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ARTICLE INFO ABSTRACT

Communicated by Alexander van Driessche Aberrant cholesterol crystallization has implications in the development of numerous pathologies. However,
current imaging methods rely on extensive sample preparation and static conditions, unable to capture real-time
transformations. This study utilized in-situ graphene liquid cell transmission electron microscopy to capture
nanoscale events of cholesterol monohydrate (ChM) nucleation and growth. The results revealed ChM triclinic
forms through a combination of non-classical and classical modes, specifically, a modified Stranski — Krastanov
mechanism. ChM triclinic nucleates from an amorphous precursor, which grows on triclinic surfaces as an
epilayer. These epilayers coalesce into 2D layers formed along a preferred lattice plane, enabling 3D growth.
Molecular dynamics simulations revealed that the amorphous to crystalline transition occurs via the self-
assembly of small clusters, interconnected by filaments, which regrow into bilayers with exposed polar
groups. These superstructures adsorb on the surfaces of crystalline cholesterol, form islands, which spread and
form nuclei of a new bilayer. This study underscores the significance of homoepitaxy in ChM growth and may
provide additional insights into biologically relevant processes, such as ChM nucleation on lipid droplets.
Overall, this study lays the foundation for investigating the mechanisms of ChM growth from solution in real-
time and on the nanoscale.
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1. Introduction

Cholesterol, a major constituent of cellular membranes, has been a
focus of numerous studies due to its destructive effects when present in
excess [1]. Despite its significance to a variety of biological processes,
cholesterol crystallization has long been known to have implications in
the development of pathologies such as atherosclerosis and gallstones
[2-8]. Additional evidence points to more systemic damage caused by
aberrant cholesterol crystallization. For example, cholesterol buildup
and subsequent crystallization were identified as contributing to the
development of diabetic retinopathy, preventing remyelination in the
central nervous system, and influencing renal disease [9-11]. Moreover,
it was recently established that cholesterol crystals can cause trauma
and promote inflammation in eleven types of cancer in ways similar to
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those observed in atherosclerosis [12].

Formation of cholesterol monohydrate (ChM) associated with
several pathologies was previously reported to occur under supersatu-
rated conditions [6,8]. ChM crystallizes in a stable form as a triclinic
structure, which has a plate morphology, and unit cell dimensions of a =
12.39A,b=12.41A,c=34.36 A, a = 91.9°, p = 98.1°, y = 100.8°, with
space group P1 [13]. In addition to the triclinic polymorph, anhydrous
cholesterol [14], a metastable monoclinic polymorph [15-17] and a
monoclinic hemihydrate [18] were previously reported. Recent studies
focused on the formation dynamics of ChM triclinic polymorph,
observed in atherosclerosis as well as gallstones [19,20]. Moreover, in
vitro studies demonstrated that the triclinic monohydrate polymorph is
associated with cellular plasma membranes [16,21].

Much of the recently gained knowledge related to ChM
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crystallization was obtained through time-lapse studies focusing on
mechanistic aspects of growth. Of specific interest is the 2D to 3D
crystalline growth. Prior work approached this through model mem-
brane and thin film systems, demonstrating that cholesterol segregates
into 2D domains which can be used to facilitate 3D crystal growth
[15,22-24]. Moreover, it was found that 3D growth occurs through
Ostwald ripening, a nonclassical pathway [25,26], and influenced by the
epitaxy with the substrate [27-29]. While these results are particularly
significant in relation to cell membranes, additional work is needed to
better understand transformations of cholesterol in amphiphilic liquid
systems related, for example, to cholesterol crystallization inside
liposomes.

Presently, there is a dearth of understanding of how ChM triclinic,
the most stable polymorph, crystallizes in real time and on the nano-
scale. However, advances in imaging techniques make this a possibility.
So far, electron microscopy has been used as a characterization tool in
enhancing our understanding of cholesterol crystallization processes
including those occurring on a cellular level [30-32], analyzing the
morphology of crystals obtained from patient samples [33-35], and
identifying polymorphism of ChM [16,36]. Yet current characterization
methods, such as scanning electron microscopy (SEM) and cryogenic
transmission electron microscopy (cryo-TEM), rely on extensive and
challenging sample preparations and are unable to capture real-time
transformations [37,38].

