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The self-assembly in aqueous solution of three Fmoc-amino acids with hydrophobic

(aliphatic or aromatic, alanine or phenylalanine) or hydrophilic cationic residues

(arginine) is compared. The critical aggregation concentrations were obtained using

intrinsic fluorescence or fluorescence probe measurements, and conformation was

probed using circular dichroism spectroscopy. Self-assembled nanostructures were

imaged using cryo-transmission electron microscopy and small-angle X-ray scattering

(SAXS). Fmoc-Ala is found to form remarkable structures comprising extended fibril-

like objects nucleating from spherical cores. In contrast, Fmoc-Arg self-assembles into

plate-like crystals. Fmoc-Phe forms extended structures, in a mixture of straight and

twisted fibrils coexisting with nanotapes. Spontaneous flow alignment of solutions of

Fmoc-Phe assemblies is observed by SAXS. The cytocompatibility of the three

Fmoc-amino acids was also compared via MTT [3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide] mitochondrial activity assays. All three Fmoc-

amino acids are cytocompatible with L929 fibroblasts at low concentration, and

Fmoc-Arg shows cell viability up to comparatively high concentration (0.63 mM).

K E YWORD S

amino acids, cell culture, cytocompatibility, fibrils, Fmoc, self-assembly

1 | INTRODUCTION

Attachment of bulky terminal groups to peptides can drive self-

assembly behavior, for example, fibril formation.1–6 This self-assembly

and diverse functionalities (bioactivity, biocatalytic activity, optoelec-

tronic properties, etc.) of such N-terminal substituted peptides

have recently been reviewed.7 Bulky aromatic units such as Fmoc

[9-fluorenylmethoxycarbonyl] undergo π-π stacking, which enhances

self-assembly, that also depends on hydrophobic effects, hydrogen

bonding, and electrostatic interactions between the peptide residues.

Self-assembly leads to the possibility to produce hydrogels that may

be used in the development of biomaterials for 3D cell culture. Fmoc-

amino acids (Fmoc-aa's) (such as those shown in Scheme 1) were orig-

inally introduced in solid-phase synthesis in which the Fmoc group

serves as a protecting group; however, over the last 20 years, many

researchers have examined the self-assembly and properties of conju-

gates in which the Fmoc group is left attached to the peptide.

Several Fmoc-aa's can self-assemble into distinct nanostructures.

Fmoc-Phe forms fibrillar hydrogels,8,9 and Fmoc-Leu forms hydrogels

when mixed with Fmoc-Lys.10,11 Fluorescence spectra of Fmoc-Phe

have been reported,12 and the hydrogelation process has been

monitored with fluorescent probes,8,13 along with FTIR and NMR
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analysis.13 Fmoc-Phe can form hydrogels by acidification using the

