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Abstract:

Crystallization is the central process of materials synthesis in biological, geological,
and extraterrestrial systems. Nature achieves remarkable diversity of shapes, patterns,
compositions, and functions of the arising crystalline structures by combining simple
strategies to control the number of nucleated crystal and the sizes to which they grow.
In recent years, organic and mixed inorganic-aqueous liquids have received greater
attention as alternative solvents for preparation of crystalline materials and separation
(or purification) by crystallization, in particular for high-value materials such as
pharmaceuticals and fine chemicals. In contrast to crystallization from purely aqueous
solvents, the level of understanding of the fundamental processes of crystal growth from
such liquids is severely limited. Issues that have been addressed are solvent selection,
control of nucleation and growth (including seeding), solubility, transport regimes, and
effects of ongoing solute synthesis, among others. In most cases, the optimization of the
growth processes is carried out by trial-and-error or by mimicking pathways developed
for other compounds. The lack of insight into the relevant fundamental mechanisms has
emerged as a major obstacle to a rational approach to optimization and control of

crystallization in organic and mixed solvents.

Approximately 3.2 billion people are at risk of malaria. Hematin is released as a
byproduct of hemoglobin catabolism during the malaria parasite lifecycle in human
erythrocytes and detoxified by sequestration as innocuous hemozoin crystals. Hematin
crystallization has been the most effective target for antimalarial drugs. Previous studies

have found that the formation of hematin crystals follows a classical mechanism whereby
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new crystal layers are nucleated on top of existing ones and spread to cover the entire
face. Direct observations established two classes of quinoline inhibition mechanisms.
Amodiaquine and mefloquine were found to largely only bind to kink growth sites, where
molecular units add to a step. This is the least effective mechanism of heme crystal growth
inhibition. In a second mechanism, known as “step-pinning,” chloroquine and quinine
bind on a flat surface face, inhibited new layer growth over broad areas of the crystal
surface. We employed atomic force microscopy to monitor in real time the growth of
steps on the (100) surface under the influence of varied drug combinations. This
molecular-level view revealed that the action of quinine and amodiaquine is additive,
indicating the lack on interaction between the action of each of these two drugs.
Chloroquine and mefloquine weaken each other’s action, indicting antagonism in their
suppression of hematin growth. These findings may serve as a basis for a lock-and-key
approach to targeted drug development that is rooted in the physical basis for hemozoin

crystal growth inhibition

One of the most relevant, yet the least investigated pathological crystal is
cholesterol crystal, which is a principle component of gallstones(1-5) and atherosclerosis
(6, 7). Prior studies have largely focused on the effects of phospholipids and bile salts on
the formation of cholesterol crystals;(8) however, few groups have examined the
mechanism(s) of crystallization. To this end, we conducted preliminary studies revealing
cholesterol crystal growth occurs by a combination of classical and nonclassical(9)

pathways involving the addition of monomer and precursors (i.e. clusters), respectively.
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Chapter 1: Introduction to crystal growth

Crystallization is a natural process which occurs as materials solidify from a liquid
as they participate out of a liquid or gas. Crystallization is a process directed by properties
of molecules and the environment in which a crystal develops. A complex combination of
factors controls the way of the formation, the rate of growth and eventually lead to a
various distribution of size, morphology, surface roughness and so on. The understanding
of fundamental mechanisms of crystal growth could potentially accelerate the designed
crystal transformation or stopped those undesired. The functionality of additives
participated in the crystallization process could guide the discovery of new

pharmaceuticals drugs.

1.1 Mechanisms of crystal growth

In the process of forming a solid phase from a supersaturated solution, the
timescale of the transition divided the progress into nucleation and growth. The
development of microscopic techniques revealed the different pathways in which the
intermedium displays distinctive habit with defined physicochemical properties. Different
intermedium observed in the nucleation process lead to a proposal of nonclassical theory.
The characterizations and identification of those intermedium provide key information
on that external parameters. Controlling nucleation is an essential aspect to modify the
crystal polymorphism, size, morphology and other characteristics. Molecules in the

solution assembly into the ordered structure. The process is largely impacted by factors



like solvent, temperature pressure, concentration and so on. Understanding and

controlling nucleation is important for many crystallization applications.
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Figure 1. Various intermedium working as precursory particles for crystallization.

1.1.1 Classical Crystallization

Basic classical nucleation describes the formation of nuclei by monomer by
monomer addition from the solution to the crystal surface and the formation of a bulky
new face and of an interface. A Kossel crystal is a general shape of a basic cubic crystal in
which particles are considered as Blocks that impact of simple shear on the crystallization
and takes account only the interaction between the atoms. The energy for the system is
a summation of the number of bonds and change of freedom of atoms and the
crystallization is driven by the energy change when a particle gets in cooperated into the
crystal structure. 6 bonds will form when a particle is structured in the bulk structure and

5 possible sites for a particle attached on the surface: (1) vacancy in a terrace/face, (2)



hole in a step, (3) kink, (4) step edge and (5) directly to terrace or face. Ideally, the change
in the number of dangling bonds from attaching a molecule determines of the driving
forcing. As a consequence, crystals can fix the defects point by filling the vacancy,
generating a new lane by attaching to the kinks site, generating new lanes by attaching

on the step edge and forming new layers by the new terrace.
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Figure 2. Possible sites for particle attachment in classical crystallization.

In the driving force. Besides, the energy difference between atoms dropped on
the terrace and those stay in the kink sites lead to a shift called surface diffusion. Surface
diffusion is a general process that involves the motion of adsorbed atoms on the surface
of a solid material. Surface diffusion may appear a complex energy barrier as the
complexity surface structure combined from both solvent and solute sides. The barriers
have both enthalpic and entropic contributions raised from the remove of solvent, bond
formation/disassociation and structure thrift during the movement of particles on the

surface. However, those barriers are generally smaller than the energy barrier of direct



incorporation. As the growth rate

is determined by the slowest process, surface diffusion

plays a pivotal role in determine the growth pathway of a seed.

0

Solution

Adsorptlon

T

barriers
Energy

Incorporatlon Step edge
barner barrier
Diffusion

Figure 3. Energy barriers involved in the process of surface diffusion.

1.1.2 2D nucleation and critical radius

When a molecule attaches to a surface, it can either dissociate from the surface

and back to the solute phase or stay as part of the bulk crystal for another molecule to

attach. The growth of particles on
As a consequence, a new layer wil

is called 2D nucleation.
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Figure 4. Diagram of two-dimensional nucleation and layer propagation on a crystal

surface.



The energy of the system drops due to the increasing number of bond formation
and increasing due to the raise of the line tension that describes with the Gibbs free

energy,

AG = — r*hAg, + 2nrhy, (1)

where Ag,, is the Gibbs free energy per volume and y is the surface tension we need to
break a nucleus. The critical radius r. is given by the maximum of the Gibbs free energy
and at this point the nuclei has 50 percent chance for growth or dissolution. When the
nuclei size exceeds r., the layer will spread until it reaches the crystal edges, thus

resulting in a faceted crystal.

.
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Figure 5. Energy barrier for molecule incorporation (a) 3D homogeneous nucleation, (b)
The Gibbs free energy per volume and Gibbs free energy per surface area, (c)
2D nucleation on a substrate.

1.1.3 Crystal defects and dislocation

Crystal defects are imperfection in the regular arrangement of the atoms in a
crystalline solid. Defects can be located at single points, along lines, or on whole surfaces

in the solid. Point defects include the Frenkel type, the Schottky type, and the impurity



type. Point defects are caused by particle drift, particle removal or particle replacement.
Surface defects may arise at the boundary between two grains, or small crystals, within a
larger crystal leading to a mismatch across the grain boundary. Line defects are lines along
whole rows of atoms in ta solid are arranged anomalously. The irregularity in spacing lead

to the line of dislocation.
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Figure 6. lllustration of various crystal defects.

Dislocation is a prominent pathway of crystallization at low supersaturation as the
energy barrier is much smaller than the energy required for generation of new layers. As
a linear crystallographic defect generated on the surface, the movement of dislocations
allow atoms to slide over each other at low stress. The surface is continuously warped as
the growth front advances, clockwise or counterclockwise. In the same time, Burgers
vectors might emerge on a crystal surface. Plastic deformation is directly related to the
motion of mobile dislocations. Dislocation lines cannot end within a crystal and crystals

follow dislocation growth preserve sequences of layer succession in crystals. Layers



advance across the surface usually display a step height related to the size of a unit cell.

The growth of a crystal followed by dislocation can be described with equation

_ E _ hAwv
R = 2V = Tooa (2)
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Figure 7. Formation pathways for different nanostructures driven by screw dislocations.

1.1.4 Nonclassical mechanisms of crystal growth

The idea of precursor was proposed to explain the formation of many
crystallization processes in which crystals displayed physical single crystal properties
though it does not follow a molecule-molecule attachment pathway. Modern
experimental techniques have shown that the nucleation process can proceeds through
a various pseudo equilibrium state before reaching the final thermodynamically stable

phase. Crystals are not formed directly from assembling of monomer. Instead, monomer



will form precursors vary with respect to their microstructure, size and shape that largely
depends on the circumstance. The existing of precursors also opens possibility for

controlling the nucleation pathway.
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Figure 8. Pathways for monomer to transfer into crystalline and the impact on the original
surface.

A recent study of olanzapine provided direct state that dimer can work as the basic
element for crystallization(10). The work demonstrate that the symmetry elements of
olanzapine crystals emerge in solute dimers in solution prior to crystallization. The crystal
growth was monitored with time-resolved in-situ scanning probe microscope and the
result exhibits a quadratic dependence on the solution concentration. The result
suggested dimer is preferred to adsorb on the surface and then diffuse to the growth sites

though the monomer is the dominate species in the solution phase.
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Figure 9. The transformation of olanzapine molecules and the quadratic growth rate.

The discovery of the amorphous calcium carbonate (ACC) in the crystallization
pathways was recognized as a common strategy employed by many organisms to build
biominerals (11, 12). ACC is composed of calcium carbonate that lacks long-range,
periodic atomic scale order. ACC was observed as sphere particles with a radius of around
50 ~ 100 nm under the cryogenic TEM (13). Amorphous spheres were suspended in the
supersaturated solution and transform into certain morphologies in microseconds when
the supersaturation pass the limitation. The stability of ACC is largely impacted by the pH
and ions in the solution. The evolution was monitored with WAXS to determine the
species and time period. When the solution started from a neutral pH, the ACC transform
directly to the final stage calcite. Conversely when mixing started from high pH around
15.5, vaterite formation was triggered with a much slower rate of formation(14). The
result suggested that the structure depends on the binding strength of Ca?* and COs? ions.
The binding strength is inversely related to pH that plays a key role in controlling the
stability of ACC. When other ions like mg?* present in the solution, they may also

participate in the process of ACC formation. XRD patterns suggested Mg can incorporated



into the crystal instead of attaching on the surface of ACC (15). Increasing the Mg/Ca ratio
will largely increase the concentration of Mg in side ACC and delay the formation of final
crystals that show a similar composition and morphology. The Roman spectrometry and
simulation work predicted that the stability of ACC is controlled by the water structured
around the ACC surface and the Mg has a better affinity to water and then the water can

form a more affirmative structure in the presence of Mg.
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Figure 10. Frames show a previously nucleated ACC particle (13).

After the formation of different precursors, those intermedia can also work as
growing units, transform into crystalline on the surface or provide new spots for layer
generation. One of the important mechanisms of crystal growth is the oriented
attachment of molecular clusters and nanoparticles in solution. In the James De Yoreo’s
work, they applied a high-resolution transmission electron microscopy using a fluid cell to
directly observe oriented attachment of iron oxyhydroxide nanoparticles. As a cluster
approaching the bulk crystal surface, particle undergo contiguous rotation and interaction
to find a perfect lattice. The particle will jump to the contact point in a range of 1
nanometer, followed by lateral atom-by-atom addition (16). The ferrihydrite crystals grow

both through monomer addition from solution and particle attachment events. The
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balance between the long-range interactions. Osmotic forces may remain the stability of
the nanoparticles and the Van Der Waal Force provide the attritive force as the

nanoparticle begin to approach the bulk crystal.

Figure 11. The atom-by-atom addition happened at the contact point.

Cluster and nanoparticles continuously form and appears coexist with crystals
from early time. The deposition of nanoparticles on the crystal surface was observed in
many crystal systems. The consequence introduced by nanoparticles greatly increase the
complexity that underlines a growing crystal. From the atomic scope microscopy, those
deposits can either inhibit or enhance the growth of the original crystal by changing the
surface features. The excessive amount of small crystals deposited on the surface and
embedded into the structure is commonly caused by the strain or macro steps that
transformed the pathway of crystal growth to a different pattern. Moreover, cluster
dropped on the surface may evolved into 3D layers as the deposit become the center of
new source of hillocks. The dislocation center was introduced by a nonclassical pathway

while the growth of hillocks still follow the classical theory (17).
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Figure 12. AFM images showing nonclassical (left column; A and C) and classical (right
column; B and D) growth. (A) and (B) Silicalite-120 and (C) and (D) SSZ-13.52
Scale bars equal 500 nm.

1.2 Modifiers of crystallization

The use of growth modifiers can control growth and achieve desired
physicochemical properties. Modifiers can range from ions to macromolecules, such as
polymers or proteins. Modifiers mediate the accession of solute to growing crystals, often
through specific binding to crystallographic faces, which inhibit solute to incorporation
into active growth sites (18). Modifiers can also induce nonclassical pathways involving a

vast number of growth units (19).

1.2.1 Growth modifiers varying the crystal growth

Crystallization is the central process of materials synthesis in biological, geological,
and extraterrestrial systems (20, 21). Nature achieves remarkable diversity of shapes,
patterns, compositions, and functions of the arising crystalline structures by combining

simple strategies to control the number of nucleated crystals and their anisotropic rates
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of growth (22, 23). To promote or inhibit crystallization in both natural and engineered
environments, soluble foreign compounds are deployed that interact with the solute or

the crystal-solution interface (24).

Modifiers act to inhibit crystal growth by either thermodynamic or kinetic routes.
Crystal can grow through the incorporation of solute from either bulk solution or surface.
Some modifiers may complex with solute in the solution and adjust the incorporating
ability of solute molecules. Complexation may reduce the driving force for crystallization
as it reduces the concentration of solute. On the other hand, the process may either
increase or decrease the energy barrier of crystallization by changing the energy of
rotation, affinity to the surface, diffusion ability and so on (25, 26). Part of modifiers
showed interaction with kink sites and crystal surface. Modifiers bind to active sites on a
crystal surface and thus reduce the density of kinks available to solute in solution. The

later alters the free energy involved in the step advancement by changing the surface free

energy.
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Figure 13. Mechanisms for inhibiting crystal growth.

13



1.2.2 Classical action modes of modifier

Crystal growth modifiers can take a variety of forms and have a wide range of
effects on the kinetics of crystallization that include promotion and inhibition. Common

positions of modifier inhibition attachment are kinks, steps or terraces.

In the mode of step pining, modifiers adsorb onto crystal terraces and the spacing
of modifier will reduce as the concentration increase (27). As an advancing layer
encounters the ‘gate’ formed by two of the adjacent modifiers, the step velocity v is
reduced due to the increasing curvature of the surface layer. If two or more modifiers are
spaced closed enough on the terrace, the step advancing can be fully arrested due to the

fact that the energy to create surface area overwhelms the energy for to create space.

Modifiers can also bind to kink sites through a mode of cation called kink blocking. The
adsorption of modifiers into kinks site will reduce the number density of kinks available
to solute molecules both from solution and surface and reduce the rate of molecule
attachment. The percent of layer advancement frustration is directly proportional to the

percentage of occupied kink sites (28).

Recent studies in our group have shown that adsorbed modifiers can induce
localized strain within a range of concentration that can dissolve the crystal surface (29).
The crystal only dissolves in the certain range of modifier concentration. Below or above
the concertation border, the growth can recover from the state of dissolution and begin

to grow. The mechanism behind the phenomenon is still unclear.
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Increasing Modifier
Concentration

Figure 14. lllustration of types of modifiers. Modifiers absorb to (a) terraces and
frustrate the step advancement, (b) kink sites and reduce the kink density, (c)
and (d) surface and induce the strain under certain concentration (24).
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Chapter 2: Pathophysiological crystallization

Crystallization is essential for everyday operation for living beings, compared with
a positive or negative consequence depends on the angle of view (30-33). In important
class of diseases, aberrant crystallization directly or indirectly leads to several stats,
although few contributions have been made to such disease from a materials science
perspective. A fundamental understanding of mechanisms behind crystallization is
essential for directing the pathogenesis of these diseases (34). A prominent example is

the formation of crystalline hemozoin, a vital component of parasite physiology (35, 36).

2.1 Pathophysiology of malaria

Malaria is a severe disease caused by five species of parasites of the Plasmodium
(falciparum, vivax, malariae, knowlesi, and ovale) (37). The falciparum Plasmodium strain
is the most common one that leads to the significant consequences. Malaria is worldwide
disease and the most people impacted by the disease in Africa and south Asia. Around 3.2
billion population is at risk of the infection and children are vulnerable group for this
disease. Over recent year, there are renewed calls for elimination and eventual
eradication of malaria. However, the fact the disease is carried by mosquitos limited the
efficiency of stopping the transportation process. Also, the tricky system adopted by

malaria parasite made the development of the vaccines a real challenge (38).

Malaria infection starts with a mosquito bite introducing Plasmodium sporozoites,
which transfer to the erythrocytes, where they catabolize hemoglobin and release Fe(ll)

heme (39). The released heme rapidly oxidizes to Fe(lll) hematin, which is toxic to the

16



parasite in its free state (40). The main mechanism of hematin detoxification
implemented by the parasite is sequestration as inert crystalline hemozoin (41).
Identification of hemozoin became integral to malaria diagnosis in 1880 (42) and its
detection in the Anopheles stomach implicated several mosquito species as the vector
(43). The first effective treatment for malaria, quinine extracts from the bark of the
cinchona tree, was reported in 1632 (44). Since then, quinine, and its homologues
chloroquine, mefloquine, and others, forming the quinoline class of antimalarials, have
been used as both prophylactic and therapeutic drugs in nearly every type of malarial
treatment (45, 46). It was found that quinolines bind hemozoin crystals and inhibit their
growth (47). To date, heme sequestration has been the most successful molecular target

for antimalarial drugs (48).

Malaria infectious disease )
(over 100 countries)

Figure 15. A world map for malaria infected area form W.H.O (37).
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Plasmodium has a complex cycle alternating between female Anopheles
mosquitoes and vertebrate hosts. The mosquitos transport malaria parasites’ sporozoites
and infect hosts from bits. Once sporozoites enter the host, they rely on gliding motility
to reach and penetrate the wall of the blood vessel (49) and follow the stream of blood
to host kidneys. The parasite grows mature and then begins to release merozoite back to
blood stream. As merozoite beings to infect normal red blood cells, it indicts the parasite
enters the blood stage in its life cycle. In the infected red blood cells, they multiply again
until the cells burst for more infections. The cycle is repeated and leads to fever in the
process of evasion. Meantime, some of the infected blood cells leave the cycle of asexual
multiplication and those merozoites in the cells develop into sexual forms of the parasite,
called gametocytes. Gametocytes will circulate in the human vessel until the patient gets
bit by a mosquito. The mosquito gusts the gametocytes and later evolve into mature sex

cells and begin a new round of malaria life-cycle.

Figure 16. Schematic of the malaria Plasmodium lifecycle.
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During the malaria parasite life cycle in human erythrocyte, parasites digest the
protein hemoglobin, functional for transporting oxygen for human organs, to obtain the
energy and source for multiplication. Heme is released during hemoglobin catabolism as
byproduct that shows toxicity to parasite membrane (50). In the parasite digestion
vacuole, heme is oxidized into hematin and parasite detoxifies by transforming hematin
into crystals (45). The crystal formed in vivo called hemozoin and they commonly appear
in the infected red blood cells. Hemozoin is identical to synthetic 3 - hematin crystals as

they display the same powder X-ray pattern (51).
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Figure 17. Schematic illustration of Plasmodium falciparum structure in an infected red
blood cell.

The digestive vacuole is complex system with a predominantly acidic pH 4.8 — 5.5
aqueous phase (52). The digestive vacuole lipid membrane may promote the hematin
nucleation as hemozoin crystals is observed under the electron microscopy to be
enveloped in lipid bodies (53). Also, Pisciotta and coworkers succeeded in isolating
hemozoin crystals within lipid nanospheres from parasite digestive vacuole from malaria

parasites (54). To understand the direction of crystal growth within an aqueous or liquid
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environment, projects done in our group by Katy Olafson and Megan Ketchum were

aimed to answer those question by mimicking the parasite environment (55, 56).

X — ray diffraction (XRD) has shown that the crystals has a spacing structure of
triclinic, with space group P1 (57). Hematin molecules are arranges as head-to-tail dimer
bound by a coordination bond between oxygen atom of the central iron atom within the
porphyrin ring of one hematin with a carboxylate oxygen of a second hematin (57). Unit

parameter were solved as a=1.2196 nm, b = 1,4684 nm and ¢ = 0.8040 nm.

Figure 18. Scan electron microscopy images of hemozoin crystals from in the nanospheres
droplets of lipid inside parasite digestive vacuole.

2.2 Antimalarials for malaria parasite

Antimalarial drugs have been widely used against malaria parasite. Many of the
common antimalarial drugs are believed to suppress the parasite by inhibit hematin
crystallization and hence increasing the concentration of hematin in the solution (58).