In the present study, we leveraged the capabilities of in-situ graphene
liquid-cell (GLC) TEM to observe nanoscale, real-time nucleation and
growth of ChM directly from an amphiphilic liquid. The use of in-situ
GLC TEM was previously reported in studies involving beam-sensitive
materials such as biominerals [39-41], bacteria [42,43], proteins
[44,45], and ice [46]. Graphene protects the sample from radiation
damage while allowing for high spatial resolution and reliable encap-
sulation [47]. In the current study, we visualized the amorphous to
crystalline nanoscale transformation of ChM triclinic and the pathways
through which it grows. We observed the homoepitaxial layer-by-layer
growth followed by 2D and 3D growth, which can be explained by the
Stranski — Krastanov growth model. 3D growth may exhibit subtle
misalignments in crystal stacking, likely due to the unique molecular
structure of cholesterol. Finally, we revealed how a non-classical
pathway is implicated in the ChM triclinic growth. Molecular dy-
namics (MD) simulations confirmed the non-classical pathway of crys-
tallization via time-dependent self-assembly of cholesterol.

2. Materials and methods
2.1. Experimental

2.1.1. Fabrication of Graphene-Coated TEM grids

Graphene-coated TEM grids for GLC were prepared according to an
established protocol [48] and the procedure was previously described in
detail [41]. Briefly, commercially CVD-deposited monolayer of
graphene-on-copper foil (Grolltex) was used a source of graphene. 200
mesh gold, Quantifoil R2/2 micromachined holey carbon grids (SPI
Supplies) were placed on flattened graphene-on-copper foil, with the
amorphous carbon side of the grids contacting graphene. Isopropyl
alcohol was used to bind graphene and the grids for a minimum of two
hours. Once the bonding was complete, copper was etched using a so-
lution composed of 1 g of sodium persulfate (MilliporeSigma) in 10 mL
deionized water. After 12 h of copper etching, the graphene-coated grids
were rinsed 3 times in HPLC-grade water (MilliporeSigma) followed by
air drying.

2.1.2. Sample preparation and encapsulation

100 mg of cholesterol (Avanti Polar Lipids) was dissolved in 80 mL of
isopropyl alcohol. As the solution was continuously stirred, 20 mL of
water was added and boiled for 30 seconds. The solution was cooled
under ambient conditions prior to adding it to the GLC grid. The
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cholesterol/IPA/water solution was prepared immediately before the
encapsulation. To achieve encapsulation, two previously graphene-
coated TEM grids were used. 0.3 pL of cholesterol-containing solution
was added to the graphene-coated side of the first grid and encapsulated
by placing the second grid on top, such that graphene-coated sides of
both grids came in contact.

2.1.3. TEM imaging

Imaging was performed using aberration corrected JEOL JEM-
ARM200CF microscope operated in TEM mode at 200 kV. A single-tilt
TEM holder was used to load GLC following encapsulation. The elec-
tron dose was kept constant at 0.015 electrons/A%/s. The acquisition of
TEM micrographs and videos was performed in real time using Orius
CCD camera, capturing 6 frames per second.

2.2. Computational

2.2.1. Molecular dynamics simulations

To closely understand the experimental observations, MD simula-
tions were performed with NAMD3 [49]. Water molecules were
described using TIP3P model [50]. Cholesterol parameters were deter-
mined in the previous study [51]. Isopropyl alcohol parameter used
CHARMM36 general force field [52,53]. The free simulations were
performed in the NPT ensemble. Simulations with crystal monolayers
were done in the NAPT ensemble, where A was determined by the di-
mensions of cross section of the monolayer. All simulations were run at a
temperature of 298.15 K and pressure of 1 atm using a Langevin dy-
namics with ypang = 1.00 ps~L. The particle-mesh Ewald (PME) method
[54] was used together with periodic boundary conditions for evalua-
tion of long-range Coulomb interactions, where the long-range in-
teractions were evaluated every 1 (van der Waals) and 2 (Coulombic)
time steps. The systems were minimized for 5,000 steps and then pro-
duced production runs, with a time step set to 2.0 fs.

