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) o o 1. Introduction
Nature has evolved several elegant strategies to organize inert building

blocks into adaptive supramolecular structures. Favored among these is inter-
facial self-assembly, where the unique environment of liquid-liquid junctions
provides structural, kinetic, thermodynamic, and chemical properties that
are distinct from the bulk solution. Here, antithetical fluorous—water inter-
faces are exploited to guide the assembly of non-canonical fluorinated amino
acids into crystalline mechanomorphogenic films. That is, the nanoscale
order imparted by this strategy yields self-healing materials that can alter
their macro-morphology depending on exogenous mechanical stimuli.
Additionally, like natural biomolecules, organofluorine amino acid films
respond to changes in environmental ionic strength, pH, and temperature

to adopt varied secondary and tertiary states. Complementary biophysical
and biochemical studies are used to develop a model of amino acid packing
to rationalize this bioresponsive behavior. Finally, these films show selective
permeability, capturing fluorous compounds while allowing the free diffusion
of water. These unique capabilities are leveraged in an exemplary application
of the technology to extract perfluoroalkyl substances from contaminated
water samples rapidly. Continued exploration of these materials will advance
the understanding of how interface-templated and fluorine-driven assembly

Molecular self-assembly is a powerful tool
for the design of biomimetic, designer
scaffolds. It enables otherwise inanimate
molecules to create functional structures
with unique biochemical properties that
emerge through hierarchical organiza-
tion. Inception of this nanoscale order is
often driven via interfacial self-assembly,
where physisorption of biomolecules
at liquid-liquid interfaces initiates the
growth of supramolecular architectures.
Such interfacial processes are theorized to
have been fundamental to the emergence
of life by templating organic primordial
compounds into bioactive higher order
structures.l! Liquid-liquid separation con-
tinues to be a conserved paradigm for cel-
lular organization in modern organisms
as well. For example, phase separation
of intrinsically disordered proteins gives
rise to membraneless organelles that play

fundamental roles in mammalian physi-
ology and disease.>] Emerging evidence
suggests the protein condensation that
precedes organelle development is driven
at the amino acid level, where the mor-
phology of separated phases correlates to molecular repeats and
residue identity.l’~) Phenylalanine plays a particularly promi-
nent role in directing interfacial protein condensation.!0-12
Given the amino acid-centric nature of these coacervate pro-
cesses, non-canonical amino acids evoke particular interest
due to their ability to alter organelle phase separation in ways
not yet accessible by nature. Among these, fluorine-containing
amino acids are a privileged class of non-canonical building
blocks that exploit the presence of fluorine to drive unique
assembly phenomena.[’]

Inspired by this, we set out to explore the interfacial assembly
of non-canonical perfluorinated amino acids at fluorous—water
interfaces. We focus on 9-fluorenylmethyloxycarbonyl-r-pheny-
lalanine (Fmoc-Phe) derivatives as the assembly constituent.
This is based on the well-established propensity for Fmoc-
Phe amino acids, as well as Fmoc-functionalized aromatic
peptides, " to organize into fibrillar supramolecular
architectures.’®23 To create the fluorous organelle, we utilize
perfluorocarbon (PFC) solvents that form well-defined phases
in water, ideally suited to template the assembly of fluorinated

phenomenon a can be co-utilized to design adaptive molecular networks and
living matter.
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Fmoc-Phe derivatives. We show that addition of perfluorinated
Fmoc-Phe, referred to as Fmoc-Fs-Phe, to fluorous liquid-liquid
systems yields mechanomorphogenic films that change their
macro-morphology depending on the mechanical stimulus
provided. These thin films form at air—water or fluorous—water
interfaces and demonstrate dynamic and self-healing behavior.
Through a series of biochemical and biophysical assays we
probe the mechanistic basis for these emergent material prop-
erties and delineate the structure-activity relationships that
govern their bioresponsive capabilities. Finally, we demon-
strate the utility of these materials to purify water samples of
perfluoroalkyl substances (PFAS) rapidly and efficiently. PFAS
compounds are now recognized as dangerous water contami-
nants by the US Environmental Protection Agency, which
urgently require remediation technologies to ensure clean and
safe drinking water.?*?’] Therefore, these dynamic materials
hold tremendous promise for the development of abiotic biore-
mediation strategies, in addition to their potential to advance
bioinspired protocells and smart drug-delivery systems.

2. Results and Discussion

2.1. Fluorous Film Formation and Optimization

Fluorous amino acid films are prepared by pipetting a solu-
tion of perfluorohexane (PFHx) containing Fmoc-Fs-Phe
(20 mmol L) into ultrapure water, leading to the spontaneous
supramolecular organization of the amino acid at the fluorous—
water interface (Figure 1A, step i). This irreversible step initi-
ates the oligomerization process to form an opaque fluorous
organelle. Mechanical agitation leads to hierarchical reorgani-
zation of the oligomers to produce a thin film at the air-water
interface (Figure 1A, i — ii). The resultant mechanomorpho-
genic material responds dynamically to an external mechanical
stimulus. For example, an applied centrifugal force disassem-
bles the film to produce amorphous precipitates (i — iii),
which can be spontaneously reassembled if exposed again to air
(iii — ii). Conversely, if the disassembled material is subjected
to an ultrasonic stimulus (e.g., ultrasound) it will revert back
to the parent fluorous organelle (iii — iv), which if agitated
will again reorganize into a thin film at the air-water interface
(iv — 1ii). Fluorous film disassembly and reassembly can be
actuated using standard laboratory equipment (Movie S1, Sup-
porting Information) and can be performed cyclically without
compromising the integrity of the hierarchical film. The opacity
of the interfacial film also enables optical density (ODg)
measurements to be used to distinguish the disassembled and
reassembled states (Figure 1B).