slow hydrolysis of glucono-δ-lactone.14 The hydrogels have a fibrillar

structure9,14 and show slow-release properties of entrapped model

dyes.14 Later, hydrogelation was examined further for Fmoc-Phe

along with that of other Fmoc-aa's Fmoc-Tyr, Fmoc-Trp, Fmoc-Met,

Fmoc-Gly, and Fmoc-Ile.15 The cases of Fmoc-Tyr and Fmoc-Phe

crystals (plate- and needle-shaped, respectively) were observed to

form in the gel phase, and this enabled crystal structures to be

obtained for Fmoc-Tyr and Fmoc-Phe, and fiber diffraction patterns

were also measured.15 The properties of Fmoc-Phe gels and co-gels

with other Fmoc amino acids have been reported, with demonstrated

antimicrobial activity against Gram-positive bacteria.16 Fmoc-Ala and

Fmoc-His have been shown to undergo a self-assembly process start-

ing from initial liquid–liquid phase separation of droplets, followed by

fibril nucleation, over a timescale of hours.17

A number of Fmoc-aa's and Fmoc-dipeptides (and mixtures) have

been shown to have good biocompatibility, and hydrogels have a suit-

able stiffness for cell culture applications. This has been the basis of

commercial technology, for example, mixtures containing Fmoc-Ser,

Fmoc-diphenylalanine (Fmoc-FF), and/or Fmoc-RGD, marketed by

biogelx.18–20 Here, the tripeptide RGD is a fibronectin-based integrin

adhesion motif.21–23 The development of these materials was based

on earlier work, for example, Fmoc-FF can form fibril networks within

hydrogel scaffolds for 3D cell culture, in mixtures with bioactive

Fmoc-RGD.24 Mixtures of Fmoc-FF with Fmoc-Lys, Fmoc-Asp, or

Fmoc-Ser were also investigated for 2D and 3D culturing of several

types of cell, and Fmoc-FF/Fmoc-Ser hydrogels were compatible

with all three types of cell examined and can support 3D culture of

chondrocytes.25 Fmoc-peptides can be used to create hydrogels

with other applications including wound healing11 or for enzyme

immobilization,26 or slow release of encapsulated cargo (model

dyes).13

Here, we investigate conditions for the self-assembly of three

types of Fmoc-aa in aqueous solution. Conjugates containing one of

three amino acids are examined: hydrophobic non-aromatic aliphatic

L-alanine (A), hydrophobic aromatic L-phenylalanine (F), and cationic

L-arginine (R) (Scheme 1). As mentioned above, the self-assembly of

Fmoc-Phe has previously been examined under defined conditions

(pH 6.6 for hydrogelation at 55�C8 or 50 mM phosphate buffer within

a very narrow pH range of 7.00 to 7.669). During the preparation of

this manuscript, we became aware of a report that discusses the self-

assembly (in water or mixed water/THF) of Fmoc-Ala in comparison

to Fmoc conjugates to Val, Leu, Ile, Pro, or Gly.27 Among these, only

Fmoc-Ala was found to form crystalline structures driven by Fmoc

stacking. There do not appear to be studies on the bioactivity for the

three Fmoc-aa's that are the focus of the present manuscript. This

article complements our recent paper on the self-assembly and bio-

compatibility of Smoc-Ala, Smoc-Arg, and Smoc-Phe where Smoc

denotes the water-soluble disulfonated Fmoc analogue 2,7-disulfo-

9-fluorenylmethoxycarbonyl.28 We do not directly compare the

results due to the differences in solution conditions used to examine

the two systems that arise from the significantly higher hydrophobic-

ity of Fmoc.

Since these Fmoc-aa's are quite hydrophobic and do not show

high solubility when dissolved in water at native pH, we first iden-

tify optimal conditions for aqueous solubility of the three conju-

gates by adjustment of pH and/or buffer. Then, having identified

conditions for good aqueous solubility, molecular conformation is

probed using circular dichroism and FTIR spectroscopy. Critical

aggregation concentrations are determined from fluorescence probe

assays. Self-assembly is investigated using both cryo-TEM imaging

and small-angle X-ray scattering (SAXS). Cytocompatibility to L929

fibroblasts is assessed using MTT [3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide] assays, again observing conditions

for solubility in the cell media used.

2 | EXPERIMENTAL

2.1 | Materials

Fmoc-L-Ala (Mw: 311.33 g/mol) and Fmoc-L-Phe (Mw: 387.43 g/mol)

were purchased from NovaBiochem (Hohenbrunn, Germany) while

Na-Fmoc-L-Arg (Mw: 396.45 g/mol) was obtained from ThermoFisher

(UK). In the following, the samples are denoted Fmoc-Ala, Fmoc-Phe,

and Fmoc-Arg.

2.2 | Sample preparation

Solutions were prepared by weighing controlled amounts of peptide

and water. Solubility of the peptides was challenging due to the Fmoc

SCHEME 1 Schematic of Fmoc-amino acids studied.
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unit. Fmoc-Phe and Fmoc-Ala could be dissolved in basic conditions,

while Fmoc-Arg was dissolved in acidic conditions; 1.5 wt% NaOH

solution was titrated as necessary to obtain the desired basic

solutions, while 0.5% acetic acid was used as a solvent for the

acidic conditions. In this work, we dissolved up to 1 wt% Fmoc-Phe

or Fmoc-Ala at pH 8 and 11, respectively. As discussed below, we

also prepared a Fmoc-Phe gel (1 wt% Fmoc-Phe pH 9), previously

studied by other groups,9,14,16 only as a reference for the CD profile

of the peptide solution at 1 wt% Fmoc-Phe at pH 8. We dissolved

up to 0.3 wt% Fmoc-Arg in 0.5% acetic acid resulting in a solution

with pH 3.