All solvated systems were constructed using CHARMM GUI [55].
Cholesterol crystal structure was determined through Cambridge Crys-
tallographic Data Center in the previous study [17]. Solvated crystalline
systems were constructed as a solvated box placed on the top of a ChM
triclinic crystal monolayer. If the solvated box exceeded the dimensions
of the crystalline monolayer, there was a pre-equilibration done using
NyPT simulations, with y = -10 dyne/cm without the crystal present.
Once the solvent box became smaller, the monolayer cross section, the
solvent box was placed upon the crystal monolayer and allowed to pre-
equilibrate in NAPT ensemble until the monolayer was solvated. Then
production runs were performed. In the simulations involving the crystal
monolayer, oxygen atoms and carbons atoms in the rings present in the
crystal monolayer were harmonically constrained in both minimization
and production runs. In the solvated simulations, O atoms were
harmonically constrained in minimization and pre-equilibration,
whereas in production runs there were no harmonic constraints. In the
crystalline simulations, all solvated cholesterol and non-ring carbon
atoms in the crystal were released in the minimization and production
runs.

3. Results and discussion

Fig. 1 illustrates the overall experimental approach using in-situ GLC
TEM methodology and the corresponding representative real-time
observation of ChM crystallization pathways. Fig. 1a outlines the steps
for GLC preparation and subsequent imaging. Cholesterol was dissolved
in isopropyl alcohol with the addition of water to facilitate the formation
of ChM. The solution was then confined within two previously
graphene-coated TEM grids. This led to the formation of graphene
pockets containing the solution, which form due to van der Waals in-
teractions between graphene from the two grids. The inertness of gra-
phene as a substrate has been established, particularly with respect to
interactions in binary solutions of water and alcohol [56]. Moreover,



L.V. Sorokina et al.

Journal of Crystal Growth 655 (2025) 128096

a - ‘
ﬂ %)‘ég;\;;\ e-
W = &
Graphene-coat Add Ch/IPA/H,0 Encapsulate Image using
\ TEM grid solution solution in-situ TEM
b GLC nanoreactor

~¢
Cholesterol
monohydrate _-~
’d

e -

R2 | BLIFFT [R2. 2D IFFT
P\ {

Fig. 1. Experimental approach using in-situ GLC method to study real-time cholesterol nucleation and growth. a. Preparation of GLC: TEM grids are coated with
graphene, followed by solution encapsulation and imaging. b. A schematic of a GLC with a representative TEM micrograph showing amorphous (teal, R1) and
crystalline (pink, R2) regions as well as the formation of layers (green, L1 and yellow, L2), with corresponding FFTs. IFFTs from R2 identify layer-by-layer and 2D

growth present.

biomineralization is a temporally and spatially dependent process, and
GLC provides a unique environment that effectively mimics these con-
ditions on the nanoscale [40,41]. The liquid layer in GLC maintains
solution dynamics comparable to bulk behavior, as its thickness sur-
passes the critical threshold that could alter fundamental properties
[57-60]. The details of the experimental procedures are found in the
Materials and Methods section.

Then, the solution was exposed to the electron beam, demonstrating
the crystallization of ChM from the supersaturated solution, as shown in
Fig. 1b. It is important to note that electron beam radiation can pose
challenges in the TEM imaging of biological materials, including radi-
olysis, knock-out image, and heating effects, potentially inducing
structural degradation [61]. Radiolysis is particularly critical for bio-
logical and organic materials, as it causes bond breakage and chemical
modifications, potentially influencing nucleation and growth processes.
To address these challenges, low-dose imaging was used, with the
electron dose was kept constant at 0.015 electrons/A%/s, as previously
established [41,62]. Additional best practices to minimize beam damage
included minimizing exposure time, beam shielding, and pre-exposure
of non-critical areas. These principles guided the experimental design,
ensuring that electron beam effects were minimized while maintaining
sufficient resolution to capture crystallization phenomena.

