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ABSTRACT: The ability to control crystal nucleation through the i

simple addition of a nucleating agent (nucleant) is desirable for a .
huge range of applications. However, effective nucleating agents are
known for only a small number of systems, and many questions
remain about the mechanisms by which they operate. Here, we
explore the features that make an effective nucleant and
demonstrate that the biological material hair—which naturally
possesses a chemically and topographically complex surface
structure—has excellent potential as an effective nucleating agent.
Crystallization of poorly soluble compounds in the presence of
hairs from a range of mammals shows that nucleation preferentially
occurs at the cuticle step edges, while a novel microdroplet-based
methodology was used to quantify the nucleating activities of
different hairs. This showed that the activities of the hairs can be
tuned over a wide range using chemical treatments. Analysis of the hair structure and composition using atomic force microscopy,
scanning ion conductance microscopy, and X-ray photoelectron spectroscopy demonstrates that surface chemistry, surface
topography, and surface charge all act in combination to create effective nucleation sites. This work therefore contributes to our
understanding of heterogeneous nucleating agents and shows that surface topography as well as surface chemistry can be used in the
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chemical treatment
T CaCO:s crystallization
_—

design or selection of universal nucleating agents.

1. INTRODUCTION

The ability to control crystal nucleation is key to a vast range of
processes as diverse as the production of high-quality protein
crystals, cloud seeding, the prevention of kidney stones and
scale build-up in heating systems, the generation of
pharmaceuticals with specific polymorphs, and control of gas
hydrate formation.'~* However, in contrast to the many
strategies that exist for controlling crystal growth, control over
nucleation remains highly challenging. One of the most
attractive potential strategies is the addition of foreign
nucleating agents (nucleants), which can determine nucleation
rates, nucleation location, and properties of the crystalline
product such as polymorph. However, practical experience
shows that it can be highly challenging to identify effective
nucleants—with the exception of seed crystals or compounds
that possess an epitaxial match with the nucleating
compound®—and many questions remain concerning the
mechanisms by which they operate.

Studies to find effective nucleants have principally focused
on ice and proteins,’~” and relatively few have been identified
even for widely used inorganic compounds such as calcium
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carbonate.'’ An attractive strategy for increasing the efficiency
of this search process is the discovery of “universal nucleants”
that can direct the nucleation of multiple compounds.'’ As
potential candidates, materials of biological origin are of
particular interest. Structures from a diverse range of
organisms, including lichens, pollens, and fungi have been
identified as excellent ice nucleants,’ and the ability of some
bacteria to generate ice nucleating proteins has even been
exploited in the production of commercial nucleants.'”~"*
Indeed, rabbit hair was used to generate the first artificial
snowflakes ever made."”> Animal hair is also often used as a
nucleant for protein crystals,'*™"® and animal hair fragments
have recently been incorporated in high-throughput crystal-
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Figure 1. (A) SEM images of CaCOj; crystals grown on human and dog hair after chemical treatments. (B) Crystal density for dog and human hair
under various chemical treatments to modify the surface structure. The error bars represent the standard deviation (n = 3). (C) High-magnification

SEM images showing the cuticle morphologies of human and dog hair.

- . L1920
lization assays to produce nuclei at lower supersaturations, ’

leading to more controlled growth and higher quality crystals.

Here, we investigate the origins of the activity of hair as a
nucleant and explore its potential to nucleate inorganic
crystals, a class of compounds not considered previously.
Hair also exhibits a complex surface topography that varies
according to species and thus provides a unique opportunity to
explore the combined roles of surface chemistry and
topography on nucleation. While surface chemistry is
invariably the primary factor considered when rationalizing
the capacity of a surface to promote nucleation,” ~** there is
growing evidence that surface topographical features including
cracks and pits can also contribute significantly to its
activity.”* ™" Two contrasting systems are examined—
CaCO; and KNOj;—where these exhibit common poly-
morphs”®*” but differ greatly in their solubilities and
nucleation kinetics.”””' Sparingly soluble CaCOj is used to
identify the nucleation sites on the hair, while a novel
microdroplet methodology was developed to assess the
nucleation kinetics of KNO; in the presence of hair.
Investigation of the effects of various chemical treatments
then allowed us to correlate nucleating properties to surface
chemistry, charge, and topography using X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), and
scanning ion conductance microscopy (SICM). Our study
demonstrates that hair is an effective nucleant for multiple
compounds and increases our mechanistic understanding of its
behavior and, in particular, the role of surface topography,
which should ultimately enable us to identify and even design
new nucleants.