2.3 | UV–vis absorption

Spectra were recorded using a Varian Cary 300 Bio UV–vis spectrom-

eter. Solutions were loaded in a 10-mm light path Quartz cell.

2.4 | Fluorescence spectroscopy

Experiments were carried out using a Varian Cary Eclipse spectro-

fluorometer. Solutions were loaded in a 10 mm light path

quartz cell.

A series of dilutions were prepared to study the intrinsic fluores-

cence of the peptides as a function of the peptide concentration. The

series of dilutions were prepared from three different mother solu-

tions consisting of 0.3 wt% Fmoc-Phe pH 8, 0.3 wt% Fmoc-Ala

pH 11, and 0.3 wt% Fmoc-Arg in 0.5% acetic acid pH 3. The solutions

were excited at 265 nm, and the emission fluorescence was measured

from 285 to 480 nm. The wavelength of excitation was chosen from

the corresponding peak of absorptions measured in UV–vis experi-

ments. A Thioflavin T (ThT) fluorescence assay, routinely used to pin-

point the presence of peptide fibers in solution,29–31 was performed

for Fmoc-Phe because it formed fibers in solution. For the experi-

ments, a series of dilutions in 5.0 � 10�3 wt % ThT was prepared

starting from a mother solution containing 0.3 wt% Fmoc-Phe in

5.0 � 10�3 wt % ThT, pH 8. The fluorescence of ThT in the dilution

series was excited at 440 nm, and the emission spectrum was mea-

sured from 460 to 750 nm.

2.5 | Circular dichroism (CD) spectroscopy

CD spectra were recorded using a Chirascan spectropolarimeter

(Applied Photophysics, Leatherhead, UK). Solutions were placed

between parallel plates (0.1 or 0.01 mm path length). Spectra were

measured with a 0.5 nm step, 0.5 nm bandwidth, and 1 s collection

time per step. The CD signal from the water background was sub-

tracted from the CD data of the sample solutions. CD signals were

smoothed using the Chirascan Software for data analysis. The residue

of the calculation was chosen to oscillate around the average, to avoid

artifacts in the smoothed curve.

2.6 | Fourier-transform infrared (FTIR)
spectroscopy

Spectra were recorded for D2O solutions using a Thermo-Scientific

Nicolet iS5 instrument equipped with a DTGS detector, with a

Specac Pearl liquid cell with CaF2 plates. The pH of Fmoc-Phe and

Fmoc-Ala samples was fixed by titration of a 1 wt% NaOD solution.

A total of 128 scans for each sample were recorded over the range

of 900–4000 cm�1.

2.7 | Cryogenic-TEM (Cryo-TEM)

Imaging was carried out using a field emission cryo-electron micro-

scope (JEOL JEM-3200FSC), operating at 200 kV. Images were taken

in bright field mode and using zero loss energy filtering (omega type)

with a slit width of 20 eV. Micrographs were recorded using a Gatan

Ultrascan 4000 CCD camera. The specimen temperature was main-

tained at �187�C during the imaging. Vitrified specimens were pre-

pared using an automated FEI Vitrobot device using Quantifoil 3.5/1

holey carbon copper grids with a hole size of 3.5 μm. Just prior to use,

grids were plasma cleaned using a Gatan Solarus 9500 plasma cleaner

and then transferred into the environmental chamber of a FEI

Vitrobot at room temperature and 100% humidity. Thereafter, 3 μL of

sample solution was applied on the grid, and it was blotted twice for

5 s and then vitrified in a 1/1 mixture of liquid ethane and propane at

temperature of �180�C. The grids with vitrified sample solution were

maintained at liquid nitrogen temperature and then cryo-transferred

to the microscope.