A schematic transformation inside a GLC nanoreactor illustrates
amorphous and crystalline regions forming in a solution of interest in
real time. A corresponding TEM micrograph, shown by a red dotted line,
highlights the outcome: layers of cholesterol crystallize (L1 in green and
L2 in yellow), with amorphous (teal, R1) and crystalline (pink, R2) re-
gions present. Corresponding fast Fourier transforms (FFTs) confirm the

absence or presence of crystallinity. FFTs and corresponding IFFTs of the
crystalline region further confirm the multi-layered nature of the
resulting structure in R2 that is visually observed via outlines of L1 and
L2 as well as identify two distinct modes of growth present. Layer-by-
layer growth is observed, where (024) lattice plane with d-spacing of
4.98 A grows parallel to (002) lattice plane with d-spacing of 16.7 A.In
addition, (024) lattice plane forms a single crystal with (015) lattice
plane, d-spacing = 6.00 A, thus resulting in 2D growth. This example
highlights the complexity of ChM mechanisms of growth from a solution
observed at the nanoscale.

Stacks of cholesterol crystals of varying size have been previously
reported in human and rabbit atherosclerotic lesions [63,64] as well as
model and native bile [36]. Moreover, stacking behavior of cholesterol
crystals is also observed on cell membranes [63], where they form 2D
crystalline domains that develop into assemblies of triclinic crystalline
plates [16,24], with multiple crystal accumulation leading to toxicity
[65]. However, it is unclear whether there is any particular organiza-
tional behavior that governs the formation of these stacks. The following
sections further examine the underlying mechanisms behind cholesterol
growth and nucleation in real-time.

The events of LBL and 2D growth are further explored in Fig. 2,
Fig. S1 and corresponding Video S1. Fig. 2a shows time-lapse TEM
micrographs, false colored for improved visualization, of events leading
to simultaneous LBL and 2D growth in different regions and the subse-
quent coalescence along a single lattice plane. Corresponding FFTs are
presented in Fig. 2b. At 4.7 s, the region containing increased contrast
and highlighted by a purple box, R1, is amorphous. By 23.7 s, two new
regions emerge: R2, false colored in yellow and R3, false colored in pink.
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Fig. 2. Visualization of amorphous to crystalline transformation followed by coalescence of ChM. (a) In-situ GLC TEM time-lapse micrographs showing nucleation of
two crystalline regions, R2 and R3, from a single amorphous region R1. Regions R2 and R3 undergo growth and coalescence to become R4. Scale bar: 5 nm. (b)
Corresponding FFTs from select highlighted regions in R1-R4 in (a). For improved visualization, false coloring was used.

Both regions contain (015) lattice plane, with d-spacing of 6.00 A. At
25.5 s, parallel to (015) R2 grows (0211) lattice plane with d = 2.77 A,
and an additional lattice plane (121) observed in the same region and
appearing parallel to the primary crystal planes, with d = 4.83 A. This
development is indicative of LBL growth. By contrast, at 25.5 s, R3 forms

a triclinic monohydrate crystal, with growth observed in [014] direction
with the [100] zone axis, thus demonstrating 2D growth. At 33.0 s, the
two regions undergo growth and coalescence, as highlighted by the
overlapping region in orange. The newly formed region, R4, has the
characteristics of both R2 and R3; specifically, it exhibits both LBL and
2D growth with the [100] zone axis and an additional lattice plane

Fig. 3. In-situ GLC HRTEM time-lapse (a) micrographs with (b) corresponding FFTs and (c) schematics, illustrating homoepitaxial 3D growth of ChM triclinic. Scale

bar: 5 nm.
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(121).

