samples w loaded to wells along with 2 pL. 1K ladder (Thermo Scientific™ GeneRuler 1 kb

DNA Lad run in gel apparatus (Bio-Rad) at 35V for 2h. Gel imaged with a gel imaging

a

instrument (Bio“R&ad).

DNA release mSP-pDNA incubated in two different pH (5.5 and 7.4) in two different solvents

M

(water te Buffer) for 0-48h every 20 min for the first 2 hours and for 6, 12, 24 and 48h,

each time gmtervals and absorbances were taken with UV spectroscopy (NanoDrop 2000, Thermo

[

Scientific). in water or PBS used as a reference, and relative absorbances recorded for

9.

percentage on. pH adjusted with HCI and NaOH.

Statistical Bpalysis: The data were summarized as means + standard deviation based on experimental

h

values multiple measurements. Where necessary, the statistical variations (p values)

t

between the gro eans were evaluated by one-way ANOVA in R.

U

A

21

This article is protected by copyright. All rights reserved.



Supporting Information

Supporting Information is available from the Wiley Online Library.

SI 1.1-1#

Table SﬁSh

Video S1 —L

Acknowle@

The authom like to thank the University of Michigan's the Michigan Center for Materials
Characterizaion @nd Microscopy & Image Analysis Laboratory Cores for the use of instruments and
staff assistance. Eie authors also thank Prof. Colin Duckett for the first batch of pEBB-mcherry

plasmid. Fﬁources: The support from the Taubman Institute to JSV NIH grant # K08

Al128006, ort from Turkey Ministry of National Education to ESTE & AE are gratefully
acknowled itional financial support acknowledged to the University of Michigan College of
Engineerin grant # DMR-0723032, #DMR-0420785. Schemes are created with

BioRender.co

Author contribution

ESTE desw conducted experiments. AEE assisted mSP synthesis and contributed to cell
expeﬁmen@calculated the GT models. UK and JSV were involved in discussions on cellular

and bacteria ESTE and NAK wrote the paper. NAK conceptualized the research.

CorresSthor

Address cotrespondence to J. Scott VanEpps, University of Michigan Medical School, Department

of Emergency Medicine, North Campus Research Complex, Building 14, Room 117, 2800 Plymouth

Road, Ann > MI 48109, phone (734) 763-2702 Email: jvane@med.umich.edu; and Nicholas A.
Kotov, Un ity of Michigan, Department of Chemical Engineering, NCRC Building 10, Room

A159, 2800 Plymouth Rd, Ann Arbor, MI 48109, phone (734) 763-8768. Email: kotov@umich.edu.
22

This article is protected by copyright. All rights reserved.


mailto:jvane@med.umich.edu

Abbreviations

SP, Supraparticle; mSP, multicompartment supraparticles, pDNA, Plasmid Deoxyribonucleic Acid;

NP, Nanoparticle: ER, Endoplasmic Reticulum; TEM, Transmission Electron Microscopy; HR-TEM,
ion 7

High AMgfE™ ¥ ar Dark Field; STEM, Scanning Transmission Electron Microscopy; SAED,

High-Reso ansmission Electron Microscopy; NTA, Nanoparticle tracking analysis; HAADF,
selected a on diffraction; XRD, X-Ray diffraction; SPN, supernatant; NAC, N-Acetyl

cysteine; , itation-Emission Matrix; DMEM, Dulbecco's Modified Eagle's Medium; HEK,

Human Errml(idney; PBS, phosphate-buffered Saline, TLD, Through the Lens Detector

Author Manu

23

This article is protected by copyright. All rights reserved.



NPs

e
TrLL

Nanoparticles

45+ 1.6nm

Nanocups

m-Supraparticle

T24+27.3nm

-

Absorbance (AU) O3

GO0

Wavelength (nm)

This article is protected by copyright. All rights reserved.

24



Figure 1: TEM study of mSPs and their self-assembly process. (a-m) TEM images and (n-p) size
distribution analysis of the self-assembled structures. (a-e¢) Intermediate nanoassemblies on the
pathway from NPs to mSPs in 30min. (f-g) TEM images of constituent NPs. (h-i) Nanocup
intermeMS min without mSPs; and (j) with partially formed mSPs at 15 min. (j-1) Mature
mSPs (30 mugmgin) Constituent NPs in the mSP. (n) NPs are 4.5 £ 1.6 nm in diameter, (o) Nanocup
intermedia @ .2 = 23.1 nm in diameter, and (p) Mature mSPs are 72.4 = 27.3 nm in diameter.
(q) UV-Vigspestmmme{ NPs, nanocups (15 min), and mSP (30 min); insert - photograph of NP and
mSP (afier 8@mimmo assembly) dispersions in water.
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Figure 2: @ mensional structure and compartments of (a-d) NPs, (e-h) nanocups, and (i-
n) mSPs. (ay@Kticld STEM image of NPs that are seen from various angles. (b) AFM data of NPs.
This data disk-like geometry and height of NPs consistent with AFM data. (c-d) Atomic
structures c) iron sulfide NP and (d) iron oxide NP with L-Cys surface ligands bound to iron via