2. METHODS

2.1. Hair Source and Modifications. Dog hair was collected
from a miniature Irish doodle, and human (head) hair was generously
supplied by an individual with thick, straight, black hair. Mole, mink,
squirrel, camel, and elk hairs were purchased in a selection box of fly
fishing materials (Sportfish, Farlows Ltd.). Bat hairs were kindly
supplied by the South Yorkshire Bat Group and the Northumberland
Bat Group. The contribution of surface chemistry to the behavior of
the hairs was investigated by employing three surface treatment
strategies by immersion in: (i) ethanol, (ii) petroleum ether, and (iii)
hydrogen peroxide before water rinsing (Section S1.1). Petroleum
ether removes lipids from the surface, ethanol removes lipids and
denatures proteins, and hydrogen peroxide oxidizes the proteins on
the hair surface, altering its chemistry and surface charge.”*”

2.2. Calcium Carbonate Crystallization. The performance,
distribution, and nature of nucleation sites present on a range of
different hair types were determined by precipitating CaCOj; on their
surfaces by immersion in a 2.5 mM equimolar solution of CaCl, and
Na,CO; for 20 min, corresponding to a C/C,,, of 2.90. As a sparingly
soluble compound, CaCO; forms as small crystals, and their number
density and locations with respect to the topography of the hair
surface could be readily determined by scanning electron microscopy
(SEM), and their polymorphs by Raman spectroscopy (Sections
S1.1—1.3). Nucleation sites were investigated by placing crystal-
coated hairs on the surface of an uncured resin and allowing it to cure
before the hair was gently peeled from the resin surface, leaving an
imprint of the hair with the undersides of the crystals exposed
(Section S1.1). This enabled the relationship between the topo-
graphical features and the center of the crystals to be identified.

2.3. Crystallization of Potassium Nitrate in Microdroplets. A
second method was employed to quantify the activities of the different
hairs, where individual hairs were used to determine the concentration
range in which nucleation was triggered within KNO; microdroplets.
Detailed information is found in Section S2.1. Briefly, the micro-
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droplets of aqueous KNO; (=1 nL, 2.5 M) were deposited on
hydrophobic glass slides under a layer of silicone oil using a
nanopipette and Eppendorf InjectMan system, while the temperature
was continuously recorded. Diffusion of water from the microdroplets
to the silicone oil led to a gradual decrease in volume and an increase
in the concentration of KNO; within the microdroplets. The
concentrations of the droplets could then be calculated from the
droplet volumes at any point in time, which were determined using
optical microscopy with automated image analysis (Sections S2.2 and
S$2.3). The behavior of hair as a nucleant was investigated by touching
supersaturated droplets of different concentrations with the side of a
hair (Movie S2) and recording whether a crystal was produced. Care
was taken to ensure that only the region under investigation—the side
of the hair—contacted each droplet.

2.4. Levitated Droplet Synchrotron Wide-Angle X-ray
Scattering Measurements of KNO; Crystallization. In situ
wide-angle X-ray scattering (WAXS) measurements were collected at
the European Synchrotron Radiation Facility (ESRF) to investigate
phase transformations occurring within the microdroplets (Section
S3). A 2 uL KNO; droplet (0.5 M) was deposited into an acoustic
levitator using a hydrophobic needle. A dog hair was grafted to
Poly(tetrafluoroethylene) (PTFE) capillary tubing and placed in
contact with a levitated droplet. The droplet evaporated under
ambient conditions while time-resolved WAXS was simultaneously
collected. The 2D WAXS patterns were background-corrected by
using the first frame at the beamline using PyFAI software and
averaged every 50 frames after preliminary analysis.

2.5. Characterization of the Surface Chemistry and Top-
ography of Hair Samples. The topography, surface chemistry, and
surface charge of the hair samples were carefully characterized by
different techniques (Section S4). The topography of the hair samples
could readily be determined with high resolution by AFM. The
surface chemistry was determined by XPS, where survey scans give the
elemental composition, providing information about the amount of
lipids and proteins in the surface layer (5—10 nm). High-resolution
sulfur 2p scans give chemical information about the protein oxidation
state. The heterogeneity of the surface charge of the hairs immersed in
aqueous electrolytes was determined by SICM. In such experiments,
an ionic current is passed through a glass nanopipet that is used as a
probe to scan the hair surface. The measured ionic current is
proportional to the ionic conductance of the system, which is related
to the surface charge through developed simulations. More
information about the simulations is found in the Supporting
Information (Sections SS and S6).