2.8 | Small-angle X-ray scattering (SAXS)

Synchrotron SAXS experiments on solutions were performed using a

BioSAXS setup on BM29 at the ESRF (Grenoble, France).32 A few

microliters of samples were injected via an automated sample

exchanger at a slow and very reproducible rate into a quartz capillary

(1.8 nm internal diameter), in the X-ray beam. The quartz capillary was

enclosed in a vacuum chamber, to avoid parasitic scattering. After the

sample was injected in the capillary and reached the X-ray beam,

the flow was stopped during the SAXS data acquisition. The q range

was 0.005–0.48 Å�1, with λ = 1.03 Å and a sample-detector distance

of 2867 mm. The images were obtained using a Pilatus Pilatus3-2M

detector. Data processing (background subtraction, radial averaging)

was performed using dedicated beamline software ISPYB.

2.9 | MTT assays

L929 murine fibroblasts were maintained with DMEM medium

supplemented with 10% of fetal bovine serum (FBS), 2 mM of

GlutaMAX™, and penicillin–streptomycin. The cells were incubated at

37�C inside a cell incubator with a controlled atmosphere of 5% CO2

CASTELLETTO ET AL. 3 of 10
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inside a cell incubator. Twenty-four hours prior to the assay, L929

cells were detached with trypsin and transferred to 96-well plates at a

density of 6 � 103 cells per well. Cells were then incubated with

Fmoc-aa's dissolved in the medium at the concentrations of 0.1 to

2 � 10�4 wt% for 72 h inside the cell incubator. Images of the cells

incubated with the Fmoc-aa's were obtained phase contrast micros-

copy. After the incubation, the wells were washed three times with

PBS and incubated for 4 h at 37�C with a 100 μL of 0.05 wt% MTT

dissolved in DMEM without phenol red. The resulting formazan crys-

tals were dissolved by adding 100 μL of DMSO and incubating the

plate at 37�C for 45 min, protected from the light with aluminum foil.

Absorbance values were determined at 560 nm using an automatic

plate reader. Cell survival was expressed as a percentage of viable

cells in the presence of Fmoc-aa's, compared to control cells grown

only in DMEM without any amino acids. The assay was made in tripli-

cate and repeated three times. Statistical significance was tested using

ANOVA for multiple comparisons with Bonferroni correction. All ana-

lyses were performed using Prism 7.

3 | RESULTS

The three Fmoc-aa's studied show variable solubility in water,

depending on pH or the presence of buffer (other groups have also

explored the use of co-solvents such as THF). Good conditions for sol-

ubility with reasonable peptide concentration were found to be pH 11

aqueous solution for Fmoc-Ala, acetic acid (pH 3) for Fmoc-Arg, and

near neutral aqueous solutions (pH 7–8) for Fmoc-Phe.

