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Amino acids and short peptides modified with the 9-fluorenylmethyloxycarbonyl (Fmoc) group possess eminent self-

assembly features and show distinct potential for applications due to the inherent hydrophobicity and aromaticity of the

Fmoc moiety which can promote building blocks association. Given the extensive study and numerous publications in this

field, it is necessary to summarize the recent progress concerning these important bio-inspired building blocks. Therefore,

in this review, we explore the self-organizations of this class of functional molecules from three aspects, i.e., Fmoc-

modified individual amino acids, Fmoc-modified di- and tripeptides, and Fmoc-modified tetra- and pentapeptides. The

relevant properties and applications related to cell cultivation, bio-templating, optical, drug delivery, catalytic, therapeutic

and antibiotic properties are subsequently summarized. Finally, some existing questions impeding the development of

Fmoc-modified simple biomolecules are discussed, and corresponding strategies and outlooks are suggested.

1. Introduction

The self-assembly of biomolecular building blocks has been
extensively studied owing to their inherent biocompatibility
and ability to form nanostructures with diverse morphologies,
along with possessing intriguing application potentials in a
variety of fields.® Peptides composed of sequences shorter
than five amino acids and even single amino acids have
attracted a lot of interest due to their lower synthesis costs
to larger
By conjugating functional moieties,

relative ease of modulation
4,7-10

and compared
biomacromolecules.
the modified self-assembly products can further offer unique
and tunable morphologies of different functionalities, which
provide a powerful tool for bio-soft matter fabrication. While
the current progress of the study of modified short peptides
that are stimuli-responsive,“’12 or that bear naphthyl13’14and
aliphatic tails™*® has been comprehensively reviewed, the self-
organization applications of Fmoc-modified simple
biomolecules have not been extensively summarized.

and

Fmoc is widely used as a main amine protecting group in
peptide synthesis.”'19 The hydrophobicity and
aromaticity of Fmoc is to promote the
hydrophobic and m-m stacking interactions of the fluorenyl

intrinsic
well-known

rings. Therefore, many Fmoc-modified amino acids and short
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peptides possess relatively rapid self-assembly kinetics and
present remarkable physicochemical properties along with
tremendous application potentials, such as cell cultivation,
templating, optical devises, drug delivery, catalysis,
therapeutic and antibiotics, as shown in Scheme 1.20%
Considering the increasing number of publications, herein we
would like to introduce the recent progress on the self-
assembly and relevant applications of this kind of
multifunctional bio-inspired molecules.

2. The self-assembly of Fmoc-modified amino
acids and short peptides

The self-assembly of peptide amphiphiles refers to a variety of
non-covalent interactions, including hydrogen bonding,
hydrophobic, aromatic interactions, and in some cases,
electrostatic interactions.”® The introduction of the Fmoc
moiety can offer additional driving forces, such as hydrogen
bonding from the carbonyl group,25 other aromatic and
hydrophobic interactions from the fluorenyl ringzo'26 and steric
optimization from the linker (the methoxycarbonyl group)21
These unique interactions, along with the driving forces
induced by the peptide sequences, result in the self-assembly
of Fmoc-modified amino acids and short peptides
kinetically rapid and thermodynamically rigid manner.
Among the Fmoc-modified biomolecules, those having
sequences composed of amino acids with aromatic side-
chains, such as phenylalanine (F), tyrosine (Y) and tryptophane
(W), attract much interest. A previous study revealed that the
Fmoc-modified biomolecules flanked with substantial aromatic
moieties in their side-chains, such as Fmoc-f-(2-naphthyl)-

in a
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Scheme 1. Schematic representation showing the design
principles and relevant applications of Fmoc-modified
peptidic biomolecules. The introduction of the Fmoc
group (green) promotes the self-assembly of amino acids
or short peptides (red), which can be applied in a variety
of advanced fields by modulating their molecular
compositions, such as the amino acid residue numbers (n),
side-chains (R;) and C-terminal groups (R,).

alanine (Fmoc-2-Nal) and Fmoc-FF, could self-assemble to
nanofibrillar structures which
viscoelastic hydrogels; while those with less aromatic side-

then formed continuous
chains, such as Fmoc-phenylalanine-proline (Fmoc-FP), Fmoc-
phenylalanine-serine  (tert-butyl) (Fmoc-FS(tBu)), Fmoc-
arginine-glycine-aspartic acid (Fmoc-RGD) and Fmoc-GF, only
aggregated into spherical or discrete tubular morphologies and
remained  viscous An study
demonstrated that a higher ratio of side-chain aromatic

solutions.”’ additional
moieties could induce an elevated self-assembly yield, higher
thermal stability, and elasticity of the formed hydrogels, and
thus allowed a faster self-assembly process.28 It is believed
that the introduction of aromatic motifs at the side-chains
allows a synergistic effect with Fmoc, forming -t interactions
both between Fmoc groups and side-chain phenyl rings, thus
distinctly promoting the self-assembly. Therefore, studies on
the self-association and application
biomolecules mostly focus on those with side-chain aromatic
features.

2.1. Fmoc-Modified amino acids

of Fmoc-modified

Individual amino acids are among the simplest biomolecules
allowing for Fmoc modification. Increasing Fmoc-modified
amino acids have been reported to be able to self-assemble
and some of them, mostly those with aromatic side-chains, can
even form into extended three-dimensional (3-D) networks,
trapping the solvent molecules and forming gels. Such gels can
be employed as ideal low-molecular-weight hydrogelators, as
shown in Table 1.7 Of note is Fmoc-F, which is a leading
hydrogelation promoter due to its excellent propensity to self-
assemble.”” Other amino acids are mostly the derivatives of
Fmoc-F, such as its fluorinated®® and hydroxylated (Fmoc-

Y2313 and its phosphorylated derivativesgmg, Fmoc—DOPA32'34)
derivatives.
Modifications of the phenyl group side-chain can

significantly alter the mechanical properties of the hydrogel
formed by Fmoc-F. For example, strong frequency-dependent

2| J. Name., 2012, 00, 1-3

moduli and highly flexible interconnections exist between
junction zones in the Fmoc-F hydrogel networks, which can
withstand large deformation.”® When F was replaced with Y by
conjugating a hydroxyl group at the para- position of the
phenyl ring, Fmoc-Y self-assembled into a strong hydrogel with
a higher storage modulus independent of the frequency
applied.29 Dynamic light scattering particle probe-based micro-
rheology study indicated that the hydrogel formed by Fmoc-Y
possessed molecule-level features which cannot be detected
using electron microscopy, suggesting that the gel network
exists on a broad length-scale, ranging from the angstrom to
the micron size.® Presumably, the hydrogen bonding
stemming from the side-chain phenolic rings and water
molecules can promote the interlacing of the nanofibrils and
solidify the solvent molecules, inducing the rigidity of the
hydrogel. Furthermore, when replacing F with 3,4-dihydroxy-
phenylalanine (DOPA), a catechol non-coded amino acid with a
superior antioxidant property, Fmoc-DOPA aggregated linearly
to form semi-flexible twisted-multi-stranded fibers at pH 2.0
by a heating-cooling cycle (from 70° to 25°), which
disassembled at a higher pH due to the deprotonation of the
carboxylic groups.32 In addition, when using a solvent-
switching strategy (ethanol stock solution dilution to water)
while maintaining the solution at a lower temperature (18°),
the self-assembly dynamics of Fmoc-DOPA could be
substantially slowed.>® In this condition, a noninduced phase
transitions from spherical assemblies to nanofibers followed
by sol-gel transition, nanotube formation via intermediate
assembly, and finally crystallization within the gel could be
detected in detail >

In addition to the hydroxyl groups, the incorporation of
halogen substituents on the phenyl ring, including position
(ortho-, meta-, para-), number (1-5) and the halogen atoms
themselves (F, Cl, Br), can also exert a strong influence on the
self-assembly of Fmoc-F.*® For example, a previous study
showed that among the para- halogen-substituted Fmoc-F
derivatives, the most efficient gelator was Fmoc-para-fluoro-
phenylalanine (Fmoc-(4-F)F), which could gelate at PBS buffer
solution at the minimal gelation concentration of 0.15% (wt).37
In contrast, Nilsson et al. found that Fmoc-pentafluoro-
phenylalanine (Fmoc-F5-F, the five hydrogen atoms at the
side-chain phenyl ring substituted by five fluorine atoms) could
self-assemble to form a hydrogel within minutes at room
temperature at a concentration of only 0.1% (wt), with much
higher viscoelastic rigidity than that of Fmoc-Y.*% A comparison
of the self-assembly of fluorinated Fmoc-F molecules with
their corresponding C-terminal amidated and methyl
derivatives found that the ester derivatives failed to form
hydrogels due to their high hydrophobicity, while the
amidated derivatives aggregated much more rapidly, but the
resultant hydrogels were unstable during shear stress. It is
plausible that the amide bonds cannot form extensive
hydrogen bonding compared to carboxyl groups due to their
relative inertness, resulting from the p-mt conjugation between
the nitrogen atom and the carbonyl bond.*®

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (A) Fluorescent micrograph showing the Fmoc-F gelated film electrodeposited on an electrode, with thickness
tuned by controlling the deposition time. (Reproduced with permission from [40]. Copyright 2011 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim). (B) Schematic representation showing the mechanism of electrochemically co-depositing agarose
using Fmoc-F gelated film on the electrode (Reproduced with permission from [39]. Copyright 2011 American Chemical

Society).
microparticles deposited in the agarose gel,

(C) Fluorescent micrograph showing the FITC-modified streptavidin bound to the biotin-functionalized
with amounts tuned in a time controlled manner.