These events highlight the significance of homoepitaxy to the growth
of ChM and act as a starting point for a modified Stranski — Krastanov
growth model as a potential mechanism of growth. Stranski — Krastanov
growth model can be characterized as a combination of LBL, or Frank-
van der Merwe growth followed by Volmer-Weber growth of 3D
islands [66]. Stranski — Krastanov growth model was previously used to
describe events such as water condensation and ordered growth of
amino acid arrays [67,68]. Once the initial layer that is greater in
thickness is formed, to release its elastic energy due to a lattice
mismatch, 2D — 3D transformation takes place [69,70]. Additional ev-
idence of 3D growth is provided in the following figures.

Fig. 3a and S2 elucidate the epitaxial growth process of a 3D struc-
ture on a template crystal through a series of time-resolved TEM mi-
crographs, which were acquired from Video S2. Fig. 3b shows
corresponding FFTs while Fig. 3¢ illustrates the schematic of the time-
lapse crystal growth. At 1 s, a single ChM triclinic crystal is observed.
This crystal is thereafter referred to as template crystal C1 (red), with
corresponding lattice planes (2 2 4) (d = 3.21 A), (404) (d = 2.83 A),
and (228) (d = 3.22 A) and with the zone axis of [131]. Also, at this
timepoint a single plane, (033), with d-spacing of 3.84 A is observed. By
8 s, a new crystal C2 (turquoise) nucleates on the template crystal,
including the previously observed, (033) lattice plane as well as the
growth in the [202] direction and zone axis [111]. (034) lattice plane
with d = 3.63 A of a third crystal C3 nucleates by 11 s and by 26 s,
growth is visualized in [01 4] direction, with the zone axis of [100]. It is
notable that C3 grows with a near-perfect alignment on C2. By 50 s, the
growth of (013) lattice plane, marked with blue dotted line with d =
7.72 A is observed, almost parallel to (2 2 4) on the original template
crystal C1.

In a fundamental work on the crystal structure of cholesterol, Bryan
Craven acknowledged the significance of epitaxial growth with another
constituent of atherosclerotic plaque, hydroxyapatite, to ChM in bio-
logical systems [13]. He postulated that such bonding occurs through
the hydrogen bonding of water molecules. Since then, cholesterol
epitaxy with biologically-relevant substrates has been studied in phy-
tosterols and phytostanols [71], as well as in calcium phosphate and
calcium carbonate systems [29]. For example, ChM was found to form
islands on calcite via hydrophilic hydroxyl groups, subsequently un-
dergoing Ostwald’s ripening and forming a triclinic platelike
morphology [28]. However, despite the significance of epitaxy to
cholesterol nucleation and growth, there is a dearth of research from
homoepitaxial perspective. Shepelenko et al recently proposed the
possibility of ChM nucleation on cholesterol esters [17], which is
consistent with our knowledge of cholesterol growth in supersaturated
biological environment post-hydrolysis of cholesterol esters. Moreover,
a recent report of sheet-like cholesterol crystals representative of late-
stage crystallization in human atherosclerotic plaque grown from
extracellular lipid droplets [72], further highlighted the need to un-
derstand homoepitaxial cholesterol growth mechanism.

The presence of an epitaxial surface leads to the reduction of the
nucleation barrier [28]. In the present system, the epitaxy follows the
(404) lattice plane on the template crystal C1, as shown in Fig. 3c at 8 s.
The resulting (202) lattice plane of C2 forms at a 6.3° angle from the
template. Similar rotation is observed at 26 and 50 s as additional planes
grow, with 6.5° angle rotation between C2 and C3 and 7.0° rotation
between the (2 2 4) lattice plane of C1 and newly grown (013) lattice
plane. Lattice mismatch is characteristic of Stranski — Krastanov growth
mode. Lattice strain is relieved when 2D transitions to 3D [70,73]. The
limited growth in the ¢ direction of any single nanocrystal may be
explained by the intercalation of water molecules in hydrophilic region,
which prevents the attachment of new molecules [74]. However, this
intercalated water layer may serve as a nucleation site for another
crystal [13], thus resulting in a 3D growth through multiple layers of
crystals. Moreover, while homoepitaxial growth is observed, the
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alignment between subsequent crystals and the templated crystal is not
perfect and is also likely due to the van der Waals interactions in the
hydrophilic regions between different crystals. These subtle mis-
alignments between different layers may promote growth as potential
nucleation sites for new crystals since they provide additional surface
areas for molecules from solution to attach. In general, this growth
behavior is representative of the Stranski — Krastanov mode of growth,
which results in the epitaxial formation of a 3D growth on a layer
associated with the negative surface energy of the substrate and the non-
zero lattice misfit [66]. The negative surface free energy of cholesterol
originating from the ~OH involved in hydrogen bonding [75] coupled
with presented experimental data may explain this phenomenon.