3. RESULTS

3.1. Calcium Carbonate Crystallization on Human
and Dog Hair. Initial studies focused on characterizing and
using human and dog hair that had been thoroughly rinsed in
water to nucleate CaCOj crystals (Section S1.1). SEM showed
that both of these hair types exhibited steplike cuticle edges
(Figure la,c). The crystals were ~S ym in size in both cases
and were rhombohedral in morphology (Figure 1a), and the
polymorph was shown to be calcite (Section S1.2).
Comparable crystals formed in control experiments in which
a glass slide was used as a crystallization substrate. Evaluation
of the number density of crystals showed that human hair (949
+ 81 crystals/mm”) performed worse than the pristine glass
surface (2612 + 268 crystals/mm?), and that dog hair (2146 +
628 crystals/mm?”) performed similarly as a nucleant to the
glass. (Figure 1b and Section S1.3).

Surface treatment of the hairs had a dramatic effect on the
number density of the crystals formed (Figure 1b). Ethanol
washing increased the activity of dog hair (12,338 + 740
crystals/mm?) by over five times but had little effect on human
hair (1259 + 91 crystals/mm?). Petroleum ether caused a
modest increase in the number density (4683 + 593 and 1959

+ 690 crystals/mm” for dog and human hairs, respectively),
while hydrogen peroxide significantly reduced the activity of
both hair types (1012 + 134 and 156 + 78 crystals/mm” for
dog and human hairs, respectively). These results show that
exposing the underlying protein-rich surface under non-
oxidative conditions improves the nucleation density of the
active dog hair. Moreover, a synergistic effect for ethanol
treatment is seen where the removal of lipids and protein
denaturing increases the availability/efficiency of the surface
proteins for the nucleation of calcite. The images of the
encrusted hairs suggest that the calcite crystals tended to form
preferentially adjacent to the cuticle edges. This is most clear
for the hydrogen peroxide-treated dog hair shown in Figure 1a
(bottom left panel), where the small number of crystals present
enables their locations to be identified.

The nucleation sites were then further investigated by
placing crystal-coated hairs on the surface of an uncured resin
and allowing it to cure (Figure 2). The water and petroleum

A

Hair imprint
with
embedded
CaCo,

Figure 2. (A) Schematic demonstrating how a hair sample encrusted
with CaCOj crystals is placed on a wet resin and then cured. The hair
is then gently peeled from the cured resin, leaving an imprint of the
hair with the undersides of the crystals exposed. (B) SEM images
showing these imprints for each hair treatment procedure. The cuticle
edges have been marked in blue.

ether-treated hairs showed a slight enhancement of nucleation
at the cuticle edges, while ethanol and peroxide treatments led
to a significant increase in the proportion of crystals located at
these sites. The cuticle edges give rise to a preferred
environment for nucleation and can act as a nucleation site
even when the rest of the cuticle scales are deactivated,
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Figure 3. (A) Variation in C/C,, of nine KNO; microdroplets over time. The black crosses denote the points at which crystallization occurred. (B)
Schematic showing how hair was used to nucleate KNO; in the microdroplets. (C/D) Results from KNO, droplet nucleation experiments for (C)
human and (D) dog hairs. The bars at the top of the graphs show the ranges between the lowest C/C,, (onset) nucleation event and the highest C/
Cyue at which a droplet did not nucleate (end point). The error bars give the standard deviations of C/C,.

resulting from the altered chemistry and topography at the
cuticle edge.

3.2. Crystallization of Potassium Nitrate in Micro-
droplets. Precipitation of CaCOj; on the surfaces of hair offers
a straightforward means of assessing their performances as
nucleating agents and identifying preferred nucleation sites.
Quantification of the activities of the different hair samples
within a range of solution concentrations is more challenging,
where previously reported methods have required the hair to
be ground into fragments.”* The exposed hair surface resulting
from grinding comprises a highly variable mixture of inner and
outer regions, which is not representative of the native
surface.'”” We therefore developed a novel strategy in which
individual intact hairs were used to trigger the nucleation of
KNOj crystals within supersaturated microdroplets. Arrays of
microdroplets are ideally suited to nucleation studies since
multiple experiments can be rapidly conducted while excluding
the majority of heterogeneous contaminants.”*” High super-
saturations are achievable in contaminant-free microdroplets,
enabling nucleation to be triggered at will by introducing a
nucleant.”**” We exploit this to compare the nucleant behavior
over a wide concentration range.