(Reproduced with

permission from [39]. Copyright 2011 American Chemical Society).

Electrochemical technique offers a new approach to control
the self-assembly of Fmoc-modified single amino acids. In a
previous work by Payne and co-workers, through the
hydroquinone to 1,4-
benzoquinone, the release of protons decreased the pH to a

electrochemical oxidation of
small extent, allowing Fmoc-F molecules to be deposited and
to self-assemble to form a nanofibrillar hydrogel film in a
localized area of the electrode.®® The thickness of the film
could be tuned with time and the whole progress was
reversible by adjusting the pH, as shown in Figure 1A.%° The
rapid assembly and disassembly kinetics could be spatially
controllable, which utilized for lab-on-a-chip
applications.40 For example, through co-deposition of a
thermally responsive polysaccharide agarose at 37 °C,
followed by cooling to room temperature to induce gelation,
and finally adjustment to a neutral pH to disassemble the
Fmoc-F hydrogel, an agarose gel could be prepared at the
electrode, as shown in Figure 1B.*° The prepared agarose gel
could be further utilized to co-deposit other functional
composites, such as biotin-modified beads, thus specifically
recognizing, detecting, and addressing a corresponding
epitope, i.e., streptavidin, as shown in Figure 1¢.2°
Furthermore, electrochemical co-deposition of gelatin using
Fmoc-F could produce a gel which can transit to a sol when the
temperature was adjusted from 37 °C to 22 oc.®

can be

The co-assembly strategy can endow diverse functionalities
to the self-assemblies.”>***? Co-assembly of Fmoc-leucine
(Fmoc-L) and Fmoc-e-lysine (Fmoc-°K, the side-chain g-amino

group modified with Fmoc) could form a supermolecular

This journal is © The Royal Society of Chemistry 20xx

4 while the
could

hydrogel possessing anti-inflammatory properties,4
introduction of pamidronate, a biomedical agent,
produce a multicomponent hydrogel useful for treatment of
the toxicity of uranyl oxide at wound sites.* Moreover, a
suspension solution of Fmoc-°K and Fmoc-F could transit to a
hydrogel with an exceptionally high storage modulus and
excellent elasticity upon a heating-cooling cycle in the
presence of Na2C03.46 Further through combining the heme
model compounds with the hydrogel, an artificial peroxidase
with catalytic activity could be prepared. This composite
hydrogel can be easily tailored by controlling the distal
substituents above the coordinated centres of the heme
model t:ompounds.47

It is plausible that the co-assembly of different halogen-
substituted Fmoc-F molecules can produce much more rigid
hydrogels. For example, co-assembly of Fmoc-F5-F and C-
terminal PEG-functionalized Fmoc-F5-F (Fmoc-F5-F-PEG) could
form a hydrogel which was stable with respect to shear-
response and exhibited ideal stress-responsive behaviors.*® Co-
assembly of Fmoc-F and Fmoc-F5-F, with side-chain groups of
complementary quadrupole electronics, could also form two-
component nanofibrillar hydrogels under conditions in which
Fmoc-F alone fails to self-assemble.*®

The combination of co-assembly strategies and electrostatic
attractive interactions can produce unique Fmoc-modified
amino acids self-assemblies. When equimolarly mixing the
oppositely charged Fmoc-t-glutamic acid (Fmoc-LE) and Fmoc-
LK, the electrostatic attractive interactions induced the two
building blocks to co-assemble to form left-handed

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Self-assembly and hydrogelation of Fmoc-FF. (A) Picture showing the letters TAU (Tel Aviv University) written by
the Fmoc-FF hydrogel. The inset presenting that the hydrogel remains stable in the inverted cuvette. (Reproduced with
permission from [20]. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim) (B) Model structures representing
the molecular arrangements during Fmoc-FF self-assembly. Note that the fluorenyl and phenyl groups are separately
coloured orange and purple to illustrate the paired m -stacking nature of the aromatic moieties during self-assembly.
(Reproduced with permission from [26]. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim) (C) pH evolution
vs. HCI titration (right panel) and a scheme (left panel) showing the different self-assembly process of Fmoc-FF inducing
different phenotypical pK,. (Reproduced with permission from [61]. Copyright 2009 American Chemical Society)

nanofibrillar hydrogels.>® While the conformation of the
nanofibers was right-handed when using p-isomers as building
blocks, suggesting that the molecular chirality can be
translated into the supermolecular helicity and the
handedness of these nanofibers depends on the corresponding
component chirality in the co-assembly system.

In addition to co-assembly, covalent conjugation presents
another approach to the functionalization of self-assemblies.
The conjugation of stearamine to the C-terminus of Fmoc-G
could provide a new compound named FGC18 to self-assemble
into nanofibrillar organogels in some organic solvents at a
lower temperature (-15 "C).51 Interestingly, the nanofibers
could transform into dendritic twists and then to giant
microbelts in ambient temperature, and the process was
found to be reversible upon dilution of the organogel.”
Furthermore, through co-assembly of FGC18 and its chiral
alanine (A) analogues, i.e., L-type and p-type FAC18, nanotwists
with uniform chirality could be obtained.”® Besides,
conjugation of poly(2-isopropyl-2-oxazoline) (PiPrOx), a
thermal responsive polymer, to Fmoc-modified amino acids
could design several Fmoc-amino acid-PiPrOx molecules to
self-assemble to form temperature-responsive colloidal
parﬁcles.33 By increasing the temperature from room
temperature to above the lower critical solution temperature
(LCST), a phase transition from solution phase of these

4| J. Name., 2012, 00, 1-3

conjugates to precipitates could be induced.® Moreover, the
types of amino acids, such as Fmoc-F or Fmoc-Y, could
drastically influence the self-assembly behaviors.**

2.2. Fmoc-Modified di- and tripeptides

Compared to the individual amino acids or longer
oligopeptides, di- and tripeptides have attracted much more
interest in the field of biomolecular self-assembly due to their
flexible and tunable molecular structures, notable mechanical
properties, along with the cost-effectiveness.®”1%°*%° Thus,
Fmoc-modified di- and tripeptides have been extensively
studied owing to their excellent self-assembly properties, as
shown in Table 12025378

2.2.1. Fmoc-Modified diphenylalanine. The most extensively
studied Fmoc-modified dipeptide is Fmoc-FF, which is derived
from the core recognition motif of Alzheimer’s disease-
associated B-amyloid polypeptide.59 Since it was first found to
form rigid hydrogels,zo’26 as shown in Figure 2A, the self-
assembly and relevant applications of Fmoc-FF have become

6962 studies have

pivotal in various bio-soft matter fields.
confirmed that during self-assembly, Fmoc-FF molecules forms
cylindrical nanofibrils by interlocking four twisted antiparallel
B-sheets through lateral antiparallel m-m interactions,”® as
shown in Figure 2B; and the self-assembly process can result in

two phenotypical pK, values: one located at pH 9.5-10.2,

This journal is © The Royal Society of Chemistry 20xx
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corresponding to the self-assembly of both protonated and
non-protonated molecules into nanofibrils, and the other one
located at pH 5.2-6.2, related to massive aggregation of the
nanoribbons, triggered by further neutralization of the
molecules, as shown in Figure 2c.®

While through slow acidification of the aqueous solution
encapsulated by the liquid marble of Lycopodium clavatum
spores with gaseous carbon dioxide, Fmoc-FF could self-
assemble to an ultrathin (thickness of 50-500 nm) interwoven
membrane of ribbon-like fibers at the liquid/air interface.®®
The meshed membrane could incorporate the lycopodium
microparticles, thus stabilizing the liquid marble against
coIIapse.63 Interestingly, the electron diffraction analysis
indicated that the cylindrical nanofibrillar model presented
above could not perfectly explain the arrangements of the
biomolecular entities in the membrane; instead, a planar
compact stacking
interpretation.63 This implies on the complicated self-assembly

columns model could offer an
process of Fmoc-FF that still attracts a great research interest
in this minimal motif. In addition, a series of orthogonal
experiments to change the hydrogelation

demonstrated that the final pH in which assembly takes place

conditions

is the principal determinant for the mechanical properties of
Fmoc-FF hydrogels,60 while other experimental factors, such as
the ratio of organic solvent to water®®®* and the buffers used,60
affect the rheological properties to a lesser extent. Moreover,
the homogenization techniques used during the gelation
such as vortex vs. manual agitation, can also
dramatically the

properties of the hydrogels formed, with variations of up to

process,

influence structural and mechanical
one order of magnitude in shear modulus.®®

All these findings indicate that the self-association process
and underlying mechanism of Fmoc-modified biomolecules are
significantly complicated and there are still a lot remaining to
be clarified. Therefore, we would suggest that in future Fmoc-
modified self-assembly studies, all possible influencing factors,
including the biomolecular structures, solvent compositions
(solvent type and polarity, ratio of organic solvent to water,
buffer components), solution conditions (ionic type and
valence state, ionic strength, pH) and external conditions
(temperature, homogenization method), should be thoroughly
considered.