Classical compounds include quinoline class compounds and artemisinin class was
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discovered in recent years. One common method used for screening new drugs is taking
assays for parasite cultures combined with various concentrations of drugs. For malaria,
malaria parasites are cultured in the presence of antimalaria drugs and the efficiency is
determined by concentration lead to a 50% of the parasite survival rate that is evaluated
as ICso. This approach requires to test a vast amount of synthesized organic compound
samples restrained by the chemical and biopharmaceutical properties. As the increasing
development of drug resistance for antimalarial drugs, the demand of discovering new
antimalarial drugs is rising that motivates the exploration of fundamental understandings

of malaria pathophysiology.
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Figure 19. Structure of hematin molecule and antimalarial drugs (59).
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2.3 Hematin crystallization from aqueous and organic solutions

To explore the mechanisms behind hematin crystallization and the interaction
routes between antimalarial drugs and hematin crystal, a controllable system was
development in our group (55) that mimics the environment in malaria parasite digestive
vacuole while simplifies the lipid to an organic solvent with simpler structure. Hematin
crystals were attempted to be grown larger than the physiological in order to acquire
better information of crystal growth and surface development, including attempts for

understanding the impact from the antimalarial drugs on crystallization.

2.3.1 Hematin growth environment.

Several key factors existed in the environment for the formation of hemozoin are
the lipid membrane, pH ~ 4.8 aqueous phase and nanoparticles form in the lipid phase. In
the Megan and Katy Olafson’s work (60), critic buffer-saturated octanol was applied for
simulating the lipid layer and the pH was controlled through a buffer made of a mixture
of citric acid and NaOH solution. Citric buffer at pH 4.80 was prepared by dissolving 50
mM of citric acid in DI water and titrating the solution, under continuous stirring, with
0.10 M NaOH to the desired pH. The buffer pH was verified before each experiment and
fresh buffers were prepared every month. We placed 5 mL of citric buffer at pH 4.80 in
direct contact with n-octanol at 23°C and allowed 30 min for equilibration. The upper
portion of the two-phase system was decanted and denoted as citric buffer-saturated

octanol (CBSO).
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2.3.2 Determine the extinction coefficient of hematin in CBSO

To understand and control the hematin crystallization in the CBSO system. The
ultraviolet — visible (UV-Vis) spectrophotometry was put into use to determine the

concentration of different compounds that follow the Beer — Lambert Law

A = €b(, (3)

where A is the absorbance, € is the extinction coefficient, b is the path length of the

cuvette, and C is the concentration of the solute.

Hematin powder always remains insoluble residue when hematin dissolves either
in anhydrous or critic acid buffer saturated octanol. The hematin concentration in both
solvents cannot be determined directly form the calculation of measured mass of
dissolved material. As the accurate concentration of hematin solution is required for
determination of the extinction coefficient, hematin was first dissolved in NaOH at a
known concentration and then transferred to octanol phase by setting the hematin
solution inContact with octanol solution for two weeks (55). The amount of hematin
transferred into the octanol phase was determined from the difference of concentrations

in NaOH before and after the inculcation.

The extinction coefficient of hematin dissolved in the 0.1 M NaOH was determined
previously by measuring the absorbance spectra of the solutions with difference
concentrations in the 200 — 800 nm wavelengths. The concentration of hematin in NaOH
can be calculated through the mass of dilute as hematin powder can be full dissolved. The

absorbance spectrum at 607 nm displayed a linear dependence between the intensity of
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absorption and the concentration of hematin and the its slope yields the extinction

coefficient of hematin in 0.1 M NaOH at this wavelength €xematin =3.86 £0.06 cm™*mM™.

Finally, the extinction coefficient of hematin in water-saturated octanol was
determine through a series of incubated solutions with different concentration. The
absorption band showed a local maximum at the wavelength of 594 nm. The slope of the
linear correlation revealed the extinction coefficient of hematin in water-saturated

octanol, €pematin =3-1%0.1 cmmM?,

The determination of the coefficient enables the measurement of hematin
concentrations in the octanol solution that is the prerequisite for projects in which
hematin crystals were generated in the CBSO system and the study of the growth of

crystal under atomic force microscope.

w

=}

Absorbance [a.u.]
o
(4,1

0.10 M NaOH
£=3.86 £0.06 cm'mM-!

u
0.0 0.1 0.2 0.3

Water-saturated octanol
e=3.1+03cm'mM!

L3
0.00 0.05 0.10 0.15

Concentration [mM]

Absorbance [a.u.]

Figure 20. Determine the amount of hematin transferred to octanol phase (55).
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2.3.3 Determine the solubility of hematin in CBSO

For crystallization to occur, the concentration of the solution must be larger than
the solubility. Solubility fundamentally depends on the physical and chemical properties
of the solution and solvent. Also, solubility is largely impacted by temperature, pressure
and presence of other chemicals. Solubility reveals the equilibrium state between solution

in the solution and crystal formed in the bulk showed below
hematin (solution) = hematin (crystal). (4)

The activity of the soluble hematin was assumed to be equal to its concentration and the
assumption was justified at low solubility values. Within the state, the intermolecular
interactions are weak and the dominant interaction is long intermolecular separations. As

a result, the equilibrium constant for crystallization is

Kcrystal = c;l. (5)

To determine the solution of hematin in CBSO, hematin powder were added to
CBSO stored in a sealed glass vial and stored at desired constant temperature. Aliquots of
solution were removed and the concentration of solution was determined using an
extinction coefficient €pematin =3.1 £0.1 cm*mM! at A=594 nm (61, 62). The procedure
was repeated until measured concentration reached a plateau. The value of plateaued

concentration was defined as the solubility at this temperature.

Solubility is a parameter depends on the temperature described by the classical

Van’t Hoff equation
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(6)

where R is the universal gas constant. To determine the enthalpy of hematin
crystallization, the solubility of hematin in CBSO was measured at four different
temperatures: 5 °C, 25 °C, 37 °C and 45 °C. The final solubility is determined by the
mean value of several plateaued concentrations and also confirmed with AFM studies
where the step advancement begin to oscillate around that concentration. The result
shows that the solubility determined from bulk crystallization has similar value with

the one determined from AFM study at 25 “C. The slope of the ¢, data plotted in van't

Hoff coordinates In ¢, as a function of (1/T) yields AH;rystal = —37 + 8kJmol™* (60).
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Figure 21. The solubility of hematin in CBSO determined from bulk crystallization
experiments (yellow circles) and by in situ atomic force microscopy (blue
squares).

The Gibbs free energy of crystallization AGZrysta, can by determined from
solubility measurement. AGZrysta, is related to the crystallization equilibrium constant

K crystal as
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AGcc"rystal = —RTIn Kcrystal = RTIn Ce, (7)

and the difference between AHZrystal and AGZrystal provides the entropy for

crystallization ASZrystal as

o AH pystai— AGorvystal
AScrystal — crysta - crysta . (8)

The enthalpy of crystallization describes the strength of the molecule — molecule
interaction. In the crystallization process, the formation of bonds will reduce the total
energy of the system. The entropy of crystallization reflects loss of translational and
rotational degrees of freedom when a molecule incorporates into the crystalline lattice
from the solute, partially balanced by the increase from vibrational degrees of freedom.
The magnitude of estimated AS;rystal value for hematin crystallization is about
—49 ] mol 1K1 that is lower than the estimates for molecule with similar size. The
discrepancy may indicate that octanol can form ordered structure at the crystal — solvent

interface.

2.3.4 Hematin crystallization at the water — octanol interface

Previous study suggested hematin crystalline lattice is composed of a ‘head to tail’
structure that dimers bound by reciprocal COO - Fe (lll) coordination bonds and
connected through chains of -COOH-HOOC- hydrogen bonds (57, 63). The formation of
hydrogen bonds is essential to the structure that requires the presence of water and
hydrogens ions. Those features of the structure indict the initiation of hematin

crystallization happens at the aqueous and organic interface. The pH of the system was
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controlled by the citric acid buffet to 4.8 that controls the population distribution of

deprotonated hematin molecules.

2.3.4.1 Hematin crystallization from aqueous solution

The dimensions of hematin crystals in vivo are constrained by the size of the DV and
the availability of hematin produced during digestion of hemoglobin. The longest crystals
extracted from the P. falciparum are around the size of 1 um (54). We attempted to
growth crystals large than extracted crystals from purely aqueous solution using citric and
acetate buffers. Longer crystals were produced with the longest dimension < 3 um
through the morphology is distinctly different from that of hemozoin (55). AFM images of
crystals grown in acetate buffer were showed in Fig.22. The crystal exhibit block structure
and the entire surface rough that the layer of thickness varies from 12 to 63 nm. The
missing of sharp crystal edge indicts the crystal is missing crystalline structure. The height
of layers is greater than the thickness of single crystal layer in the (100) plane as c =
1.22nm (57). Those layered structures suggest the layer was grown under high elastic

stress and twinning (64).

In summary, hematin crystals grown from aqueous solutions from critic/acetate
buffer at pH 4.8 showed incompatibility in shapes and surface features from biological
hemozoin. Those discrepancies suggest that biological hemozoin crystals may not grow

within a purely agueous environment.
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Figure 22. AFM images of features of hematin crystal grown from purely aqueous solution
(65).

2.3.4.2 Hematin crystallization from CBSO solution

CBSO was used as a surrogate for the lipid sub-phase in the DV for hematin
crystallization. Hematin solutions were prepared by dissolving hematin powder in 8 mL of
freshly made CBSO and heating it up to 70°C for 7-9 h. The solution was filtered through
a 0.2 um nylon membrane filter and the concentration was determined using an
extinction coefficient &,omarin =3.1 0.1 cm*mM? at A=594 nm (61, 62). The filter
solution was diluted with fresh CBSO to the concentration 0.20 mM with a total volume
of 5 ml. Small crystals were observed on the bottom of vials after 2 ~ 3 days and continue
to grow until it reaches the maximum size of 20 ~ 30 um. The crystals were well faceted

and had smooth faces with no visible gaps. According to the unit cell structure of hematin
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crystalline (57), the crystal displayed clearly cut of (100), (010) and (Oﬁ) face and the
ratios of area of those faces are comparable to hemozoin crystals found in P. falciparum.
The x-ray powder diffraction measurement showed similar patterns for hemozoin crystals

and synthesized ones (66).

In the previous studies, evidence suggested that the nucleation of hematin crystal
first happened at the water — organic interface. To understand the location where the
first step of hematin crystallization, nucleation, occurs in the CBSO system, CBSO solution
was characterized by dynamic light scattering (DLS) method and the result revealed CBSO
solution is not homogenous but contains a relatively monodisperse population of scatters
with size 120 nm (67). The correlation function amplitude disappeared when CBSO
solution was diluted with pure octanol indicts that the nanoparticles are aqueous buffer
droplets suspending in the octanol solvent. Those small droplets provide huge organic —
aqueous interface that promotes the crystal nucleation. Hematin is enriched in the
octanol phase suggest that crystals most likely form in the octanol phase and the water
droplets accelerate the assembly of hematin molecules by orientating the OH head

groups toward the water and then hematin nucleate on the ordered layer of aliphatic tails.
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Figure 23. Large hematin crystals grown from CBSO (55).

2.4 Solubility of antimalarial drugs in CBSO

To evaluate the effect of concentration of antimalarial drugs on hematin
crystallization, solubilities of the five different drugs, chloroquine(CQ), amodiaquine (AQ),
quinine (QN), mefloquine (MQ) and pyronaridine (PY) in CBSO (Figure 24) were
determined by Megan A Ketchum (68) to control the amount of drugs that is available to

reach a target site. As artemisinin class don’t adsorb visible light, the concentration of

artemisinin is determined from mass balance.
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Figure 24. Solubilities of antimalaria drugs (CQ, AQ, QN, MQ, PY). Sulfadoxine (SX) and
Doxycycline (DC) are antibodies used for comparison.
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Chapter 3. Mechanisms of hematin crystallization

Antimalarial drugs have been used in the treatment of malaria and great progress
has been made to reduce the high level of suffering caused by malaria worldwide (69). It
was proposed that many of quinoline class antimalarial drugs target the hemozoin crystal
and stop crystallization process by binding on the crystal surface. The traditional method
for discovering new drugs is from screening numerous of drugs with similar structure,
which is a costly and time — consuming process (70). Understanding the mechanism how
antimalarial drugs inhibit the growth of crystal can provide insights in designing new drugs.
The in-situ atomic force microscopy (AFM) was employed to monitor the hematin crystal
(100) face and provides the first evidence of molecular mechanisms of hematin
crystallization. AFM observations demonstrate that hematin crystallization follows
classical mechanism that new crystal layers are generated by two-dimensional nucleation

attachment of solute molecules.

3.1 The growth mechanism of Hematin crystallization

Does hematin crystallization follow a classical or nonclassical pathway. Is there
any intermedium involved in nucleation? Are inhibiters stop the crystallization by
occupying specific surface sites, reduce the hematin solution or create a new pathway for

crystallization?

To answer those questions, B - hematin was synthesized from CBSO as a
replacement of hemozoin crystal. Both natural and synthetic hematin crystals displayed

identical habit and defined with [100] for basal faces and [001], [011] for sides (66, 71).

33



Figure 25. (a) Hematin molecules. (b) AFM image of a hematin crystal. Scale bar equals 2
um. (c) AFM image displayed in 3D. (d) Molecular model of 3 - hematin.

3.2 The environment for in-situ growth

Hematin crystals were grown on glass disks as described above. The density of
attached hematin crystals was monitored under an optical microscope. We ensured
similar crystal density for all samples to minimize potential depletion of inhibitors due to
high crystal number. The glass slides were mounted on AFM sample disks (Ted Pella Inc.)
and the samples were placed on the AFM scanner. The environment of digestive vacuole
was simulated by CBSO solutions that provide both liquid membrane from octanol
solution and aqueous — organic interface from the citric buffer droplets. Hematin

dissolved in the CBSO solution was used for the growth of unfinished layers.

The temperature of the growth solution within the AFM fluid cell during in situ
crystal growth monitoring was measured with a copper-constantan thermocouple

connected to a temperature controller (SE5010, Marlow Industries Inc.). The
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thermocouple was calibrated using a crushed ice/DI water bath. The bath was allowed to
equilibrate for 30 minutes after which the water freezing point was verified at several
locations with an accurate (+0.1°C) mercury thermometer. The thermocouple tip was
secured to the thermometer. The set point of the controller was adjusted to read 0.0 +
0.1°C. The thermocouple was embedded in a brass disk positioned right under the AFM
sample. The liquid cell was sealed with a silicon O-ring and loaded with CBSO. To replicate
the experimental conditions, we continuously imaged for 3 hours a 2 x 2 um? area at a
scanning rate 2.52 s’*. The temperature in the fluid cell reached a steady value of 27.8 +

0.1°C within 15 min of imaging (72).

3.3 Hematin crystallization in Various solvent.

We used a multimode atomic force microscope (Nanoscope V) from Digital
Instruments (Santa Barbara, CA) for all AFM experiments. AFM mages were collected in
tapping mode using Olympus TR800PSA probes (Silicon nitride, Cr/Au coated 5/30, 0.15
N/m spring constant) with a tapping frequency of 32 kHz. Image sizes ranged from 300
nm to 20 um. Scan rates were between 1 and 2.52 s-1. Height, amplitude, and phase
imaging modes were employed. The captured images contained 256 scan lines at angles

depending on the orientation of the monitored crystal (62, 73).

Contact mode images were used in select cases to help visualize surface features;
however, all in situ measurements were performed in tapping mode to minimize the
possibility of disturbing solute and/or growth modifier attachment to crystal surfaces.

Tapping mode images were collected at a tapping frequency of 32 kHz.
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Hematin crystal growth was tested in three different condition (hematin dissolved
in acetic acid buffer, pure octanol and CBSO) by Katy Olafson to exploit the necessity of
aqueous — organic interface for activating the growth. For each growth solution, crystal
surface was monitored with in situ AFM for 48 hours. steps of hematin crystals on (100)
surface merged in the hematin solutions dissolved in acetic acid buffer, pure octanol stay

stationary for a long period of time while advances in the CBSO solution.

3.3.1 Hematin crystallization in acetic acid

Hematin was dissolved in the 0.1M NaOH and titrating with acetic acid to the
desired pH. Steps were first observed on the basal surface and become observed with
increased time of exposure to the acetic solution. Different from the head-to-tail
structure in the organic solution, hematin molecules can form several dimers and higher
oligomers through the ® - m interactions. Molecules are parallel to each other for
maintaining the overlap of & electron density (74). Those species of dimers may coat the

hematin crystal surface and lead to the disappearance of steps.
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Figure 26. (a — c) AFM images of the evolution of hematin (100) surface contacted in
hematin dissolved in acetic buffer. (d — e) The structure of hematin dimers.

3.3.2 Hematin crystallization in octanol solution

AFM studies observation revealed that in anhydrous n — octanol, the steps of
crystal surface will retract at the solubility of hematin in CBSO that indicts the solubility is
even greater in octanol. At the concentration higher than the solubility in octanol, the 48
hours continuous scanning displayed that the step almost stays stationary. The result
indicts that droplets of acetic acid buffer is necessary both for hematin nucleation and

growth.
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Figure 27. AFM images of (100) hematin surface in contact with hematin dissolved in
octanol. Steps remain stationary for 40 mins. Scale bar is 250 nm.

3.3.3 Hematin crystallization in CBSO

Hematin solution in CBSO with concentration of 0.28 mM was prepared less than
2 h in advance. This solution was loaded into the AFM liquid cell using 1 mL disposable
polypropylene syringes (Henck Sass Wolf), tolerant of organic solvents. After loading, the
system was left standing for 10 — 20 mins to thermally equilibrate. The crystal edges were
identified to determine the orientation and the crystallographic directions on the upward-
facing (100) crystallographic surface. The crystals were kept in contact with the solution
for 0.5 — 1.5 h to allow their surface features to adapt to growth conditions. We set the
scan direction parallel to the [001] crystallographic direction and AFM images were
collected for 3 — 5 h. The solution in the AFM fluid cell was refreshed every 30 min to

maintain constant concentration.

The AFM study revealed that (100) surface of hematin crystal follows a classical
layer-by-layer mechanism that 2D nucleus generated on the surface and spread by the
attachment of hematin molecules. The rate of step advancement is proportional to the

concentration of hematin solution and follow first order kinetic with a step kinetic
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coefficient B = 4.3 um s in the fastest growth direction. CBSO can dissolve the hematin
crystal and lead to the step retreatment. The rate of retreating is nearly symmetric to the

rate of advancing according to the solubility.

10minj C 13.2 min

Figure 28. AFM images of the evolution of (100) surface in CBSO with hematin
concertation 0.21 mM (75).

3.4 Characterization of hematin crystallization

The evolution of the hematin crystal surface was characterized by the velocity of
growing steps v and the rate of two-dimensional nucleation of new crystal layers J,p. To
determine v, we monitored the displacements of 8 — 13 individual steps with a measured
step height h =1.17 + 0.07 nm. Between 25 and 35 measurements were taken for each
individual step and the average growth rates were reported. To determine J,p, the
appearance of new islands on the surface between successive images was monitored and

the number of islands that grew was counted. This number was scaled with the imaged
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area and the time interval between images to yield Jop. From 15 to 25 measurements were

averaged for each J,p determination.

3.4.1 2D nucleation on hematin surface

According to classical nucleation theory, the rate of 2D nucleation is determined

by the free energy

AG}

Jzp xexp (— kBTD); (9)
with the free energy barrier for layer nucleation
AGzp = TYRich. (10)

The critical size of a 2D nuclei is defined as the radius that lead to the maximum of free
energy. At the critical point, the 2D nuclei stands 50% percent chance to grow or dissolve.
The critical radius Rcri: for layer nucleation is defined as the threshold size above which an
island has a higher probability to grow. Islands of size R < R¢/ir are more likely to dissolve.
We monitored the size evolution of all newly generated islands employing time-resolved
sequences of jn situ AFM images and classified the islands as growing or dissolving. The
largest sizes reached by dissolving islands and the threshold, above which all islands grew,

were averaged to yield R.. We determined from 25 to 30 independent R.s.

The dependence Rci:is governed by the Gibbs — Thomson relation that expressed

with the equation

Reric = Qy/kpTIn(cD), (12)

40



where Q is the volume of a molecule equals to 0.708 nm?3; y is the surface free energy of
the layer edge; kg is the Boltzmann constant; T is the temperature; Cy is the hematin
concentration; and ce is hematin solubility in CBSO. Katy Olafson determined the critical
radius of 2D nucleus related to different hematin concentrations and compared with the

prediction from CNT (58).

)
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Figure 29. 2D nucleus generated on the (100) hematin surface. The critical size reduces
and the rate of nucleation increases exponentially with boasting
concentration.

3.4.2 Determination of step velocity

The spread of 2D nucleus lead to the formation of new layers. Layers merge with
adjacent layers and eventually cover the entire face. The step velocity v was determined
from displacements of individual steps measured from successive AFM images. The
growth along the ¢ showed a faster step velocity that is consistent with the bulk crystal

habit. The step velocity along ¢ direction was reported in Katy Olafson’s work (62).
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Figure 30. The evolution of 2D nucleus generated on the (100) surface.

The step velocity v shows a linear dependence on hematin concentration. The
cross-section between the line and the x axis indicts the solubility of hematin in CBSO,
which is consistent with the result from bulk experiment. According to the CNT, step

velocity can be expressed as

v = akQ(cy —c,), (12)

where a is the molecule size and k is the effective first-order rate constant.

3.5 Pathways of incorporation

Molecules can propagate via both direction incorporation from bulk solution and
molecules adopted on the terrace and then diffuse into kink sites. For directly
incorporation, the solvent structure on the surface and kink sites and the water molecules
around solute in the solution make great contribution to the kinetic barrier as the solvent

in the kinks have to get replaced by the solute molecule for crystal step advancement (76,
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77). For surface diffusion, the energy barrier is comprised of several different stages. As
solute first adsorb on the terrace and then diffuse to kink sites, the first kinetic energy
barrier is determined by the bond strength between surface and solute and interaction
between solvent molecules and solute. When moleculeis travelling along the surface with
a three-dimension network of solvent structure, the molecule passes a bunch of small
energy barriers. After the solute molecule reached the kink sites, it removes the solvent

molecule and attach to a growth site (78, 79).
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Figure 31. Schematic of direct incorporation and surface diffusion.
3.6 Surface diffusion for hematin crystallization
To understand the pathway of molecule incorporation for hematin crystal, the

dependence of step velocity on interstep distance was measured. Observations revealed

that closely spaced steps move significantly slower than separated steps. The dependence
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of step velocity on the interstep distance was expressed with equation studied in Cabrera

and coworkers’ work (80)

10D s 1 1,71

A
‘U=ZT(C”—C3)[7+ECOth§] ) (13)

A is the characteristic length of surface diffusion and D is the diffusivity of the hematin
molecules in the solution. A describes the resistance for molecule to adsorb form bulk
solution to the crystal surface. Ay is the resistance for molecule to incorporate into kinks

from the surface. D is the surface diffusivity.