Multiparametric optimization identified that a 200 UL injec-
tion volume of the Fmoc-Fs-Phe loaded PFHx solution produced
the thickest, and thus most optically dense, films (Figure 1C).
Saturating the system with excess fluorous material (volumes
> 200 uL) reduced the competency of the films and favored
the formation of macroscopic emulsions in water (Figure S1,
Supporting Information). Varying the amount of Fmoc-Fs-Phe
in PFHx demonstrated a critical film concentration of 5 mmol
L, with increasing amino acid content generally yielding more
optically dense films up to 50 mmol L™ (Figure 1D; Figure S2,
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Supporting Information). Concentrations above this threshold
produced unstable films that quickly precipitated if further per-
turbed. Therefore, 20 mmol L' Fmoc-Fs-Phe concentrations
were prioritized for all further studies.

How the hydrophobicity of the non-aqueous phase impacts
film competency was next evaluated using various hydrocarbon
and fluorocarbon solvents (Figure 1E). Polar hydrocarbon lig-
uids, defined by partition coefficients (logP) <2.3, were not
able to form the well-defined boundary layer necessary to ini-
tiate interfacial film formation. In some cases, these polar
solutions instead generated macroscopic hydrogels (Figure S3,
Supporting Information). Conversely, all four PFCs tested
were sufficiently immiscible in water (logP 5.1-9.9) to pro-
duce supramolecular films (Figure S4, Supporting Informa-
tion). In fact, we found an inverse correlation between PFC
solution density and film competency (Figure S5, Supporting
Information), suggesting that increasing the film weight by
using denser PFCs negatively impacts the structural stability of
the film. Taken together, our data indicates that generation of
Fmoc-Fs-Phe films requires a well-defined fluorous phase with
the aqueous environment, and that amino acid concentration
and PFC volume must be counterbalanced to drive the kinetic
equilibrium of assembly toward interfacial film formation over
emulsification.

2.2. Structure-Function-Performance Relationships
of Fluorous Films

Evidence suggests that assembly of disordered proteins at
liquid-liquid interfaces is driven by intermolecular interac-
tions between bulky, hydrophobic amino acids.?%?1 With
this in mind, we surveyed the ability of Fmoc-containing Val
(V), Ile (I), Leu (L), Phe (F), Tyr (Y), and Trp (W) residues to
form supramolecular films comparable to Fmoc-Fs-Phe (Fs-F)
(Figure 2A; Figure S6, Supporting Information). Fmoc-Ala (A)
and Fmoc-Gly (G) were included as negative controls given
their lack of bulky beta branched or aromatic side chains. As
expected, non-fluorinated Fmoc-Phe (F) underwent interfacial
assembly to form competent films. Surprisingly, Fmoc-Gly (G)
was able to form an initial quasi-stable film in the PFHx-water
system as well (Figure S6, Supporting Information, panel B).
One possible explanation is that the lack of a sterically bulky
side chain on the Gly residue enables Fmoc-driven hydrophobic
assembly to take place. However, the absence of further stabi-
lizing effects, for example additional 77 stacking of phenyl
side chains, prevents the long-term stability of this transient
state. Taken together, this suggests that the combination of the
fluorenyl (Fmoc) and phenyl (Phe) groups are required for the
stable hierarchical assembly of interfacial fluorous films.

While both Fmoc-Phe and Fmoc-Fs-Phe were found to
share the same critical assembly concentration (5 mmol L7
Figure 1D; Figure S7, Supporting Information), there was a
marked difference in their macroscopic behavior (Figure 2B).
For example, Fmoc-Phe films form a uniformly flat 2D sheet,
while Fmoc-Fs-Phe films are characterized by an ability to
fold on itself and form undulations. This may be explained by
the significant difference in supramolecular grain size between
the two films (Figure 2C). Fmoc-Fs-Phe grains (31.4 + 179 um)

© 2021 Wiley-VCH GmbH
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Figure 1. Functional behavior and optimization of Fmoc-Fs-Phe films. A) Schematic and UV optical images of mechanomorphogenic films formed
via supramolecular assembly of Fmoc-Fs-Phe at the perfluorohexane (PFHx)-water interface. Step i shows formation of initial fluorous organelle
encompassed by the self-assembled film. Exposure to air leads to spontaneous re-organization of the film at the air-water interface (step ii). Cen-
trifugal agitation precipitates the film (step iii), which reverts to the assembled macrostate if re-exposed to air (iii — ii). Alternatively, sonication of
the precipitated film converts the material back to the initial fluorous organelle (iii — iv). These operations can be performed cyclically ad infinitum.

B) Optical density (ODgg) of Fmoc-Fs-Phe films in either the disassembled (disrupted, open bars) or reassembled (reformation, black bars) state after
10 disruption-reformation cycles. Statistical significance indicated by *** p < 0.0001. C) Density of Fmoc-Fs-Phe films (20 mmol L™") as a function of
varied PFHXx injection volume. D) Concentration-dependency of Fmoc-Fs-Phe film formation. Gray region specifies Fmoc-Fs-Phe concentrations that
yield competent films (see inset for optical images). E) Competency of Fmoc-Fs-Phe films following assembly in solvent-water systems prepared using
various fluorocarbon (@) and hydrocarbon ([J) solvents. Film formation (ODgg) is plotted as a function of solvent hydrophobicity (logP). Data in
(B-E) shown as mean * standard deviation for n > 9 replicates per condition.

are nearly two times longer than that of Fmoc-Phe (16.5 =  the fluorenyl excimer during assembly. Results in Figure 2D
3.9 um) and are comparatively more heterogenous. This and Figure S8, Supporting Information, show that Fmoc-Fs-Phe
increased persistence length of Fmoc-Fs-Phe grains may impose  films display a unique feature in the emission spectra at 420—
folding of the material to relieve the tangential compression 480 nm, which is indicative of extensive J-aggregate forma-
force applied by gravity. More importantly, these observations  tion.*” The manifold nature of this broad peak (see arrows in
suggest that fluorinated and non-fluorinated Fmoc-Phe amino  Figure 2D) suggests a diverse ensemble of extended J-aggregate
acid derivatives form monolithic assemblies that are distinct in ~ morphologies, further supported by the varied supramolecular
their hierarchical arrangement. grain sizes observed in the film (Figure 2C). Similar J-aggre-