Co-assembly with other composites offers a simple
approach to modulate the self-assembly and hydrogelation of
Fmoc-FF. For example, co-assembly of Fmoc-FF and Fmoc-
modified single amino acids (K, D and S)66 or functional peptide
motif (RGD),67 could produce hydrogels with composition-
dependent elastic moduli, ranging from 502 Pa (Fmoc-FF+
Fmoc-D) to 21200 Pa (Fmoc-FF alone).66 In addition, in Fmoc-
FF co-assemblies with dextran additives, the dextran types and
the absolute viscosity of the solutions could have a substantial
effect on the rheological properties of the final gels.68
Specifically, when the solution viscosity was below 8 mPas, the

rheological properties were similar, but in all cases were lower

This journal is © The Royal Society of Chemistry 20xx
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than that of the Fmoc-FF gel itself. When the viscosity was
higher than 8 mPas, the formed gels became progressively
weaker, resulting from a decrease in spherulite size and
entanglements relative to Fmoc-FF gel.68

2.2.2. Fmoc-Modified tyrosine-leucine dipeptide. Fmoc-YL is
another Fmoc-modified dipeptide that has been extensively
studied

functionalization. For instance, anions could greatly affect the

because of its ease of modulation and
hydrogelation of Fmoc-YL, leading to the transformation of the
supermolecular structures from densely fibrous networks to
spherical aggregates, accompanied by variations in the elastic
moduli (G’) of the hydrogels from 0.8 kPa to 2.4 kPa.®® The
efficiency of the anion types is consistent with the Hofmeister
anion sequence.69 Interestingly, the affecting mechanism
results from the specific ion effects on the structures of the
gels rather than the sol-gel equilibrium.69 This specific ion
dependency, combining with the enzyme-catalytic

assembly strategy which will be discussed below, can give rise

self-

to more complex self-assembly behaviors.”

Ultrasonication can also be used to control the self-assembly
of Fmoc-YL. Ultrasonic waves could enhance the stacking
interactions of the fluorenyl rings while having a less effect on
hydrogen bonding, which caused the ordered nanotapes
formed by Fmoc-FL to transform into coiled nanofibers and
disrupted the fibrillar network to form spherical aggregates. It
should be noted that this transition could be reversible in the
absence of sonication.”*

Fmoc-YL could also self-assemble at the organic/aqueous
interface to emulsify and stabilize the water/oil emulsions.””
The system could maintain long-term stability even at a high
temperature (60 °C) or salt concentration (100 mM), but could
be easily demulsified by thermolysin-triggered disassembly at
physiological conditions.”

The
dipeptide also has a significant impact on the self-assembly
and hydrogelation process. The more rigid linkers facilitate the

the the
aromatic stacking interactions.” By
comparison, the Fmoc group, carrying a methoxycarbonyl

linker between the fluorenyl moiety and the YL

hydrogelation while shorter linkers restrict

conformation and
group, seemed to be the optimal choice for the hydrogelation
of YL, providing a rigid linker of sufficient length to allow
effective assembly for both the aromatic and dipeptide
domains.?! 1t is probable that this linker allows for Fmoc-
modified biomolecules to generally possess excellent self-
assembly and hydrogelation properties.

Co-assembly strategies can also be utilized to adjust the self-
assembly of Fmoc-YL.” For example, a cooperative type of co-
assembly of Fmoc-YL with pyrene-modified YL (Pyr-YL) could
allow these bio-inspired building blocks to share their common
propensity to form B-sheet secondary structures. In contrast,
disruptive types of co-assembly of Fmoc-YL with Fmoc-S could
only allow these molecules to share the same aromatic moiety,
resulting in the substantial intercalation of the S component
and

ultimately compromising the p-sheet arrangement

J. Name., 2013, 00, 1-3 | 5
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integrity of YL. Moreover, an orthogonal type of co-assembly
of Fmoc-YL and Pyr-S, achievable only when every segment of
each component is sufficiently different from the other, could
not disrupt the respective B-sheet arrangements.73
2.2.3. Other Fmoc-modified di- and tripeptides. Along with FF and
YL, other Fmoc-modified di- and tripeptides, mainly inspired
from modifications of Fmoc-FF or Fmoc-YL, also possess
interesting self-assembly properties. For example, Fmoc-FG,
GG, GF, LL, LG and GL, analogues of Fmoc-FF and Fmoc-YL, also
showed substantially shifted apparent pK, transitions during
their self-assembly, accompanied by the self-assembling
morphological changes.m’75 The fact that the replacements of
the sequence does not affect the propensity of the Fmoc-
modified dipeptides to self-assemble into fibrillar structures
clearly points toward the key role of the Fmoc group and to -
Tt interactions in driving the self-assembly of these systems.75
Therefore, it can be concluded that the main driving force
behind the self-assembly process of Fmoc-modified short
peptides is a combination of the fluorenyl hydrophobic and -
T interactions, with a secondary role for hydrogen bonding.74
Similarly to the aforementioned Fmoc-DOPA, Fmoc-
[DOPA][DOPA] dipeptide could also self-organize into fibrillar
hydrogels,
surface which could spontaneously reduce and assemble metal

displaying high catechol group density on the

7 Reviews

Journal Name

cations to form 1-D nanowires.”® Furthermore, by introduction
of a K to the C-terminal, Fmoc-[DOPA][DOPA]K tripeptide was
synthesized to self-assemble to nanostructures which
possessed exceptional glue-like properties.76 Another study
showed that Fmoc-KK, with the side-chain €e-amino group of C-
the n-type 1,4,5,8-
naphthalenetetracarboxylic acid diimide (NDI) chromophore,

terminal K functionalized with
could self-assemble to form nanobelt-based, self-supporting
transparent hydrogels.77 The intermolecular nt-it delocalization
of the NDI units along the long axis and of the fluorenyl groups
along the lateral dimension was anticipated to mediate the
the

long-range charge migration for

optoelectronic and biomedical fields.”®

applications in

The conversion of peptide sequences can offer an additional
approach for controlling the self-assembly of Fmoc-modified
short peptides. For example, Fmoc-valine-leucine-lysine (N°®
modified with tert-butyloxycarbonyl) (VLK(Boc)) was found to
self-assemble to form amyloid-like B-sheets secondary
structures, producing highly anisotropic fibrous hydrogels.
After inversion of the peptide sequence, Fmoc-K(Boc)LV self-
assembled into highly branched fibrils with multiple stacked
sheets that produced isotropic hydrogels with a much higher

shear modulus (G’ > 104 Pa).79
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Figure 3. Enzyme-Catalytic self-assembly of Fmoc-modified biomolecules. (A) Chemical reaction equation illustrating how
Fmoc-modified peptidic building blocks are synthesized by thermolysin-catalytic coupling reactions. R; and R, denote side-
chains, R; denotes methyl ester or hydroxyl group. (B) A diagram showing the mechanism underlying the enzyme-assisted
DCL used to identify the thermodynamically stable self-assemblies of Fmoc-modified biomolecules. The Fmoc group and
peptide sequence is marked in blue and grey colour, respectively. (C) An HPLC profile vs. time indicating the re-distribution of
Fmoc-modified building blocks synthesized from thermolysin-catalytic coupling of Fmoc-L and LL. (Reproduced with

permission from [94]. Copyright 2008 Nature Publishing Group)
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The electrochemical technique described above can also be
applied to induce the self-assembly of other Fmoc-modified di-
and tripeptides, using the same mechanism as that for Fmoc-F.