Transition from a single layer to multilayer and 3D growth is illus-
trated in Fig. 4a through a HRTEM micrograph and corresponding FFTs
as well as Fig. S3. FFTs for regions 1-3 (R1—R3) were taken to elucidate
the epitaxy and transitions between visually observed layers 1-3 (L1-
L3). R1 shows the formation of (0211) lattice plane, with d = 2.78 Aand
highlighted in red, that acts as a template for epitaxial growth. In R2, an
additional (032) lattice plane, with d = 3.84 A, forms a crystal with
previously observed (0211) lattice plane with [100] zone axis. This
growth is highlighted in turquoise. In R3, there is evidence of new
layered growth and well as epitaxy-driven 3D growth. Specifically,
(014) lattice plane, with d = 6.73 A, is viewed parallel to (0211) lattice
plane. It forms a new crystal with previously observed (032) lattice
plane, with [100] zone axis, highlighted in pink. Similarly, (007) lattice
plane, with d = 4.87 A, is formed parallel to (014) and (0211) lattice
planes and creates another crystal with (100) lattice plane, with d =
12.20 A and with the zone axis along the [010] direction. This crystal is
highlighted in yellow. It is important to note the epitaxy that follows
both (0211) and (032) lattice planes and its effect in facilitating nucle-
ation and 3D growth in ChM nanolayers.

To better understand the observed non-classical crystallization of
amphiphilic cholesterol, we used molecular dynamics (MD) simulations
to model the experimental systems. In the first set of simulations, we
wanted to gain insight into the self-assembly of individual solvated
cholesterol molecules into clusters and the transition of these semi-
amorphous clusters into a crystalline phase. To speed up the self-
assembly in the simulations, we have increased the concentrations of
cholesterol and made the solvent more polar. Therefore, we have
simulated cholesterol at ¢ = 10, 50, and 200 mM concentrations, sol-
vated in 1:1, 1:3, and 4:1 volumetric concentrations (v:v) of IPA:water,
respectively. Presumably, all these cholesterol concentrations are over-
saturated in the given solvents, which is causing cholesterol
condensation.

In Fig. 5, we present the MD-simulated self-assembly of supersatu-
rated cholesterol at different concentrations solvated in different IPA:
water (v:v) solvents. As seen in Fig. 5a-c, the cholesterol precipitation is
slower in less polar solvents. In the self-assembled clusters, cholesterol
molecules tend to have polar heads exposed outside and hydrophobic
tails hidden inside; the polar head group is relatively small compared to
the adjacent network of rings and alkane tails. In Fig. 5d-e, we present
the time-dependent self-assembly of cholesterol at higher concentrations
of ¢ ~ 200 mM in 1:1 and 1:3 IPA:water (v:v) solvents, respectively.
Again, cholesterol precipitates faster in more polar (1:3) solvent. In
these simulations, the superstructures formed start to resemble lipid
bilayers, where the polar OH groups are exposed to the solvent and the
apolar rings and tail groups coalesce inside the structures. At later times,
one can observe extensive finger-like structures formed by the bilayer
preassemblies, which could be identified as the gradually changing
semi-amorphous phase. These structures are expected to coalesce into
larger cholesterol bilayers with protruding OH groups, which would be
recognized as crystal nuclei. Eventually, these groups merge, bind with
each other, reorganize, and form well defined cholesterol crystals. These
simulations reveal the mechanisms of this non-classical cholesterol
crystallization.
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Fig. 4. In-situ GLC HRTEM of homoepitaxial growth of ChM. Layered growth L1-L3 is elucidated through corresponding FFTs. R1 serves as a template, followed by

crystal growth in R2 and further growth in R3. Scale bar: 2 nm.