To test this assertion, we further probed the self-assembled  gation observed during Fmoc-Phe-Phe assembly®? provides a
structure of Fmoc-Phe and Fmoc-Fs-Phe interfacial films using  possible model for the molecular organization of Fmoc-Fs-Phe.
fluorescence spectroscopy. Here, the intrinsic fluorescence of  In particular, molecules may be organized in an anti-parallel
the Fmoc moiety can be used to monitor the environment of  arrangement, where fluorenyl moieties form alternate f-sheets
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Figure 2. Molecular and structural characterization of fluorous films. A) Film formation of select Fmoc-protected amino acids (20 mmol L) in
PFHx. Film competency (ODgqg) plotted versus amino acid hydrophobicity (logP) (n = 9). B) Optical and brightfield micrographs of Fmoc-Phe and
Fmoc-Fs-Phe fluorous films. Yellow arrows indicate surface undulations. Scale bar = 500 um. C) Comparison of grain length in Fmoc-Phe (black) or
Fmoc-Fs-Phe (green) films (n =150). D) Fluorescence emission spectra of Fmoc-Phe and Fmoc-Fs-Phe films (4., = 280 nm, n = 3). Results normalized
to air controls and reported as relative fluorescence units (RFU). The symbol W highlights multimodal emission peaks unique to Fmoc-Fs-Phe films.
E) Mean fluorescence of ThT-labeled Fmoc-Phe and Fmoc-Fs-Phe films as a function of time (A, =450 nm, A, =482 nm, n = 3). Statistical significance
determined relative to Fmoc-Phe films; *p < 0.01. F) Averaged fluorescence spectra of ThT-labeled Fmoc-Phe and Fmoc-Fs-Phe films at t = 90 min
(Aex =450 nm, n = 3). G) Brightfield and fluorescent micrographs of ThT-labeled Fmoc-Phe and Fmoc-Fs-Phe films. Scale bar = 500 um. H) Maximum
supported load, in newtons (N), of PFHx delivered to the surface of Fmoc-Phe or Fmoc-Fs-Phe air-water films. Statistical significance determined rela-
tive to control (PFHx + water) and indicated by T*p < 0.01 for Fmoc-Phe or Fmoc-Fs-Phe, respectively (n.s. = not statistically significant, n = 3). Inset,
representative optical images of PFHx loading and rupture of Fmoc-Fs-Phe films. Data in (A), (C), (E), and (H) shown as mean * standard deviation.

to create m-stacked pairs with interleaved fluorinated phenyl
rings.B% It is expected that a second Fmoc-Fs-Phe stack would
position itself next to the first one but staggered by one amino
acid to allow for interlocking of fluorenyl groups to satisfy -
interactions. Consecutive layering of these stacked assem-
blies is expected to yield crystalline micro-sheets, an assertion
later validated through electron microscopy. This supramo-
lecular arrangement would likely be directed by favored fluo-
rine—fluorine interactions, where desolvation of perfluorinated
phenyl rings provides a strong driving force for supramolecular
sequestration within the material bulk. The lack of J-aggregate
emissive peaks (>420 nm) for Fmoc-Phe control films further
supports this working model of a fluorine-driven assembly phe-
nomena unique to Fmoc-Fs-Phe (Figure 2D). To rigorously test
the premise that Fmoc-Fs-Phe assembles into B-sheet rich con-
formations we subsequently investigated the secondary struc-
ture of the film constituents using thioflavin T (ThT). This cati-
onic dye displays a strong enhancement of fluorescence upon
binding to Bsheet structures.?! As expected, substantial ThT
fluorescence was observed for Fmoc-Fs-Phe films, but not the
nonfluorinated Fmoc-Phe analogue (Figure 2E-G). Collectively,
our data demonstrates that the perfluorinated nature of Fmoc-
Fs-Phe enables its privileged assembly at fluorous interfaces to
form f-sheet rich architectures, while nonfluorinated Fmoc-
Phe collapse into amorphous oligomers at the liquid-liquid
interface.
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Given their dissimilar nano-scale morphologies, we next
asked the question whether Fmoc-Fs-Phe and Fmoc-Phe films
display differential assembly phenomena at the air—water
interface. We hypothesized that the fluorous nature of Fmoc-
Fs-Phe would promote its organization at the water surface
and therefore more potently decrease surface tension relative
to Fmoc-Phe. To test this, we designed a mechanical assay to
quantify the maximum force required to rupture films residing
at the air—water interface. Here, PFHx droplets were incremen-
tally added at increasing volumes to the top of the film until
the material failed. The maximum weight of the PFHx droplet
that could be supported, as a function of amino acid concen-
tration, was then recorded and results compared to the native
surface tension of water as a control (Figure 2H). At low amino
acid concentrations (1-5 mmol L}) only Fmoc-Fs-Phe showed a
significant decrease in water surface tension, presumably due
to its preferred assembly at the air-water interface. Conversely,
Fmoc-Phe required higher concentrations (210 mmol L) to
perturb surface tension. Interestingly, during these experi-
ments we observed that, although the films resist the passive
transfer of PFC droplets, aqueous solutions freely pass through
the material (Figure S9, Supporting Information). Addition-
ally, the films can be stably deposited onto various plastic,
metallic, and glass solid support media where they act as supe-
rhydrophobic coatings (Figure S10, Supporting Information).
These observations, together, suggest interfacially templated

© 2021 Wiley-VCH GmbH
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Figure 3. Nanoscale investigation of Fmoc-Fs-Phe crystalline packing. Representative A) scanning and B) bright-field transmission electron microscopy
(SEM/TEM) images of self-assembled Fmoc-Fs-Phe structures. Panel (B) inset, histogram of fibril width (n > 120). C) High-angle annular dark-field
(HAADF) scanning TEM imaging and energy-dispersive X-ray spectroscopy (EDS) elemental analysis of Fmoc-Fs-Phe assemblies (O, N, F). D) X-ray
diffractogram of Fmoc-Fs-Phe pre- (monomer, dashed line) and post-assembly into supramolecular films (Film, black line). E) Schematic showing the
proposed tri-layer assembly of Fmoc-Fs-Phe films formed at the air-water interface. Here, sheets of crystalline Fmoc-Fs-Phe assemblies (black) float on
either side of a thin PFC liquid interior (green). Scale bars in (A-C) are 1 um.