ARTICLE

For example, in an original work by Adams and co-workers, the
Fmoc-LG solution could undergo localized sol-gel transition to
form gelated films at metallic substrates through the decrease

Table 1. Summary of the reported Fmoc-modified amino acid and short peptide sequences

Biomolecular Sequences Self-Assembly Profiles or Functionalities

References

F/(halogen)F//F-Se nanofibrillar hydrogels//nanospheres to nanotubes through

oxidation

Y/(p)Y//DOPA nanofibrillar hydrogels

F-PiPrOx, Y-PiPrOx, K-PiPrOx nanofibrillar hydrogels

L+°K/Y+°K//F+5K nanofibrillar nanofibrillar
hydrogels

left-/right-handed nanofibers for t/p-type isomers

hydrogels//suspension  to
E+K, E+O, E+R
L anti-inflammatory
S nanospheres

nanofibers to nanotwists to nanobelts/deposits of
unbranched nanowires to nanofibrillar hydrogels

G-stearamine/(octyl)G

29,35,39-41,46/30,36-38,
48,49//155

29,35,85/31,167//32,34
33

44,45/167//46,47

50

162

85

51/83

FF/F(para-X)F-NH,

nanofibrillar hydrogels/wider sheets or tubes when X is
electron-donating group, while narrow nanofibers when X is
electron-withdrawing group

FY/F(p)Y nanofibers/micelles

FL nanotapes transform to coiled nanofibers

FC/CF-OMe stabilizer of other Fmoc-modified nanospheres/nanofibrillar
hydrogels

GG, FG/GF nanofibrillar hydrogels/sheet-like precipitates

GS, GT, GA nanofibrillar hydrogels

YL nanofibrillar hydrogels with different order, chirality or
mechanical properties

YA, YS microcapsules with nanofibrillar networks at the
organic/aqueous interface

[DOPA][DOPA] nanofibrillar hydrogels

YT, YS, YN/YQ nanofibrillar hydrogels/nanospheres

SF-OMe, SL-OMe/TF-OMe, TL- nanoplanar hydrogels/twisted-ribbon hydrogels

OMe

VV/TF-OMe, TL-OMe nanofibrillar hydrogels

LL//LL-benzoyl nanofibrillar hydrogels/sol-gel transition by addition of

anions//sheet-like particles to nanofibrillar hydrogels

20,26,49,60-68,72,86,108,111,
118,138,63/96
100,101,165/100,101

71

150/98

65,74,81
81

21,69-73, 102

72

76
91,165

90,97/90

95

58,75,95/69//82

This journal is © The Royal Society of Chemistry 20xx
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Biomolecular Sequences

Self-Assembly Profiles or Functionalities

References

LG/VL nanofibrillar hydrogels/sol-gel transition by addition of 58,75,103/69
anions

LD nanofibrillar hydrogels 148

KK(NDI)-NH, flat nanobelt hydrogels 77,78

AA nanofibrillar hydrogels to sol/nanofibrillar hydrogels 81/25,84

FFF microcapsules with nanofibrillar networks at the organic- 72/99
aqueous interface/nanofibrillar hydrogels

FFH nanotubes 154

LLL nanotubes/nanofibers 93,95/94,95

RGD nanofibrillar hydrogels 67,109,111

VLK(Boc)/K(Boc)LV nanofibers/highly branched nanofibers 79

FWK nanofibers to nanoribbons to nanohelices to nanofibers 80

WFF inhibitor of mRR 163

[DOPA][DOPA]K nanofibers 76

E(p)YL affinity to PTP 164

RGDS, GRDS

RGDF, FRGD

nanofibrillar hydrogels

nanofibrillar hydrogels

105,106,110,124

27,28

KGGDADA aggregates 57
VTEEI, GVGVP, VPGVG, VYGGG nanofibrillar hydrogels 107
FFECG nanofibers 119
LLLLL sheet-like structures 94

Se: selenium; p: Phosphorylated; PiPrOx: poly(2-isopropyl-2-oxazoline); °K: the side-chain g-amino group of lysine; OMe:

methoxy group; NDI: 1,4,5,8-naphthalenetetracarboxylic acid diimide;
Parentheses: modification to side-chain; Short transverse line: modification to C-terminus of backbone

of the pH.58 And the films could be dried to collapse, then re-
swollen to recover the gel structure again.58 Notably, the film
structures, i.e., thickness and components, can be easily tuned
by controlling the deposition conditions, such as the final pH,
the rate of the decrease of pH, and the dipeptide sequences.58

Electrostatic interactions can also be utilized to control the
self-assembly of Fmoc-modified bio-building blocks. For
instance, Fmoc-FWK tripeptide could self-assemble to form
nanofibrils at pH 5.0, which transformed to larger flat ribbons
composed of many nanofibers as pH increased to 6-11, then

8| J. Name., 2012, 00, 1-3

twisted into left-handed helices at pH 11.2-11.8, and finally
back to nanofibrils when pH was extremely basic (pH 12.0).80
Structural characterizations revealed that the electrostatic
interactions between the charged carboxyl and amino groups
at K residues played an important role in directing the
assembly process. As a control, when blocking one of the
charged groups, such as C-terminal amidation, Fmoc-FWK-NH,
only self-assembled to form stable nanofibrils regardless of the
solution pH.80 It is assumed that at acidic pH (pH less than the
pK, of the carboxyl groups, where carboxyl and amino groups

This journal is © The Royal Society of Chemistry 20xx
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are both protonated), stronger electrostatic repulsive
interactions from positively-charged amino groups induce the
self-assemblies to twist into nanofibrils. When pH is increased
to 6-11, where both carboxyl and amino groups are charged,
the thinner nanofibrils aggregate laterally to form wider
nanoribbons with electrostatic attractive interactions. And
when pH is further increased to 11.2-11.8, which is near the
pK, of the amino groups, stronger electrostatic repulsive
interactions from negatively charged carboxyl groups lead to
the into nanohelices, which finally
decompose into individual nanofibrils again when pH reaches
to 12.0.

Specific ligand-receptor interactions can be used as another

tool for controlling the Fmoc-modified self-assemblies.®’ The

nanoribbons twist

nanofibrillar hydrogel formed by Fmoc-pApA dipeptide could
convert to a sol through the introduction of vancomycin (Van)
to disrupt the delicate balance between the hydrophobic
interactions and the hydrogen bonds via ligand-receptor
interactions. Conversely, its enantiomer, Fmoc-LtALA, lacking a
specific recognition property for Van,
|'esponse.57 Furthermore, this specific ligand-receptor
interaction could catalyse Fmoc-KGGDADA, a pentapeptidic

showed no such

derivative of Fmoc-DADA, to aggregate by a binding —
propagation — dissociation — autocatalysis —
process.57 In contrast, Fmoc-KGGLALA or KGGDADA only
resulted in inactive compounds, implying that the aromatic
and ligand-receptor interactions are both responsible for the

. 57
aggregation.

aggregation

The ultrasonication technique described above can also be
used to control the self-assembly of other Fmoc-modified di-
and tripeptides. For instance, C-terminal benzoyl-modified
Fmoc-LL (Fmoc-LL-benzoyl) aggregated to sheet-like particles
through a heating-cooling cycle in alkane solvents. While when
subjected to ultrasound, the morphologies reshaped to
elongated 3-D hydrogel networks of
nanoribbons.® Furthermore, the
conjugated Fmoc-G (Fmoc-OG)
deposits comprising of large

nanofibers or

group
to form

side-chain octyl
self-assembled
numbers of unbranched
nanowires in cyclohexane through a heating-cooling cycle. Yet,
following the treatment, the deposits
transformed to entangled fibrous hydrogel networks. Further
studies elucidated that the

molecules in a stable intramolecular H-bonding conformation

ultrasonic also

ratio between the Fmoc-OG

and those in a metastable intermolecular H-bonding
conformation could be tuned by the ultrasound; and the
increased population of the intermolecular H-bonding induced
by ultrasonication facilitated the interconnection of nanofibers
for the formation of a fibrous network,

.83
gelation.

and therefore

Molecular simulation can act as a complementary approach
to experimental techniques for studying the self-assembly of
Fmoc-modified biomolecules. Computational simulations
that during self-assembly, Fmoc-AA molecules
converged into condensed fibrillar structures in which Fmoc

showed

This journal is © The Royal Society of Chemistry 20xx

groups mostly stacked within the center of the fibril,
consistent with the normally-believed molecular structures.
Moreover, along with the Fmoc stacking and inter-residue
hydrogen bonding, hydrogen bonding between Fmoc-AA and
water molecules also played an important role in stabilizing
the self-assemblies.® However, the simulation also indicated
that the AA sequence mainly adopted extended polyproline I
conformation secondary structures, rather than the commonly
hypothesized B-sheet conformation.®* This discrepancy may
arise from the inappropriate parameters used for simulations,
but is more likely caused by the different self-assembly
approaches, which implies the complex nature behind the
Fmoc-modified self-assemblies. To balance the hydrophilic and
hydrophobic nature and more effectively simulate the self-
assembly behaviours of Fmoc-modified biomolecules, a
modified parameterization protocol for the CHARMM force
field used in molecular dynamics simulations was developed.
The derived parameters for the Fmoc moiety from this
updated algorithm were shown to be able to re-configurate
the intermolecular interactions by reproducing quantum
mechanical (QM) binding energies between the Fmoc group
and water and between two Fmoc moieties, and to reproduce
the flexibility of the Fmoc group by comparing dihedral
distributions in MD simulations and their MM energetic profile
with the corresponding QM dihedral scans.®® Furthermore, the
Fmoc  parameterization  successfully reproduced the
thermodynamic parameters and self-assembling of Fmoc-S
nanospheres and Fmoc-Y nanofibers , consistent with the
experimental findings, confirming the validity of the modified
parameterization protocol.85

It should be noted that despite the extensive progress in this
field, it is still difficult to elucidate in a detailed fashion, the
specific link between the molecular structures and the gel
properties during the self-assembly of Fmoc-modified short
peptides. This suggests that the hydrogels likely
determined not only by the molecules used and the final

are

solution conditions, but also the route and kinetics used to
reach those conditions.®®

2.2.4. Enzyme-Triggered self-assembly of Fmoc-modified short
peptides. The introduction of enzymes opens up an interesting
method of controlling the Fmoc-modified bio-assemblies by
conversions between self-assembling building blocks and their
non-assembling t:ounterparts.8’11'12'23’87"89 These
supermolecular morphologies are highly tunable, depending

929 39nd the free

on the t:ompositions,go'91 sequence lengths
energy landscapes of the self-assemblies.”