Fig. 5. Cholesterol at 50 mM concentration MD-simulated in IPA:water (v:v) solvent of (a) 4:1 (b), and (c) 1:3, all t = 175 ns. (d-e) 2,000 cholesterol molecules
simulated in a cubic box with a side length of I = 25 nm (213 mM) in IPA:water (v:v) solvent of (d) 1:1, (e) 1:3, t =0, 5, 10, 20, 40, 60, 80 and 100 ns. Red regions
correspond to polar OH groups, whereas green regions represent apolar rings and tail groups. Scale bars in captions (a-e) are 1 nm.

Next, we simulated cholesterol (¢ =213 mM in 1:1 and 1:3 v:v of IPA:
water) in the presence of a triclinic cholesterol crystal; stabilized
monolayer of 3,600 cholesterol molecules with polar heads on one side
and non-polar tails on the other side [17]. Fig. 6 shows that the solvated
cholesterol molecules form clusters that gradually attach on both sides
of the crystals in the form of small islands. In the less polar (1:1) solvent
(Fig. 6a-d), this attachment appears slower and more reversible than in
the more polar (1:3) solvent (Fig. 6e-h). In detail views, we can see that
at the top of the crystal (apolar alkyl chains), the cholesterol molecules
bind through alkyl-alkyl interactions of the terminal chains, leaving the
OH groups exposed to the solvent. In contrast, at the bottom of the
crystal (polar OH groups) the cholesterol molecules bind through H-
bonding interactions, leaving the alkyl tail group exposed to the solvent.
This natural layering would lead to an opportunity for another set of

cholesterol molecules to attach to the layer. The cycle of layers then
gradually continues, as proposed in the Stranski — Krastanov growth.
Together with the experimental validation and thermodynamics
considerations, MD simulations further support the assignment of the
observed crystals as cholesterol monohydrate. The d-spacing values
extracted from TEM data exhibit strong agreement with the known
crystal structure of cholesterol monohydrate [17]. Furthermore, the
experimental conditions in this study closely align with established
protocols known to favor cholesterol monohydrate formation [76]. The
presence of water in the system, the higher volatility of IPA relative to
water, and the impermeability of graphene further corroborate this
assignment. Thermodynamically, cholesterol monohydrate is the stable
phase in aqueous environments at ambient temperatures, stabilized by a
hydrogen bonding network due to water incorporation [16,77]. Finally,
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Fig. 6. Simulated systems of cholesterol molecules (213 mM) self-assembling over a triclinic crystal monolayer with 3,600 cholesterol molecules, solvated in IPA:
water (v:v) of (a-d, i-j) 1:1 and (e-h,k-1) 1:3 at t = 100 ns. (a,c,e,g) View on the region of clusters that are in contacts with the crystal; (a,e) solvated cholesterol in
contact with the crystal alkyl chains; (b,f) view of apolar crystal layer with clusters in contact (c,g) the same for polar the OH head groups; (d,h) view of polar OH
groups in contact with clusters; (i,k) view of apolar alkyl layer from an angle; (j,1) view of polar OH-group layer from an angle. Red regions correspond to polar OH
groups whereas blue/green regions represent apolar rings and tail groups. Scale bar for captions (a-h) represents 10 nm and scale bar in caption (i-1) represents 1 nm.

MD simulations reinforce this conclusion by demonstrating increased
precipitation in more polar solvents, where cholesterol molecules
exhibit OH group interactions consistent with the structural organiza-
tion of cholesterol monohydrate [78].

Based on the evidence presented thus far, Fig. 7 elucidates the pro-
posed mechanism of ChM triclinic growth from a supersaturated solu-
tion. First, an epilayer forms from the amorphous precursor in the
solution of cholesterol, isopropyl alcohol, and water, followed by
homoepitaxial 2D growth. 2D layers undergo coalescence along a
preferred lattice plane followed by 3D island growth. The formation of
an amorphous precursor phase points to the presence of a non-classical
nucleation pathway. Since the solubility of an amorphous phase is
greater than that of a crystalline phase at equilibrium conditions, the
initial formation of an amorphous phase is in line with Ostwald’s rule of
stages, which states that a more soluble phase will form first in a su-
persaturated solution [79].