3.2.1. Nucleation in Microdroplets. Crystallization within a
3 X 3 array of KNOj; droplets occurred within 2—S5 h in the
absence of a nucleant, at a rate that was dependent on their
position in the array (Figure 3a, Movie S1). The droplet in the
center of the array always crystallized last, as it was surrounded
by silicone oil with higher water concentration, due to the
proximity to neighboring droplets. The droplets used were
approximately 130 pm in diameter, which corresponds to a
volume of ~1 nL. Smaller droplets can be made to avoid
heterogeneous contaminants to the point where homogeneous
nucleation could be accessed in future induction studies.*’

Human and dog hairs were used as nucleants, and their
activities were compared with a glass nanorod as a control. The
activities of nucleants were assessed by comparing the
proportions of nucleation events that occurred within set
ranges of C/C,,. C/C,, is related to the supersaturation ratio
but does not include ion activity coeflicients, which are highly
challenging to calculate or measure reliably in both super-
saturated conditions and high ionic strengths. The glass failed
to induce nucleation at C/Cg, > 2.14, but the fraction of
nucleated droplets rose sharply above this point until every
droplet crystallized at C/C,,, > 2.36 (Figure 3c,d). Notably, all
hairs induced nucleation at much lower concentrations. Dog
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between 16.3 and 20.2 min.

hair consistently nucleated KNOj; at lower C/C,,, than human
hair, where the onset C/C,, was 1.40 for water-washed dog
hair as compared with 1.45 for human hair, and the highest C/
C,, value for which nucleation failed to occur was 1.80 for dog,
compared to 2.15 for human (Figure 3¢,d).

This methodology was also used to evaluate how the surface
chemistry of the hairs contributes to their activities, where the
hairs were also tested after treatment with ethanol, petroleum
ether, and hydrogen peroxide to alter the surface chemistry
while maintaining the same topography. The efficacy of dog
hair as a nucleant was relatively insensitive to surface
treatment; the treated hairs exhibited a narrow range of
onset C/Cy, (1.40—1.56), and the highest C/C,, values at
which nucleation failed to occur was between 1.80 and 2.13.
Water-washed dog hairs were generally the most effective,
followed by petroleum ether, ethanol, and then hydrogen
peroxide-treated samples. Human hair showed a much wider
range of onset C/C,, (1.45—2.05), which was principally due
to the significant increase in onset C/C, to 2.05 after ethanol
treatment. The highest C/C,, values at which nucleation failed
to occur were similar for all treatments of human hair (2.14—
2.26).

Results from the KNOj; crystallization experiments were
more variable for hair samples than glass, which can be
attributed to the higher variability in surface topography and

chemistry along the length of each hair. As the droplet
diameters were ~130 pum, the typical spacing between hair
cuticle edges is 5—15 ym, and between 10 and 20 cuticle edges
were typically exposed to each droplet. In contrast, the relative
simplicity of the glass surface is such that the microdroplets
experience little variation in the surface topography and
chemistry between different samples. Results from these
experiments are shown in Figure 3c,d.

With the exception of the ethanol-treated human hair, the
shapes of the fitted curves of the fraction of droplets nucleated
versus C/C,, were also quite different for hair when compared
with the glass nanorod (Section S2.4). Those for hair generally
exhibited a gradual increase in nucleation activity from just
above the onset C/C,,, while glass exhibited a steep increase in
activity over a narrower range of C/Cg, values. This is
consistent with the hairs exhibiting a topographically and
chemically complex surface on which a small number of unique
nucleation sites gradually become active as supersaturation
increases. Human hair behaved similarly but with a slight
difference; a transition point exists at moderate C/C,,, where
the fitting curves sharply rise (most prominently for water-
washed human hair), suggesting that nucleation events shifted
from being driven by rare, but highly effective nucleation sites,
to less effective but more commonly expressed nucleation sites
(Section S2.5).
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Figure 5. (A) Diagram of the lipid layer at the epicuticle. (B) XPS survey scan for water-washed dog hair. (C) Amount of carbon in the samples
quantified from survey scans. (D) Amount of nitrogen in the samples. (E) High-resolution sulfur 2p scans for water-washed dog and human hairs.
(F) Amount of S(-I) and S(-II) compared to the total sulfur amount in the samples.

3.2.2. Potassium Nitrate Polymorphism. KNO, also
exhibits interesting polymorphic behavior, allowing the
polymorph selectivity by hair to be evaluated. KNOj; exhibits
three major polymorphs, termed a (orthorhombic, Pncm),
(rhombohedral, R3m), and y (rhombohedral, R3m). y-KNO; is
reportedly only stable at above 90 °C,*"** while @ and f are
commonly observed at ambient conditions. KNO; saturates at
~3.2 M with respect to @ at room temperature, and at ~#4.0 M
with respect to £.>° Virtually every crystal produced in the
microdroplet experiments was S-KNO,, where the crystals
were rhombohedral, hopper or dendritic in morphology
depending on the concentration (Figure 4a,b). @-KNO; only
formed in &1% of droplets and was needle-like in form, making
these crystals morphologically distinct from the B-phase.