2.2.4.1. Thermodynamically driven self-assembly using
biocatalysis

In a pioneering work, Ulijn and co-workers showed that
thermolysin, a hydrolysis protease, could be used to trigger the
self-assembly of Fmoc-modified peptidic building blocks. By
harnessing the reversibility of thermolysin-catalytic peptide
bonds hydrolysis, a series of Fmoc-modified individual amino
acids and dipeptides were coupled to Fmoc-tripeptides, which
could self-assemble to form high-order aggregates driven by -

J. Name., 2013, 00, 1-3 | 9
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T interactions between fluorenyl groups, as shown in Figure
39295

Fmoc-(4-X)FF-NH,, a Fmoc-FF derivative synthesized by
thermolysin-catalytic coupling of Fmoc-(4-X)F and F-NH,, could
self-assemble to form diverse morphologies by controlling the
X substituents.”® Specifically, when X represented an electron
donating group, such as -OH and -OPO3H,, sheet-like or tubular
nanostructures were self-assembled; but when X represented
an electron withdrawing group (-F, -CN and -NO,), nanofibrillar
structures were formed. It is plausible that the electron-
donating groups can boost the delocalization of m-electrons
and increase the aromaticity of phenyl rings, promoting the
lateral aromatic interactions which finally lead to wider
nanostructures formation; while the electron-withdrawing
groups could impede the delocalization of m-electrons and
impair the aromaticity of phenyl rings, resulting in weaker
lateral aggregation interactions.”® Another Fmoc-modified
dipeptide, Fmoc-SF methyl ester (Fmoc-SF-OMe), formed by
thermolysin-catalysed condensation of Fmoc-S and F-OMe,
could self-assemble in a pair-wise manner to form B-sheets
secondary structures which present either phenyl or hydroxyl
functionalities at one side. These B-sheets could laterally self-
assemble to form thermodynamically stable extended sheets
over kinetically favored 1-D structures to shield the
hydrophobic face from the aqueous environment.”’

In fact, the strategy of thermolysin-triggered Fmoc-modified
biomolecular self-assembly can be further used to develop
dynamic combinatorial libraries (DCL) to identify stable self-
assemblies through thermodynamically driven component
selections. This is due to the fact that the amide formation is
thermodynamically unfavored (AG;,mige hydrolysis) and will occur
only when the building blocks form thermodynamically more
stable structures (AGseif.assembly), @s shown in Figure 38.% For
example, Fmoc-threonine (Fmoc-T) and L-OMe could be
conjugated to Fmoc-TL-OMe dipeptide with thermolysin.
However, following the introduction of F-OMe to the system,
Fmoc-TF-OMe dominated the self-assembling dipeptides.
Furthermore, when a solution of Fmoc-L was coupled with LL
in a 5 hours reaction catalysed by thermolysin, Fmoc-LLL
(Fmoc-L3)
nanofibrillar structures, dominated the products with a yield of
approximately 47%; as the reaction continued, Fmoc-LLLLL
(Fmoc-L5) became the dominant form and yielded up to 70%

tripeptide, which can self-assemble to form

after reacting for 5600 hours, accompanied with a transition of
the self-assemblies to sheet-like structures, as shown in Figure
3¢ Utilizing this unique DCL strategy, Fmoc-CF-OMe could be
dominantly synthesized through thermolysin-catalytic coupling
of Fmoc-C and F-OMe in anaerobic conditions, which finally
self-assembled to form a nanofibrillar hydrogel.98 The
hydrogelation can allow for a unique control of the system
that is able to ‘lock’ a specific functional state of a dynamic
library, thus not only preventing oxidation of the oxygen-
sensitive thiol groups, but stopping the dynamic processes
from reaching equilibrium.98

10 | J. Name., 2012, 00, 1-3

Lipase is another enzyme used to trigger the self-assembly
of Fmoc-modified bio-building blocks via a reverse hydrolysis
mechanism similar to thermolysin. For example, the lipase
extracted from P. cepacia could be used to conjugate Fmoc-F
and FF to Fmoc-FFF tripeptides which could self-assemble to
form hydrogels with a porous microstructure at a lower
(1.36 mg ml'l).99 their
biocompatibility and porosity, which allow for cell mobility and

concentration Due to innate
nutrient diffusion, these hydrogels make attractive matrixes
for 3-D cell cultivation in the field of tissue engineering.99

Subtilisin, an ester-hydrolysis enzyme, can also be used to
trigger the Fmoc-modified self-assemblies.” For instance, the
effects of the C-terminal amino acid’s side chain on the
molecular packing abilities were investigated with the help of
subtilisin-catalytic hydrolysis of corresponding methyl esters of
four closely related Fmoc-dipeptides, i.e., Fmoc-YT, Fmoc-YS,
Fmoc-YN, and Fmoc-YQ. Results showed that the first three
dipeptides formed nanoscale fibers with mechanical properties
linked to the functionality of the amino acid side-chain; while
Fmoc-YQ formed spherical structures, probably due to the
steric effects of the glutamine side chain prohibiting the
adoption of the typical m-B assembly.91 While Fmoc-LLL, which
was derived from the hydrolysis of the corresponding methyl
ester by subtilisin, could self-assemble to form nanotubular
networks that were locked together via m-mt stacking
interactions.”® Due to the short r-nt stacking distance between
the fluorenyl groups (3.6-3.8 A), the nanotubular xerogel
networks possessed distinct conductivity, with a minimum
sheet resistance of 0.1 MQ sq"1 in air and 500 MQ sq"1 under
vacuum (pressure of 1.03 mbar) at room temperature.93

Another enzyme that could be used to trigger the self-
assembly of Fmoc-modified biomolecules is phosphatase,
which can deprotect the phosphoric group from hydroxyl-
containing amino acids, such as Y, S and T2 For example, side-
chain phosphorylated Fmoc-FY dipeptide (Fmoc-F(p)Y), which
formed micellar structures in solution, was dephosphorylated
to form Fmoc-FY which could self-assemble into nanofibrillar
hydrogels after treatment with phosphatase.100 Furthermore,
dephosphorylated Fmoc-FY could self-assemble to form
metastable nanoparticles using reverse microemulsion as
templates, which gradually transformed to thermodynamically
stable nanotubes over time.'%*

As has been demonstrated by biocatalysis-induced self-
assembly using C-terminal ester hydrolysis and side-chain
dephosphorylation, it can be concluded that the C-terminal
and side-chain modifications of peptide sequences play
important structural roles in Fmoc-modified self-assemblies,
along with the innate peptidic sequences. Therefore, when
studying the self-association of Fmoc-modified building blocks,
the C-terminal and side-chain structures should also be
considered in detail.

It should be that, enzyme-triggered
transformation from non-assembling precursors to self-

noted besides

assembling building blocks, the reverse process, i.e., the

This journal is © The Royal Society of Chemistry 20xx
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enzyme-catalytic transition from self-assemblies to their
amorphous counterparts, can also be used to control the
disassembly of Fmoc-modified self-assemblies.”

2.2.4.2. Kinetically driven self-assembly using biocatalysis
the thermodynamics-driven component
selections in identification of stable self-assemblies, enzyme-
triggered strategies can also be used to kinetically program

ordered supermolecular Fmoc-modified self-associations.
When using subtilisin-catalytic hydrolysis of Fmoc-YL-OMe

In addition to

to prepare Fmoc-YL for hydrogelation, the supermolecular
order expressed at molecular, nano- and micro-levels could be
dramatically enhanced by simply increasing the enzyme
concentrations, maintaining a gelator
Studies have shown that the different
concentration could alter the catalytic activity of subtilisin and

while constant

. 102
concentration.

the size of its clusters, which allowed the structurally diverse
materials representing local free energy landscape minima to
be dominantly accessed.’® While when injecting the mixtures
of urea and citric acid to Fmoc-LG solution containing urease,
an autonomously self-regulating gel could be prepared.103
Specifically, the citric acid acted as the activator, its ionization
rapidly decreased the solution pH and formed a transient
acidic pH state at which Fmoc-LG could self-assemble into rigid
nanofibrillar hydrogels.103 Following this, the slow enzyme-
catalytic hydrolysis of urea to CO, and NH; (dormant
deactivator) recovered the solution pH and induced the
hydrogel feedback-driven self-melt. In specific, the biocatalysis
rate was greatly dependent on the composition concentrations
and the solution pH, resulting in a biocatalytic,
programmable and switchable hydrogelation.103

initial

The enzyme-catalytic thermodynamically and kinetically
driven self-assembly strategies can offer opportunities to study
the hierarchical process and relevant mechanisms underlying
the self-assembly of Fmoc-modified biomolecules, along with
diverse nanostructural morphologies and applications.