Fmoc-Fs-Phe films may show selective permeability and thus
be utilized for membrane or chromatographic separation pro-
cesses; an assertion we affirm in later perfluoroalkyl contami-
nant capture studies.

To better understand the hierarchical structure of Fmoc-
Fs-Phe films the needle-like assemblies were isolated and elec-
tron microscopy performed. Scanning electron micrographs
shown in Figure 3A demonstrate that Fmoc-Fs-Phe assembles
into stacked sheets that laminate to form micron-sized crystal-
line plates (additional images in Figure S11, Supporting Infor-
mation). Bright-field transmission electron microscopy (TEM)
images shown in Figure 3B suggest these structures possess a
solid core, are uniform in density, and heterogenous in width
(389 £ 201 um, see Figure 3B inset). High-angle annular dark-
field scanning TEM (HAADF) imaging paired with energy-dis-
persive X-ray spectroscopy (EDS) elemental mapping confirm
these assemblies are made entirely from fluorine-rich Fmoc-
Fs-Phe amino acids, as opposed to a co-assembly with the PFHx
solvent (Figure 3C; Figure S12, Supporting Information).

Notably, the prismatic architecture of these Fmoc-Fs-Phe
structures is in striking contrast to other Fmoc-Phe or Fmoc-
Phe-Phe self-assembled systems, which typically adopt nano-
scale ribbon,% hollow tube,?! or fibrillar morphologies.[81%:33]
The notable exception is Fmoc-NPhe peptoid analogues
reported by Nilsson and coworkers, which adopt crystal-
line states in DMSO-water systems.®] However, crystalliza-
tion occurs slowly (upward of 1 month to evolve micron-sized
crystals) and produce amorphous precipitates in solution. In
contrast, here we show that, provided a sufficiently fluorous
interface, Fmoc-Fs-Phe amino acids can be templated in their
organization to form crystalline plates nearly instantaneously.
Comparing powder X-ray diffraction (PXRD) profiles for Fmoc-
Fs-Phe films and the monomeric starting material provides
further structural insights (Figure 3D). PXRD revealed sharper
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intensity peaks for assembled Fmoc-Fs-Phe films in compar-
ison to the broad peaks present for the monomeric starting
material. Peak width is inversely proportional to crystallite size,
therefore, peak sharpening observed for the films is indica-
tive of Fmoc-Fs-Phe organization into larger crystallites (33.4 +
10.2 nm) compared to the monomer (16.2 + 11.0 nm). While
this supports a supramolecular crystalline architecture for
Fmoc-Fs-Phe films, a uniform crystal lattice structure could not
be deconvoluted from the spectrum. This suggests that Fmoc-
Fs-Phe orients into a manifold of different crystal lattice sys-
tems, with this morphology likely a consequence of the rapid
organization induced by interfacial assembly. These results
also provide further insight into the multiple Fmoc emission
peaks observed during fluorescence spectroscopy performed on
Fmoc-Fs-Phe films (Figure 2D).

Combining the findings from these biophysical studies
allows us to develop an early mechanistic hypothesis of Fmoc-
Fs-Phe film evolution. During the initiation phase, amphiphilic
Fmoc-Fs-Phe amino acids likely partition to the fluorous—water
interface via interpolation of the perfluorinated phenyl ring
into the PFC solvent. Hypothetically, this would orient Fmoc-
Fs-Phe in such a way to generate a unimolecular 2D sheet with
fluorenyl and carboxyl moieties extended into the aqueous
solvent. Hydrophobic adsorption of additional Fmoc-Fs-Phe
molecules could nucleate the growth of a second sheet via
77 interactions between interlocking fluorenyl groups. This
would subsequently expose a highly fluorinated surface avail-
able for continued addition of Fmoc-Fs-Phe amino acids via
fluorine—fluorine interactions. Repetition of this process could
reasonably construct the laminated 3D crystalline architec-
tures observed in SEM and TEM imaging (Figure 3A,B). This
would ultimately yield a multilayered film, where the crystal-
line Fmoc-Fs-Phe assemblies organize on both surfaces of the
perfluorocarbon liquid interior layer (Figure 3E). This working

© 2021 Wiley-VCH GmbH
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Figure 4. Environmental adaptability of Fmoc-Fs-Phe films. A) Influence of media ionic strength on Fmoc-Fs-Phe film competency (20 mmol L™ amino
acid). Data shown relative to 1X concentration of PBS and includes the complete buffered solution as well as three independent salt components.
Dashed line represents ODgqq of films formed in unbuffered water as a control. B) pH-dependency on Fmoc-Fs-Phe film formation following a 24 h
assembly time in water at the indicated pH. Inset, representative optical images of film samples assembled at pH 2.5 or 10.5. Data in panels (A) and
(B) shown as mean + standard deviation (n = 9). C) Representative absorbance spectra of soluble Fmoc-Fs-Phe fraction in pH 2.5 — 10.5 water.
D) Absorbance (4 =300 nm, Fmoc characteristic peak) of soluble Fmoc-Fs-Phe fraction in pH 2.5 (yellow), 5.5 (blue), and 10.5 (aqua) water, following
a 24 h incubation at 25-80 °C. E) Brightfield optical micrographs of Fmoc-Fs-Phe films at the air-water interface following assembly at pH 2.5 or 10.5
and exposed to 25 or 60 °C conditions for 24 h. Scale bar = 500 um. F) Representative circular dichroism spectra of films at the air—water interface

formed under varying pH and temperature conditions.

model is supported by our prior microscopic imaging of the
films showing plate-like structures floating on a liquid surface
(Figure 2B; Figure S4, Supporting Information). Further, the
lack of free PFHx droplets following complete film assembly
confirms the fluorous solvent is incorporated into the final
material (Figure S2, Supporting Information).