Notably, f-KNO; remained in the droplets when they were
allowed to dry completely. This differs from experiments where
large volumes of KNOj are allowed to fully evaporate, in which
a-KNO; is the sole end product.’®* In situ synchrotron
WAXS analysis of KNO; crystallization was carried out in
levitated droplets to learn why the formation of a-KNO; was
suppressed in our silicon oil bound droplet-based experiments
(Section S$3).*° Droplets of KNO; (2 uL, 0.5 M) were
acoustically levitated in the synchrotron X-ray beam path,
where they were contacted by a dog hair and allowed to
evaporate while collecting data (Figure 4c,d). Three peaks at
1.9, 2.1, and 2.3 A™" corresponding to S-KNO; formed after
16.3 min, and a set of peaks corresponding to a-KNO;
appeared after a further 3 min. The high-intensity (107%)
peak of the f-phase was still present when the a-KNOj started
to crystallize at 19.3 min, and as -KNOj is more soluble than
a-KNO;, dissolution of the f-phase immediately followed a-
phase formation. These data show that the metastable f-KNO;

phase forms first in both large and small droplets, but that its
transformation to the thermodynamically stable a-phase is
suppressed in small volumes, as is characteristic of crystal-
lization in confinement.**

3.3. Surface Chemistry Analysis. The CaCO; and KNO,
crystallization experiments revealed that the different surface
modification strategies had marked effects on the nucleating
properties of human and dog hairs. The outer surface of the
hair is the cuticle layer, which consists of ~75% highly cross-
linked keratin and ~25% lipids, of which 18-methyleicosanoic
acid is the most abundant.” Lipids are either free (unbound)
or covalently attached to keratin through thioester linkages
(bound). The outermost surface of the cuticle is known as the
epicuticle (Figure Sa), an approximately 13 nm layer that
contains a large portion of covalently bound lipids.”> These
lipids readily undergo oxidation and cleavage as a result of
excessive washing, mechanical damage, or UV-light expo-
sure.””’

XPS was used to characterize the surface chemistries of the
differently treated human and dog hairs and to explore their
relationship with the nucleating properties (Section S$4.1).
Survey scans showed that all hair samples only contained C, N,
O, S, and small amounts of Si (contamination from adhesive
tape) (Figure Sb, Section S4.2). The amount of carbon
detected by XPS provides information about the quantity of
lipids present on each hair surface, as the atomic percentage of
carbon is 91% for lipids (predominantly 18-methyleicosanoic
acid) and 61% for keratin.”® These numbers exclude H, as it
cannot be detected by XPS directly. The water-washed dog
hair exhibited a higher carbon signal than dog hairs treated
with ethanol or petroleum ether (Figure Sc), confirming that
unbound lipids had been removed by the latter treatments,
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while hydrogen peroxide treatment does not, at least fully,
remove the unbound lipids. These treatments caused little
change in the carbon signal of human hair, showing that
human hair possessed fewer unbound lipids, likely due to
regular washing.

The nitrogen content, in turn, provides information about
the amount of protein on the hair surface (mostly keratin).
Dog hair exhibits a stronger nitrogen signal when lipids are
removed and thus contains a greater density of surface protein
than the human hair (Figure 5d). This signal increased after
treatment with petroleum ether or ethanol but remained
unchanged for human hair, showing that the removal of lipids
on the dog hairs exposes more proteins on the surface.
Similarly, the nitrogen signal from dog hair decreased after
treatment with hydrogen peroxide, which is indicative of loss of
protein.”® The nitrogen content of the hair samples correlates
reasonably well with the number densities of CaCOj crystals
formed on their surfaces, which suggests that exposed surface
keratin plays a role in the ability to promote nucleation.
Moreover, the increased amount of surface exposed proteins
for petroleum ether-treated samples compared to that of
ethanol-treated ones also supports the synergistic effect
observed earlier, where protein denaturation further promotes
the nucleation of CaCO;.