The advancement of layers with different interstep distance was monitored with
in-situ AFM. The disabled y axis scan was utilized to monitor the evolution of a line on the
step with the step height around 1.2nm. Figure 32c displayed the separation of two layers
where the edge i is well separated from the surface below and step ii is closed packed
with edge i from the beginning (75). The growth rate for step i and step ii were recorded.
The result shows that the growth rate of step i is comparable to the growth rate measured
in the previous experiment while the step ii is only fluctuated. The result indicated that
the surface diffusion plays an important role in hematin crystallization and the supplies
reach kinks only from the lower terrace. The step velocity reaches a plateau as the amount
of solute adsorbed on the surface reached the limitation of molecules transferred from

surface diffusion.
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Figure 32. The evolution of step edge monitored with disabled y axis scan.
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Chapter 4. Mechanism of antimalarials on hematin crystallization

The pathology pathways of malaria, gout, kidney stones, and other aggregation
diseases incorporate crystallization and its inhibition is the target of drugs that are often
combined for increased efficacy (24, 29, 81-83). Hematin is a toxic byproduct of
hemoglobin digestion in malaria parasites and suppression of its sequestration into inert
hemozoin crystals is a favored approach to parasite elimination (84, 85). Two or more
hematin crystallization blockers have been combined in state-of-the-art antimalarial
regimens and extensive efforts have failed to deliver molecular-level understanding of
the synergy or antagonism between the partner drugs (86, 87). Here we demonstrate that
drug pairs, whose constituents employ distinct mechanisms of hematin crystallization
inhibition, kink blocking and a step pinning (62, 88), exhibit both synergistic and
antagonistic cooperativity depending on the drug combination and applied
concentrations. Whereas synergism between two crystal growth modifiers is expected,
the antagonistic cooperativity defies current crystal growth models. We demonstrate that
the kink blockers reduce the line tension of the step edge, which facilitates both the
nucleation of new crystal layers and the propagation of the steps through the gates
created by step-pinners. The molecular viewpoint on synergistic and antagonist
cooperativity between crystallization modifiers provides guidance on the pairing of drugs
in malaria combination therapies and the understanding and control of physiological and

pathological crystallization.
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4.1 Step pinging and kink blocking antimalarial drugs

For solution grown crystals, two classes of inhibition of step propagation are
discussed. In the first mechanism, known as step-pinning, inhibitors bind to flat terraces
and arrest step growth over broad areas of the crystal surface. Alternatively, inhibitors
may associate and block kinks, the sites where solute molecules incorporate into steps.
We examine the growth of beta-hematin crystals, a component of the physiology of
malaria parasites, in the presence of artemisinin and quinoline derivatives, drugs that

represent the current front line of antimalarial defense.

For studies of modifiers, growth solutions were replaced with ones containing a
selected antimalarial inhibitor(s). With each modifier concentration, AFM images were
collected for two to four hours, during which the solution was replenished several times.
Solution with no modifier was pumped into the AFM cell and the observed crystal was
allowed to grow uninhibited for about 30 min before another modifier concentration was

introduced.

We used four antimalarial drugs: quinine (QN), chloroquine (CQ), amodiaquine
(AQ), and mefloquine (MQ). Solid QN and MQ were added to CBSO and the solutions
reached the desired concentration after 2 - 4 days. AQ and CQ were added in excess to
CBSO and stored in the dark for 30 - 45 days, allowing the concentrations to approach the
respective solubilities (68). All drug solutions were filtered through 0.2 um nylon

membrane filters and the concentrations were determined by UV—vis spectrometry using
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a Beckman DU 800 spectrophotometer and extinction coefficients and wavelengths listed

in from Ketchum, et al. (68).

From AFM measurements, all four drugs lead to slower step growth, fewer 2D
nuclei, and more rugged step edges. On the contrary, CQ and QN, follow the step pinning
mechanism, can fully cease both the step advancement and nucleation at high drug
concentration while MQ and AQ, follow the kink blocking mechanism, can partially reduce

the growth and nucleation rate (75).

4.1.1 step pinning antimalarials

The mechanisms of antimalarial drugs to stop hematin crystallization was
proposed by Sullivan for quinoline drugs (89). In previous studies (62), Katy Olafson
monitored the evolution of hematin (100) surface in the presence of different
concentration of various antimalarial drugs and characterized with rate of step growth

and nucleation, shown in Figure 33.
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Figure 33. The rate of step velocity and nucleation in the presence of CQ, QN and PY.

At intermediate inhibitor concentrations, QN and CQ lead to an exponential decay
in Jop and v with increasing drug concentration, accompanied with corrugated steps and
closely packed intersteps. Steps are fully ceased at high concretions of antimalarial drugs,
which is around 2 uM for CQ and 4 uM for QN. Observations indicated that CQ and QN
stop crystallization by step pinning mechanism in which modifiers adsorbs on the terrace
and form gates. The distance of these gate is determined by the spacing of modifiers on
the structure. If the separation distance is smaller than 2R, the step will be curved as

the step is trying to pass a gate that raising the surface tension for creating more surface
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areas. The phenomena creates a under saturation for the advancing steps and growth is

arrested (90).

4.1.2 Kink blocking antimalarials

AFM measurements of AQ and MQ on v and Jyp revealed that modifiers can alter
crystal growth with a different mechanism. Both AQ and MQ showed a weaker impact on
inhibiting crystallization a border concentration that leads to a minimum of rate of growth
and nucleation. Beyond the boarder, future increase concentration of drugs does little
impact on changing the inhabitation effectiveness. The mechanism in which modifier can
adsorb into a kink and reduce the number density of kink sites refers to kink blocking. No
observed change in the step velocity or nucleation when artemisinin class drugs were
applied though they work as the frontline against malaria. ART is believed to attain

inactivity before the reduction of the endoperoxide bridge by fe(ll) heme (35, 40).
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Figure 34. MQ and AQ inhibit the hematin crystallization by the mechanism of kink
blocking.

4.2 antimalarial drugs effects hematin bulk crystallization.

To have a general understanding how drugs effect the crystal growth in all
directions, bulk assays of hematin crystallization were performed with varying

concentrations of six drugs: CQ, QN, AQ, NQ PY and ART.
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The length and width of crystals grown for 16 days were measured by Katy Olafson
(75). Generally, in the presence of CQ, QN, PY and AQ, crystal appears a shorter average
crystal length, indicating that (001) and (011) are potentially preferred surfaces to bind.
Additionally, CQ can suppress growth of the axial faces, where QN, PY and AQ have
identical effects on the lateral and axial faces. ART does inhibit the growth that is

consistent with AFM data.
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Figure 35. The measured lengths and widths for hematin bulk assays.
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4.3 Identifying the active species responsible for inhibition

Previous studies indict that antimalarial drugs can inhibit the growth of hematin
solution by binding to selectively sites. While the UV-vis tests indicated that complexation
between antimalarials drugs and hematin formed in the solution, questions still remain
that what are the effectiveness species participating into sites or antimalarial drugs simply
stop the crystallization by reducing the concentration of hematin. To answer those
guestions, hematin solution was titrated with various of antimalarial drugs and the
adsorption was monitored with UV-Vis (75). The spectra data showed that hematin can

form complexes with QN, CQ, AQ and MQ while no complexes for PY and ART.

The concentrations required to cease hematin crystallizations are 0.09 mM and
0.07 mM for QN and CQ which are 20-fold higher than the concentrations concluded from
AFM studies. Those Considerations suggest that the interactions between antimalarials

and hematin surface play a more important role in inhibiting hematin crystallization.
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Figure 36. Spectra of drug — hematin complexes determined form UV-Vis.
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Chapter 5. Combination Therapy and cooperativities between
antimalarial drugs.

Recent work established that that B-hematin crystals, a synthetic analogue to
hemozoin, follow classical growth mechanisms, whereby new layers nucleate on the
crystal surfaces and advance by incorporation of solute molecules at the layer edges, the
steps (62). These studies uncovered two unique classes of quinoline inhibition of step
propagation (88). In a first mechanism, known as “step-pinning,” the drugs chloroquine
and quinine bind to flat terraces and arrest crystal formation over broad areas of the
crystal surface (91). Second, the drugs amodiaquine and mefloquine were found to largely

only bind and block the kinks, the sites where hematin molecules add to steps (62).

Combinations of two or more drugs constitute the main line of current antimalarial
defense (92). The studies of the joint action of pairs of drugs have been confined to
parasite responses (83, 86, 87) and a crucial gap of understanding of the interactions
between pairs of drugs on hemozoin inhibition has been identified (87). To address the
molecular mechanism of action of pairs of drugs on hematin detoxification we combine a
step pinner, chloroquine (CQ) or quinine (QN), with a kink blocker, mefloquine (MQ) or
amodiaquine (AQ). We classify the cooperativity between paired drugs as synergistic,
additive, or antagonistic according to whether the response to a combination of two
drugs is, respectively, stronger, equal, or weaker than the sum of the responses to

individual doses (93).

We propose an alternative classification of cooperativity, based on the derivatives

of the step velocity with respect to the two inhibitor concentrations. The criterion that
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we propose states that if the signs of both derivatives are negative, the cooperativity is
synergistic; antagonistic cooperativity ensues if these derivatives are of opposite signs. A
numerical evaluation of the two derivatives suggests a kinetic state diagram, in which the
space of the concentrations of two inhibitors is divided into two fields: a field of synergy
at low concentrations of either inhibitor, and a field of antagonism, where the
concentrations are high. Again, the complex nonlinearity of the derived relations hampers
straightforward predictions on the consequences of stronger adsorption of any of the
inhibitors on the cooperativity. These relations, however, can be evaluated numerically

to address this and other question related to the inhibition of step velocity.

5.1 Combination therapy

The usage of combined antimalarial drugs predominantly reduced the risk of malaria
(94). Combination therapy achieved great successes in reducing the side effects of
antimalarial drugs and reduced the rate of development of drug resistance. Some studies
have examined the efficacy of drug combinations with two traditional drugs (95). Newer
fixed combination drugs, some using an artemisinin component, are being developed or

marketed (96).

Even though combinations of two or more crystal growth inhibitors are common in
many drug formulations (92), a crucial gap in the understanding of interactions between
inhibitor pairs that regulate hematin crystallization has been identified (83, 87). To
address the molecular mechanism of action of binary inhibitor combinations on -
hematin crystal growth we pair a step pinner, chloroquine (CQ) or quinine (QN), with a

kink blocker, mefloquine (MQ) or amodiaquine (AQ). We classify the cooperativity
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between paired inhibitors as synergistic, additive, or antagonistic according to whether
the response to a combination of two inhibitors is, respectively, stronger, equal, or

weaker than the sum of the responses to individual doses (93).

5.2 Complexations in the two-drug system

The aim of these tests was to find out whether binary complexes between paired
inhibitors form and reduce the inhibitor concentrations. Spectroscopic characterization
of solutions of the tested inhibitors reveals that the sum of the UV-vis absorbances of
individual inhibitors is approximately identical to the absorbance of their combination.
Moreover, no shift in absorbance peaks was observed after mixing. These results suggest

that it is unlikely that complexes between two inhibitors form.

Complexes formed between hematin and antimalarial inhibitors were discussed by
Egan and coworkers (97, 98) and the complexation constants between hematin and
antimalarial inhibitors in CBSO were reported by Olafson et al. (88). Using established
protocols, we tested for the complexation between hematin and four inhibitor pairs:
QN/AQ, QN/MQ, CQ/AQ, and CQ/MQ. The two tested inhibitors were dissolved at equal
concentrations in CBSO and 2 mL of this stock were mixed to a final concentration
determined by the lower inhibitor solubility. Fresh hematin stock was diluted with CBSO
to a concentration of 0.38 mM and then titrated with a solution of the inhibitor pair. At
each titration step, the solution was gently stirred 8 — 10 min to complete complexation
and a 350 mL aliquot was drawn for UV-vis spectrometry. The UV-vis adsorptions at 594

nm were measured for 40 titration steps and rescaled to account for the dilution. The
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absorbance A; was compared with a theoretical curve calculated from the complexation

constants of the two tested inhibitors.

The absorbance at around 594 nm displayed a clear shift to higher wavelengths after
the addition of the inhibitor mixture, which indicates the formation of complexes. We
calculated the theoretical Acorr/Ao values for four different models for each combination
and chose the best fit from the minimal mean squared deviation between experimental
and theoretical Acori/Ao values. Nonzero deviations suggest the formation of complexes.
The UV-Vis spectra of solutions containing two inhibitors and hematin indicate that in all
four combinations, even if new complexes exist, their concentration would be limited to
a level that does not appreciably attenuate the concentration of antimalarial inhibitors in
solution. Therefore, the sequestration of inhibitors due to the formation of ternary

inhibitor-hematin-inhibitor complexes is unlikely to be significant.
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Figure 37. Lack of complexation between kink blockers and step pinners in the solution.
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5.3 Hematin bulk crystallization in the presence of combined drugs

The binary drug combinations impose dramatic changes in the shapes and
dimensions of B-hematin crystals (Fig. 1d). The crystal length along the c crystallographic
axis reports the sum growth in [001] and [011] directions (Fig. 1 e and f). The shorter
average length enforced by both MQ and CQ than by of CQ alone indicates strong synergy
of the activity of these two drugs (Fig. 1g). Since the crystal length is insensitive to the
presence of MQ alone (88), additive cooperativity of CQ and MQ would engender crystal
lengths similar to those constrained by CQ only. By contrast, the crystal lengths affected
by the AQ and CQ pair are significantly longer than those commanded by CQ, implying
antagonistic cooperativity between AQ and CQ. The addition of either MQ or AQ to CQ-
containing solutions enforces length/width crystal aspect ratios As, that are lower than
those with solitary CQ (Fig. 1h). The crystal width increases owing to growth in the (010)
directions (Fig. 1e) and the lower As, indicates that the MQ/CQ and AQ/CQ pairs impede
growth in the Error! Bookmark not defined. faces less than CQ on its own. Since both
MQ and AQ weakly affect As, (88), the aspect ratio responses to these two drug
combination present additional two examples of antagonistic cooperativity. In contrast
to CQ, combining QN with MQ and AQ elicits synergistic response of the crystal length
along the c axis (Fig. 1i). The Asps are similar to those driven by QN for the lower MQ and
AQ concentrations (Fig. 1j), indicating that the MQ/QN and AQ/QN pairs cooperate
synergistically in inhibiting growth along the ¢ axis. Higher MQ and AQ concentrations
introduce significant decline in A, relative to that dictated by solitary QN, implying a

cooperativity shift toward antagonistic.
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The synergistic and antagonistic cooperativities of the four tested drug
combinations, exposed by the length and aspect ratio responses of 3-hematin crystals,
are relatively weak. Moreover, in select drug concentration ranges (e.g., Ccq < 1 uM and
Cma < 4 pM) synergism in suppressing growth along the c direction accompanies
antagonistic cooperativity towards growth in the b direction (Fig. 1g and h); the opposing
responses are likely defined by the selective binding of the drugs to the individual crystal
faces dictated by their distinct structures (24, 100). Importantly, they further weaken the
synergy of the CQ and MQ in inhibiting hematin sequestration into crystals. The weak
synergy is consistent with the results on the interaction between CQ/MQ and CQ/AQ drug

pairs in suppressing several strains of P. falciparum (83, 87).
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Figure 38. Effects of step pinners and kink blockers on bulk hematin crystallization.

Antagonistic cooperativity between crystallization inhibitors appears
counterintuitive. For a facile explanation, we examine whether the constituents of a drug

pair form solution complexes that do not inhibit crystallization. Such complexation would
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lower the concentration of the active drug forms and constrain their potency. We tested
the formation of CQ/MQ, CQ/AQ, QN/MQ, and QN/AQ binary composites. Considering
that the tested drugs form complexes with hematin (88, 98), we also explored whether
these four drug combinations assemble into ternary compounds that include hematin.
Results presented in the previous data demonstrate that no complexes involving both
drugs exist in the solution and imply that complexation between the applied drugs is not

the reason for the observed antagonistic cooperativity.

5.4 Step evolution of (100) surface in the presence of combined drugs

To gain molecular-level insight into the mechanisms of cooperativity between
crystallization modifiers, we examine the growth of B-hematin crystals, which form in
malaria parasites as a part of their heme-detoxification mechanism (41), in the presence
of quinoline compounds that represent a major class of the currently employed
antimalarials (47, 48). Recent work established that E-hematin crystal growth follows
classical mechanisms whereby new layers nucleate on the crystal surfaces and advance
by incorporation of solute molecules at the steps (62). These studies uncovered two
distinct classes of quinoline inhibition of step propagation (88). In the first mechanism,
known as “step-pinning,” chloroquine and quinine (Fig. 1a) bind to flat terraces and arrest
crystal formation over broad areas of the crystal surface (Fig. 1b) (91). Alternatively,
amodiaquine and mefloquine were found to block kinks, the sites where hematin

molecules incorporate into steps (62).

For this study, we used four antimalarial drugs: quinine (QN), chloroquine (CQ),

amodiaquine (AQ), and mefloquine (MQ). Solid QN and MQ were added to CBSO and the
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solutions reached the desired concentration after 2 - 4 days. AQ and CQ were added in
excess to CBSO and stored in the dark for 30 - 45 days, allowing the concentrations to
approach the respective solubilities (68). All drug solutions were filtered through 0.2 um
nylon membrane filters and the concentrations were determined by UV-vis spectrometry
using a Beckman DU 800 spectrophotometer and extinction coefficients and wavelengths
listed in from Ketchum, et al. (68). The evolution of the hematin crystal surface was
characterized by the velocity of growing steps v and the rate of two-dimensional
nucleation of new crystal layers J,p. To determine v, we monitored the displacements of
8 — 13 individual steps with a measured step height h=1.17 + 0.07 nm. Between 25 and
35 measurements were taken for each individual step and the average growth rates were
reported. To determine Jop, the appearance of new islands on the surface between
successive images was monitored and the number of islands that grew was counted. This
number was scaled with the imaged area and the time interval between images to yield

Jop. From 15 to 25 measurements were averaged for each J,, determination.

The goal of the AFM investigations is to establish the molecular mechanisms of
synergy or antagonism between step pinners and kink blockers in inhibiting the growth
of hematin crystals. Using AFM imaging at mesoscopic scale, we demonstrate that step
pinners and kink blockers cooperate in suppressing both the nucleation of new layers and
the propagation of steps on hematin crystal surfaces. The nucleation of new layers at
random locations on the crystal surface requires observations at the mesoscopic length
scale, within the range of capabilities of standard AFM techniques. Molecular resolution

images of growing steps would have provided additional insights. As shown in our
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previous work on hematin crystallization, imaging with resolution comparable to the size
of the hematin molecule, ca. 1 nm, is possible during in situ AFM monitoring of flat crystal
planes (88). The presence of steps, however, disrupts the contact between the scanning
tip and the crystal surface and lowers the image resolution. Strict numerical
correspondence between discrete molecular-level events and the mesoscopic and
macroscopic variables that characterize crystal growth and inhibition has been
established in out earlier work (101-104) and has never been questioned in crystal growth
research. This correspondence supports the molecular mechanisms based on

observations at mesoscopic length scales.
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Figure 39. Cooperativity of CQ/MQ, CQ/AQ, QN/MQ, and QN/AQ inhibitor pairs in
suppressing layer generation and spreading.

The lack of deactivation due to solution complexation suggests that the antagonistic
cooperativity emanates from drug effects on specific surface processes. We characterize
the effects of drug combinations on the molecular processes of growth of the (100) face
employing in situ time-resolved atomic force microcopy (AFM) (62, 88). We scrutinize
drug effects on the rate of two-dimensional nucleation of new crystal layers J,p and the

rate of propagation of steps v. For J2p, we count the number of new layer nuclei that grow
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above a critical size Rc per unit area of the surface and unit time. We determine v from
the displacement of the steps over time(62). The correlation between J;p and the
concentration of the drugs demonstrates that the addition of the kink blockers MQ and
AQ to the step pinner CQ significantly enhances the nucleation of new layers relative to
that with solitary CQ, indicating strong antagonism. In suppressing v the cooperativity
between CQ and MQ and CQ and AQ transitions from additive at low concentrations to
antagonistic at concentrations above Con = 1 mM, Cuq = Caq = 2 uM. MQ, which in solitary
does not suppress Jop, exhibits additive cooperativity with QN at Cuq < 4 uM and
antagonism at Cuq < 4 uM. Similarly, AQ, which on its own depresses J2p by up to 60%
(88), transitions from additivity at Caq < 2 UM to antagonism at Caq > 4 uM. Both MQ and
AQ strongly inhibit the step velocity v when acting alone (88) and the similarity between
vs measured in the presence of the QN/MQ and QN/AQ combination to vs obstructed by
QN alone (Fig. 2e) signify strong antagonism between MQ and QN and AQ and QN. The
cooperatively between the CQ and QN and MQ and AQ can be quantified from the
isobolograms (Fig. 2 f and g), in which the doses of paired drugs needed to inhibit J=p and
U by a certain percentage are compared to the sum of the responses to each drug applied

individually.