the thiol groups. (e=f) SEM images of nanocup intermediates acquired with (e) a TLD and (f) HAADF
detectorMy. Constituent NPs in the nanocup intermediate are marked with an arrow in (f).
(g-h) Three=di ional model of nanocup that is highlighted with a black circle in (e). (i-j) SEM
images of mSPs agguired with (i) TLD detector and (j) HAADF detector. Compartments of mSPs in
HAADF i arked with arrows. (k-n) Reconstructed tomography images of mSPs, (k-1) acquired
by STEM t phy, and (m-n) acquired by SEM-FIB slice and view. (1 and n) reveal continuous
compa the mSPs, red-colored in (n).
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Figure 3: Elemental analysis and cross-section of mSPs. (a) An SEM image of mSPs (b-d)
Elemental analysis of the mSPs and location of iron, sulfur, and oxygen elements in mSPs. (e) overlay
image of three elements. This image shows that iron oxide nanoparticles are at the surface and create
a shell (H mSPs contain continuous internal compartments protected from the outside by
Fe,O; NP ane 9.86 = 1.85 nm thick. Cross-section of reconstructed mSP (f) surface and (g)
volume reld cquired by STEM tomography. (h) Scheme of cross-section where green disks
show two 1avSFSIORESR03, and magenta disks show FeS, nanoparticles. (i) orthogonal slice of STEM
tomographymBiaeks arrows in each image (f-i) show compartments. (j) Magnified representation of
Fe,O; NP iith L-cysteine on the surface. (k) 3D representation of fluorescence spectra and (b)

tion-emission matrix (EEM) spectra of the mSP suspension. RS is Rayleigh
scattering pak, Aem- The solid lined box in (1) shows stable picks (350-550nm) with broad-range
Onm). The dashed box in (I) shows the excitation range gives the highest

contour m

excitations
emission.

SE

Author Manu
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irus along with the complexity indexes (CI) are given in blue font.
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Figure encapsulation and release. (a) UV-Vis spectra (b) Circular dichroism and (c) Zeta
potential compartS@n of mSP, DNA encapsulated mSP (mSP-DNA), and pDNA. (d) Electromobility
shift assay (EMSA). mSP-DNA has lower mobility than free pDNA. mSPs protect DNA from
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degradation by DNase I. (¢) Elemental analysis of mSP-DNA (i) An SEM image of mSP-DNA (ii-v)
Elemental analysis of the mSPs and location of iron, sulfur, oxygen, and phosphorus (DNA specific
signal) elements in mSP-DNA. (vi) overlay image of four elements. DNA is localized in the center of
mSPs. (Mws relative DNA release percentage during acid incubation time of mSP-pDNA

for 48h. (g) Redabox zoomed graph shows DNA release percentage for 2h. (h) Gel electrophoresis
shows free 0@ er 30 min acid incubation along with intact mSP-pDNA.

-
O
)
-
C
qn

=
-
O

L

-
-

<C

31

This article is protected by copyright. All rights reserved.



=
&
mu.n .va._w _ » o
25 N i -
oA T £y v —
tEES % 8 = 3
10 N R g
5 | = &
g %o B o 2 }
- %y & 2| *
= @h«- E uw
Yy Z ™ o
£

.............. g, - E
i i i

s e
O SE2888REAIRRS°
(96) Aypgeip, 20

SP-pDNA

= 2 2 o o
- —
{*'ne) Ay suaju) asuassaion|y

I 5P-pDNA 100X

| mSP-pDNA X

24 h Treatment
post - transfection (h)

Number of cells per well

w0

e ® w W N o
- o @ @ o o o
(paziewuou) fISuaju) asuasalon|d 5 .

& 8 g 8 38 8 o
(=) fpgeip, 190

—— Apxojojhy) —  — ayeydn Jenj@) uoldaysues)

32

This article is protected by copyright. All rights reserved.



Figure 6: Cytotoxicity, cellular uptake, and transfection data. (a-b) Cell viability assay for mSP-
DNA X and 100X along with cell only for (a) 24h treatment and (b) 48h treatment. Dashed lines show
the threshold of cell: particle ratio for significant cell viability reduction. p-value * <0.05, ** >0.05.
(c-f) A “age of cellular uptake of mSP after 12h. mSP in the cell in (c) is excited at 475

ispexcited at 500 nm; the emission window for both excitations is 520-570nm. (f) mSP
aggregatiofs seen in a cell. (g) Average fluorescence intensity of confocal images of mSP
treated cell8 ansfection capability of mSP-DNA analysis, (h) Average fluorescence intensity
of confeeamimmagesiof mSP-DNA treated cells post-transfection 6-24h. At 24 h, it reaches the highest
transfectioﬂ efficiency. (i) Comparative evaluation of transfection efficiency by mSPs and
lipofectamifi€. (J-1) Confocal images of cells post-transfection 24h. mCherry protein gives a red color
to the cells@iScale Bars: (c-f) 0.5um, (j-1)100pum

nm, and in (d

Author Manusc

33

This article is protected by copyright. All rights reserved.



Thermostability

1.0
d — 70°C b B 5o =
o8 = RT b -Zﬂapmnhal':
= 0.84 — 20° e 2
2 - o€
z gt oo =
g 064 E L 35 -g
g £ o .5
£ @ [~ 8
o 0.44 N 25 O
' 0 40+ [
.g - 20 E
< 15 @
0.2 4 0 - L 10
-5
L E 1
U'.U T T =20
200 400 &00 B00

RT
Temperature (°C)
Wavelength (nm)

§ -20 °C
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