2.3. Environmental Film Responsiveness

Nilsson and coworkers previously demonstrated the impor-
tance of the C-terminal carboxylate on the assembly of Fmoc-
Phe derivatives.'”3%] These studies established the role of
ionic strength and pH in modulating the Coulombic repulsion
between anionic charged molecules and promoting assembly of
various Fmoc-Phe analogues. Complementary studies have also
shown that Fmoc-Phe hydrogels display altered mechanical and
optical properties following annealing of the assemblies at ele-
vated temperatures.*¥l Therefore, we sought to understand how
all three of these stimuli (i.e., ionic strength, pH, temperature)
effect the interfacial assembly of Fmoc-Fs-Phe films (Figure 4).
In the first experiment, Fmoc-Fs-Phe films (20 mmol L of
amino acid) were assembled in a phosphate buffered solution
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(PBS) and optical density (ODggp) measurements collected to
monitor film competency. Results in Figure 4A show that expo-
sure of the films to PBS dramatically reduced their integrity.
However, this effect appeared to require the full combination
of salts in the PBS formulation. For example, Fmoc-Fs-Phe
films exposed to each of the three individual PBS salt com-
ponents (NaCl, Na,HPO,, KH,PO,) showed little change in
optical density relative to unbuffered water, and under some
conditions increased in material opacity (Figure 4A; Figure S13,
Supporting Information). This suggests that both Na* and K*
counter ions are required to sufficiently screen the charge and
alter the solubility of anionic Fmoc-Fs-Phe molecules to shift its
kinetic equilibrium away from self-assembly.

Parallel studies investigated the pH-dependency of film
formation following initiation in pH 2.5-10.5 water solutions
(Figure 4B). At all pHs tested we observed initial assembly
of Fmoc-Fs-Phe films (Figure S14, Supporting Information),
but only pH 2.5 maintained an opaque film at the air-water
interface up to 3 days post assembly (Figure 4B; Figure S15,
Supporting Information). Conversely, films formed at pH 10.5
rapidly deteriorated, and at 24 h the amino acid was predomi-
nately dissolved in the alkaline solution. This indicates that
removal of intermolecular Coulombic repulsion via protonation

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

of the Fmoc-Fs-Phe carboxylate (calculated pKa = 2.9) under
acidic conditions promotes its assembly at the fluorous inter-
face. Conversely, ionization of the amino acid improves its
aqueous solubility, as demonstrated by the monotonic increase
in UV-vis absorbance of the Fmoc group (4= 300 nm) detected
in the water layer as pH increases (Figure 4C; Figure S16, Sup-
porting Information).

Finally, thermal stability of the film was investigated at tem-
peratures above the bulk boiling point of PFHx (bp = 57 °C). This
is intended to evaluate potential reorganization of Fmoc-Fs-Phe
films upon removal of the PFHx interior layer. Film stability is
assessed in these experiments at three different initiation pH
(2.5, 5.5, 10.5) and indirectly measured as a function of tem-
perature by quantifying the relative amount of the fluorenyl
group remaining in the water solution via UV-vis spectroscopy
(A = 300nm) 24 h after assembly. As expected, the concentra-
tion of Fmoc-Fs-Phe in water increased as a function of both
temperature and pH for films formed at pH > 2.5 (Figure 4D;
Figure S17, Supporting Information). No significant dissolu-
tion of the amino acid monomer was observed for pH 2.5 films,
even at temperatures above the boiling point of PFHx. In fact,
microscopy images shown in Figure 4E demonstrate that pH
2.5 films subjected to annealing at 60 °C show a highly com-
pact grain morphology. The appearance of fissures in the film
also suggests that removal of the PFHx interior liquid layer
increases the brittleness of the material (see pH 2.5 at 60 °C
image in Figure 4E), which was subsequently confirmed by
its loss of self-healing behavior after annealing. Last, circular
dichroism (CD) spectroscopy was performed on the water
samples to evaluate the assembly behavior of Fmoc-Fs-Phe dis-
solved in the aqueous fraction. It has been previously shown
that Fmoc-Phe derivatives display characteristic CD features
at 200-230 nm indicative of n—z* transitions of phenyl side
chains."®3 These same features were observed for aqueous
Fmoc-Fs-Phe solutions at pH 10.5, but not pH 2.5 (Figure 4F).
This is expected, given that the amino acid is predominately
encumbered within the air-water interfacial film under these
acidic conditions (Figure 4B), and therefore undetectable in the
water layer. Increasing temperature yielded a corresponding
increase in the intensity of Fmoc-Fs-Phe spectral features of pH
10.5 solutions. Although precise structural conclusions cannot
be drawn from the data, our CD results are consistent with
published findings indicating fibril formation of Fmoc-Phe
derivatives in aqueous media.'>3% This suggests that, under
alkaline conditions, Fmoc-Fs-Phe amino acids may be forming
proto-fibrillar oligomers in water, which if concentrated could
potentially assemble into fibrillar arrangements. We explore
this potentially new packing modality, and the utility of the
resultant thin films for separation processes, in follow up water
contaminant capture applications.

2.4. PFAS Capture Using Fmoc-Fs-Phe Films

The fluorine-rich nature of Fmoc-Fs-Phe films encourages their
use as capture technologies for perfluorinated compounds.
Poly- and PFAS are attractive candidates given their focus as
regulated water contaminants by the Environmental Protection
Agency (EPA).?Y PFAS are a family of synthetic chemicals
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utilized as surfactants in a variety of industries (e.g., automo-
tive, electronics, construction), and often enter surface and
groundwater systems from manufacturing waste run-off.?>2l
Evidence suggests 97% of Americans have been exposed to
these chemicals, which persist and accumulate for long periods
of time in the body and can cause adverse health effects.36~#]
This has urged innovation of new PFAS removal technologies
that can be readily integrated into existing water treatment
infrastructure.