Additive and synergistic cooperativity in suppressing Jop and v between a kink
blocker, such as MQ and AQ, and a step pinner, CQ or QN, can be understood within the
realm of common crystal growth models. The binding of MQ or AQ to kinks impedes step
motion additively with the depression of the crystallization driving force of curved steps

wedged between step pinners (Fig. 1 a and b). We submit that the antagonism between
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the two types of inhibitors originates from the reduction of the step line tension v, a
thermodynamic prerequisite for the adsorption of kink blockers at steps (105). Per the
Gibbs-Thomson relation, B scales the radius of the critical two-dimensional nucleus
according to Rc = Qy/Apn (105) (Q is the molecular volume; Au = kgTIn(cu/ce) is the
chemical potential difference between the solution and the crystal; ks, Boltzmann
constant; T, temperature; cy, hematin concentration; ce, solubility). In turn, lower y and
R. stimulate faster layer nucleation as Jap =Joexp(—nyR:h/kgT) (h = 1.2 nm is the step
height) (62)and expedite step propagation in the gaps between the adsorbed step pinners
(Fig. 1a). The scenarios leading to distinct cooperativities suggest that the classical
synergistic and additive cooperativities dominate at low concentrations of kink blockers,
whereas the proposed mechanism of antagonism is activated at high MQ and AQ

concentrations. This prediction is borne by the J.p and v correlations.
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Figure 40. Isobolograms characterizing the cooperativity of the CQ/MQ, CQ/AQ,
QN/MQ, and QN/AQ inhibitor pairs in suppressing.
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5.5 Determining the surface tension reduction due to the presence of kink blocker

We test three elements of the proposed mechanism of antagonistic cooperativity.
Data on the generation and growth of crystal layers in the presence of MQ and AQ
demonstrate that: 1. y contracts in the presence of MQ and AQ. 2. Inhibition of step

motion by AQ and MQ correlates with the measured Ay.

We evaluate the value of y from the correlation between the radius of the two-
dimensional nucleus of new layers R. and the supersaturation, similarly to
determinations in solutions without inhibitors carried out by Olafson and collaborators
(62). The critical radius Rcfor layer nucleation is defined as the threshold size above which

anisland has a higher probability to grow. Islands of size R < Rcrit are more likely to dissolve.

We monitored the size evolution of all newly generated islands employing time-
resolved sequences of in situ AFM images and classified the islands as growing or
dissolving. The largest sizes reached by dissolving islands and the threshold, above which
all islands grew, were averaged to yield R.. We determined from 25 to 30 independent
R.s at each combination of hematin and MQ or AQ concentrations. Six concentrations of
hematin cy were tested in the presence of 2.5 uM MQ and seven in the presence of 2.5
uM AQ. The R, values obtained at each concentration of the two inhibitors were
averaged and the averages were plotted as a function of the supersaturation Au/kgT =

In(cy /c.) and compared to the values of R, in the absence of inhibitors (Fig. 3 b and c).
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Figure 41. Characterization of the effects of the kink blockers MQ and AQ on layer
nucleation.

We directly measured the R. in the presence on 2.5 mM of MQ or AQ. R. represents
the critical size of a two-dimensional nucleus of a crystal layer below which nuclei tend to
dissolve, whereas nuclei larger than R. have a greater probability to grow (Fig. 3a). We
monitored the evolution of about 70 layers nuclei at each value of Ay, enforced through
the hematin concentration cy (Fig. 3b). The R{(Ap) correlations (Figs. 3 ¢ and d) are
reciprocal, consistent with the Gibbs-Thomson relation, and reveal that the applications

of MQ and AQ lower B from 25 to, respectively, 20 and 22 mJ m™2. These Ays invoke an
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equivalent contraction of R. and disproportionally faster v and J2p. Indeed, a 20% decrease
in Rcis equivalent to 1.44-fold lowering of the surface coverage [ of adsorbed step pinners.
Crystal growth with effectively diminished @ may be as fast as in the presence of heavily
reduced solution concentration cp of CQ or QN, inasmuch as @ and cp correlation conforms
to the Langmuir law, 8 = K;cp /(1 + K, cp) (K, is the Langmuir constant) or a similar
sublinear dependence. Since J2p and v are highly sensitive functions of cp of CQ or QN (88),

the decrease in vy elicits strong boost in these rates.

To relate decreasing y to the association of MQ and AQ to the kinks, we assume the
two drugs adsorb to the steps following a Langmuir-type law. We evaluate —Ay using the
Gibbs equation of adsorption I' = —dy/du, where T is the amount of drug absorbed at

kinks and u = pg + kgTIncp is the drug chemical potential, and obtain —Ay =

fOCD Idu = w; details of the derivation are provided in the SI. Here & = (v, —

Vw)/Vo = 0.54 for MQ and 0.4 for AQ is the maximum degree of inhibition by a kink
blocker (62), vo and v-. are the step velocities in pure hematin solutions and at maximum
inhibition, respectively, ny o = 10° m* is the kink density, and [D] is the concentration of
free drug unattached to hematin. To assess [MQ] and [AQ] we rely on the known

structures and binding constants of the HD complexes (62). In the SI, we model the

measured correlations between v and [D] with v =7, (1 —

f K1 Error! Bookmark not defined.
1+K[D]

) and obtain K, = 1.64 uM and 50.0 uM for MQ and AQ,

respectively. These computations yield - Ay 5 mJ m for both MQ and AQ_(the stronger

adsorption of AQ supplements its stronger complexation with hematin (62), leaving less
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free AQ than MQ), in good agreement with the values for these two drugs assessed from

the Rc(Ap) correlations (Fig. 3 c and d).

The Gibbs-Thomson relation R, = Qy/Au, where Q = 0.708 nm3 is the molecular
volume in the crystal, prescribes the values of y corresponding to each of the R.(Au)
correlations: 25 + 2 mJ m is solution without inhibitors, 20 + 2 mJ m2 in the presence of
MQ, and 22 + 1 mJ m2 in the presence of AQ. The standard deviations of the three y
values arise from the regression analyses of the linear correlations R.(Au~1) and reveal

that the confidence intervals of y at the three tested solution compositions partially

overlap.
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Figure 42. The correlation between the step velocity v and the inhibitor concentration in
linearized coordinates v, (v{ — v) ! and ¢ *.
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We analyzed the similarity between the three individual values of y by one-way
analysis of variance (ANOVA), a statistical procedure, which compares the variance
between two groups to the variance within each group of data. We computed individual
y values from each R, measurement and examined the similarity between three pairs of
y data sets: no inhibitor/AQ, no inhibitor/MQ, and MQ/AQ. The ANOVA test parameters.
The three F values, corresponding to the ratio of the variances within each pair of data
sets, are significantly greater than the critical values for groups consisting of 195, 177, and
297 independent measurements. The p values were of order 10-3, 10-6 and 10-7, smaller
than the significance level of 0.05. These F and the p values consonantly certify that the

hypothesis of equality of the three y values is rejected.

5.5 Mathematic theories for cooperativities

The drugs MQ and AQ inhibit step motion by adsorbing to the kinks and blocking
the access of the solute molecules (Fig. 1c) (88). We use the correlation between step
velocity v and the concentrations of the two inhibitors, measured in our previous work

(88), to evaluate the parameters that govern their adsorption.

5.5.1 The correlation between step velocity and kink blocker concentration.

To derive an expression for the correlation between the bulk concentration of a kink
blocker cz and v we rely on a fundamental tenet of crystallization that v is proportional
to the kink density n, (101, 106-109). We designate the fraction of kinks occupied by
inhibitor molecules 5. Often, the fraction of kinks accessible to the adsorbing inhibitors

is limited owing to spatial overlap between adsorbed inhibitor molecules, fast kink
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dynamics, or alternative mechanisms (88, 110). We account for this limitation by a

parameter &, 0 < & < 1. With these assumptions

VX My =ngo(l—350g)and v =v,(1-¢60R), (14)
where v, and ny, o are the values of v and n; in the absence of inhibitors and ny, 5 is the
density of kinks unoccupied by kink blocker B present in the bulk solution. As 8y —» 1 v

asymptotically reaches its low threshold

Vsat = 1]0(1 - S() and vo¢ = vy — Vgt - (15)

Combining Equations (1) and (2),

v =vy— (Vg — Vsar)Op - (16)

We model 5 with the Langmuir adsorption isotherm, which assumes finite
number of equivalent adsorption sites, no interactions between adsorbed molecules, a
desorption rate independent of the solution concentration of the inhibitor, and

equilibrium between inhibitors on the surface and in the bulk,

0, = —LBE_ (17)

- 1+KLBCB !

where K;z is the Langmuir adsorption constant, and obtain

= _ ¢ _KiBcB
v="o (1 €1+KLBCB) ' (18)
Equation (5) predicts that as cgincreases, v decreases monotonically from v, at cp

= 0 to its saturation value v, defined in Equation (2). Our previous work revealed that

the correlations of v to the concentrations of MQ and AQ comply with this trend (88).
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To evaluate K;gand & from experimentally measured v(cg) correlations, we follow
a similar model for the density of growth sites on crystal surfaces in the presence of
inhibitors (110) and linearize Eq. (5) in coordinates v,(v, — v) ! as a function of ¢z !,

sometimes referred to as “Bliznakov coordinates”,

_ 1979:19:]
vo — Vv = (Vg — Vsqr) FEva— (19)
and
Vo Vo Vo 1

= + . (20)
Vo~V  Vo~Vsat Vo~ Vsat KLBCB
The intercept of this linear relation equals the parameter & = v,/(Vy — Vsar) )

according to Eq. (2). The ratio of the intercept to the slope yields the Langmuir constant

KLB.

In a biomimetic solution in CBSO, both MQ and AQ form complexes with hematin
(88). The predominant complexes for both MQ and AQ consist of two hematin molecules
bound to one inhibitor molecule, with binding constants 14 and 510 mM2, respectively
(88). The complexation affects the rate of step propagation in two ways: First, it lowers
the concentration of free hematin cy and enforces a depression of the step velocity
proportional to the decrease in hematin concentration (62). To account for the depressed
crystallization driving force, we evaluate the concentration of free hematin [H] and
proportionally adjust the value of v,y. Second, molecular recognition between the kinks
and the inhibitor would likely eliminate one of the inhibitor forms present in the bulk
solution (free inhibitor and inhibitor-hematin complex) as an active inhibitor. Evidence in

the literature falls short of identifying the active inhibitor. We determine the values of
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K;gand & assuming two alternative scenarios: 1. v is inhibited by the unliganded kink
blockers and cg = [B], and 2. The active inhibitor species is the kink blocker-hematin

complex and ¢z = [H,B].

The values of [H], [MQ], [AQ], [H2MQ], and [H2AQ] at the analytical concentrations
of hematin, MQ, and AQ, for which v was measured (88). The correlation between
vo(vy — v) ! versus cz ! are plotted. The values of K, gand € emerging from the analyses

based on the assumptions cg = [B] and cz = [H,B].

5.5.2 Evaluation of the decrease of the surface free energy of the step edge Ay due to
adsorption of inhibitors to the kinks.

To evaluate Ay, we assume that n; g, the density of kinks occupied by adsorbed
kink blockers, is equal to the number of blocker molecules adsorbed at the kinks. With

this assumption, ng  complies with the Gibbs equation of adsorption (105)

s _ _ Ay (21)

a dug’

where a is the step height and uis the chemical potential of the inhibitors in the solution.
Owing to the low inhibitor concentrations, the interactions between inhibitor molecules
are weak and up = pgo + kgT Incy, where ugq is the standard value of ug, ks is the
Boltzmann constant and T is temperature. The sum of occupied and free kinks ngp +

Ny p = Ny, and ngg = Bgény o.

We integrate the Gibbs equation and substitute the relations for ngz and us to

obtain
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—Ay = fOCBniT'deB = chkaTd Incg = chink—'OkaTdCB (22)

0 a 0 1+KLBCB a

and

_ _ kBTfnk,O cp Kppdcpg _ kBTnk,O
Ay = a J-0 1+Kigcg a $In(1+ Kppcp) - (23)

On the (100) faces of B-hematin crystals the step height a = 1.2 nm (62). The
characteristic molecularlengthis 0.73 nm in the b direction and 0.80 nm in the ¢ direction

(84). The kink density along the step is high (62) and can be approximated as the reciprocal

average of these two lengths, leading to % ~ 108 m2. With this, the constant in Eq. (10)

that isindependent of the nature of the inhibitor s % ~4 x 103 ) m. Using the values

of K;gand & determined from the v(cg) correlations in the presence of MQ and AQ (Data
Tables 4), we obtain that the dimensionless coefficients, which account for the adsorption
of inhibitors at the kinks, £ In(1 + K;gcg), are in the range 0.55 — 0.67. The estimates for
MQ and AQ and for the two alternative inhibitor species, D and H2D, are close. Using these
values, we obtain that the predicted decrease in the surface free energy of the step edge
—Ay is close to 3 mJ m2, consistent with the 3 and 5 mJ m measured for AQ and MQ,

respectively.
5.5.3 The velocity of steps in the presence of both step pinners and kink blockers

We consider the motion of steps governed by three phenomena: 1. Step curvature
imposed by step pinners adsorbed on the terraces; the chemical potential of curved steps
is elevated (105), enforcing lower effective supersaturation and slower step growth. 2.

Kink blockers, which bar association of solute molecules to some of the kinks, and 3.
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Decrease of the surface free energy y of the step edges that regulates how they respond

to greater curvature.

We define the supersaturation as Ay = kgT In(cy/c.), where Au =y — pp, = p —
Ue,r U, Ue, and u. being the chemical potentials of the solute in the growth solution, in the
solution at equilibrium with the crystal, and in the crystal, respectively; cy is are the
solute concentration; and c, is its solubility. This definition relies on the assumption that
the ratio of solute activity coefficients in the supersaturated solution and at equilibrium
is close to one. For brevity we introduce o, defined as 0 = Au/kgT = In(cy/c.) .

According to transition state theory the rate of a reversible chemical reaction is
. A . .
proportional to (exp ﬁ - 1)(111). Accounting for geometric factors and for the change
B

in molecular density upon crystallization, the step velocity relates to the supersaturation

as

Au
v = BQc, (exkaT - 1) = BQ(cy — c,), (24)
where (1 is the molecular volume in the crystal, and £ is the kinetic coefficient (109, 112).
Linear v(C) correlations have been recorded for numerous crystals growing in

supersaturated solutions of solute only (23).

We assume the step pinners adsorb on the crystal surface with molecular surface
concentration np =6p/S,, where 6, is the surface coverage and S, is the area per

adsorption site. For inhibitors with molecular size commensurate with that of the solute,
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Sy is the dot product of the two lattice vectors parallel to upward facing crystal face. We

evaluate the average distance between stoppers as

L= n;o's = '\’SO/HP' (25)

To evaluate 8p, we assume that adsorption follows the Langmuir relation between

0p and the solution concentration of the step pinners cp,

Op = Kipcp/(1+ Kipcp), (26)

where K is the respective Langmuir constant. We assume that pinners separated by

distance L enforce step curvature with radius R = L /2. We obtain

_ l 1+KLPCP
R = . ISO Kon (27)
According to the Gibbs-Thomson relation, a step with radius of curvature R is in

equilibrium with a solution of concentration c,.g, which is greater than the equilibrium

concentration of a straight step ¢, by

In (C“’—R) = (28)

ce/  RkgT

where y is the surface free energy of the step edge. Eq. (15) reverses the familiar
application of the Gibbs-Thomson relation to define the radius R, of a two-dimensional

cluster in equilibrium with a solution with concentration cy greater than the solubility c,

_ Qy
€ kpTIn(cy/ce)’

(29)
Unifying Egs. (14) and (15), we obtain an expression for the critical supersaturation

04, below which a step cannot penetrate the inhibitor fence and growth ceases
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Ce kgT \‘50 1+Kpcp
The supersaturation range between 0 and o, , in which step motions and crystal growth

are arrested, is often called “the dead zone”. This expression for g, is identical to the one

derived by Weaver and De Yoreo (113, 114).

From Eq. (15), the solution concentration at equilibrium of a curved step with radius

R is

Qy
Cer = Ce €XP -, (31)

At a concentration ¢ > c,g, a step with radius of curvature R grows with velocity

Qy
CH—Ce expWBT

vp = BQcy — cer) = BQ (CH — Ce €XPp il ) = Vg ) (32)

RkBT CH—Ce

where v, is the velocity of a straight step, defined in Eq. (11). An equivalent form of this

relation, derived by Weaver, et al. (113), is

VR = Vg (1 - e::__ll). (33)

Introducing the step pinning mechanism of inhibitor action, Cabrera and Vermileya
(91) assumed that owing to non-uniform stopper distribution the steps grow with varying
velocities. Correspondingly, they evaluated the effective step velocity as the geometric
mean of the maximum velocity, expressed by Eq (11) and corresponding to no stoppers
(or very distant stoppers), and the minimum v, enforced by closely spaced stoppers and
expressed by Eq. (19). This mode of averaging invoked an exponent of %5 on the expression

in the parenthesis in Eq. (19) in the final step motion law. Recent solid-on-solid kMC

results reveal that the surface distribution of step pinners has no effect on the step
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velocity (115), i.e., uniformly distributed pinners inhibit moving steps to the same degree
as randomly positioned pinners of the same surface concentration. An analytical model
that views step propagation though a fence of randomly distributed stoppers as a
percolation transition concurs with this conclusion (116). Both results suggest that
averaging between inhibited and unaffected step motion is avoidable. The analysis above
differs from the model of Cabrera and Vermileya (91) in one additional aspect. We refrain
from assuming that only the linear part of the Langmuir isotherm, Eq. (13), applies, which

leads to a distinct relation for g.

Combining Eg. (19) with Eg. (14) on the relation between the step radius of
curvature R, dictated by the surface concentration of step pinners, and the bulk

concentration of step pinners cp engenders a relation between the v and ¢p

v 2Q Kipc
Vg = =2 (cy — C, exp—b |—LEP__) (34)
C—Ce kBT 50(1+KLPCP)

According to Eq. (21), the velocity v of a step with curvature R enforced by step pinners

with solution concentration cp decreases monotonically from v, at ¢, = 0 to zero as cp

increases.

Kink blockers present in the solution at concentration cg, which adsorb to the kinks
with Langmuir constant K; 5, impact step motion in two ways: 1. they diminish the
number of kinks available for solute association, and 2. they lower the surface free energy
of the step edge. These two consequences can be quantified by Egs. (5) and (10),

respectively, leading to
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_ _ r _Kipcp _ 20 __ kpTngo , Kipcp
UR - ﬁQ (1 E 1+KLBCB) (CH Ce eXp (kBT (VO a E ln(l + KLBCB)) 50(1+KLPCP)>>’ (35)

where v, = BQ(cy — c,) is the step velocity in the absence of both step pinners and kink

blockers and y, is the surface free energy of the step edge in the absence of kink blockers.
5.5.4 Cooperativity between step pinners and kink blockers in suppressing step motion.

According to a recently proposed rationale, the cooperativity between two
inhibitors, designated 1 and 2, of any process can be classified as synergistic, additive, or

antagonistic (93) using the value of a combination index, C/, defined as

CI — Cl,combination + C2,combination (36)

Cl,alone C2,alone

where C; are the concentrations (or doses, for pharmaceuticals (83, 86)) of the respective
inhibitor applied to attain a certain degree of inhibition in combination with the other
inhibitor or acting alone. If CI= 1, the cooperativity between the two inhibitors is
considered additive; CI values lower than one are viewed as indications of synergistic
cooperativity and Cl/ > 1 designates antagonism. The definition of CI in Eq. (23) implies
that only functional relations of a response V (process rate, disease spread, parasite
survival, etc.) to C; and C,, which contain linear combinations of these two variables,
could result in additive cooperativity. Such dependencies are of the type V(Cy,C,) =
V(A.C;, + A,C,) and suggest that both inhibitors employ the same mechanism of action,
in which inhibition is a linear function of the inhibitor concentration. For instance, if
V(Cy, C,) can be written asV =V, /(1 + A,C; + A,C,), then 50% inhibition by each of

the inhibitors acting alone, for which V, /(1 + A,C;) = 0.5V, is driven by C; = 1/A; and

80



Vo

C, = 1/A,. If the two inhibitors are combined, the equality TAciic
1%1 2%2

= OSVO is

satisfied by C; = 1/2A4; and C, = 1/2A,. Substituting the four concentration in Eq. (23)
yields CI = 1. This evaluation yields the same result for C/ for any other inhibition fraction.
An example of a crystal growth inhibition mechanism that complies with the
requirements for additive synergy is suppression of step motion by kink blockers,
discussed by Sangwal 24?7 and others 2%2°, Functional dependencies that contain the
product of C; and C, can lead to both behaviors. For example, if V(C;,C,) = V(C, +
C, + AC1C;) then using A;Cyaione = A2C2a10ne = Cicombination  C2,combination +
ACy combination C2,combination gives A1C1 aione = A2C3a10ne = C1combinatino +
C2 combination T AC1combinationC2,combination Which is always less than 1 for positive A
(i.e., the cooperativity is synergistic) and greater than one for negative A (corresponding

to antagonistic cooperativity).

Attempts to correlate mechanisms of action of more than one inhibitor of crystal
growth to the strict definition of cooperativity in Eqg. (23) have been rare and mostly focus
on cooperativity between crystal growth inhibitors in bulk crystal production. These
investigations concluded that the two inhibitors enhance each other’s activity if they

suppress adjacent crystal faces (100, 117).