2.3. Fmoc-Modified tetra- and pentapeptides

Compared to individual amino acids or di- and tripeptides, less
research has been focused on the self-assembly of Fmoc-

Figure 4. Laser confocal micrographs representing 3-D

cultivating COS7 cells using in situ hydrogels self-
assembled by Fmoc-FF as scaffolds: (A) 4 days and (B) 5
days of incubation. The arrows in (B) indicate the
proliferated new cells. (Reproduced with permission from
[108]. Copyright 2007 Springer)

This journal is © The Royal Society of Chemistry 20xx
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modified longer oligopeptides, possibly because the influence
of Fmoc on the self-assembly process will decrease as peptide
sequences become longer. However, some tetra- and
pentapeptides have certain specific functions, such as cell
adhesion and specific binding. Fmoc modification of these
kinds of sequences will likely endow versatile functionalities to
the self-assemblies, as shown in Table 1.

Molecular simulations showed that Fmoc-RGDS and Fmoc-
GRDS, two peptide sequences containing a fibronectin-derived
cell adhesion sequence (RGD),104 could both self-assemble to
form parallel B-sheets at lower concentrations, driven by the
interactions among Fmoc units.’® However, at high
concentrations, such as 1.0% (wt), Fmoc-RGDS formed
antiparallel B-sheets since the parallel configuration was less
stable as salt bridging played a significant role in self-assembly;

while Fmoc-GRDS still retained parallel B-sheet
arrangements.106 Therefore, although both peptides self-
assembled to form nanofibrillar hydrogels at higher
concentrations, dynamic shear rheometry enabled the

measurements of the moduli of the Fmoc-GRDS hydrogel,
while synergism occurred for the Fmoc-RGDS hydrogel.106
However, when replacing the S with F, Fmoc-RGDF and Fmoc-
FRGD could both form rigid hydrogels, revealing the critical
role of the side-chain aromatic moieties in the self-assembly
process and subsequent physical properties of the
hydrogels.27'28

Moreover, when modified by the Fmoc group, VTEEI (the
repeat sequence in the Plasmodium falciparum blood stage
antigen), GVGVP & VPGVG (peptide-based epitopes in elastin)
and VYGGG (inhibitor in the binding monoclonal antibody
10D11) pentapeptide-based epitopes, could also self-assemble
to form nanofibrillar hydrogels under the balance of
intermolecular aromatic-aromatic interactions and hydrogen
bonds.®” The Fmoc-modified TIGYG, a potassium ion binding
epitope derived from a natural ion-channel protein, could self-
assemble to form nanofibers of varying widths and crosslinking
patterns depending on the potassium concentrations used. In
particular, hydrogelation could only happen at certain
potassium vs. peptide ratios, confirming the conservation of
the inherent ability of the epitopes to bind potassium jons.??

3. Applications of the Fmoc-modified
biomolecules

3.1. Cell culture scaffolds

Due to the excellent self-assembly and hydrogelation
properties mentioned above, many studies have been devoted
to the design and construction of cell culture systems using
Fmoc-modified bio-assemblies,9 which was recently specially
reviewed by Xu and co-workers.®® For example, during the
cultivation of the mammalian cells including Astrocyte, MDCK
and COS7 cells using Fmoc-FF hydrogels as 3-D scaffolds, low
degree of growth was detected in the first 4 days while cell
viability remained stable, as shown in Figure ap.1o8 Yet, after
one more day of incubation, some cell migration and

proliferation of new cells could be detected, as shown in
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Figure 4B.'° The biocompatible and degradable features of
the hydrogel significantly reduced the cytotoxic effects present
and the ultrafast
hydrogelation process simplified the microstructure-loading
procedures.108

RGD-Based hydrogels can be used as an ideal cell culture
109

in traditional 3-D culture materials,

support due to their intrinsic cell adhesion properties.
Through introduction of Fmoc-GRDS to a biomimetic collagen
gel, the composite scaffold could enhance the adhesion and
proliferation of viable human corneal stromal fibroblasts
(hCSFs) by 300% compared to non-functionalized gels.109
Furthermore, through incorporating Fmoc-RGDS self-
assembling nanofibrils, the shrinkage of the collagen matrix gel
was significantly suppressed due to the contractile action of
encapsulated fibroblasts.'® Moreover, the co-assembly of
Fmoc-FF and Fmoc-RGD produced a bioactive hydrogel which
could support 3-D cultures of human dermal fibroblasts. The
encapsulated dermal fibroblasts could then deposit and
organize the extracellular matrix (ECM) networks, including
fibronectin and collagen | in a controlled manner."** The
deposited ECM together with cell-assisted gel contraction
endowed the cell-gel constructs with high rigidity. It should be
noted that when removing Fmoc-RGD or replacing it with
Fmoc-RGE, normal functions of fibroblasts including spreading,
proliferation, ECM secretion and organization, were no longer
detected, indicating that the RGD sequence is important for
the in vitro dermal regeneration.111

3.2. Templates

Biomolecular self-assemblies have been widely studied as
templates for low-dimensional assembly of functional
composites due to their variable morphologies and tunable
functionalities."**™” The ease of preparation in combination

7 Reviews
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with the rigid stiffness of the Fmoc-modified self-assemblies,
allow them to act as ideal bio-templates for the fabrication of
nanomaterials. For example, Sn (IV) meso-tetra (4-pyridyl)
porphine (SnTPyP) could be incorporated into the Fmoc-FF
self-assembled nanofibers through electrostatic attraction
interactions between the carboxyl and pyridyl groups, as
shown in Figure 5A and 5B.% The efficiency and duration of
visible light-driven oxygen evolution from photochemical
oxidation of water molecules were dramatically increased via
the excitation energy transfer (EET) of the assembled SnTPyP,
which can be utilized to artificially mimic photosynthetic
systems.62 Furthermore, the acidic and polar moieties on the
nanofibrillar surface could be utilized to mineralize FePO, by
the sequential introduction of Fe** and PO43', as shown in
Figure 5C. When heated to 350 °C, the FePO,/nanofibril
conjugates transformed to form FePO, nanotubes with inner
walls coated with a thin layer of conductive carbon due to
carbonization of the peptides, as shown in Figure 5D. These
FePO, nanotubes were found to be promising cathode
materials for rechargeable Li ion batteries, with a high
reversible capacity and good stability during cycling.118

Another interesting work demonstrated that Fmoc-FFECG
pentapeptide could self-assemble to form nanofibers
possessing numerous carboxylic and thiol groups on their
exterior, which could be used as templates for the
mineralization of silver nanoparticles (Ag NPs). Moreover, it
was found that the space- and size-constraint effects along
with the physical isolation provided by the peptide nanofibers
facilitated the monodispersity and stability of the Ag
nanowires.'*® Interestingly, these Ag nanowires were shown to
possess a highly effective and long-term antibacterial activity
against both Gram-positive (Bacillus subtilis) and Gram-
negative bacteria (Escherichia coli DH5 a), while being non-
toxic to human cells.**®

A)

=

+ Feh

Fmoc-FF hydrogel adsorption of Fe**

+PO>

o bhous carbon

FePO,-mineralized
Fmoc-FF nanofibers

FePO, nanotubes

Figure 5. Fmoc-Modified self-assemblies as soft templates for nanocomposites organization. (A) Molecular structure and (B)
TEM micrograph representing SnTPyP assembled along Fmoc-FF nanofibers with electrostatic attractive interactions.
(Reproduced with permission from [62]. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim) (C) Schematic
representation and (D) TEM micrograph showing the FePO, nanotubes produced using Fmoc-FF nanofibers as templates. The
arrow in (D) denotes the terminus of a hollow FePO, nanotube. (Reproduced with permission from [118]. Copyright 2010

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)

12 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 13 of 19

3.3. Optical properties

Considering the highly fluorescent and UV-active fluorenyl ring
of the Fmoc group,uo'121 there is no doubt that the Fmoc-
modified self-assemblies can exhibit distinct optical properties,
which may be useful in various bionanotechnological fields.

3.3.1. Fluorescent properties and aggregation mechanisms.
The remarkable fluorescence features of Fmoc, i.e., the intense
excitation at 270 nm and corresponding emission at 320 nm,
can be used to characterize the synthesis and assembly
process of Fmoc-modified biomolecules. For instance, when
using the Fmoc solid phase peptide synthesis strategy to in situ
synthesize peptides on a glass substrate and prepare a 2-D
self-assembling bio-layer, the unique fluorescent properties of
Fmoc could be used to monitor the amino acid coupling at
individual stages. This methodology can supply a fast,
inexpensive, and non-disruptive detection technique which is
more accessible than conventional surface analytical
characterizations.'”