The presence of a potential critical aggregation concentration

(CAC) for Fmoc-Ala, Fmoc-Arg, and Fmoc-Phe was examined

using the intrinsic fluorescence of Fmoc following excitation at

λex = 265 nm, which is at the maximum observed in the measured

UV–vis spectra (Figure S1), consistent with measurements for fluor-

ene, Fmoc intrinsic, Fmoc-Phe derivatives, and Fmoc-peptides.33,34

The intrinsic fluorescence of the peptides can also be studied by

choosing λex = 285 or 301 nm, with emission at λem � 330 nm.35,36

The results of the intrinsic fluorescence CAC assays are shown in

Figure 1 and show breaks at a CAC value c = (0.009 ± 0.001) wt% for

all three samples. At this concentration, the initial maximum in the

emission spectra at λ = 305 nm (I1 Figure S2) has been replaced by a

maximum due to aggregation (Fmoc excimer formation, I2),
12 which is

further red-shifted with increasing concentration, the maximum being

located at λ = 317 nm, λ = 319 nm, and λ = 325 nm at the highest

concentration studied (0.3 wt%) for Fmoc-Ala, Fmoc-Phe, and Fmoc-

Arg, respectively (Figure S2). A large shift in the emission fluorescence

spectral maximum upon aggregation was reported previously for

Fmoc-Phe.8,9

Circular dichroism was used to probe chirality of superstructures

and the presence of secondary structure. The CD data shown in

Figure 2a–c reveal spectra comprising a negative minimum at 195 nm

with weak peaks due to Fmoc at 214 nm and 228 nm12 for Fmoc-Ala,

consistent with a disordered and/or β-turn conformation.37 However,

the spectra for Fmoc-Arg in Figure 2b and Fmoc-Phe in Figure 2c

contain features arising from the chiral packing of the fluorenyl group,

and the spectrum for Fmoc-Phe (liquid at pH 7) shows features

reported previously.12 The peaks arising from the Fmoc group mask

any strong typical signatures of peptide secondary structure, hinder-

ing the assignment of aggregation mode, although a soft gel of Fmoc-

Phe at pH 9 shows a strong negative minimum at 230 nm, which may

be a red-shifted minimum due to β-sheet structure.38 Interesting dif-

ferences are observed in the CD spectra for the samples at higher

wavelengths above 250 nm, where contributions from secondary

structure will have a minimal influence. In this region, the spectra are

sensitive to the chiral ordering of aromatic moieties, that is, Fmoc

(and Phe in the case of Fmoc-Phe). The CD spectrum for Fmoc-Ala in

Figure 2a is featureless at higher wavelength, reflecting a lack of chiral

order of Fmoc in this sample. However, the spectra for both Fmoc-

Arg and Fmoc-Phe (Figure 2b,c) show notable features with a promi-

nent peak at 305 nm along with smaller peaks at 295 nm and 285 nm.

These can also be assigned to Fmoc (cf. the absorbance spectrum in

Figure S1).34 Peaks at these positions were also observed in the UV–

vis absorption spectrum for Smoc-amino acids.28 The spectra for

Fmoc-Arg and Fmoc-Phe liquid (pH 8) are qualitatively similar in

shape; however, a remarkable ‘chiral inversion’ for Fmoc-Phe is

observed in the CD spectrum for the soft gel at pH 9. This reflects a

change in the handedness of the twisted fibrils observed for Fmoc-

Phe comparing liquid and soft gel and further information on this was

provided by FTIR to be discussed shortly.

FTIR was used to complement CD to further elucidate the sec-

ondary structure of the peptides in solution. Results are displayed in

Figures 2d–f. The spectrum for Fmoc-Ala in Figure 2d shows a peak

at 1678 cm�1, which can be assigned to β-turn structure39,40 along

with an amide II0 N-H/C-N deformation band at 1568 cm�1.40 The

spectrum for Fmoc-Arg in Figure 2e shows a peak at 1614 cm�1 due

to Arg guanidinium side chain deformations41–46 and/or β-sheet

F IGURE 1 (a) Fmoc fluorescence emission intensities, I1 and I2,
as a function of the concentration for Fmoc-Phe, Fmoc-Ala, and

Fmoc-Arg.

4 of 10 CASTELLETTO ET AL.
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structure along with a peak at 1671 cm�1 due to β-sheet struc-

ture39,40 and/or residual bound TFA counterions.47–49 There are also

amide II peaks, one of which at 1568 cm�1 can be assigned to an Arg

guanidinium deformation mode.41,42,44–46 Other modes may arise

from Fmoc.34 The spectrum for Fmoc-Phe contains a peak at

1682 cm�1 for the pH 8 liquid due to (antiparallel) β-sheet struc-

ture.40,43,50 as well as a peak at 1719 cm�1 (for the solution, due to

Fmoc carbamate13) along with amide II0 bands due to N-H/C-N and/or

Fmoc deformations at lower wavelengths. There is a notable change

in the spectrum in the pH 9 soft gel state, with a peak now at

1663 cm�1 signaling a transition from antiparallel β-sheet to a β-turn/

parallel β-sheet structure, along with the loss of the C=O peak at

1719 cm�1. This was reported previously for the FTIR spectrum of a

lyophilized gel (prepared by thermal treatment from a phosphate

buffer solution rather than pH, as here).13 This was suggested to be

either due to the involvement of the Fmoc carbonyl group in hydro-

gen bonding or the result of a different environment of Fmoc groups

in the self-assembled structures in the gel.