The dependence of the step velocity on the concentrations of step pinners and kink
blockers vz(cp,cg) in Eq. (22) suggests a definition of cooperativity based on the
molecular mechanisms of action of the individual inhibitors. The cooperativity between a

step pinner at concentration c¢p and a kink blocker at concentration ¢z would be additive
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if vg(cp,cg) belongs to a straight line anchored at vi(cp,0) and vz(0,cg). Values of
vr(cp, cp) that are lower or greater that the value belonging to the straight line between
vr(cp,0) and vz (0, cg) define, respectively, synergistic or antagonistic cooperativity.
Unfortunately, the dependence vi(cp,cg) in Eq. (22) is more complex than the three
functional forms discussed above. Neither cp nor cg can be expressed as analytical
functions of vi at a certain fraction inhibition. Consequently, cooperativity analysis in
terms of Eq. (23) of the combined action of step pinners and kink blockers on step growth
can only be carried out numerically. Plots of vi(cp, cg) using independently determined
governing parameters reveal that for low degrees of inhibition, vg/v, > 0.7, the
vr(cp,cp) is concave, i.e., a combination of a the two inhibitors achieves a certain degree
of inhibition at concentrations ¢, and cg that are lower than those at the straight line
connecting vi(cp,0) and vz (0, cg), an indication of synergistic cooperativity. In contrast,
for vg /v, < 0.7 the vg(cp, cp) surface is convex indicating that the concentrations of
the two inhibitors required to reach a certain degree of inhibition at higher than those
along the line connecting the anchor points at vi(cp,0) and vz (0, cg), a signature of
antagonistic cooperativity. This partition between synergistic and antagonistic
cooperativities conforms with data on the inhibition of hematin step velocity v by the
joint action of CQ/AQ, CQ/MQ, QN/MQ, and QN/AQ in Fig. 2 ¢, e and the respective

isobolograms.

Eqg. (22) allows an alternative approach to rationalize the cooperativity between

step pinners and kink blockers. We distinguish between synergistic and antagonistic
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A . . o d d
cooperativities using the signs of the derivatives (ﬂ) and (ﬂ) . If both of
aCP CH.CB aCB CH.CP

derivatives are negative in a certain range of cp and cg, the cooperativity between step
pinners and kink blockers would be synergistic. Transition from negative to positive values

of one of these derivatives would mark a crossover to antagonistic cooperativity.
. . a . .
The derivative (f) characterizes the response of the step velocity to
PZch,cp
increasing concentration of step pinners cp at constant concentrations of solute cy > ¢,

and kink blockers cj,

(a—R) . (37)

(auR) _ (auR)
acp ~ \or acp) o cp

CH.CB CH/CB

Here R is the radius of step curvature governed by the separation between step pinners

adsorbed on the surface, quantified by Eq. (14), so that

@),
an CH.CB 8RKLPC5 '
From Eqg. (19),
a N N
(ﬂ) __vB 21/3 C,exp Ve
OR CH/.CB CH—Ce R kBT RkBT
We obtain
i) S N N
(=) =- o cenat, (38)
an CH.CB CH—Ce 8R KLPCP kBT kBT
KiBcC . e .
where vg = v, (1 - fﬁ) is the step velocity in the presence of kink blockers only,
LBtB

Eq. (5), andyg = yo — Ay =y, — Mf In(1 + K 5cg), Eq. (10), is the surface free

a

energy of the step edge reduced by the adsorption of kink blockers; both vz and yz are
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positive. With this, (a ) is always negative, i.e., the addition of step pinners lowers
P’ cy.cp

the step velocity at any concentration of kink blockers.

. . d . . .
The derivative (f) predicts how step motion reacts to the presence of kink
B CH.Cp

blockers. Since kink blockers affect both the density of kinks available for solute
incorporation and the step edge surface free energy, the expression for this derivative

contains two summands,

(aﬂ) = (aﬂ) (%) + (aﬂ) (%) (39)
acB CH.Cp avB CH.Cp aCB CH.Cp aYB CH.Cp acB CH.Cp
From Egs. (19), (5) and (10),
)
(6173 cucp - CH—Ce (CH Ce €X Rk T
3"3) $Kip
_ = —Vy—m—m— 40
(acB CH.CP O (1+K1pcp)?’ (40)
(aUR) 12:3 Q
A = E ex
a]/B CH.Cp CH—Ce RkBT Rk
(%) _ _ SkpTko  Kip
aCB CH.Cp a (1+KLBCB) '
Substituting these expressions into Eq. (26),
%) _ _ Vo $Kip ( ) vg Ongo  §Kip
(acB T cy—ce (1+Kypcp)? Cn— Ce exp RkgT +cH ce Ra (1+Kpgcg) Ce Xp Rk T (41)

CH.Cp

The first summand in this expression describes the reduction of the number of kinks
available for solute incorporation and it is, accordingly, always negative. The second
summand accounts for the reduction of surface free energy due to the adsorption of kink

blockers to the step edge and it is positive. The difference between the magnitude of the

84



. . a . . .
two summands determines the sign of (ﬂ) .Since (ﬂ) is always negative, the
CH,CB

. d . .. . .
sign of (f) determines the type of cooperativity between step pinners and kink
B CH.Cp

blockers. At low values of cp, the enforced step curvature radius R is high and the
correction to c,, which reduces the magnitude of the first summand of Eq. (28), is small.

This negative second summand dominates the expression on the left-hand side of Eq. (28)

and determines the sign of (z%) , leading to synergistic cooperativity of the kink
B CH.Cp

blockers with the step pinners, as observed in Fig. 2 cand e in the same cp range. Elevated
concentrations of step pinners lead to high density of adsorbed pinners on the crystal

surface and low R. The correction to c, increases, which minimizes the driving force for

Qyp
k

- T) in the first summand of Eq. (28). The dominance of the
B

step growth, (CH — C, €Xp

second positive summands enforces a positive sign of (f) , indicating that higher
B CH.Cp

. . .. 7]
concentrations of step pinners lead to faster v;. Remarkably, positive values of (ﬂ)

‘B CH.Cp

that correspond to the counterintuitive faster step growth at higher kink blocker

. . . H a
concentrations are only possible in the presence of step pinners. If cp = 0, ( VR) =

aCB CH.CP
(%) and, according to Eq. (28), is always negative.
B/ cy
Within this line of argument, the line defined by the relation
)
(acB)CHrCP 0 (42)
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may be viewed as another approximate diagram of the areas of synergistic and

antagonistic cooperativity in the (cp,cg) plane. Figure 42 reveals that synergistic

cooperativity defined using the derivate (f) is confined to low concentrations of
B CH.Cp

the two inhibitors; by contrast, elevated concentrations of cp and cp lead to antagonistic

cooperativity.

5.5.5 Cooperativity between step pinners and kink blockers in suppressing the generation
of new crystal layers by 2D nucleation.

On the (100) surface of B-hematin crystals, new layers are generated by two-
dimensional nucleation. The rate of generation of new layers J,, is governed by the

supersaturation according to the relation (62, 118)

nQy*h
AﬂkBT '

Jop =Joexp — (43)

In Eq. (30), J, account for the association of molecules to newly nucleated islands.
It is often assumed that J, relates to the solute concentration cy in @ manner similar to
that of v (118). Whereas this may be true for relatively large 2D nuclei that form at low
supersaturations, the 2D critical radii on hematin crystal surfaces range from 8 to 16 nm
(see Fig. 3). At these sizes, the curvature of the nucleated islands may enforce kink
structures and densities, which diverge significantly from those on straight steps. Thus,
the association of kink blockers to the edges of newly nucleated islands may deviate from
the mechanism that underlies Eqgs. (1) — (7) above. Even though explicit relations on the

effects of kink blockers on J, are a challenge, it is likely that the association of kink

blockers to the edges of the island nuclei will lower J,.
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Both step pinners and kink blockers may affect the ratio in the exponent in Eqg. (30).
Step pinners adsorbed on crystal surfaces enforce additional curvature on nucleating 2D
islands. The excess curvature would effectively increase the solubility. A possible way to
account for the solubility increase is through the Gibbs Thomson relation, Eqg. (18), which

leads to

A n A n
Sir _ o _ _9Y _ Awo _ 9y (44)

kgT ce RkpT  kgT  RkgT’

where R is the average distance between adsorbed stoppers, defined by Eq. (14), and Ay,
is the supersaturation. Kink blockers adsorbing on the island edge lower its free surface
energy y, as defined in Eq. (10). Quantitative predictions of the degree of inhibition
induced by these mechanisms would be inaccurate owing to the poorly understood

structure of the island edge.

MQ:CQ=4:1 MQ:QN=2:1

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3
CQ concentration [uM] QN concentration [uM]

Figure 43. The step velocity v in the presence step pinners and kink blockers, relative to
that in pure solutions v, computed.
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Figure 44. The pairs of concentrations of step pinners cp and kink blockers cp that
satisfy the equality (Ovg/0cg) ¢y, cp, = 0, Where (Ovg/0cg) ¢y, cp-

Still, these qualitative considerations suggest that step pinners inhibit the 2D
nucleation rate by cutting down the effective supersaturation that drives nucleation. Kink
blockers inhibit 2D nucleation by suppressing J, synergistically with the step pinners, but
may weaken the effect of step pinners by lowering y. Since y impacts more strongly the
nucleation rate J,, than the velocity of propagation of layers v, this effect on y indicates
that the kink blockers constrain the inhibition of | by step pinners to a greater extent than
that of v. This prediction is borne for three of the four tested pairs of inhibitors (CQ/MQ,
CQ/AQ, and QN/AQ) by isobolograms and the Combination Index values, which reveal
stronger antagonism between the two classes of inhibitors in suppressing J,p than in

impeding v.
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Table 1

The values of the Combination Index Cl for the four listed step pinner/kink blocker
pairs calculated for the inhibition of crystal length in bulk crystallization
experiments, the step velocity, and the 2D nucleation rate of new crystal layers.

IC CQ/MQ CQ/AQ QN/MQ QN/AQ
Crystal Length
10 0.223 1.628 0.232 0.359
20 0.217 2.548 0.230 0.419
30 0.215 2.545 0.227 0.460
40 0.698 1.560 0.297 0.232
50 1.089 1.266 0.318 0.240
Step Velocity
10 1.260 1.263 2.200 0.875
20 1.251 1.917 2.256 1.107
30 1.164 1.783 1.984 0.968
40 1.208 1.325 1.962 0.920
50 1.039 1.099 0.975
Nucleation Rate
10 0.460 0.372 0.438 0.470
20 0.995 1.033 0.726 0.843
30 1.403 1.608 1.072 1.153
40 1.603 1.983 1.306 1.285
50 1.731 2.189 1.525 1.394
<0.7 0.7-0.85 0.85-0.9 0.9-1.1 1.1-1.2 1.2-1.3 >1.3

Moderate Slight Nearly Slight Moderate
Synergis  Synergis  Additiv Antagonis  Antagonis
m m e m m

Synergis Antagonis

m
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Table 2

Values of the ANOVA parameters used to test the distinction between the values
of the surface free energy y in hematin solution in the absence of inhibitors and
in the presence of AQ or MQ

Source of Sum of Degrees of Mean F
Variation Squares freedom squares F P-value critical
No inhibitor/AQ

Between
Groups 100.7 1 100.7 9.43 0.00247 3.89
Within
Groups 1858.3 194 10.6
Confidence
Total 1959.1 195 interval 95%
No inhibitor/MQ
Between
Groups 327.2 1 327.2 23.15 3.50E-06 3.90
Within
Groups 2204.9 176 14.1
Confidence
Total 2532.2 177 interval 95%
MQ/AQ
Between
Groups 306.7 1 306.7 25.3 8.33E-07 3.87
Within
Groups 3581.9 206 12.1
Confidence
Total 3888.6 297 interval 95%
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Table 3

Concentrations of free hematin [H], free inhibitors [D], and kink blocker-hematin
complexes [H2B], governed by inhibitor-hematin complexation, evaluated at
analytical concentrations of hematin cy and inhibitor Cz using complexation
constants 14 and 510 mM for MQ and AQ, respectively (88).

! 2—1

en, Cs, [H], [B], [H:Bl, [BIY, [H:BIY, wpu;' v, V(W — v) 1
mM pM mM pM pM pM-1 pM-1 nm s-1
MQ
0.28 2.0 0.278 0.948 1.025 1.054 0.976 0.983 0.654 2.990
0.28 3.0 0.277 1.486 1.594 0.673 0.627 0.973 0.673 3.239
0.28 4.0 0.276 1.936 2.063 0.516 0.485 0.966 0.579 2.500
0.28 9.0 0.271 4.501 4.619 0.222 0.216 0.923 0.500 2.182
0.28 14.0 0.266 7.106 7.034 0.140 0.142 0.883 0.470 2.1403
AQ
0.28 0.66 0.279 0.016 0.65 60.5 1.534 0.989 0.776 4.637
0.28 1.2 0.278 0.029 1.15 34.0 0.864 0.981 0.711 3.632
0.28 1.5 0.277 0.038 1.48 26.0 0.672 0.975 0.679 3.208
0.28 2.0 0.276 0.051 2.00 19.3 0.498 0.967 0.623 2.814
0.28 4.1 0.272 0.106 4.01 9.41 0.249 0.934 0.583 2.663
0.28 7.1 0.266 0.190 6.95 5.21 0.144 0.885 0.584 2.948
0.28 15.0 0.251 0.457 14.6 2.19 0.068 0.755 0.635 6.302
Table 4
Values of the Langmuir constant for adsorption of MQ and AQ at kinks K; 5 and
the limiting fraction of occupied kinks & determined from the linear plots
assuming that unliganded MQ and AQ are the active inhibitors.
Assuming Assuming the
unliganded MQ complexes H-MQ
and AQ are the and H.AQ are the
active inhibitors active inhibitors
MQ AQ MQ AQ
K, pM! 1.9 50 1.64 1.74
& 0.54 0.4 0.54 0.4
[B] or [H,B] atcg = 2.5 1.2 0.06 1.3 2.45
uM
¢K; 5[ B] 1.22 1.09 1.15 1.7
EIn(1 + K 5[BD) 0.64 0.55 0.62 0.67
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Kinetic Monte Carlo (kMC) simulations of step motion in the presence of kink
blockers and step pinners illustrate that 3. Kink blockers associated to steps passing

between step pinners drive faster motion of curved steps.

5.6 Kinetic Monte Carlo model of cooperativity between step pinners and kink
blockers.

We employ a standard solid-on-solid kinetic Monte Carlo (kMC) model of crystal
growth. We use a surface of a Kossel crystal consisting of Nx=50 by N, = 100 sites occupied
by N = 5000 surface molecules. In the kMC algorithm, a surface site is chosen at random
and one of the possible kMC actions is performed based on the probability of the various
actions; N repetitions of this act comprise one kMC time step. In the absence of inhibitors,
three actions are possible at a surface site: a molecule attaches to the site, the molecular
occupying the site detaches, or nothing happens (i.e. the molecule remains fixed). The
probability for attachment is dt x ve#/*8T  where dt is the kMC time step, v is the
inverse kMC time scale, u is the chemical potential, T is the temperature, and ksz is
Boltzmann’s constant. The probability for a molecule to detach from site i is
dt x vefi/keT \here E; is the energy of the surface molecule at site i. The energy E; is
evaluated as the sum of the bond energies of the molecule with its six nearest neighbors.
In a pure crystal, the bond energy is taken to be the same in all directions and is denoted
€. By expressing temperatures in the dimensionless form kg T /€ the physical value of € is
not needed. Given that a molecule in the bulk crystal has six bonds with the energy shared
between it and its neighbors, the binding energy in the bulk is 3 per molecule and so the

equilibrium chemical potential is fiequii= 3€.
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Inhibitors are handled in two district ways. Static inhibitors function as step pinners.
They are deposited on the surface at the beginning of a simulation and do not participate
in the kMC actions. When a crystal molecule is next to a static pinner, the bond energy
between the two is taken to be zero. Thus, the only parameter needed to characterize
the pinners is their surface density. Because they do not contribute to the binding of
molecules to the crystal, the pinners disrupt and impede the growth of surface layers. For
conceptual simplicity, we arrange the pinners in a square grid (Figure 4c). If the pinners
are too close together (i.e. if their surface density is too high), the step velocity is zero and
crystal growth is arrested. The physics of step blocking by such inhibitors, the criterion for
step pinning, and a demonstration that inhibition is independent of the physical

arrangement of the step blockers has been extensively discussed in Lustsko, et al. (115).

A new feature of the present simulation work is the model of kink blockers. Similar
to the solute molecules, the kink blockers are dynamic. In the presence of kink blockers,
the pool of possible events at a crystal site is expanded to include their attachment and
detachment. To block the kinks, the kink blockers must differ from the solute species and
from the step pinners. We assume, for simplicity, that kink blockers do not bind to step
pinners. We also assume that the kink blockers bind to the molecules in the crystal with
a non-zero binding energy, otherwise, they would not exhibit a preference for kink sites.
The kink blocker can only impede step growth if the bonding is weaker than the
intermolecular bonds in the crystal . On the other hand, weakly bound inhibitors would
have a low residence time at the kinks and have little or no effect on step growth (115).

To reconcile these two requirements, we assume that the kink blockers bind anisotropic
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ally. We assume that the only non-zero bonds formed by kink blockers are to in-plane
crystal molecules. Furthermore, we assume that the in-plane bond strengths are not
equal. Two out of the four in-plane bonding directions are randomly assigned bond
strength 2€ and the other two, 0.5¢€. The bond energy of a solute molecule deposited on

top of a kink-blocker is €.

The total energy of a kink blocker surrounded by crystal molecules is 6¢, equal to
the crystal molecules so that the incorporation of kink blockers does not change the
energetics of crystal growth. On the other hand, the asymmetry of their binding to the
crystal surface modifies the kinetics of step growth. A kink blocker attached to a kink site
with orientation that promotes two bonds of total energy 4€ will be bound stronger than
a solute molecule bound with energy 3¢. Such kink blockers are unlikely to detach. On the
other hand, the bonds that this kink blocker molecule can form with the incoming solute
molecules are weak and solute molecules that deposit next to it are more likely to detach
than if deposited in a free kink. These dynamics impede step growth. A kink blocker
attached to a kink in an unfavorable orientation, or adsorbed at a non-kink surface site,

would have a total energy of 2.5¢ or less and will tend to detach.

Our kMC model is subject to several constraints. First, the only model parameters
that one can easily vary are the bond strengths in the various directions. Second, a foreign
molecule acts as a kink blocker if (a) it is attracted to kink sites; (b) it inhibits step growth;
and, (c) it has a long-enough residency time to affect the step growth dynamics. These

requirements inevitably lead to asymmetric lateral bonds with a total binding energy in a
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kink site equal to or more than the energy of a crystal molecule in a kink site. Within these

constraints, we do not expect our results to depend much on the numerical values chosen.

Errors were estimated by averaging the step velocity over windows of 1,000 surface
updates thus producing a set of independent estimates of the velocity during the
simulations. The arithmetic average of these values gives the overall estimate of the step
velocity and the root-mean-squared deviation from the average is used to estimate its
standard deviation. The error-bars reported in the figures are the standard errors of the
step velocities calculated as their standard deviations divided by the square root of the

number of samples.

We examined by kinetic Monte Carlo simulations the generality of the proposed
model of antagonistic cooperativity between two classes of crystallization inhibitors. We
developed a Solid-On-Solid model for step growth (115), in which molecules associate and
dissociate from steps; for simplicity, we ignore surface diffusion on the terraces. The rate
of solute association depends on the supersaturation, whereas the probability of
detachment is dictated by bonds a molecule forms with its neighbors. We assume that
kink blockers associate and detach analogously to solute molecules and the relevant
dynamics are governed by their concentration and the number and strength of bonds at
an adsorption site. These assumptions lead to preferential binding to the kinks on steps
(Fig. 4a) and constrained v (Fig. 4b). We assume that step pinners bind strongly to the
crystal surface but that have no interactions parallel to that plane. The surface is

decorated with a square array of step pinners and they remain static throughout the
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simulation (Fig. 4c); assuming random step pinner surface distribution has no effect on
the step velocity (115). Remarkably, the computed correlations between v and inhibitor
concentrations are akin to those observed experimentally for both the kink blockers MQ
and AQ, for which v levels off at ca. 50% inhibition, and the step pinners CQ and QN, which

induce complete growth arrest at moderate drug concentrations (88).

Combining step pinners at a concentration above the threshold for complete growth
arrest (Fig. 4e) with kink blockers un-pins the steps and resets their growth. The
simulations reveal that at the microscopic level, the antagonistic cooperativity is due to
the stabilization of step edge fluctuations by associating kink blockers. Steps infiltrate the
pinner palisade by fluctuations that penetrate and join up behind the pinners (115).
Closely spaced pinners suppress the extent and lifetime of the fluctuations and restrain
step growth. The blockers bind to the kink-rich fingers embodying the fluctuations and
increase their lifetime. At the macroscopic level, the stabilized fluctuations manifest as a
decrease in y. The attenuated y enforces shorter R, which, in turn, allows step progress

between the pinners.
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Figure 45. Solid-on-solid kinetic Monte Carlo (kMC) modelling of the action of kink
blockers and step pinners on step propagation.

In summary, we put forth a mechanism of antagonistic cooperativity between
crystallization inhibitors by which kink blockers attenuate the step line tension and
facilitate step propagation through the palisade of step pinners. This mechanism
provides guidance in the search for suitable members of antimalarial drug combination.
The insights on the interactions between modifiers mediated by structures on growing
crystal surfaces further the understanding and control of ubiquitous processes in nature

and industry, which exploit crystallization from multicomponent environments.
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Chapter 6 The roles of artemisinin class antimalarials

The increased number of malaria deaths last century attributed to quinoline
resistance(119) has been reversed by implementation of effective artemisinin
combination therapies(120). Artemisinin-class drugs are activated by reduced haeme,
released after haemoglobin endocytosis and catabolism. Resulting cleavage of the
endoperoxide bridge generates a free radical that damages bystander proteins and
lipids in human patients(121, 122), with a concomitant 10,000-fold reduction in parasite
density(123). Recently, a delayed clearance phenotype(124) deemed resistance to
artemisinins has emerged in Southeast Asia, and has been linked, via an altered Kelch13
gene(125), to decreased haemoglobin supply at the ring stage of the parasite life cycle,
leading to a marked tolerance of ring stage parasites to artemisinins(126, 127). Parasites
in the subsequent trophozoite stage are susceptible to activated artemisinins(128, 129),
yet the mechanism of retained trophozoite sensitivity has been elusive. Here we show
that adduct metabolites formed between artemisinins and haeme, previously thought
to be a benign biomarker of activated drugs, potently kill the parasites when
exogenously added to Plasmodium falciparum cultures at low nanomolar
concentrations. We show that haeme-drug adducts bound to haemozoin crystals are
recovered from treated parasites, while time-resolved atomic force microscopy of
growing B—haematin crystals confirms that bound haeme-drug adducts inhibit crystal
surface growth. Moreover, we demonstrate the haeme-drug adduct operates by a
unigue mechanism of irreversible inhibition of f-haematin crystal surface growth in

contrast to the reversible processes reported for quinolines(88, 130) and most common
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crystal growth inhibitors. Our findings highlight a dual mechanism of the artemisinin-
class drugs, which complements suicide activation and radical damage, and defeats

malaria trophozoite resistance.