Furthermore, the fluorescent peak positions of the fluorenyl
moiety can be utilized to probe the aggregation dynamics and
associated nanostructural mechanism underlying the Fmoc-
modified self-assemblies. Specifically, the wavelength
bathochromic shift (red-shift) and hypsochromic shift (blue-
shift) correspond to the formation of parallel-displaced J-
aggregations74 and face-to-face H-aggregations78 of the
aromatic moieties, respectively. For example, when dispersing
Fmoc-modified 5-aminopentanoic acid (Fmoc-5), which has
similar molecular dimensions to Fmoc-FF, in an acidic aqueous
solution by a solvent-switching method, Fmoc-5 self-organized
into plate-like crystals, in which the Fmoc groups exhibited a
dominant emission peak at 324 nm red-shifting from its
inherent fluorescence at 315 nm, corresponding to the
formation of antiparallel arrangements. The spectral pattern
did not change with time, indicating that the self-assemblies
were considerably stable, as shown in Figure 6A."2 While
when adjusting the solution pH to basic, the Fmoc groups
initially exhibited their inherent fluorescent emission as Fmoc-
5 molecules were charged from deprotonation and remained
at the monomeric state. Since Fmoc was gradually cleaved, a
new emission peak at 467 nm emerged and dominated the
fluorescence spectra, indicating that an extensive J-
aggregation was formed, as shown in Figure 6B.1%
Furthermore, through the intensity ratio evolution at 467 nm
and at 315 nm vs. time, the Fmoc groups aggregation dynamics
at basic pH could be easily detected.’®

3.3.2. Circular dichroism property and chiroptics. The
ordered arrangements of the chiral amino acids and peptides
can not only offer unique circular dichroism (CD) signals for
investigating the molecular conformations of Fmoc-modified
building blocks in the self-assemblies, but allow their
molecular handedness to transit to the co-assembled optical
moieties in the supermolecular structures, such as Fmoc, thus
resulting in their inherent achiroptics to become chiral.

During Fmoc-GRDS self-assembly , the CD spectrum showed
no signals in the Fmoc absorbance region (one centered at 265

This journal is © The Royal Society of Chemistry 20xx
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nm and another one centered at 210 nm), suggesting that the
Fmoc groups were not arranged in strongly ordered chiral
structures.’* In contrast, the linear dichroism spectrum was
dominated by Fmoc units, showing a negative signal at 265 nm
corresponding to the long axis of the Fmoc unit extending
away from the fiber axis, while the 210 nm region was neither
long-axis nor short-axis polarized. By symmetry, any one
transition must be one of the two, indicating that this region of
the spectrum is an overlay of different transitions.*** The
results suggest that the Fmoc units are approximately
perpendicular to the fiber axis, with the long axis tilted
somewhat more than the short axis.”**

In fact, when using the biomolecular self-associations as soft
templates to assemble optical components, their twisting
handedness can induce the exciton coupling of the chiral array
of chromophores, thus resulting in a bisignate band (Cotton
effect) in the CD spectra.us‘usTherefore, it is reasonable that
the achiral Fmoc group could also show Cotton effect signals in
the region of 270-310 nm corresponding to m-mt* electron
transitions, along with the CD signals of the peptides in the far-
UV region (190-230 nm).49'69’70'102 Furthermore, the polarity of
the Cotton effect peaks, i.e., the positive or negative signs of
the ellipticity, can provide the information of the twisting
orientations of the Fmoc and corresponding nanostructures,
which is significantly useful for clarification of the self-
assembly mechanims.**® This strategy can be further utilized
to assemble other achiroptical components, such as quantum
dots,127 surface  plasmon resonant (SPR) metallic
nanoparticles128 and fluorescent dyes,129 shedding light on
future exploration of new nanomaterials with controllable
chiroptics.

3.3.3. UV-vis absorption and semiconductivity. The self-
assemblies of ultrashort peptides have been found to be able
to show optical and electric properties comparable to
conventional inorganic semiconductor materials.* 3! For
example, FF self-assembling nanotubes can exhibit remarkable
Iuminescent,132 piezoelectric133 and mechanical properties,134
due to the formation of quantum dots (QDs) within the
nanostructures.™*” Undoubtedly, the introduction of the Fmoc
moiety can further modulate the semiconductivity of the bio-
assemblies and bring forth the next-generation semiconductor
materials.”**"’

UV-Vis spectroscopic analysis showed that the hydrogels
formed by Fmoc-FF exhibited a pronounced step-like
absorption pattern between 250 nm and 300 nm,
accompanied by a peak at the long-wavelength edge (314 nm)
derived from the strengthened Coulomb interaction of
excitons, a characteristic of the formation of 2-D quantum well
(Qw) confinements.”*® The confined dimensions and reduced
exciton mass were calculated to be 10 A < L, < 13.5 A and
0.17mg £ p £ 0.2mgy (where L; is the Z-dimension of the
confined structure and p is the reduced exciton mass),
respectively, similar to those of traditional inorganic
semiconductors.**® Moreover, the hydrogel formed by Fmoc-2-
Nal also showed a step-like absorption spectrum between 250
nm and 300 nm, with the estimated dimensions and reduced
exciton mass of 9 A < L, < 12 A and 0.3my < p << 0.35m,,
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Chentical Society Reviews

T 18 -
101y A) —0d |
> | PRI
£ 27
c — Q42
H 12d| 212
-‘3 % 9.
K £ |
3 g 6
g g |
S = ¥
2 |
007 im0

400 450 500 S50 300
wavelength/nm

300 350

Normalized Absorbance

Normalized Absorbance

240 260 280 300 320 340
wavelength/nm

240 260 280 300 320 340
wavelength/nm

Figure 6. Fluorescence (A, B) and UV-vis absorbance (C, D)
spectra of the Fmoc group modulated by pH-mediated
self-assembly of Fmoc-5: (A, C) at pH 2.0, (B, D) at pH 10.0.
Note that the spectrum of Fmoc-5 in HFIP was added and
denoted as a dash-dot line as a control. (Reproduced with
permission from [123]. Copyright 2015 Royal Society of
Chemistry.)

respectively.138 Therefore, it that the quantum
confinement (QC) phenomenon is common to Fmoc-modified
and the aromatic moieties,
including the fluorenyl and side-chain phenyl groups, are

seems
biomolecular self-assemblies;

probably the key parameters in determining the electronic QC
properties.53

In addition to the influence of the Fmoc moiety on the self-
assemblies, the organization of biomolecular backbones can
also affect the optical properties of Fmoc. To investigate this
influence while avoiding the potential effect of the intrinsic
optical properties of the peptide backbones,®® Fmoc-5 was
chosen to serve as a simpler model without backbone
13 At pH 2.0, Fmoc-5 molecules formed plate-
like crystals where Fmoc moieties were ordered in antiparallel

contributions.

arrangements and showed a step-like UV-vis absorbance from
260 nm to 300 nm, as shown in Figure 6C.**3 This implies that
Fmoc groups form 2-D QW confined structures at this
condition, probably with confined dimensions located along
the Z-axis direction of the assemblies which is in the nanoscale
range.123 While at pH 10.0, as Fmoc was gradually cleaved and
self-assembled to form 3-D bulky aggregates, a quasi-
continuous absorbance emerged and dominated the UV-vis
absorption spectra, as shown in Figure 6D.'% Therefore, by
simply modulating the solution pH, the QC type of Fmoc-
modified self-assemblies can be controlled.

3.3.4. Infrared absorption and secondary structures. Due to
the unique molecular geometries and hydrogen bonding
patterns, each type of peptide secondary structures gives rise
to a somewhat different vibration frequency in FTIR spectra.
Therefore, along with CD, FTIR is another effective technique
for characterization of biomolecular self-assembling secondary
structures.** Among the IR peaks of interest, the amide |
region (1700-1600 cm'l, assigned to C=0 bond stretching

14 | J. Name., 2012, 00, 1-3

vibration) is substantially sensitive and can offer more

information on the molecular conformations within the
nanostructures.”*" It has been a common belief that the
parallel antiparallel B-sheet
distinguished based on the analysis of the amide | region. In
particular, in antiparallel B-sheet structures, the amide | region
displays two typical components: the major component is
located at ~1630 cm'l, whereas the minor component is
characterized at ~1695 cm™. For parallel B-sheet structures,
the amide | region displays only the major component around
1630 cm™*.**? However, through comparison of the FTIR
absorption of Fmoc-AA and its analogue, 9-fluorene-
methylcarbonyl dialanine (Fmc-AA), with a combination of
experimental and computational characterizations, it was
found that the peak at ~1695 emtis actually the adsorption of
the stacked carbamate group, rather than the aforementioned
characteristic of antiparallel B-sheet secondary structures.”
This suggests that the previous conclusions of Fmoc-modified
self-assemblies based on FTIR analysis needs to be re-analysed
and updated.

and structures can be

3.4. Drug Delivery

Biomolecular self-assemblies have been widely studied as
nanocarriers for encapsulation and delivery of drug
molecules.’*** Nowadays, the development of advanced
technologies, such as the precise medicine and
nanobiotechnology, demands the nanocarriers to be easy for
functionalization, such as integration with a specific target
factor along with having the optimal encapsulation properties
for hydrophobic drugs.l‘“i’147 Due to the strong hydrophobicity
of Fmoc and ease of modification of peptidic sequences, Fmoc-
modified self-assemblies can serve the dual role of
encapsulation and functionalization.