The degree of keratin oxidation was evaluated from the
sulfur 2p signal (Figure Se, Section $4.3), where sulfur can
exist in multiple oxidation states in biological systems.’”
Thioester (oxidation state —2) and disulfide (—1) groups
exhibit overlapping peaks centered at 164.4 eV, whereas
sulfonate (+4) groups exhibit a peak at 168.6 eV.>* The ratio of
the areas of these separate peaks can, therefore, be used to
gauge the degree of keratine oxidation (Figure Sf). Water-
washed human hair contained substantial numbers of sulfonate
groups on the surface, showing that the surface proteins of our
as-acquired hair sample were significantly oxidized. These
sulfonate groups remained after treatment with ethanol and
petroleum ether, and the sample was almost completely
oxidized following hydrogen peroxide treatment’* Very little
oxidation was detected on as-acquired or chemically treated
dog hair, including samples that had been treated with
petroleum ether to remove unbound lipids and then hydrogen
peroxide (Section S$4.4).°° This suggests that dog hair
possesses an inherent resistance to oxidation by hydrogen
peroxide and that the loss of nucleation efficacy after hydrogen
peroxide treatment was not simply related to the protein
oxidation state as evaluated from the sulfur moieties, but rather
to the removal of proteins from the surface. This could be
related to differences in the amino acid composition.

3.4. Topography and Surface Charge Mapping.
Previous reports of enhanced crystal nucleation in cracks,
scratches, and crevices'” suggest that the surface topography of
the hairs may also contribute to their behavior. Ethanol-treated
dog and human hairs were selected for study, as there is a large
difference in their activities as nucleants. The nanoscale surface
topographies of these samples were evaluated using AFM, and
clear differences were observed (Section S4.1). The keratin
fibrils were aligned and prominent on dog hair, while human
hair had a more disordered surface (Figure 6ab). The
macroscale topographies of hair samples are clear from SEM
imaging and generally comprise overlapping scales (cuticles)
that are 0.5 pm thick, giving rise to distinct topographical steps
at their boundaries.

A Human

70 nm

B Dog

920

[ Human-EtOH
Dog-EtOH

I DogH,0,

]
&

Count

8 surface Charge (ml:lmz)

Surface Charge (mC/mz)

Figure 6. (A/B) AFM topography images of EtOH-treated human
and dog hairs, respectively. (C) Surface charge distribution from
SICM surface charge mapping experiments. (D) Surface charge/
topography map for ethanol-treated dog hair.

A difference in surface charge at the cuticle edges could also
contribute to the activities of these sites as this can produce
high local ion concentrations and increased nucleation rates.*®
Potential-pulse SICM was performed to map the surface
charge of ethanol-treated hairs and hydrogen peroxide-treated
dog hairs in aqueous solution,”>*’ which involved using a
nanopipette probe to compare the ionic current in bulk
solution with that close to the surface, where the ion flow is
modulated by the surface charge (Section SS). Comparison
with numerical modeling of the ion current then provides
surface charge measurements with high spatial resolution
(Figure 6¢, Section S6).

The modal average magnitude of hair surface charges
followed the order human-ethanol < dog-ethanol < dog-
hydrogen peroxide (most negative charge density). As no
sulfonates were found on dog hairs treated with hydrogen
peroxide, this suggests that the lipid removal and/or loss of
protein exposes more negatively charged keratin. That ethanol-
treated dog hair is more negatively charged than ethanol-
treated human hair can be attributed to the higher density of
keratin, as shown by XPS. Ethanol-treated dog hair had the
broadest distribution of surface charges of the three samples,
however, meaning that certain areas of the hair existed that
were highly negatively charged. A high spatial resolution
surface charge/topography map of an ethanol-treated dog hair
(Figure 6d) shows that the edges of some cuticles were
substantially more negatively charged than the rest of the hair,
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Squirrel

Figure 7. SEM images of (top row) various animal hairs, showing the variety of shape, size, and cuticle structure, and (bottom row) the hairs

following immersion in the CaCOyj crystallization solution.

implying that these regions also possessed unique surface
chemistry.

3.5. Broadening the Scope of the Study. Finally, the
generality of using hair as an effective nucleant was further
explored by investigating the abilities of different types of
animal hairs to nucleate CaCOj; and of a given hair type to
nucleate different minerals. A range of hair samples from
different animals were selected for their contrasting morphol-
ogies, and their behavior as nucleants for CaCOj; was
investigated (Figure 7, Section S1.1). The hairs tested varied
significantly in their activities. Few crystals nucleated on mole,
bat, and elk hairs, while squirrel and camel hairs showed
activities similar to those of human and dog hairs. In all cases,
the crystals were preferentially located at the edges of the
cuticles, where this effect was particularly clear for the mole,
bat, and elk hairs due to the scarcity of the crystals. It is striking
that crystals formed in comparable locations, i.e., at the cuticle
edge, despite the very different sizes and structures of these
hairs. The most unusual result, however, came from
crystallization of mink hair. While rhombohedral calcite
crystals formed on all the other hairs investigated, vaterite
was the principal polymorph on mink hair (Section S1.2).