7.1 Mechanism of artemisinin and artesunate

In previous studies, we noticed that artemisinin and artesunate won’t inhibit
hematin crystallization though they are the most commonly used drugs in the
combination therapy. Questions remains for the mechanism how ARTs exert to affect
the malaria parasites.

Several general beliefs were proposal and explored for further understanding
and drugs from artemisinin class. More debates happen in the artemisinin case as a
process of activation is required for artemisinin to be functional in inhibiting
crystallization. The formation of heme — artemisinin adducts have been showed in many
vitro and vivo studies. Some studies concur that the activity of ART may be results from
the reaction after the scission of peroxide bridge by heme in the acid digestion vacuole.
On the hands, ART might be a target for intracellular ion-Sulphur containing enzymes.

From the biochemical standpoint, a protein, Plasmodium falciparum
phosphatidylinositol-3-kinase (PfPI3K), was proposed to be the potential primary
marker. PfPI3K is a protein known for regulating the levels of the kinase, as well as its
lipid product phosphatidylinositol-3-phosphate (PI3P) and studies showed the level of
Pi3P gives the predictive of the artemisinin resistance. Besides, The Evidence have
showed that the C580Y, a strain is resistance to artemisinin therapies, contained larger

amount of mutated PfPI3K, that limited proteolysis of PfPI3K and thus increased levels
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of the kinase. Considered all the factors, PfPI3K could be a key for controlling
artemisinin resistance as the specific region for the mutation of genes is proposed.

From the physiological point. In the lifecycle of the malaria parasite, they
decompose the protein hemoglobin for energy and source while producing hematin as a
byproduct at the intraerythrocytic stage (but Pro. Sullivan mentioned the microcrystal in
the ring stage). As hematin is toxic to cells, parasites begin to transform free hematin in
the solution to hematin crystals at the parasite lipid layer to reduce the level of hematin.
A general understanding (no argument for CQ) appeals that antimalarial drugs are
functional for stopping the crystallization process and the accumulation of hematin will

eventually kill the parasite.

6.1 The activation of artemisinin and artesunate

Here we design an in vitro protocol to synthesize the haeme-drug adducts of
artemisinin-class drugs and test their activity in suppressing P. falciparum and the
associated molecular mechanisms. We place artemisinin or artesunate in contact with
haeme(III) and a reducing agent (dithionite) in a biphasic butanol-water solvent. The
resulting reactions and purification by chromatography lead to the haeme-drug adduct in
~50% yield.

Haeme solutions were prepared by a modified method using the same
procedure as CBSO, but substituting n-octanol with n-butanol. Sodium dithionite and
artemisinin (ART) were dissolved in DI water and n-butanol, respectively. The haeme
solution was filtered with a 0.2 um nylon membrane filter and placed in contact with

the dithionite solution in a glass vial to yield a net molar ratio of 1:2:5 haeme: ART:
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sodium dithionite. The vial was sealed under flow of nitrogen gas to create an inert
atmosphere. The reaction involved the reduction of haeme(lll) to haeme(ll) with
dithionite acting as the reducing agent. The system was maintained at 50 °C using a
water bath (Super-Nuova™ Multi-Position Digital Stirring Hotplates). The aqueous and
organic phases were rigorously mixed by shaking for ca. 30 seconds until the color of the
solution changed from dark green to pink, indicating the reduction of haeme. The
mixture was allowed to sit under static conditions for at least 20 minutes to allow for
the separation of organic and aqueous phases, after which the artemisinin solution was
injected into the organic (top) fraction. The reaction between haeme(ll) and artemisinin
happened immediately after the injection, as surmised by the instantaneous change in
color from pink to orange. After allowing ca. 30 minutes for the reaction to reach
completion, the organic layer was collected for later purification of the product, haeme
— artemisinin adduct (or H-ART).

The procedure for synthesizing haeme — artesunate adduct (H-ARS) was identical
to that of H-ART with the replacement of ART with artesunate (ARS). The same reaction
procedure was used with the only noticeable difference being a faster reaction to
generate H-ARS (or haeme — artesunate adduct), as gleaned by a more rapid color
change following the addition of ARS to the haeme(ll) solution. A detailed reaction

mechanism of heame — drug adduct generation.
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Figure 46. Steps involved in the synthesis of haeme-drug adducts.

Figure 47. Reaction pathway for the synthesis of haeme — drug adduct.
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The mass-to-charge (m/z) ratio of haeme and haeme — drug adducts were
determined using a Bruker MicroToF ESI LC-MS at Rice University. Electrospray ionization
was used with the offset voltage of 4000 V and a mobile phase of 50/50 water/acetonitrile
to transfer haeme (dissolved in n-butanol), H-ART (dissolved in n-butanol or
methanol/acetonitrile/water), and H-ARS (dissolved in n-butanol or
methanol/acetonitrile/water) into the electron spray ionization (ESI) source. Mass
spectrometry (MS) identified the characteristic mass-to-charge (m/z) ratios of H-ART as
838 and 898 (Fig. 1f) and of H-ARS as 1000.1 (Fig. 1g); the m/z values for H-ART (Fig. 1g)
are similar to those of H-ART extracted from the spleens of malaria-infected mice treated
with ART (130). MS spectra also revealed the absence of residual ART (m/z = 282.3, inset
of Fig. 1f) and ARS (m/z = 383.4, inset of Fig. 1g). These analyses confirm the synthesis of

adducts H-ART and H-ARS, which both lack functional endoperoxides.
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Figure 48. In vitro activation of artemisinins to haeme-drug adducts.
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The collected organic fraction from the biphasic reaction was first passed through
a 0.2 um filter before injecting the solution into a high pressure liquid chromatography
(HPLC) system (LC-20AD prominence liquid chromatograph, Shimadzu Corporation)
equipped with a C18 column (Luna C18(2) 5um 250x4.6mm?, Phenomenex) and two UV-
Vis detectors with absorption wavelengths set at 215 nm to detect unreacted parent drug
(ART and ARS) and 470 nm to detect the haeme —drug adducts (H-ART and H-ARS) as well
as unreacted haeme(lll). For the separation, we modified a common mobile phase
reported in literature’3?) using a composition of 5% methanol, 45 % acetonitrile, and a
50% mixture of formic acid (0.1%) in DI water (note that percentages are based on mass).
Unreacted haeme(lll) elutes at a retention time of t = 23.5 minutes), whereas both

adducts (H-ART and H-ARS) elute at a nearly equivalent retention time of t = 5.8 minutes.
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Figure 49. High-performance liquid chromatography separation.

The signature endoperoxide group of artemisinin-class drugs, such as artemisinin

and artesunate is activated by reduced haeme iron(ll) to generate a carbon-centered
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radical, which can alkylate and damage nearby Plasmodium proteins and lipids(121).
This suicide activation imparts a rapid lifesaving 10,000-fold drop in parasite density
over the first 48 hours(123). The radicals terminate by alkylating haeme to generate
respective haeme(lll)-drug adducts, which have been thought only as correlative
biomarkers of the activity of artemisinin-class drugs(132, 133). Parasites treated with
radiolabeled [14C] ART accumulate H-ART, retaining 75% of the applied drug in close
association with haemozoin(134). Similarly, haeme-artemisinin adducts were found in
the spleens and urine of artemisinin-treated Plasmodium infected mice(135). Analyses
of haemozoin crystals extracted from parasite culture kept under oxidizing conditions
favoring haeme(lll) have established that the endoperoxide bridge of artemisinins
remains intact, and the inactive drug does not inhibit crystallization(136); however,
reducing conditions favoring haeme(ll) leads to the generation of haeme-drug adduct,
which has been proposed to function as a haemozoin growth suppressor(137, 138).
Haeme-artemisinin adducts were detected in P. falciparum cultures at ring, trophozoite,
and schizont stages; notably, the Kelch13 mutants, associated with the delayed
clearance phenotype, displayed lower adduct concentrations(139). In all of these
findings, the exact role of the haeme-artemisinin adducts and their mechanism of action

remained elusive.
6.2 Biological assays of H— ART and H — ARS against malaria

We added known quantities of haeme-drug adducts to parasite cultures of three
P. falciparum strains: chloroquine (CQ) and artemisinin sensitive NF54, CQ-resistant and

artemisinin sensitive CamWT, and CQ and artemisinin resistant C580Y. Traditional 72-
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hour continuous half maximal inhibitory concentration (IC50) assays (140) were
performed using radiolabeled hypoxanthine [3H] incorporation to assess the impact of
adducts and their corresponding parent drugs on parasite growth (Fig. 47a,b). The IC50
values were below 10 nM for both H-ARS and H-ART (Fig. 47c), similar to the IC50 of ART
and ARS alone. The low nanomolar IC50 values for H-ARS and H-ART suggest an
independent mechanism of action from the radical damage caused by the parent drug.
In order to assess ring stage survival of the three P. falciparum strains treated with
parent drugs and corresponding haeme-drug adducts, we pulsed 500 nM of H-ARS or H-
ART for 6 hours at ring and trophozoite stages in parallel with the same concentration of
parent drug (ARS or ART) and CQ, which was used as a reference. Interestingly, the
C580Y isolate had a survival rate of 21% when exposed to H-ARS compared to 42% for
the parent drug (Fig. 47d), whereas values for H-ART, ART, and CQ were similar within
experimental error. H-ART and ART result in approximately 17% survival in NF54 and
CamWT, which both lack the mutant Kelch 13 gene of C580Y. A short pulse of CQ was
effective against chloroquine-sensitive NF54, but more than 60% of parasites survived in
the CQ-resistant CamWT and C580Y isolates. A 6-hour pulse at the trophozoite stage
killed 95% of all three isolates for all five drugs.

6 hour drug pulse on rings and trophs of NF54, C580Y and CamWT. Parasite
cultures will be synchronized to the ring stage 48 hours before pulse and immediately
before the pulse. The troph pulse will be performed 24 hours after the ring pulse and
will use the same drug concentrations as the ring pulse. Drug will then be washed off of

parasites and parasites will be resuspended in fresh media with [3H] hypoxanthine to
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mark growth. Parasites will then be frozen and processed after an additional 66 hours of
incubation (72 hour total assay time).

Each drug will be pulsed at 3 concentrations: one below the 1Cso (~1/3X), one
slightly above the I1Cso (~2X), and one well above the ICso (5X) for 6 hours. The table
below shows the three drug pulse concentrations | have selected for pyronaridine,
chloroquine, and amodiaquine based off of their respective ICsos. I'm deciding to go for
a concentration slightly above the I1Csp (not right at the ICsp) because the culture will
likely survive better in this pulse environment where the drug is on for a shorter amount

of time compared to the 72 h.
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Figure 50. P. falciparum inhibition by haeme-drug adducts.

Antimalarials are often administered as combination therapies to achieve
synergism; however, recent findings have provided examples where certain combinations
of drugs can give rise to antagonistic cooperativity (141). Construction of isolobolograms
help distinguish the cooperativity of drug combinations, which were used here to test
binary mixtures of ARS with CQ (Fig. 47e) and H-ARS (Fig. 47f). P. falciparum culture with

the former results in no observable changes off the line of addition, indicating additivity.
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The combination of ARS and H-ARS, however, shows a change from strict additivity to
mild synergistic cooperativity. This finding indicates that activation of ARS to H-ARS leads
to enhanced efficacy, which is consistent with 1Cso assays (Fig. 47c). We tested whether
haeme-drug adducts directly associate with haemozoin crystals in P. falciparum culture.
We pulsed NF54 at the trophozoite stage for 6 hours with 500 nM ARS (Fig. 47g) and H-
ARS (Fig. 47h) in comparison to a control (i.e. no drug). Haemozoin was extracted from
the parasite to assess residual compounds adsorbed on crystal surfaces. Analysis by MS
revealed no remnants of the parent drug (ARS), whereas spectra of extracts from isolates
exposed to parent drugs or haeme-drug adducts contained peaks corresponding to either
H-ARS (insets of Fig. 47g and h) or H-ART. These findings provide further evidence of

haeme-drug adduct formation in vivo, and their association with haemozoin crystals.

6.3 Monitor hematin crystallization in the presence of H—ART and H — ARS

Time resolved in situ atomic force microscopy was applied to monitor the growth
of B—hematin crystal surfaces. The growth of surfaces suggested that H-ART modified the
growth of B-hematin crystal by reducing the density of available kink sites where hematin
molecules incorporate into the crystals that showed similarity to the mechanism applied
for some of the quinoline class drugs.

Molecular confirmation of drug-crystal association and its impact on crystal
growth inhibition was obtained using time-resolved in situ atomic force microscopy (AFM)
to monitor B-haematin surface growth in a biomimetic solution containing
supersaturated haeme (62) in the presence or absence of antimalarial drugs. Focusing on

the basal (100) face(62), we observe the presence of unfinished layers with heights h =
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1.17 £ 0.07 nm (Fig. 3a), close to the relevant unit cell dimension (a = 1.22 nm) (84). The
dynamics of surface growth captured by AFM reveals a classical layer-by-layer mechanism
wherein islands nucleate and grow by the attachment of solute molecules to steps(62).
Analysis of in situ AFM images permits the determination of two variables used to assess
the efficacy of antimalarials: the rate of layer nucleation J2p as the number of islands that
nucleate per unit area per time, and the velocity v of advancing steps (88). We recently
examined the impact of quinoline-class antimalarials on B-haematin surface growth and
observed distinct modes of drug-crystal binding(62). One of the most prominent
mechanisms of crystal growth inhibition is step pinning, which occurs when drugs bind to
terrace sites on the crystal surface and impose a curvature (i.e. surface tension) on
advancing steps that can lead to growth succession at appreciable drug concentration. A
second mode of growth inhibition is kink blocking,(142, 143) which occurs when drug
molecules bind to the most favorable sites on the crystal surfaces for solute incorporation

(kink sites) and markedly slow, but not fully suppress, the rate of growth.

AFM images extracted from growth assays in the presence of H-ART and H-ARS
reveal virtually no change in the rate of layer nucleation with increasing drug
concentration when scaled by the value in the absence of drug, Jop .. In contrast, there is
a noticeable reduction in step velocity in the presence of drugs relative to the control (i.e.
step velocity in the absence of drugs, vo. Interestingly, the pristine (or inactivated) forms
of artemisinins, ART and ARS, have no observable effect on 3-haematin surface growth(35,

121, 144, 145), whereas their activated forms (H-ART and H-ARS) are effective growth
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modifiers that reduce step velocity by nearly 60%. The step velocity versus drug
concentration profiles for both haeme-drug adducts are signatures of a kink blocking
mechanism, which was verified by replotting the data in the well-known Bliznakov
coordinates (88) where the linearized data confirms that adducts preferentially bind to

kink sites on B-haematin surfaces.
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Figure 51. AFM analysis of parent drug and haeme-drug adduct inhibition of B-haematin
growth.

To further confirm that artemisinin adducts can impact hematin crystallization by
adsorbing on the crystallization surface. P. falciparum cultures were synchronized to the
ring stage by incubation in 5% sorbitol. After 24 hour progression to the trophozoite stage,
drugs were added at 500 nM for 6 h. The parasites were harvested by saponin lysis and
frozen at —80 °C. Parasites were resuspended in 0.2% SDS/100 mM bicarbonate at pH 10

and centrifuged. Parasites were then resuspended in 100 mM bicarbonate pH 10 and
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centrifuged. The hemozoin pellets were then washed 4 times in DI water. Frozen
hemozoin was then “decrystallized” (or dissolved) with ammonium hydroxide before

mass spectrometry analysis.
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Figure 52. Evidence of drug association with haemozoin crystals.
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6.4 Dual mechanisms of adducts

The idealized scheme in Fig. 51a depicts the erythrocyte stage of the P. falciparum
life cycle. Chronic asexual replication is depicted in optical micrographs of P. falciparum
cultures showing the early ring stage (Fig. 51a, 1) followed by the trophozoite stage (Fig.
43, 1), which is marked by parasite growth and a change in morphology. During this period
there is a breakdown of haemoglobin, generating free haeme (Fig. 51b) and initiating the
formation and accumulation of haemozoin crystals. Nuclear division of trophozoites
signals the onset of the schizont stage (Fig. 51a, lll). P. falciparum cultures with known
Kelch mutations have shown sensitivity to ART in the early ring and trophozoite stages
(Fig. 51b, red shaded regions). Given that haemoglobin digestion is highest during the
trophozoite stage, it is expected that H-ART would be most prevalent during this period
where we have demonstrated its effective inhibition of haemozoin formation.
Interestingly, in vitro assays reveal the haeme-drug adduct operates by a unique mode of
action wherein exposure of -haematin crystals to H-ART leads to irreversible inhibition,
such that removal of H-ART does not lead to the recovery of crystal growth. Direct
evidence for irreversible inhibition was obtained by monitoring the dynamic response of
[-haematin crystal surfaces and the velocity of step advancement in the presence of H-
ART and after its removal from the solution. Time-resolved in situ AFM measurements
were conducted using concentrations of H-ART and haeme estimated from P. falciparum
cultures: 10 @M H-ART is comparable to the dihydroartemisinin (DHA) concentration
found in trophozoites exposed to DHA(139), and 0.28 mM haeme is comparable to

concentration of soluble haeme in DCP Cam580Y trophozoites(146). At these conditions,
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H-ART results in ca. 40% reduction in step velocity (Fig. 51c, stage 2). Holding H-ART
concentration fixed, we increased the concentration of haeme to 0.50 mM to simulate an
escalation in free haeme during the trophozoite stage due to the combined actions of
haemoglobin digestion (Fig. 51b) and reduced haeme detoxification by H-ART crystal
growth inhibition. This elevated haeme concentration promotes [-haematin
crystallization in the growth medium, resulting in the deposition of nanocrystals (ca. 200
nm) on the (100) surface (arrow in Fig. 51d). While increased supersaturation is expected
to result in higher growth rates, the nanocrystalline deposits inhibit the propagation of
adjacent layers, leading to no observable change in step velocity (Fig. 51c, stage 3). This
level of crystal growth inhibition was maintained even upon removal of H-ART from the

growth solution (Fig. 51c, stages 4 and 5), signifying irreversible inhibition of step growth.
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Figure 53. Dual action mechanism of artemisinin.
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For comparison, a similar staged in situ AFM experiment was performed with CQ
(Fig. 51e). Unlike H-ART, a step increases in haeme concentration in the presence of CQ
did not lead to a noticeable generation of B-haematin crystals in the growth medium.
Moreover, increased supersaturation resulted in a higher step velocity (Fig. 51e, stage 3)
while the removal of CQ from the growth solution resulted in a progressive increase in
step velocity such that a full recovery to the initiate state was observed within 2 - 3 hours
of continuous imaging (Fig. 51e, stage 5). This indicates that the action of CQ is fully
reversible, in stark contrast to the unique behavior of H-ART. These findings incite new
guestions regarding the generality of irreversible inhibition among artemisinins and how
this additional mode of action could potentially alter artemisinin dosing regimens.