For Fmoc-Phe, the potential presence of β-sheet structure led us

to undertake a further CAC fluorescence assay using Thioflavin T

(ThT) a dye sensitive to β-sheet ‘amyloid’ formation.29–31,51 The

intensity and position of the ThT fluorescence maxima are plotted in

Figure 3 (the original fluorescence spectra are shown in Figure S3).

The spectra show a large concentration-dependent shift from a broad

maximum near 490 nm to a sharper peak at 550 nm at the highest

concentration, with a significant discontinuity in the spectra between

c = 0.003 wt% and c = 0.005 wt%, indicating a CAC = (0.004

± 0.001) wt%. This is lower than the value obtained from the intrinsic

Fmoc fluorescence (c = 0.009 wt%) and may indicate greater sensitiv-

ity of the ThT assay to aggregation and/or that initial β-sheet forma-

tion occurs at lower concentration than that at which Fmoc

fluorescence is shifted due to aggregation.

F IGURE 2 (a–c) CD and (d–f) FTIR spectra for 1 wt% Fmoc-Ala pH 11, Fmoc-Arg in 0.5% acetic acid, and Fmoc-Phe pH 8 (black line) and
pH 9 (hydrogel, red line).

F IGURE 3 Peak intensity (I0) and position (λ0) measured from the
ThT assay for Fmoc-Phe in solution at pH 8. The inset shows the
results using a log-scale for concentration, to highlight the increase in
I0 and λ0.

CASTELLETTO ET AL. 5 of 10
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Having identified through fluorescence probe methods that all

three Fmoc-aa's undergo aggregation above a CAC, we next examined

the self-assembled structures above the CAC using both real-space

cryo-TEM imaging and reciprocal-space SAXS. Figure 4 shows repre-

sentative cryo-TEM images, and additional images are provided in

Figure S4. Figure 4a indicates that Fmoc-Ala forms unusual structures

with a diffuse spherical core from which one or more typically

two extended fibril-like structures appear to protrude. These may

arise from extended structures (fibrils or crystals) nucleating from a

diffuse core. This has previously been reported for Fmoc-Ala on the

basis of time-resolved studies which indicate initial liquid–liquid phase

separation (in AgNO3 solution) into droplets, followed by fibril nucle-

ation.17 The cryo-TEM images in Figure 4b show plate-like crystals for

Fmoc-Arg. In contrast to these images for Fmoc-Ala and Fmoc-Arg

showing crystallite-like structures, the images in Figure 4c for Fmoc-

Phe contain extended self-assembled nanostructures, specifically a

mixture of twisted and straight fibrils and wider nanotapes

(as highlighted in parts i–iii). Thus, cryo-TEM suggests that both

Fmoc-Ala and Fmoc-Arg form crystallites in aqueous solution,

whereas Fmoc-Phe self-assembles into fibrils and nanotapes. The lat-

ter finding is consistent with prior reports on the formation of fibrillar

hydrogels by Fmoc-Phe.8,9,14

To complement cryo-TEM, SAXS experiments were performed,

these provide the form factors from self-assembled nanostructures

formed in dilute solution.52 The data are shown in Figure 5. The data

for Fmoc-Ala have a low q slope in the power law I(q) � q�α of α = 4;