Dog hair treated with ethanol was an effective nucleant for
CaCOj; and was therefore explored for its ability to promote
the nucleation of other compounds. CaSO,, BaSO,, SrSO,,
BaCO;, CuCO;, and CaF, were selected for the study as they
comprise different anions and cations and vary widely in
solubility (Figure 8, Section S1.1). Crystals grew on all hair
samples, and for SrSO,, the hairs were completely encrusted. A
preference of the crystals to grow on the cuticle edges was
particularly clear for CaF, and CuCO;. These data further
demonstrate the potential of hair to act as an effective
nucleating agent.

4. DISCUSSION

Heterogeneous nucleation is a complex process. Most of our
current understanding of the behavior of nucleants has come
from studies of ice and proteins. In the case of ice, activity is

Figure 8. SEM images showing results of crystallizing (A) CaSO,, (B)
BaSO,, (C) SrSO, (D) BaCOs; (E) CuCO,, and (F) CaF, on
ethanol-treated dog hair.

often rationalized by identifying a structural relationship
between the nucleating agent and ice, and it is generally
accepted that a close lattice match between the two can
significantly enhance nucleation rates.” However, this does not
guarantee good nucleating ability, as many crystals with good
lattice match to ice such as BaF, are ineffective nucleants,”’
while crystalline steroids can effectively nucleate ice despite
lacking a clear structural relationship.”"”* The structuring and
dynamics of interfacial water and its hydrogen bonding
arrangement prior to nucleus formation may play a crucial
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role”*>** and is defined by a multitude of factors including

temperature, surface charge, chemistry, structure, topography,
and polarizability.

For protein nucleation, the surface chemistry of the nucleant
can have multiple effects including reducing interfacial
energies, as well as adsorbing and aligning molecules from
the solution, thereby causing a local increase in super-
saturation.”” Surface porosity has also been found to enhance
protein crystallization by immobilizing and facilitating the
accumulation of protein molecules and producing favorable
conditions for crystallization,”>”**~%*

Although surface chemistry has attracted the lion’s share of
attention, there is growing evidence of the role of surface
topography in enhancing nucleation. Most surfaces contain
features such as scratches and pits, and classical nucleation
theory predicts that nucleation is enhanced in concave
nanoscale topographical features, provided that the nucleus-
substrate contact angle is sufficiently low™”" Surface top-
ography is therefore exg)ected to have the greatest effect on
nucleation from vapor,”' ~®® the least on nucleation from a
melt,”” and nucleation from solution provides an intermediary
case.”* "% Both surface topography and surface chemistry
should therefore be considered when selecting or designing a
universal nucleant.

Hair therefore provides an excellent candidate where the
edges of the cuticle scales create the type of concave
geometries expected to enhance nucleation, and the surface
chemistry can readily be modified using simple treatments. Its
potential has been demonstrated for proteins®”®® and ice,"
and our experiments show that it also enhances the nucleation
of a variety of soluble and sparingly soluble minerals. Notably,
the efficacy is dependent on the hair type, where dog hair is
more effective than human hair, and large variations are
observed between hair from different mammals. The activity of
hair as a nucleant could also be tuned to a wide degree by
using surface treatments.

Our experiments provided insight into the origins of this
behavior. Considering first the role of surface chemistry, there
were significant differences between the surface chemistries of
as-acquired human and dog hairs, where dog hair possessed
surface lipids and no oxidized sulfur and more surface protein
when the unbound lipids are removed. In contrast, the human
hair had lost nearly all of its free lipids prior to acquisition, and
the sulfur in the surface proteins was significantly oxidized,
which can be attributed to regular treatment with shampoos.
Treatments that removed lipids (ethanol and petroleum ether)
increased the ability of hair to promote CaCO; nucleation—by
over four times in the case of ethanol-treated dog hair—but
had little effect on KNO;. The exception is the ethanol
treatment of human hair, which dramatically reduced the
ability to nucleate KNO;. Hydrogen peroxide treatment, which
oxidizes proteins, deactivated both human and dog hairs
toward CaCOj; nucleation but made little difference to KNO;.
These results suggest that the protein surface is more active
than lipids in nucleating CaCOj, and that activity is increased
with some denaturing/loss of crystallinity of the protein. This
is lost with oxidative damage.

The experiments also indicate that the surface topographies
of the hairs contribute to their activities as nucleants, where an
investigation of the contrasting CaCO; and KNO; systems
provided key information about the nucleation sites.
Exfoliation of hairs encrusted with CaCOj; crystals showed
that the cuticle edges were the key nucleation sites. The dog

hair expressed a slightly higher density of cuticle edges than a
human hair, which may partly contribute to its higher activity.
The KNO, experiments, in contrast, evaluate the concen-
tration ranges at which nucleation is triggered by a hair. This
occurs at rare, active sites at low C/C,,, and the active sites
increase in number with increasing C/C, and the barrier to
nucleation is reduced.