In summary, we address the prevailing hypothesis that artemisinin-class drugs
exhibit a singular mode of action involving suicide activation and radical damage. Indeed,
we show that adducts largely believed to be an inactive biomarker of artemisinins operate
by a second mode of action during the trophozoite stage of the parasite life cycle. The
efficacy and mechanism of haeme-drug adducts synthesized with two artemisinins were
tested by a combination of P. falciparum cultures and in situ AFM measurements of [3-
haematin crystallization. Our findings reveal that both adducts efficiently kill parasites in
cultures. For artemisinin-resistant strains, adducts are more effective than their
respective parent drugs at lower doses. Analysis of haemozoin crystals isolated from
parasites treated with artemisinins demonstrates that adducts H-ART or H-ARS are
associated with the crystals, consistent with time-resolved measurements of 3-haematin

crystallization with varied haeme and drug concentrations, revealing a unique mode of
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irreversible crystal growth inhibition. This unanticipated mechanism has potential
implications for understanding haeme detoxification in vivo, such as the ability of haeme-
drug adducts to force free haeme concentrations above the toxicity limit after depletion
of the drug in resistant parasites. Retained suppression of haeme detoxification after drug
removal is a direct way to circumvent resistance to artemisinins via a mechanism that is

distinctly unique compared to those of quinoline-class antimalarials.
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Chapter 7 Nonclassical inhibition of crystal growth by promoting
cooperativity in the solution and at the growth interface

Crystallization is the central process of materials synthesis in biological, geological,
and extraterrestrial systems. Nature achieves remarkable diversity of shapes, patterns,
compositions, and functions of the arising crystalline structures by combining simple
strategies to control the number of nucleated crystal and the sizes to which they grow.
To promote or inhibit crystallization in both natural and engineered environments,
soluble foreign substances are deployed that interact with the solute or the crystal-
solution interface. For solution grown crystals, the formation of hematin crystals follows
a classical mechanism whereby new crystal layers are nucleated on top of existing ones
and spread to cover the entire face. Direct observations established two classes of
quinoline inhibition mechanisms. In the first mechanism, known as step-pinning,
inhibitors bind to flat terraces and arrest step growth over broad areas of the crystal
surface. Alternatively, inhibitors may associate and block kinks, the sites where solute
molecules incorporate into steps. We examine the growth of beta-hematin crystals, a
component of the physiology of malaria parasites, in the presence of artemisinin and
qguinoline derivatives, drugs that represent the current front line of antimalarial defense.
We demonstrate two novel mechanisms of growth inhibition. At moderate hematin
concentrations, a heme-artemisinin adduct, H-ART, promotes copious nucleation of
hematin nanocrystals in the solution bulk, but impedes their growth above ca. 100 nm.
The nanocrystals associate to the surface of larger hematin crystals and completely arrest

their growth. The strain due to the imperfect incorporation of the nanocrystals constrains
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growth even after H-ART is removed, leading to irreversible inhibition. Pyronaridine, PYR,
a quinoline of relatively large size, suppresses nucleation of nanocrystals in the solution
bulk and exhibits an entirely different mechanism of growth suppression. PYR stabilizes
pairs of steps and leads to abundant step bunching. At elevated hematin concentrations,
the step bunches engender solute occlusions that resolve as screw dislocations
outcropping on the crystal interface. The high density of steps originating at the screw
dislocations strongly delays step propagation owing to competition for supply between
adjacent steps. Removal of PYR does not restore the initial growth rate value since the
high step density is preserved. Besides, we demonstrate that drug pairs, whose
constituents employ distinct mechanisms of hematin crystallization inhibition, kink
blocking and a step pinning, exhibit both synergistic and antagonistic cooperativity
depending on the drug combination and applied concentrations. Whereas synergism
between two crystal growth modifiers is expected, the antagonistic cooperativity defies
current crystal growth models. We demonstrate that the kink blockers reduce the line
tension of the step edge, which facilitates both the nucleation of new crystal layers and
the propagation of the steps through the gates created by step-pinners. The two
examples of functionalities of inhibitors may provide guidance in the search for suitable
inhibitors control crystallization of pathological, biomimetic, and synthetic materials. In a
broader context, our results highlight modifier interactions mediated by the dynamics and
structures in the solution and on the crystal interface as a primary element of the

regulation of the shapes and patterns of crystalline structures in nature and industry.
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7.1 Nonclassical Crystal pathways

From previous works, we concluded that inhibitors can block crystallization that
follow classical nucleation theory by incorporating into kink sites or adsorbing on the
crystal terrace. With the solute or the crystal-solution interface are deployed to promote
or inhibit crystallization (24). Nature achieves remarkable diversity of shapes, patterns,
compositions, and functions of the arising crystalline structures by applying ingredients
that control the number of nucleated crystals and their anisotropic rates of growth (22,
23, 147-149). The consequences of additives on crystal nucleation are typically discussed
within the models of heterogeneous nucleation and modifier adsorption,(105, 150, 151)
whereas their effects on crystal growth are rationalized within two established
mechanisms:(17, 62, 82, 88, 100, 110, 114, 115, 152-158) step pinning, in which inhibitors
bind to the terraces and arrest layer growth over broad areas of the surface)(152) and
kink blocking, where the inhibitors occupy kinks, the only sites where solute molecules
incorporate into steps.

Physiological crystallization, such as the accumulation of cholesterol crystals in
arterial walls,(159) often selects lipid environments. The interactions of an organic solvent
with the solute and modifier and the contacts between solute and modifier molecules are
largely constrained to van der Waals forces and may drastically diverge from those
operating in water-based solutions, where H-bonding dominates (160-163). The disparity
in the interactions that regulate the molecular-level structures and dynamics in organic
crystallization may mobilize distinct operating mechanisms. In contrast to aqueous

solvents, the level of understanding of the fundamental processes of crystal growth from
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organic solvents is severely limited (164-166). In most cases, optimization of the growth
processes is carried out by trial-and-error or by mimicking practices developed for other
compounds (167). The lack of insight into the fundamental mechanisms of how foreign
compounds modify the molecular pathways of crystallization has emerged as a major
obstacle to a rational approach to optimize and control organic crystallization (168).

The accepted models of modifier activity presume that crystal nucleation and
growth advance along classical pathways. Perhaps the most sequential assumption of the
classical approaches, the “Szilard postulate”(/69), is that crystals nucleate and grow by
association of single solute molecules (/70). In the last 15 years, elaborate experiments
accumulated significant discrepancies with the nucleation and growth behaviors predicted
by classical theory (20, 171-173). Many of the deviant features involve mesoscopic
crystallization precursors, ordered or disordered, which assemble in the solution
independently of crystallization and may both facilitate nucleation and feed a fast mode of
crystal growth (20, 171, 174-176). With a few exceptions,(24, 29, 177, 178) how additives
impact the properties of the crystallization precursors to enhance or suppress crystal

nucleation and growth has not been examined.

Another gap in our understanding of how foreign compounds affect crystallization
relates to the activity of two modifiers that operate in tandem to alter crystallization
processes (179-181). Intuitively, we expect a second inhibitor to enhance the impact of
its partner; such cooperativity would be classified as synergistic or additive according to
whether the response to a combination of two inhibitors is stronger or equal to the sum

of the responses to individual doses (93). Surprisingly, examples of antagonistic
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cooperativity, where a pair of inhibitors suppress crystal growth less than the sum of their
individual activities, abound (48, 100). The insight into the molecular mechanisms that
may guide the three distinct cooperativity modes appears to be limited to a recent work

by our group on the combined action of step pinners and kink blockers (182).

7.2 nonclassical inhibition induced by antimalarial drugs

Malaria parasite can digest hemoglobin in its lifecycle and one of the byproducts,
hematin, is highly toxic to the parasite’s membrane. The parasite reduces the
concentration of free hematin by transferring hematin into hematin crystals. When
classical antimalarial drugs given to a patient, they entered the human circulatory system
to reach the parasite DV, stop the crystallization and raise the level of hematin. We
explained the mechanisms how antimalarials stop hematin crystallization at the
supersaturation around 1.7. When the crystallization stopped initially and the hematin
begins to accumulate in the DV. As the high concentration increases the driving force for
nucleation and crystal surface expansion, will the antimalarial drugs still stop the hematin
crystallization. Will the antimalarial drugs stop the crystallization with same mechanism
or they take an alternative pathway? Besides, As the life time of antimalarial drugs are
general shorter than period for every dosage applied to a patient, how could those
antimalarial drugs remain effective? To answer those question, the response of hematin

surface was tested at raised hematin concentration in the presence of antimalarials.
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Figure 54. Hypotheses of consequences at high concentration of hematin.

7.3 Monitor the nucleation rate with dynamic light scatting

We monitored the nucleation of hematin in the presence of antimalarial drugs.
Dynamic light scattering (DLS) records the movement of molecule visible by measuring
the amount of light diffracted by the particles. Three different concentrations of hematin,
compared with four different drugs, CQ, PY, H— ART, MQ, were tested how antimalarials

impact on the timescale of increasement of DLS correlation function.

7.3.1 Pure hematin solution

For pure hematin, we test time evolution of three different concentrations, 0.28
mM, 0.50 mM and 0.60mM. Freshly hematin solutions were prepared and filtered with
0.20 um membranes. The measurement displayed a linear line at t = Omin, that indicts

the solution did not contain any particles within the detectable range. The correction
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function began to show at around t = 10 min (180 min for 0.28 mM hematin solution) and
the amplitude kept increasing until reached a maximum value equals to 0.9. The size
calculated from the correlation function showed that the particle generated from solution
is about 200 nm in diameter that indicts those particles should be nanocrystals as the
cluster has a much smaller size in general. The amplitude indicted that the amount of
particle is increasing overtime and increasing time in amplitude of correlation function is
enhanced with higher concentration. The observation fits the expectation that increasing
concentration will increase the rate of 3D nucleation. The fact that mo secondary
shoulders were observed though larger crystals appeared in the later experiments
suggested that 200 nm is maximal size that the buoyance can hold. Any particles larger
than the size will deposit on the bottom of a vial and did not get recorded in the

experiments.
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Figure 55. Time evolution of DLS correlation function for pure hematin.
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7.3.2 hematin with antimalarial drugs

Freshly prepared hematin solution was mixed with different antimalarial drugs.
The concentrations of antimalarial drugs were determined from previous experiments
(75). Mixed solutions were filtered with 0.2 um membrane and the time evolution were
monitored with DLS. All solutions displayed a similar correlation function after they
reached the plateaus for amplitude that indicts same nanocrystals with size around 200
nm were generated. Those antimalarials did not change the morphology of crystals. For
all four drugs, CQ and MQ did not change the nucleation rate, PY decreases the nucleation
rate and H — ART reversely increase nucleation rate. The phenomenon will be further

discussed in the cluster chapter.
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Figure 56. Time evolution of hematin solution in the presence of antimalarials.

7.4 Nonclassical behaviors of (100) hematin surface at high hematin concentration

Intricate crystal architectures in nature evolve shepherded by minority solution
components (183-185). Industrial crystals are guided to preferred morphologies by select
modifiers (149). In both cases, the modifiers’ activity is commonly ascribed to their
reversible adsorption to crystal surfaces (152, 186) or to kinks along the growth steps (110,
112) where they, respectively, pin the steps or block the kinks needed for growth; these

two classical models inevitably predict that growth resumes after the inhibitor is removed.

123



Copious instances of permanently poisoned crystals and terminal crystal sizes persist out
of the realm of the classical mechanisms and remain elusive. A mechanism of irreversible
inhibition, sometimes discussed in the literature, relies on accumulation of foreign
molecules in the crystal bulk that strain the lattice, increase its chemical potential and
thus lower the crystallization driving force. Two novel mechanisms of irreversible
inhibition that initiate by cooperative phenomena either in the solution or on the growing

crystal surface are suggested by our preliminary results below.

Research initiatives towards discovery of high concentration response will explore
the molecular details of the mechanisms of irreversible growth inhibition. The sought
insights will guide the rational identification of molecules projected to invoke either of

the two mechanisms.

Previous results indict that at high supersaturations, the structure of the surface
of a growing hematin crystal dramatically changes (72). To probe the consequences of the
expected structural evolution of the crystal surface and the phenomena in the solution
bulk driven by high supersaturation, we monitored the dynamic response of hematin
crystal surfaces and the velocity of steps v in the presence of a heme-artemisinin adduct,
H-ART,(187) pyronaridine, PY,(88) and chloroquine, CQ,(88) and after the removal of
these inhibitors from the solution (Fig. 5). Time-resolved in situ AFM observations reveal
that introduction of H-ART at 10 uM to 0.28 mM hematin solutions reduces the velocity

of growth steps by about 40%, consistent with previous findings (88, 187).
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As discussed in the previous chapter, growth rate increases linearly while 2D
nucleation rate increases exponentially with concentration. AFM images of (100) surface
in pure hematin solution displayed that more 2D nucleus are generated on the terrace at
high concentration. The crystal may adopt a new method of growth at very high
concentration where the rate of nucleation exceeds the ability for 2D nucleus to spread.
The surface begins to transfer from a smooth surface to the rough surface characterized
the interstep distance reduces to an indistinguishable level. The work is described
elaborately in Katy Olafson’s work (188). In the presence of antimalarials, the surface

remains smooth as a result that the nucleation is largely hindered.

Cy=0.34mM

Figure 57. Images of (100) surface at different hematin concentration.

A few small crystals were observed dropping on the hematin surface at high

concentration that is consistent with DLS results that small crystals are forming rapidly.
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Those small crystals can grow larger on the surface and incorporate into the original

Figure 58. AFM images of small crystal dropped on the surface can grow into structure.

crystal.

DLS showed that MQ and CQ won’t affect the nucleation rate while previous AFM
studies showed MQ inhibits hematin crystal by kink blocking and CQ modify crystal
growth by step pining mechanism. At high concentration, crystal surface displayed similar
behaviors that performed at low concentration. Steps are slightly conjugated due to the

inhibition effects from inhibitors.

The delay in the increment of correlation function in the presence of PY indicts PY
can somehow modify the pathway of nucleation of hematin. The mechanism behind the
change is vague and only few researches reported that the nucleation rate can decreased
(11). Previous study proposed that the Mg?* can stable the amorphous calcium by

changing the water structure on the surface that may not apply in our case. The
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mechanism for PY was proposed as a step punching inducer that can crosslink steps and
lead to the formation of multilayers. AMF images showed that PY can induce macro steps
on the terrace that developed into dislocation center later. The dislocation centers are
increasing when increase hematin concentration and eventually thrift hematin
crystallization from 2D nucleation dominates to desolation dominates. At high
concentration, steps are closely packed and the step distance is low. The intently packed
steps reduced the molecules incorporated from surface diffusion pathway and enhance
at the high concentration the growth rate is lower than it displayed for pure hematin

solution.

C,=0.28mM Cy=0.28 mM
Coy=4 1M

Figure 59. Macrosteps on the terrace and lead to dislocations. Dislocation distribution
according to the hematin concentration.
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Inversely, H — ART promotes the nucleation of hematin. When H — ART
concentration is 5 uM, the time to reach the plateaus is about a quarter of pure hematin
solution at 0.5mM. The correlation function indicted the nanocrystals have the same size
with those produced in pure hematin solution. Besides bulk studies showed that the final
crystals grown from those nanocrystals have identical morphology and PXRD patterns. All
the results suggested that antimalarial drugs can alter the nucleation without changing

final products.

The increasing nucleation rate lead to a boost in the number of crystals dropped
on the surface. Unlike small crystals generated on the pure hematin solution, those small
crystal won’t grow on the hematin terrace and steps under and around the attached

crystals are growing significantly slower than free steps.

C, =0.5mM
Ch.arr =10 M

Figure 60. H — ART increased the formation of crystals and restrained the growth of
crystals.

7.5 Irreversible inhibition induced by nonclassical pathways

At high hematin concentration, we observed that PY and H — ART modified
crystallization pathway either by inducing the dislocation center or promoting the

generation of strained small crystals. As we discussed before, we are investigating the
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period that drugs passed their lifetimes and yet the new doses have not been applied. To
understand how antimalarials drugs remain effective during this period of time, we
replaced the growth solution with pure hematin solution after the crystals have been in
contact with the drug solution for certain amount time. Furthermore, we reduced the
hematin concentration back to the initial state and monitor the behaviors of (100)
hematin crystal surface. The results were characterized by measurements of growth rate
and 2D nucleation rate. The results indict that MQ and CQ may be reversible inhibition
that means crystal can back to grow in the normal 2D pathway as we removed
antimalarial while crystals in contact with PY and H — ART will remain inhibited though the

pure hematin was used by two different mechanisms.

AFM images displayed that MQ and CQ can both lead to a relative rough surface
at high concentration of hematin. The growth rate and nucleation rate are still increasing
by increasing hematin concentration despite the presence of CQ and MQ. After the
remove of drugs, the surface remains inhibited for a short time though the increment in
both growth rate and nucleation rate were observed. The surface is still relatively rough
due to the high concentration of hematin that the system is already in the regime of
roughing transition state. After drop the concentration of hematin solution back to 0.28
mM, Fewer nucleus are observed on the surface and those islands begin to spread.
Eventually, the surface become smooth and has similar outfits with the surface grow in
the pure solution. Besides, the growth velocity and 2D nucleation rate turned back to the
normal state. We proposed that hematin crystal inhibited by CQ and MQ is a reversible

process. After parasite sequestrate all the drugs from DV, hematin crystals may back to
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grow and reduce the efficiency of killing rates. One thing we have not concluded is how
much drugs will be presented in the malarial parasite DV and how long will it take to get
rid of all the drugs. To answer those question, we collaborated with Victoria Balta and Dr.

David Sullivan to test the real responses of malarial to antimalarials drugs during the ring

stage and trophozoite stage.
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Figure 61. Irreversible test for CQ.

130



Figure 62. Irreversible test for MQ.

As discussed before, PY can induce dislocations by generating macrosteps. When
PY was introduced at high concentration of hematin, high density of dislocations is
generated on the (100) surface. Dislocations are most likely from the line tension
induced by the PY and will not disappear after the removal of PY. Reducing hematin
concentration back to 0.28 mM only slightly increases the step distance due to the
highly packed dislocations. Furthermore, the crystal is adopting dislocation as the

growth mechanism instead of 2D nucleation. The overall growth rate will not go back to

the original speed.
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Figure 63. Reversible test for PY.

We found that at the hematin concentrations elevated to 0.5 mM, H-ART
enhances the nucleation of hematin nanocrystals (similar to the effect of the heme-
artesunate adduct and then suppresses the growth of the nanocrystals when they reach
length of about 200 nm. The nanocrystals land on the surface of a growing large
hematin crystal. Removing H-ART from this solution arrests the nucleation of
nanocrystals. The nanocrystals already on the surface of the large crystal are buried
under growing steps. Their incorporation in the crystal at non-crystallographic
orientations strains the lattice (103, 189). The accumulated elastic energy lowers the
driving force and delays step propagation at both hematin concentrations: 0.5 and 0.28

mM.
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Figure 64. Reversible test for H— ART.

7.6 Reversibility in bulk crystallization and malaria assays.

The reversibility of 5 different drugs, CQ, MQ, H— ART, H— ARS and PY were
further test in bulk crystallization assays. Hematin crystals were grown with the method
described in the previous chapter at a concentration of 0.20 mM with antimalarial
drugs. Small crystals were observed at the interface of two deposited glass slides after
three days after located in the dark. One slide was transferred into a freshly prepared
solution with same components like the solution applied before and another one was
transferred to the pure hematin solution with a same concentration. The transferred
crystals are left in the dark for 7 more days. Final crystals were imaged with scan
electron microscopy and characterized by the length and width.

The difference between the length reviewed whether the crystal still remains

inhibited after the removal of drugs. The irreversible inhibition will lead to a larger
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difference because the crystal cannot fully recover once the features were developed
during the first three days.

The data indicated that PY and H — ARS lead to an irreversible inhibition, that is
partially consistent with the conclusion from AFM studies. H — ART displayed a
reversible result in the bulk study that indicts that surface may be able to fully recover
after long term exposure to pure hematin solution as the contact time in bulk study is
about 20 times longer than the exposure time in AFM. H — ARS remains irreversible as H
-ARS presented a much stronger ability to increase the rate of nucleation and the
defected surface may take longer time for recovery compared to H— ART. Crystals from
PY batches are heavily tapered at the crystal edge which might be a consequence of

changing the growth pathway.

+7 days

(with drug) :

3 days
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" Hematn CQ MQ PY H-ARTH-ARS

Figure 65. Bulk assays for crystals grown from different intermedium.

We expect to have more answer from biological tests. Antimalarial drugs were
applied at different stages of malaria and the survival rates were compared. The result
partially indicted the existence of irreversibility may lead to the delay of recovery of

malaria population. However, more information is required to draw the conclusion as the
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mechanism how drugs transfer into the parasite DV and released by the parasite is still

unknown.
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Figure 66. Parasite survival rate after different concentrations of antimalarials were
applied to three different stages of parasite lifecycle.

Additional information for who wants to work in hematin work:

Lumefantrine may also change the pathway of hematin nucleation. Aggregation were

observed and the transformation was partially confirmed. Data won’t show here.
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Reserved figures.
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Chapter 8. suppression and enhancement of crystal nucleation by
controlling the population of nucleation precursors.

Classical nucleation theory (CNT) identifies three parameters that govern the rate
of crystal nucleation: the solution supersaturation, the surface free energy of the
interface between the nucleus and the solution, and the solute concentration. The
concentration correlates to the supersaturation, which, in turn, is a coarse regulator of
nucleation. Modest supersaturation variations often completely suppress nucleation or
invoke dramatic shifts to unwanted crystal morphologies and polymorphs. Efforts to
modify the free surface energy y by surfactants are constrained by the negative
adsorption of modifiers that increase vy, a corollary of the Gibbs adsorption principle.
Surfactants have been employed to enhance nucleation rates, and their activity has been

attributed to their positive adsorption on the nuclei.100101

An alternative means to enhance crystal nucleation is to engage heterogeneous
substrates that support the emerging crystal nuclei.>*> CNT suggests that the barrier for
nucleation assisted by heterogeneous substrates is lower owing to the smaller volume of
nuclei that strongly adhere to the substrate,! which drives nucleation rates faster by

orders of magnitude.!?

Numerous industrial tasks require suppression of nucleation.!®® The elaborate
structures of minerals suggest precise nucleation control that consists of suppression of
nucleation throughout and enhanced nucleation at a perfectly selected location.0>1%7

Robust suppression of nucleation cannot be understood or designed within the realm of

classical theory. Strategies to suppress nucleation, however, naturally arise for two-step
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nucleation. Nucleation can be inhibited by destroying the disordered precursors that host

crystal nuclei or by engineering the cluster properties to constrain crystal nucleation.

8.1 Antimalarial modifies hematin nucleation

Nucleation is the first step for crystallization and plays an important role in
controlling the polymer. Controlling nucleation is an important strategy to control the
properties of crystals. However, the major challenge, both in space and in time, held the
step of development. Nucleus and intermedium formed from nucleus are usually in a
dimension of nanometer and the rate of formation is in the scale of microsecond. Existing
techniques, such as in-situ TEM, can only partially reveal the progress of nucleation and
the detailed mechanisms are still veiled. Following previous study that showed
antimalarial drugs can modify the rate of generation of hematin nanocrystal, we
continued investigating how antimalarial drugs can modify the nucleation time and try to

understand the importance of clusters behaviors.

The conclusion of DLS measurements showed that CQ and MQ won’t change the
nucleation time, PY prolongs it and H — ARS / H — ART accelerate. We hypothesis that
crystal nucleation can be inhibited by suppressing the population of nucleation precursors
in the solution. We will establish the mechanism of formation of the nucleation
precursors in organic solutions and propose means to control their concentration and

volume.