With this need in mind, we coated polystyrene surfaces with
Fmoc-Fs-Phe films and evaluated their PFAS capture efficiency
(Figure 5). Given spectroscopy data suggesting oligomeric
assembly of Fmoc-Fs-Phe in alkaline conditions (Figure 4F),
we prepared two capture films: one in which films prepared
at pH 2.5 were directly deposited onto the plastic substrate by
removing the water support layer, and second in which Fmoc-
Fs-Phe dissolved in pH 10.5 water was evaporated to gradually
deposit the assemblies onto the plastic surface. Intriguingly,
this thermal deposition procedure produced two completely
different film morphologies (Figure 5A). Fmoc-Fs-Phe films
deposited on polystyrene at pH 2.5 look morphologically sim-
ilar to those at the air—water interface (Figure 2G) and retain
their B-sheet rich structure (see fluorescent micrograph in
Figure 5A). In contrast, Fmoc-Fs-Phe oligomers in pH 10.5
solutions display concentration-driven self-assembly as the
water layer is evaporated. This yields fibrous morphologies
which do not positively stain for S-sheet structure using ThT.
Ultimately, this confirms that Fmoc-Fs-Phe organize into dis-
tinct supramolecular arrangements when driven to assemble
at either fluorous interfaces (pH 2.5) or in the bulk aqueous
environment (pH 10.5). Based on their dissimilar structural
phenotypes we elected to test both material morphologies for
contaminant removal applications.

Three perfluoroalkyl sulfonate and carboxylate compounds—
perfluorooctanesulfonic acid (PFOS), perfluorooctanoic acid
(PFOA), and perfluorononanoic acid (PFNA) (see structures in
Figure 5B)—were selected for capture studies based on their
regulation under the Safe Drinking Water Act.? These studies
required us to develop a novel ThT-based PFAS detection assay.
We found that the altered ionization state of PFAS compounds
following their interaction with the anionic films led to unreli-
able results using standard mass spectrometry techniques. As
an alternative, we hypothesized that ThT may electrostatically
complex with each of the three anionic PFAS compounds to
enable fluorescence-based detection. Indeed, addition of the
fluorophore to each of the three PFAS test solutions resulted in
a significant increase in intensity and red-shift of the ThT emis-
sion peak, which could be used to generate linear calibration
curves for PFOS, PFOA, and PFNA (Figure S18, Supporting
Information). Although this assay has a limit of detection well
above that of mass spectrometry, to our knowledge this new
detection method is the first to allow PFAS analysis using facile
fluorescence-based methods. We are exploring development of
this diagnostic test in follow up work to analyze PFAS contami-
nated flows in a rapid and point-of-use manner.

With this detection method in hand, we coated polystyrene
support substrates with Fmoc-Fs-Phe films formed under pH
2.5 or pH 10.5 conditions and treated PFOA, PFOS, or PFNA
contaminated water solutions for 24 h. Uncoated polystyrene
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Figure 5. PFAS capture efficiency of Fmoc-Fs-Phe films. A) Brightfield (top) and fluorescent (bottom) micrographs of dried Fmoc-Fs-Phe films prepared
at pH 2.5 or 10.5, and stained with ThT. Scale bars = 500 um. B) Chemical structure of PFAS water contaminants. C) Percent of each PFAS contaminant
captured using pH 2.5 and 10.5 films following a 24 h treatment interval. PFOS, PFOA, and PFNA initial concentrations are 0.1, 1, and 1 mmol L7,
respectively. Statistical significance is indicated by *p < 0.001. D—F) Kinetics of PFAS capture by Fmoc-Fs-Phe films at 0-24 h for PFOS (D), PFOA (E),

and PFNA (F). Data in (C-F) is shown as mean = SEM (n = 3).

was used as a control, which showed minimal non-specific
adsorption of the tested PFAS compounds (Figure S19, Sup-
porting Information). All PFAS capture data reported was
subsequently normalized to control samples of film in blank
water. Results show pH 10.5 prepared Fmoc-Fs-Phe films cap-
tured 10-15 times more PFAS contaminants compared to pH
2.5 coatings after a 24 h treatment period, achieving a 35-50%
overall capture efficiency (Figure 5C). Similar removal efficien-
cies have been reported following short term use (<24 h) of ion
exchange, physisorption, and thermal PFAS treatment tech-
nologies.'™ One explanation for the significant difference in
PFAS capture performance between pH 10.5 and 2.5 films may
come from their dissimilar secondary structures (Figure 5A).
The highly organized, sheet-rich architectures observed within
pH 2.5 films may sequester the fluorinated phenyl ring of
Fmoc-F5-Phe within the material bulk. We discuss this packing
arrangement in detail above. Conversely, films prepared at pH
10.5 possess a sheet-deficient secondary structure. This amor-
phous arrangement may more effectively expose fluorinated
amino acid side chains to the aqueous environment to facilitate
PFAS adsorption.

Follow up experiments monitoring PFAS capture kinetics
show that pH 10.5 Fmoc-Fs-Phe films rapidly extract up to 2.5 —
15 x 10" ppt of the contaminants in less than 2 h, and are able
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to retain the captured molecules for up to 24 h (Figure 5D-F,
see polystyrene control data in Figure S20, Supporting Informa-
tion). It is to be noted that the EPA has set a health advisory
level of 70 ppt for PFOA and PFOS in drinking water.?!l This
concentration is orders of magnitude below those utilized in
our experiments, which were necessitated by the limit of detec-
tion of our ThT assay. As a result, we hesitate to comment on
the utility of these films for drinking water purification, which
is the focus of on-going work. However, there are several indus-
tries in which manufacturing waste flows routinely reach PFAS
concentrations >10° ppt.*>#] This suggests that Fmoc-Fs-Phe
films may function as physio-chemical adsorbers suited to
primary remediation of highly PFAS contaminated industrial
waste.