Such preferential nucleation at a few highly active sites is
reminiscent of observations of ice nucleation within water
droplets on polished feldspar and quartz surfaces,”” where
high-speed imaging of ice nucleation sites over multiple freeze/
thaw cycles showed that nucleation occurred at a tiny handful
of surface pits. While it is possible for microcline feldspar to
exhibit rare, high-energy faces that possess an epitaxial match
to the basal plane of ice, no such correspondence is possible for
rose quartz, suggesting that the surface topography dominates
its ability to enhance ice nucleation. The topography of the
nucleation sites therefore appears to dominate their behavior
on the quartz.

We can speculate as to why the cuticle edges are the most
effective nucleation sites. Considering geometric effects first,
the SEM images show that there is a gap between the
overlapping cuticles at the cuticle edges, which could
potentially promote nucleation if the dimensions of the
confined regions approach the nanoscale. Theoretic consid-
eration of nucleation in convex features shows that if the
surface is attractive to a nucleus, the nucleation barrier is
significantly reduced as compared with nucleation on a planar
surface,’””" and indeed evidence is scattered through the
literature to support this.””>

The cuticle edges may also exhibit domains with different
chemistries and surface charges to the rest of the surface. The
charge on a surface can play a major role in nucleation by
increasing the adsorption of ions/molecules from the solution,
thereby locally increasing concentration.”” Our SICM
measurements show that ethanol-treated dog hair possesses a
highly nonuniform distribution of charges as compared to
ethanol-treated human hair and hydrogen peroxide-treated dog
hair and that some cuticle edges are significantly more
negatively charged than the rest of the hair surface. The latter
may have corresponded to areas where slight exfoliation
exposed the inner cuticle. The endocuticle region of the inner
cuticle has been shown to express the highly active calcium
binding protein S100A3,”*”"® which contains an extremely
high proportion of cysteine residues, making it especially active
toward calcium binding.77 However, the fact that hair is an
effective nucleant for a wide range of compounds suggests that
it is not the dominant factor in its behavior.

Given the complexity of the surface of a hair, it is not
possible to fully rationalize many of the differences seen in the
behavior of the samples investigated. However, our results
clearly show that surface chemistry, charge, and topography
can act together to enhance crystal nucleation. Further, subtle
variations in these properties can lead to significant changes in
the ability of a hair to promote nucleation such that sites that
can promote nucleation at low supersaturations are rare. This
is also consistent with simulations that demonstrate a strong
dependence of crystal nucleation rates on the geometry and
dimensions of topographical features.”*™*" As a substrate that
naturally exhibits a wide range of surface topographies and
chemistries, hair therefore offers an excellent candidate for a
universal nucleant.
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5. CONCLUSIONS

The identification of universal crystal nucleants is a long-
standing challenge,11 where studies focusing on ice and
proteins have demonstrated a wide range of mechanisms by
which they can operate, emphasizing the complexity of the
problem. Inorganic compounds, by comparison, have received
relatively attention, where as far as we are aware only
montmorillonite,®" bioactive glasses, and NX Ilite** have yet
been reported to be active for CaCO;. We have explored hair
as a potential universal nucleant and have shown that it can be
highly effective for both sparingly and highly soluble inorganic
compounds. Its activity depends strongly on the hair source
and the nature of the protein state, which can be further
modified by chemical treatment. Investigation of the
nucleation behavior shows that nucleation occurs preferentially
at the cuticle edges, which was especially clear for CaCOj,
CuCO;, and CaF,. Combined AFM, XPS, and SICM surface
charge mapping suggests that surface chemistry, charge, and
topography combine to increase nucleation rates at these
locations. With the marked variations in the structure of hair
from different animals—which have evolved for purposes as
varied as protection from solar UV,** cuts, and grazes, to
facilitate perspiration and regulation of body temperature, and
reduce friction®*—hair provides an extensive natural resource
of nucleants that exhibit a variety of surface topography and
chemistry. Looking beyond hair, this work highlights the role
of surface topography as well as surface chemistry in the
activity of nucleants, which will ultimately enable us to select
or possibly even design active nucleants for target compounds.
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AFM, atomic force microscopy; CNT, classical nucleation
theory; SICM, scanning ion conductance microscopy; SEM,
scanning electron microscopy; WAXS, wide-angle X-ray
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