138



1.0

o H-ARS
0.6} « Control
A MQ4uMm
V¥ cQ2uMm
Jd PY4uM
o 04f ] .
E 0.5+
go02
<
0.0} 1 ool

0 100 200 300 400 500
Time [min] Time [min]

Figure 67. A conclusion of the evolution of amplitude of hematin solution in the presence
of antimalarial drugs

8.2 Cluster behaviors in the presence of antimalarials

Hematin forms crystals elongated along their ¢ crystallographic axis (62, 66, 73,
84). In a supersaturated solution with C=0.50 mM (the solubility at 22°C is 0.12 mM) the
scattered light intensity and the respective correlation function G(7) (7, lag time) rapidly
grow announcing fast nucleation of crystals (Fig. 4B). The addition of the heme-artesunate
adduct H-ARS(187) substantially accelerates nucleation, whereas mefloquine (MQ) and
chloroquine (CQ)(88, 190) are passive bystanders. Importantly, pyronaridine (PY)(88)
suppresses nucleation. The nucleation enhancement by H-ARS and the passivity of MQ
and CQ can be understood within the CNT predictions (23, 170). The nucleation
suppression by PY falls outside of the realm of CNT and suggests that hematin crystal
nucleation may follow a non-classical pathway (170). Transmission electron microscopy
(TEM) characterization of supersaturated hematin solutions supports this hypothesis. The
micrographs reveal the presence of amorphous particles with diameters ranging from 70

to 250 nm that assist the nucleation of elongated hematin crystals, analogously to
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previous observations on crystal nucleation of perylene(191) and several proteins and
minerals (170, 173, 175, 192). Further evidence that the amorphous particles host crystal
nucleation emerges from the electron diffraction patterns of several particles that

represent superpositions of amorphous and crystal signatures.
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Figure 68. lllustration of nanosite and particle observed from camera view.

In the DLS studies, we reported the size of nanocrystals evolution time and the
resolution was limited to test the behaviors of clusters. To achieve more information, we
adopted nanosite to monitor the movement of individual cluster and estimate the size

distribution by tracking the trace of random walk.
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Figure 69. The trace of the movement of single cluster in the solution.

As the movement of every particle was recorded and the size was calculated, the
size distribution can be extracted for different solutions. Eventually, the average size of

particles in the solution was reported.

-
N
T
1

o
o)
T
1

o
~
T
1

o
o
T

Particle Concentration [10°/L]

0 20 40 60 80 100 120 140
Particle Size [nm]

Figure 70. Size distribution of particles in the hematin solution.
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To further confirm observed particles are clusters, the evolution of particle over
time was recorded. At the solubility, particles remain stable after 24 hours test. Varying
the centration of hematin won’t change the size of particle. Those facts indicted that

those particles are clusters.
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Figure 71. Time evolution of hematin solution at solubility.

Two important properties can be extracted from Nanosight videos are the density
of clusters in the solution and its size distribution. We tested different concentrations of
pure hematin solution and hematin solution along with antimalarial drugs. At
concentration 0.13 mM that is lower than the solubility 0.16mM at the room temperature,
a few clusters were observed. The existence of particles in the under supersaturated
solution suggested that those particles should be clusters instead of nanocrystals because

no crystals can be generated in the undersaturated solution. Those particles remain the
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same size after several hours with a relatively constant population density. The number
of particles increased dramatically by increasing hematin concentration from 0.13 mM to
0.28 mM and the size of particles remain the same. When the hematin solution beyond
the solubility, those clusters will growth largely and eventually transferred to hematin
nanocrystal. We applied double layer polarizer between the camera and the view window.
The double polarizer can block all the scattered light from reaching the camera expect
light passed through crystals. The fact that more and more light spots can be observed

confirmed that cluster can be transfer into crystals in the supersaturated solution.

Figure 72. Clusters Observed at different concentration of hematin.
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Figure 73. Particle size and density at different hematin concentration.
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Nanosite movies were recorded and processed for the assays of hematin
solution in the presence of antimalarials. The density and population were reported. The
reported size of cluster at all conditions was equivalent. Similar to the DLS results, CQ
and MQ displayed a similar density of clusters at pure hematin solution, PY reduced the
density and H— ARS largely increased it. To test how the concentration of antimalarials
impact the cluster formation, hematin concentration was kept constant at 0.28 mM and
increase the amount of antimalarials in the solution. Similarly, CQ and MQ won’t affect
the cluster behaviors. PY can fully stop the formation at around 4 uM. Those results
confirmed the observed spots are likely to be cluster precursors and the number of

clusters will directly impact the nucleation time and formation of nanocrystals.
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Figure 74. Cluster density varying with PY and H — ARS concentration.
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Figure 75. Conclusion of average size and density of particles in the presence of
antimalarials.

The observed ds are consistent with the diameters of the amorphous aggregates
observed by TEM. Both d and N, the number of aggregates per unit volume, are steady
for at least one hour, behaviors that stand in contrast to expectations for domains of
classical liquid or solid condensates due to a first-order phase transition,(193, 194) whose
their nucleation and growth persist and d and N increase (195, 196). In further
contradistinction to typical condensed phases, the aggregates size is independent of the
hematin concentration. The reversibility of the aggregates is revealed by the
concentration dependence of N, which declines about 15-fold in response to a two-fold
reduction of concentration. The exaggerated response of N to reduced concentration
indicates that the aggregates are not irreversible agglomerates, whose concentration is
diluted in parallel with that of the solute, but rather condensates existing in dynamic

equilibrium with the host solution (197).
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Figure 76. TEM micrograph from a cluster that hosts one or more crystals as certified by
the electron diffractogram, which superimposes amorphous and crystalline
signatures.

These behaviors of the hematin aggregates cohere with previous observations of
mesoscopic solute-rich clusters of olanzapine (198, 199) and numerous proteins (200-
203). We conclude that the hematin aggregates are mesoscopic solute-rich clusters.
According to recent models the mesoscopic clusters, they exist owing to the accumulation
of transient dimers (203-205). The cluster size is determined by the balance between the
lifetime of the transient dimers and their rate of outward diffusion from the cluster core
and is, hence, independent of the solute concentration and steady in time (204, 206). By
contrast, the amount of solute captured in the clusters, and the related number of
clusters and cluster population volume, increases exponentially with the solute
concentration as a consequence of the thermodynamic equilibrium between the clusters
and the bulk solution (204, 206, 207). The mesoscopic clusters of hematin appear to

remarkably well comply with the predictions of this model (197, 203).

In further compliance with the model, the addition of CQ, MQ, PY, and H-ARS does
not affect the clusters size. These additives, however, invoke disparate responses of the
cluster concentration N. N is indifferent to CQ and MQ; PY enforces strong suppression of

cluster formation, whereas H-ARS amplifies N four-fold. Remarkably, these responses of
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the cluster population to the four additives run parallel to how they suppress of enhance
crystal nucleation, coherently with the role of clusters as crystal nucleation sites.
Collectively, the TEM observation of cluster-assisted nucleation and the parallel trends of
additive activity on the cluster population and crystal nucleation support a mechanism of
nucleation control employing additives that enhance or suppress the population of

nucleation precursors.
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Chapter 9. Nonclassical pathways of cholesterol crystallization
thought the attachment of clusters on the surface.

One of the most relevant, yet the least investigated pathological crystal is
cholesterol, which is a principle component of gallstones (1-5) and atherosclerosis (6, 7).
Prior studies have largely focused on the effects of phospholipids and bile salts on the
formation of cholesterol crystals;(8) however, few groups have examined the
mechanism(s) of crystallization. To this end, we conducted preliminary studies revealing
cholesterol crystal growth occurs by a combination of classical and nonclassical (9)
pathways involving the addition of monomer and precursors (i.e. clusters), respectively.
In situ AFM confirmed the addition of clusters while dynamic light scattering (DLS)
indicated their presence over a range of temperatures and solute concentrations. It was
found that growth at high supersaturation leads to layered surfaces populated with step
bunches and double steps that grow at reduced rates. At low supersaturation, we observe
highly unusual step advancement mediated by the presence of protrusions. Collectively,
our preliminary data indicates that cholesterol grows by pathways that are distinct

compared with other pathological crystals.

We develop an improved understanding of cholesterol crystallization with an
emphasis on the assembly and role of clusters (i.e. nonclassical pathways). This research
will predominantly employ in situ AFM to elucidate layer generation and spreading at
physiologically-relevant conditions. AFM has proven to be a powerful technique for
probing growth dynamics and molecular interactions at crystal surfaces with near

molecular resolution (208-212). Once establishing growth mechanisms over a range of
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conditions, we will begin to identify potential inhibitors (i.e. organics with similar
structures as cholesterol). The selection of molecules will be guided by heuristics
established in our group for a variety of organic crystals, thus enabling our detailed

investigation into the processes of cholesterol crystal growth inhibition.

Previous studies forced on investigating the role of hepatic secretion of biliary
cholesterol, phospholipids and bile salts that may govern the crucial steps of formation of
gallbladder. Those results unveiled pathways to modify or stop the formation of
cholesterol crystals from controlling the precipitation, growth or agglomeration. However,
Difficulties built in the nature of cholesterol crystallization build a wall that barricade a
deep understanding of molecular mechanisms. The extreme fast nucleation and growth
rate outrun the rate that we can catch. In recent studies, we establish a system mimicking
the environment in where cholesterol crystal forms while regulating the rate of crystal
growth within a rage that can be monitored by atomic force microscopy. The result
revealed that cholesterol crystallization follows a novel nonclassical pathway in which the

clusters were involved.

9.1 Gallstones and cholesterol crystals

Approximately twenty percent of adults have gallstones making gallstone disease is
one of the most common biliary tract diseases caused by a combination of genetic and
environmental factors. Gallstones occur when the chemical constituents of bile become
imbalance. Precipitation of solid cholesterol crystals from supersaturated bile plays an
essential role in gallstone formation. Gallstones can cause various problems: biliary

colic/cholecystitis; Jaundice; ascending cholangitis; pancreatitis; Bouveret’s syndrome
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and gallstone ileus and Gallbladder cancer. The most common treatments for gallstone
disease are drug dissolution therapy and open surgery. The understanding of the
mechanism behind cholesterol crystallization will provide insights for designing more

effective therapeutic drugs to prevent or remove gallstones.

Cholesterol stones are composed of more than 80% cholesterol. They often contain
alternating layers of cholesterol crystals and mucin glycoproteins. Some calcium salts and
bile pigments can also be included in the stone. The addition of the proteins improves the

strength of cholesterol stones are pure cholesterol crystals are soft (213).

HO

Figure 77. Chemical structure of cholesterol.

The formation of gallstones was initialized when the amount of cholesterol
carried by lipoprotein exceeded the limitation. Cholesterol usually nucleates at the wall
of blood vessel and those small crystals further accelerated the crystallization process.
When a galls tone causes blockage of cystic duct, it leads to severe episodes of pain
(214). The plaque of cholesterol crystals can also lead to heart attack or sudden cardiac
death, accompanied with stroke, chest pain, leg pain, leg cramps, sudden numbness,

weakness and dizziness.
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9.2 Cholesterol Structure

Cholesterol crystals have several polymorphs depending on the growth solution.
The two most common ones are cholesterol monohydrate and anhydrous cholesterol.
Cholesterol monohydrate crystals have bilayer structure with space group P1. The unit
cell crystallographic dimensions are as follows: a =12.39A, b=12.41A, c=34.36 A, a =

91.9° B =98.1° and y = 100.8° (215). The largest plate face is the (001) face.

Figure 78. Image of Cholesterol monohydrate crystal (216).

Anhydrous cholesterol crystals are triclinic with a space group of P1. cholesterol
monohydrate. The unit cell dimensions are a=14.17 A, b=34.21 A, c =10.48 A, a =
94.6° B =90.7° and y = 96.3° (215). The observed morphology is clearly distinct from

cholesterol monohydrate as needlelike crystals.

Figure 79. Image of anhydrous cholesterol crystal.
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The final polymorphs largely depend on the accessibility of water. In previous
studies, we noticed that crystals synthesized from pure organic solvents are appeared to
the anhydrous form. When water was added to the system, the final crystal form is
monohydrate. Interestingly, in the butanol with 3% water solvent, needle like anhydrous
cholesterol crystal was first observed in the solution and later transform into
monohydrate cholesterol crystal. The assumption that anhydrous polymorph always
generated first in the solution was partially proved in Nam-Joon’s work. They tracked the
nucleation of cholesterol on the lipid layers and imaged with fast scan camera. Images
showed that needle like crystals were generated on the surface first, then the edge of
those needles begin to partial dissolve and finally transformed to the rectangular shape

(217). The transformation happened within 20s.

9.3 Syntheses of cholesterol crystals.

Cholesterol crystallization follows the basic principle that can be controlled by
adjusting the supersaturation. As cholesterol crystal grow extremely fast, a method of
slow evaporation over 2 weeks from solutions of 95% ethanol and 5% distilled water has
been utilized. The crystals are originally transparent or clear, but after a few hours of
exposure to air a transformation to opaque crystals transpires due to dehydration of the
crystalline structure. As the monohydrate cholesterol is the most common crystals
found from gallstones, crystals are stored in the solution to maintain the morphology

before the experiments performed later.

Cholesterol is small organic small molecules have extreme high solubility in organic

solvent while almost insoluble in water solution. However, water in the system plays an
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essential for the formation of monohydrate polymorph. To set a controller growing
system can be plant in the AFM study while mimic the environment inside human blood
vessel, Megan Ketchum measured the extinction coefficients and solubilities in various
environments. Those measurements guiled the choice of the solution in the later

experiments.

Table 5

Extinction coefficients of cholesterols in various solvents.

Solvent € (mM cm™] A [nm]
Methanol 4.11+£0.08 201
Ethanol 3.36+0.06 202
Ethanol + 5% H,O 4.10£0.04 202
Ethanol + 7.5% H,0 46+0.2 201
Ethanol + 10% H>O0 5.10+0.09 201
Butanol 2.87+0.05 204
Butanol + 2.5% H,0 3.03+0.05 204
Butanol + 5% H,O 3.56+£0.08 203
Butanol + 7.5% H,0O 3.81+£0.07 203
Hexanol 2.30+0.04 205
Hexanol + 2.5% H,O 3.54+£0.08 204
Hexanol + 5% H,0 2.73 £0.05 205
Octanol 3.24+0.06 202
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Figure 80. Solubilities of cholesterol in different solvents at 25 Celsius.

According to all the data, we aimed to select ethanol as the candidate for
cholesterol growth in the AFM studies as the growth rate can be readily controlled
through the percentage of water content. The PH of the mixture is feasible to be
adjusted by changing the aqueous phase to a desired buffer. Crystals can be generated
through cooling a supersaturated solution slowly or reducing the amount of solvent by
evaporating. Both methods achieved to create a small step of supersaturation over long

period of time. Monohydrate crystals were produced with an average dimension of 300

nm in length.

9.3 Decipher the cholesterol crystallization mechanism

Studies were mainly forced on the function of phospholipids in the formation of
gallbladder (8, 218-220). Cholesterol molecules are usually highlighted with special dyes
to track how cholesterol molecules assembly from bulk solution into crystal forms (221).
Studies displayed both the heterogeneous nucleation and crystal growth at the surface

of phospholipids at the microscopic level. Recent studies in Jennifer (222) illustrated the
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dissolution of monohydrate cholesterol crystal in the presence of bile salts. However,

the growth mechanism of cholesterol crystallization at crystal interface is unknown.

The challenge landed in monitoring the growth mechanism is both from the
complexity of the growing system in which cholesterol displayed a huge discrepancy in
solubility and the nature of cholesterol crystallization that the fact growth rate beyond
the tracking ability of most techniques. To solve those problems, we tested various
solvents and selected the water/ethanol mixture as the candidate for controlling the
growth rate. Besides, we implanted the fast scan AFM that can track the movement of
steps with 20 Hz. During the scanning, the temperature was controlled to 37 Celsius and
the inlet solution must be kept at 39 ~ 45 Celsius to avoid the participate of cholesterol

crystals.

The (001) surface was monitored with supply of cholesterol water/ethanol
solution that contains 35% water. Reducing the amount of water with the same
supersaturation will largely increase the growth rate. Around 20%, the generation of
dislocation and spread can be observed in micrometer scare that can be monitored by
optical microscopy (suggested solution for microfluid device studies in the future). 35%
water/ethanol solution provides a feasible growth rate among the desired

supersaturation ratios.

9.3.1 Polymorphs and dissolution

The AFM images revealed that the top layers of the crystal surface were

dissolving even though the concentration beyond the solubility, measured for
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monohydrate crystal at this temperature. In the meantime, the bottom layer of
cholesterol crystal can grow. We proposed that the monohydrate cholesterol crystal can
readily transform to the anhydrous form as the surface is exposed to the air during the
preparation. The PXDR indicted that monohydrate crystal can fully transform to the
anhydrous form and the solubility of anhydrous crystal appears to have higher solubility
in the ethanol solution. The data indicate that the layer on the top may either dilute
back to the bulk solution or go through a morphology transformation in the solution.
The solubility difference is much smaller in water/ethanol mixture than the pure ethanol
solution. The case suggested the existence of polymorph exchange when water is

present.

Anhydrous Cholesterol

100 um

Relative intensity

5 10 15 20
26 [deg]

Figure 81. Demonstration of cholesterol crystals. Morphologies; Dissolving while growing;
solubility test.
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9.3.2 Deposition of particles on the surface

Nearly one layer or double layer steps are appeared after the dissolution of top
layers. Those steps are moving with a relevant slower step rate for a very short period of
time and then begin to accelerate in several seconds. In the meantime, we begin to
observe that particles are dropping on the terrace. Those particles displayed a size
ranged from 40 nm to 100 nm in height. The indentation measurement suggested that
those particles are solids though it cannot exclude the possibility that those particles can

transform from condensed liquid phase to the solid phase on the surface.

Particles dropped on the terrace were merely observed when the contact mode,
an AFM select that interferences much more with the scanned area than the tapping
mode we usually applied. The case suggested that those particles are likely coming from
the solution phase. In the contact mode, the tip was moving around the surface and
removing all the coming particles. One evidence is that grown particles were observed
outside the scanning area. Interesting, the particle can change the pathway of growth
pathways of (001) surface of cholesterol crystal discussed later. Cholesterol followed a
classical pathway in the absence of deposits that layers were growing from step
advancement. The mechanism is likely to the dislocation pathways though few

dislocations are recorded duo to the scale.
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Figure 82. Particles initially dropped on the terrace with the size distribution. Particles
may grow large and multiple layers bridges were forming between two
deposits.

9.3.2 Characterization of clusters

We concluded that particles dropped on the surface and guide the crystal to a new
pathway of growth are likely coming from solution phase. To confirm the hypotheses and
characterize particles in the solution, DLS and nanosite offered important information for
particles in the solution. As the technique was mentioned in the previous chapter, the

detailed introduction will be skipped.

DLS data displayed a constant correlation function reached the maximum
amplitude at the beginning of experiment that suggested that formation of clusters for
cholesterol is extremely fast process. Like the hematin experiments, the correlation
functions are similar for supersaturated solution and under supersaturated solution that
gave the size of cluster 80nm. The correlation function remains unchanged after leaving

in the constant departure for 3h. No evaporation was considered as the contained was
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well sealed. Unlike the hematin solution, cholesterol cluster can be detected by DLS
method. This offers an opportunity to confirm whether the particles are clusters with a
test shows how size of particles depend on the temperature. The measurement showed
that the size of particles is reducing as temperature increase. Those features fit the
properties of precreation intermedium, cluster. The Nanosite video feedback the similar
result and hence we proposed that clusters in the solution may vary the growth

mechanism both from the nucleation part but also from surface growth viewpoint.
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Figure 83. DLS and Nanosite investigation of clusters in the cholesterol solution.

9.3.3 Nonclassical growth lead by deposits on the surface.

Collected data indicted cholesterol follows a really complex pathway. The AFM
studies indicated that crystal follows the classical pathway without deposits. Several
consequences lead to a special pathway after particles deposited on the surface. The first
thing we noticed layers are accelerated around the deposits and curved multiple step are

formed. This phenomena is similar to the reversed process of the inhibited dissolution
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buy dropped particles described in Chernov’s work (64). Yet it holds a brand-new
mechanism for us to explore. The acceleration of steps may be explained by the
hypothesis that the deposited particles with a different morphology lead to the strain at
the contact point and the strain drives the dilution of those misaligned molecules. This
process created a regime of high concentration that speed up the steps approaching
those deposits. However, the hypothesis cannot explain the growth of those deposits we
saw in the AFM studies. Some of deposits on the surface can continue growing in to a
huge extrusion with a high range from a hundred nanometer to one micrometer. In large
scale, those protrusions also can connect steps with curved stage. The mechanism

remains unknown.

Figure 84. Cluster behaviors on the surface. They attract step; generate new steps;
construct curve bridges; grow into mountains.

9.3.4 Characterize the crystal growth and future work

Crystal growth is characterized by growth rate. As no 2D nuclei or clear dislocation

center was observed. The detailed mechanism required more information. The step
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growth rate with different step separation also performed to check the surface diffusion.
We also noticed the temperature may affect the level of curvature of steps. As the large
discrepancy landed in the various solvents, does the clusters still remain same features.

More work will be done to answer all those questions.
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Figure 85. Step advancement measurement.
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Conclusions

Crystallization is one of the most important process that reveals the mixture of
complexity and regularity of rules that govern the operation of our daily lives. In the
previous study, from studying the hematin crystallization existed in the malaria parasite,
we illustrated how modifiers can change the pathway of crystal growth and further
pushed the phenomenon to a common theory that may apply to other crystallization
systems. We discovered the dual mechanism of new class antimalarial drugs, artemisinin,
that the drug can react with the free heme to produce a new compound that can attack
both the crystallization process and the crucial protein sequence for malarial parasite to
multiply. Besides, it is so interesting and excising if we can develop a theory that can
explain what’s really going on between the nucleation formation and the existed
intermediates composed of monomer and enhance to control the nucleation process.
Besides, the cholesterol crystallization remains a huge opening for the future study. The
special interaction between deposits and steps may lead to a series of new hypotheses. |
am looking forward to answer the mystery interaction that can drag close steps to the
rounds deposits; to test how the mechanism related to inhibition of cholesterol
crystallization and cure of relative diseases; to eventually understand the cholesterol
crystallization in the real human system, which is a way more complex system involving

the crystallization but also the incorporation of salts.

Science is a beauty that expands the broader of our freedom.
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