As a pioneering work of Fmoc-modified biomolecular
hydrogelation, Fmoc-LD was designed to show the ability of
forming a filamentous hydrogel with remarkable high elastic
modulus and strain-weakening properties.148 When entrapping
low-molecular-weight drugs, ie., 3,5-dimethyl-
ladamantmamine hydrochloride (AddMe) and 5-methyl-1-
adamantanmine 3-carboxylic acid (Ada-MeC) which are
inherently non-antigenic antiviral drugs, in the gel
injecting into rabbits, high titre specific antibodies were
efficiently pl'oduced.148 Compared with the traditional covalent
conjugation of these drugs to biomacromolecular carriers such
as bovine serum albumin (BSA), this entrapment approach
permits simplicity in the preparation of antigenic aggregates,
ease of standardization and excludes the need to chemically
modify the hapten or use of an additional adjuvant, thus
allowing the application of the Fmoc-modified hydrogels for
antigen presentations.148

With the -t interactions of the aromatic moieties (including
Fmoc group and side-chain phenyl rings), Fmoc-FY dipeptide
could wrap up the spherical nanoparticles self-assembled by
Fmoc-tris(2-aminoethyl)amine (Fmoc-TAEA) and stabilize them
at physiological pH in aqueous solution.™® The two-component
nanospheres were found to be stable upon heating, incubation

and

This journal is © The Royal Society of Chemistry 20xx
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or dilution, and well-tolerated by cells (mouse embryonic
fibroblast cells, NIH/3T3).149’150 Moreover, through rational
design based on three criteria (carrying Fmoc headgroup; the
first amino acid with self-interacting side chain; net negative
charge), another tetrapeptide, Fmoc-FRGD, was screened to
show the same ability of stabilizing Fmoc-TAEA
nanospheres.150 Furthermore, the stabilized nanoparticles
were capable of encapsulating hydrophobic dyes (Nile red) and
targeting breast cancer cells (MDA-MB-435 cells), as shown in
Figure 7.2° This stepwise aromatic-driven self-assembly
strategy can provide an elegant approach to construct
functionalized and bioactive nanostructures with potential
applications in diverse fields, such as active-targeting in drug
delivery and directional bio-imaging in diagnostics.

3.5. Catalytic properties

Bio-inspired catalysts have become new hotspots in some
cutting-edge research fields, such as the artificial-mimic
enzymatic systems.lsl'153 Due to the ease of morphological
modulations and innate biocompatibility which endow the
properties to be flexibly tuned and easily integrated into the
biological world, biomolecular self-assemblies have been
shown to present novel, next-generation enzymatic mimics. In
this regard, the advantages of their fast association process,
eminent stability and ease of modification, endow the Fmoc-
modified self-assemblies efficient catalysis performance.

This journal is © The Royal Society of Chemistry 20xx
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A previous study reported that Fmoc-FFH-NH, tripeptide
could self-assemble to form nanotubes through a solvent-
switching cycling from DMSO to water.”>* Taking advantage of
the hydrophobic micro-environment provided by the Fmoc-FF
segments and the catalytic center histidines (H) loaded on the
periphery, the nanotubes exhibited a high catalytic activity for
the hydrolysis of p-nitrophenyl acetate (PNPA).154
Furthermore, through introducing Fmoc-FFR-NH,, which
contains a guanidyl group that can bind with the carbonyls,
and then by optimizing the molar ratio of the catalytic centers
and binding sites, the co-assembled nanotubes presented a
much higher catalytic ability,154 thus offering potential
substitutes for natural hydrolases. In addition, through
covalent conjugation of selenium (Se) with Fmoc-F, a
hybridized Fmoc-F-Se selenide was synthesized to be able to
self-assemble into nanospheres in an aqueous solution. The
nanospheres showed a low catalytic activity for redox of
glutathione (GSH) and hydroperoxides (ROOH), due to the fact
that the catalytic Se sites were buried within the hydrophobic
core of the nanostructures, as shown in Figure 8.1%° While
following oxidation by hydroperoxides (ROOH), the selenide
was quickly transformed into the selenoxide form, inducing
the self-assembled morphologies to convert into nanotubes.
This prompted the Se atoms to be exposed on the surface of
the nanostructures, resulting in a much higher catalytic
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Figure 8. Redox-controlled Fmoc-F-Se  molecular
structures (upper panel); the reduced and oxidized
conformation can self-assemble to nanospheres and
nanotubes, respectively, inducing the catalytic Se buried
within the hydrophobic core or exposed to the surface
reversibly, resulting in switchable GPx catalytic activity
(middle panel); the possible molecular arrangements of
the nanostructures (lower panel). (Reproduced with
permission from [155]. Copyright 2014 Royal Society of
Chemistry.)
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performance, as shown in Figure 8.°% It should be noted that
the phase transition and switchable catalytic activity are
reversible, which make it possible to maintain the ROOH in an
appropriate amount to allow the salutary function and avoid
their harmful side effects.” The findings endow the Fmoc-F-
Se self-assemblies with both an excellent sensor function to
auto-detect the signal of ROOH and a smart enzymatic ability
to controllably clear out superfluous ROOH through redox-
induced morphological changes, which can be explored as
artificial glutathione peroxidise (GPx) mimics in biosensor and
biomedicine fields.

3.6. Therapeutic and antibiotic properties

Since their discovery over a decade ago, therapeutic and
antibiotic peptides, such as antibacterial,lss’157 antifungal,158
antiviral™ and antitumoral*® peptides, have attracted
widespread interest.?1¢! However, the traditional bioactive
peptides usually possess complicated molecular structures,
which generally demand sophisticated extraction or synthesis
procedures and are difficult to modulate. In comparison,
Fmoc-modified biomolecules possess great advantages and
can be considered as substitutes for their
counterparts.

In a pioneering study, several Fmoc-modified amino acids
were found to possess a broad spectrum of antinflammatory
activities, by blocking recruitment of neutrophils into
inflammatory lesions and inhibiting T-cell activation when
studied in vitro, rather than by traditionally inhibiting lipid
metabolic enzymes or increasing the circulating levels of
endogenous glucocorticoids.162 Although the detailed action
mechanism has yet remained unclarified, an important
structural feature is that the more bulky the amino acid side
chain, the greater their antinflammatory activity.162 The results
suggest that the Fmoc-modified single amino acids may be
valuable therapeutic agents for inflammatory diseases.

With the help of the affinity chromatography method, the
Fmoc-WFF tripeptide was screened to be an inhibitor to mouse
ribonucleotide reductase (mRR), with a K; similar to Ac-
FTLDADF, a seven-amino acid oligopeptide inhibitor based on
the C-terminal sequence of mRR.'®® The relatively smaller size
and strong aromatic character make Fmoc-WFF a promising
alternative for developing specific therapeutic inhibitors of
mammalian RR.*®*

Fmoc-EXL-NH,, represents phosphorylated Y
mimetic, was exhibit high protein-tyrosine
phosphatase (PTP) affinity properties. Specifically, when X was
4-(carboxydifluoromethyl)-F,  Fmoc-EXL-NH,
possessed an affinity equivalent to the di-anionic F2Pmp
residue which have previously been among the most potent
PTP-binding motifs.*®* However, when E was protected with an
oxygen-butyl group (OBn) and X was 4-(carboxymethyloxy)-F,
Fmoc-E(OBNn)XL-NH, exhibited a high affinity to YopH (a
virulence factor of Yersinia pestis), with a ICsy value as low as
2.8 um.r®*

Fmoc-Modified Y-containing dipeptide, derived from
inosine-catalytic dephosphorylation of the corresponding non-

traditional

where X
found to

mono-anionic
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assembling phosphorylated esters, could self-assemble to form
nanofibers in vivo, exhibiting potent antimicrobial potential.165
Furthermore, when conjugating a pyridinium moiety to the C-
terminal of Fmoc-FF, the cationic Fmoc-FF derivative exhibited
efficient antibacterial activity against both Gram-positive (MIC
of 25 ug mL™ to B. subtilis and 10 ug mL™ to S. aureus) and
Gram-negative bacteria (MIC of 150 pg mL™ to E. coli and 40
ug mL™ to P. o:erugenosa).166 The antibacterial activity could be
further modulated by changing the amino acid resid ues.'®®

4. Conclusions and Outlooks

In conclusion, Fmoc-modified amino acids and short peptides
possess excellent self-assembly capabilities and exhibit
eminent application potentials in a variety of fields. In this
review, we summarized the recent advances regarding the
self-assembly of these multifunctional bio-inspired molecules
and described the relevant applications in cell cultivation, bio-
templating, optics, drug delivery, biocatalysis, therapeutic and
antibiotics in biomedical and bionanotechnological fields.

However, despite the extensive progress, there is yet much
to be investigated. For instance, the Fmoc-modified self-
assemblies are mainly 1-D nanofibers, leaving other
morphologies far less studied. Moreover, to date their
applications have been mostly focused on the hydrogelation
and relevant mechanical properties, while other functions are
still not well developed. Yet, it should be noted that these
challenges also provide new opportunities. In the future, as
novel modulation approaches are introduced, such as co-
assembly, enzymatic triggering, modifications to the
biomolecular structures, replacement of fluorenyl rings to
heterocycles of the Fmoc group or addition of stimuli-
responsive moieties, we believe that the challenges mentioned
above will be solved, and the Fmoc-modified bio-assemblies
will become pivotal contributors for human lives.
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