3. Conclusion

Several approaches have been developed to design supramo-
lecular materials using aromatic amino acid building blocks.
Conventional strategies rely on assembly in bulk solution,
yielding diverse nanostructures that include spherical parti-
cles,3# fibers,[18-2033] and tubes.l*” This hierarchical diversity,
along with their chemical simplicity and tunable intermolecular
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associations, have made ultra-short peptides attractive soft
matter platforms for biosensing, tissue engineering, and drug
delivery applications.”! Here, we exploit privileged fluorine—
fluorine interactions to guide fluorinated amino acid assembly
at liquid-liquid interfaces. Understanding how interfacial
assembly phenomenon generates dynamic supramolecular
scaffolds provides an opportunity to design adaptive matter.
As an example, we show that Fmoc-Fs-Phe can be templated
to assemble into sheet rich, crystalline films that dynamically
respond to diverse mechanical stimuli and adapt to their envi-
ronment (e.g., ionic strength, pH, temperature), together high-
lighting their potential as “smart” materials. In particular, we
utilize their pH-responsive behavior to test how supramolecular
organization influences their molecular capture of PFAS com-
pounds. Proof-of-concept studies show that promoting Fmoc-
Fs-Phe to assemble into f-sheet deficient fibrillar structures
favors PFAS capture efficiency, presumably due to increased
aqueous exposure of the fluorinated phenyl ring. On-going work
is focused on optimizing film formulation to achieve PFAS cap-
ture efficiencies at, or better than, granulated activated carbon
standards (=95%).2* That said, a unique advantage of our
self-assembled films over current technologies is their mecha-
nomorphogenic nature, which may allow recyclability during
PFAS capture applications. For example, saturated films could
be dissolved in alkaline solutions to remove captured PFAS,
followed by thermal deposition of recovered Fmoc-Fs-Phe to
regenerate the virgin material. Incorporating defluorinating
microbes into multi-lamellar structures is another exciting
avenue of future research. Degradation of PFAS chemicals
by engineered microbes represents an emerging and attrac-
tive bioremediation strategy. However, this approach currently
requires long time scales for efficient contaminant remedia-
tion (=100 days).®#] Utilizing Fmoc-Fs-Phe films to locally
concentrate PFAS contaminants for microbial remediators may
significantly enhance degradation kinetics. These applications
highlight the potential of organofluorine scaffolds to serve as
next generation biomaterials, which exploit the fluorous effect
to expand the design landscape of supramolecular self-assem-
bled materials with unique and adaptive biofunctionalities.

4. Experimental Section

Materials:  Fmoc-pentafluoro-L-phenylalanine, Fmoc-tyrosine, and
N,N-dimethylformamide were purchased from Chem Impex. Fmoc-
L-phenylalanine, Fmoc-alanine, Fmoc-glycine, Fmoc-valine, Fmoc-
tryptophan, Fmoc-isoleucine, and Fmoc-leucine were purchased
from CEM. Perfluorohexane, perfluoroheptane, perfluorooctane, and
perfluorotributylamine were purchased from Oakwood Chemical.
Perfluorooctanoic acid and perfluorononanoic acid were purchased from
TCI Chemical, and perfluorooctanesulfonic acid was purchased from
Matrix Scientific. Thioflavin T and dimethyl sulfoxide spectrophotometer
grade were purchased from Alfa Aesar. Phosphate buffer saline 1X was
purchased from Corning. Hexane and sodium chloride were purchased
from Fisher Chemical. Diethyl ether, chloroform, and potassium
monophosphate were purchased from Acros Organics. Sodium
diphosphate was purchased from VWR.

Film Preparation: Air-water interface films were formed using Fmoc-
Fs-Phe dispersed into PFHx via 30 s sonication. The Fmoc-Fs-Phe/PFHx
mixture was injected into 3 mL deionized (DI) water in a glass vial with
the pipette tip fully submerged. Film was initiated by shaking the closed
vial up and down for >10 s allowing for the air-water interface film to
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form. Cyclic disruption—reformation starts by manually centrifuging the
vial until the film precipitates. Sonication for 2-5 s promotes condensing
precipitates into a PFHx dense film bubble which can form an air-water
interface film again by shaking for >10 s. Vials with films were optically
imaged using a UV light source.

Optical Density: Optical density (ODggo) was measured to quantify
film formation based on its opacity. Films were formed in 800 pL water
in a 1 cm path quartz cuvette by injecting 100 pL of Fmoc-Fs-Phe/PFHX,
parafilming the cuvette top, and initiating film formation. Absorbance
at 600 nm was measured immediately following film formation with
the light path going through the film/air layer using an Agilent UV-
vis spectrometer. Injection volume was 100 uL and Fmoc-Fs-Phe
concentration was 20 mmol L' in PFHx, unless specified otherwise.
Each film sample was measured for absorbance with three internal
replicates using 800 uL ultrapure water as a blank. Mean film formation
(ODggo) was calculated per film condition and reported as mean +
standard deviation for n > 3.

Mechanical Characterization: Fmoc-Fs-Phe and Fmoc-Phe films were
prepared by pipetting 100 UL of each amino acid at 1-50 mmol L™
concentrations in PFHx into 800 uL of pH 2.5 water in a glass vial.
After complete film formation, PFHx was added dropwise (5 ulL) =
1-2 mm directly above the film layer at a rate of six drops per minute
until reaching failure, as indicated by excess PFHx pinching off to form
a bubble. Total number of PFHx drops until failure (x) were counted
and calculated for maximum PFHx loading (x — 1). Total weight of PFH
held at the air-water interface was calculated by: F (N) = mg and m =
((x=1) x 5L+ 100 pL) x 1073 x d, where d is the density of PFHx (d =
1.643 g mL™"). All conditions were reported as mean + standard error of
the mean (n = 3). Optical images were captured during the dropwise
addition of PFHx.