\\ \x\\\\
A
Layer Layer
Formation 2D Growth

Interestingly, previous studies, albeit of micron-size crystals [25,26],
mention later stage growth events consistent with Ostwald’s rule of
stages, but to the best of our knowledge, this is the first work to report
amorphous to crystalline transformation of ChM at the nanoscale. The
formation of the epilayer is likely the result of the ordering of the sterol
ring of the cholesterol molecule as the precursor undergoes reorgani-
zation [80]. As the 2D layer is grown on the surface of the epilayer with a
lattice mismatch, the elastic strain energy increases linearly with the
thickness of the 2D layer [70]. The increase in the elastic energy with
increase of the thickness of the 2D layer may be relaxed via the forma-
tion of dislocations when the critical thickness is reached. In addition,
the formation of 3D islands may also lead to elastic stress relaxation due
to the free surfaces of the 3D island, a phenomenon observed in the case
of ChM triclinic. In addition, the different growth mechanisms are likely
to result in different outcomes for the final crystal. For example, in 2D
growth, surface energy considerations dominate, leading to smooth,

N

2D Island 3D
Coalescence Growth

Fig. 7. Schematic representation of the proposed mechanism of ChM triclinic crystal growth.
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coherent layers with minimal defects, which enhance stability and
uniformity. Conversely, 3D growth is influenced by volumetric energy
factors, often resulting in crystals with higher defect densities and
structural heterogeneity, potentially reducing stability. The Stranski —
Krastanov growth mode, which involves an initial 2D wetting layer
followed by 3D island formation due to strain relaxation, combines as-
pects of both mechanisms, affecting the crystal’s morphology and
properties and could be further clarified using DFT modeling. Current
findings may take us one step closer to unraveling the mystery of ChM
growth mechanism on the nanoscale as well as point in the potential
areas for targeted dissolution. As the propagation of dislocations in ¢
direction was established to be the primary driver for ChM surface
dissolution [81], further insights into the surface energy landscape of
real-time nanoscale ChM growth may be warranted.

Finally, it is important to note the unique environmental conditions
that may contribute to the results described in this work. For example,
while previous studies have shown that high pressure exerted within
GLCs can stabilize metastable phases [82,83], such as those of calcium
carbonate, no metastable phases were observed in this work. Instead, the
most stable polymorph, cholesterol monohydrate triclinic, was identi-
fied, consistent with its stability under ambient conditions. This suggests
that, in this particular system, high-pressure effects do not appear to
play a significant role in the crystallization process. In addition, it has
been reported that the concentration of the encapsulated solution within
the GLC may be higher than that of the native solution due to the drying
of the liquid [84]. While this phenomenon remains technically chal-
lenging to verify at present, further research could address this to better
understand the relationship between the properties of the encapsulated
solution and the observed crystallization behavior, providing valuable
context and future areas of exploration.

4. Conclusion

Current study visualized real-time nanoscale nucleation and growth
of ChM triclinic using in-situ GLC TEM. The use of this imaging technique
led to an improved understanding of the growth mechanism of ChM
triclinic. Specifically, it was established that ChM grows following a
modified Stranski — Krastanov mechanism. ChM forms from an amor-
phous precursor via self-assembly of nanoclusters, first developing an
epilayer and then undergoing homoepitaxial 2D layer growth. The 2D
layers undergo coalescence along a preferred lattice plane and once the
critical thickness is reached, 3D islands form to relax the elastic stress of
the layers. This study highlights the significance of homoepitaxy in the
growth of ChM and may provide further insights into biologically rele-
vant templated growth, such as plaque on extracellular lipid droplets.
Finally, current work paves the way for dynamic materials research
approach of ChM on the nanoscale through the in-situ GLC TEM
methodology.
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