Fluorescence Spectroscopy and Microscopy: Films were prepared in a
12-well microplate with 100 pL injection of 20 mmol L™ Fmoc-Fs-Phe/
PFHx or Fmoc-Phe/PFHx into 1-2 mL pH 2.5 water. Fluorescence
emission spectra were measured using BioTek Cytation3 microplate
reader. For J-aggregate analysis, samples were excited at 280 nm
and scanned for emission from 310-600 nm. Resulting spectra were
normalized to water control and averaged, reported as normalized
average fluorescence for n = 3. For S-sheet analysis, 25 puL of 1 mmol L™
thioflavin T (ThT) in water was added to the film water layer. Samples
were shaken at 100 rpm for 5 min, and then excited at 450 nm and
scanned for emission at 480-700 nm at timepoints t = 0, 5, 10, 20, 30,
60, and 90 min. Mean ThT fluorescence (4., = 482 nm) was calculated
per timepoint for each film and reported as mean + standard deviation
(n = 3). Resulting spectra were analyzed for mean ThT fluorescence and
reported for t = 90 min. All ThT data was normalized to film samples
without ThT.

For fluorescent microscopy, Fmoc-Fs-Phe and Fmoc-Phe films were
prepared with 200 pL injected into 2 mL DI water in a 12-well plate. After
film initiation, 50 pL of 1 mmol L' ThT in water was added to the film
water layer. Samples were shaken at 100 rpm for 5 min, and then films
were imaged via brightfield and GFP filter cube on BioTek Cytation 3
multimodal plate reader. Film fibril length was calculated using Image)
and reported as average length + standard deviation for n =150 for each
condition.

Electron Microscopy: Fmoc-Fs-Phe films were prepared with 200 pL
injected into 3 mL pH 2.5 water in 12-well plate and then dip coated onto
a metal SEM stub with double sided carbon tape. Dried samples were
sputter coated with Au/Pd 60:40 using a Capovani Brothers Bal-tec SCD-
050 sputter coater and imaged using a Zeiss SIGMA VP-FESEM using
secondary electron imaging.

For transmission electron microscopy and scanning transmission
electron microscopy, Fmoc-Fs-Phe films were prepared with 200 pL
injected into 3 mL pH 2.5 water in a glass vial and then were dip
coated onto a carbon wafer and embedded into epoxy and sectioned
via microtome. Samples were imaged using a Talos F200X transmission
electron microscope. Z-contrast imaging was done using a high angle
annular dark field (HAADF) detector operating in STEM mode with a
1 us dwell time and 160 mm camera length. Elemental analysis was
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performed by electron dispersive X-ray spectroscopy (EDS) via HAADF-
STEM. Film fibril width was calculated using Image] and reported as
average width + standard deviation for n > 120.

Powder X-Ray Diffraction: Data was collected on a Malvern Panalytical
XPert Pro MPD theta-theta diffractometer (1.5406 A wavelength, 45 kv,
40 mA). For film sample, Fmoc-Fs-Phe films in pH 2.5 water were deposited
onto a zero-background silicon holder via dip coating and set to dry
overnight before analysis. Fmoc-Fs-Phe powder was taken directly from the
stock for analysis serving as a pre-film control. All samples were scanned
from 5.01-29.97 at step size 0.026° and plotted at relative intensity. Samples
were analyzed using OriginPro software for diffractogram smoothing and
baseline correction, and for crystallite size analysis.

UV-Vis and Circular Dichroism Spectroscopy: Fmoc-Fs-Phe films were
formed in vials containing 3 mL water at pH 2.5-10.5 and incubated for
24 h at 25, 60, or 80 °C. Films were optically imaged and then 200 uL
sample of the water layer was aliquoted into a 1 cm path quartz cuvette
and measured for absorbance from 200-800 nm using Agilent UV-vis
spectrometer. All data as normalized to water only with representative
spectra reported.

Circular dichroism (CD) spectroscopy was performed on the film
water layer. Fmoc-Fs-Phe/PFH (20 mmol L) was injected into 2 mL
of pH 2.5, 5.5, or 10.5 water in a 12-well plate and incubated at 25, 37,
or 60 °C for 24 h. Samples from the film water layer were aliquoted
(200 pL) into a 1 mm path length quartz cell, and sample measurements
were taken using a Jasco-J1500 circular dichroism spectrometer.
Representative spectra were reported for each condition.

Per- and Poly-Fluoroalkyl Detection by ThT: A thioflavin T (ThT) detection
method for perfluorooctanoic acid, perfluorooctanesulfonic acid, and
perfluorononanoic acid in water was developed. PFOA (1 mmol L),
PFOS (100 pumol L™), or PFNA (1 mmol L™) were dissolved in water
by vortexing and sonicating. Absorbance scan from 200-800 nm was
performed for all PFAS compounds + 25 pumol L™ ThT and ThT alone
over timepoints t = 0-20 min. Peak absorbances were determined as 410,
369, and 415 nm for PFOA, PFOS, and PFNA, respectively, and used as
excitation wavelengths (4,). Calibration curves for each were analyzed for
fluorescence emission with peak emissions (4., at 550, 530, and 525 nm
for PFOA, PFOS, and PFNA, respectively. All data was normalized to ThT
only serving as negative control (Figure S18, Supporting Information).

For PFAS capturing experiments, films were formed using 20 mmol L™
Fmoc-Fs-Phe in pH 2.5 or 10.5 water in 12-well plates and dried down to
be supported on the bottom of the well plate. Solutions of PFOA, PFOS,
or PFNA were added directly into the well £ film. Timepoint samples
(200 pL) were collected at t =0, 2, 6, and 24 h. For each sample, 195 pL
was aliquoted into a 96-well black bottom plate, and then 5 uL of ThT
(1 mmol L) was added at t = 0. The plate was shaken at 100 rpm for
10 min and assessed for remaining PFAS via ThT method as described
above (PFOA A /Aem 410/550 nm, PFOS A,/Aem 369/530 nm, and
PFNA Aey/Aem 415/525 nm). All film + PFAS samples were normalized
to film + water controls. Remaining concentration of PFAS was analyzed
using calibration curve and then captured concentration was calculated:
[PFAS]initial = [PFAS] emaining and converted from mM to ppt and averaged.
Mean captured PFAS (ppt X 10'%) was reported for all timepoints as
mean * standard error of the mean for n = 3.

Statistical Analysis: Data was normalized to control sample as
specified. All data is reported as mean + standard error of the mean
(SEM). Statistical significance was determined using one-tailed Student’s
t-test where p-values < 0.05 were reported as statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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