this is consistent with Porod scattering from discrete objects such as

the globular nuclei or crystallites shown in the cryo-TEM image in

Figure 4a. The data for Fmoc-Arg show similar behavior with approxi-

mately the same low q scaling (due to the presence of isolated crystal-

lites); however, there is (reproducibly) a Bragg peak observed at high

q, corresponding to a d-spacing of 2.5 nm (Figure 5b). This is assigned

to Fmoc-Arg packing in the plate-like crystals, possibly corresponding

to one unit cell dimension. Powder XRD data were measured (data

not shown), but a structure or unit cell could not be determined. In

contrast to the other two samples, the SAXS data for Fmoc-Phe

(Figure 5c) can be fitted to the form factor of a core–shell cylinder,

consistent with a fibrillar structure. The fit parameters are listed in

Table S1. The obtained core radius and shell thickness are consistent

with a fibril bundle structure, the radius of 17.2 nm being significantly

larger than the molecular dimensions. This is consistent with the pres-

ence of mixed aggregates in the cryo-TEM images (Figure 4c and

Figure S4c). The SAXS data from this sample were anisotropic

(Figure 5d), which reflects spontaneous alignment under flow during

delivery to the capillary for the SAXS measurement. This is consistent

with nematic phase formation by alignment of fibrils under flow (this

could also be seen in some of the cryo-TEM images obtained).

Figure 6 shows data from MTT cytotoxicity assays for Fmoc-Ala,

Fmoc-Arg, and Fmoc-Phe. The data show that at sufficiently low con-

centration, these conjugates are not cytotoxic. However, there is

F IGURE 4 Representative cryo-TM
images. (a) Fmoc-Ala, (b) Fmoc-Arg, and
(c) Fmoc-Phe, including highlights/
enlargements of selected nanostructures
(i–iii).
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statistically significant reduced cytocompatibility when compared with

the control for concentrations above 0.0031, 0.05, and 0.0125 wt%

for Fmoc-Ala, Fmoc-Arg, and Fmoc-Phe, respectively. The data

suggest that Fmoc-Arg is less cytotoxic than the other two, being fully

cytocompatible below 0.025 wt% (0.65 mM). Fmoc-Phe seems to

show an onset of cytotoxicity close to the CAC, that is, the

F IGURE 6 Cytocompatibility from MTT assays, after 72 h. (a) Fmoc-Ala, (b) Fmoc-Arg, and (c) Fmoc-Phe. Concentration of the Fmoc amino
acids is expressed in wt%. * p-value below 0.05, ** p-value below 0.01, *** p-value below 0.001, all indicated by an ANOVA test with correction
for multiple groups.

F IGURE 5 SAXS data for (a) 1 wt%
Fmoc-Ala pH 11 and (b) 0.3 wt% Fmoc-
Arg pH 3 in 0.5% acetic acid. The inset in
(b) shows the distinctive peak in the SAXS
curve, at 2.5 nm. (c) SAXS data and fit (red
line), as described in the text, for 1 wt%
Fmoc-Phe pH 8. (d) 2D SAXS pattern
(logarithmic intensity scale) corresponding
to 1D data in (c), showing the flow

alignment of the peptide fibrils.
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cytocompatibility shows a large reduction between 0.0031 and

0.0062 wt%, in the range of the CAC obtained from the ThT fluores-

cence assay, c = 0.004 wt% (Figure 4). Thus, for Fmoc-Phe, the cyto-

toxicity may be correlated to self-assembly. These findings are

corroborated by the phase contrast images obtained with L929 cells

incubated for 72 h with the Fmoc-aa's at concentrations of 0.1 wt%

(Figures S5–S7), since the L929 cells presented an overall round mor-

phology, related to fibroblasts under stress,53,54 as opposed to the

well spread fibroblasts exhibiting the expected morphology when

incubated with an Fmoc-aa concentration 0.0625 wt%.

4 | DISCUSSION AND CONCLUSIONS

In this paper, the self-assembly and cytocompatibility of three

Fmoc-aa's have been compared, selecting Fmoc-aa's containing

hydrophobic, aliphatic Ala or hydrophilic Arg or hydrophobic, aromatic

Fmoc-Phe. The apparent CAC values from Fmoc intrinsic fluorescence

are the same for all three conjugates. Due to β-sheet formation

(revealed by CD and the presence of fibrillar structures shown by

cryo-TEM and SAXS), the CAC of Fmoc-Phe was also determined

using the amyloid-sensitive dye Thioflavin T, and the CAC obtained

was slightly lower than that from Fmoc intrinsic fluorescence. This

was ascribed to higher sensitivity to aggregation or a slightly lower

concentration for ThT-sensitive β-sheet formation than Fmoc fluores-

cence quenching due to aggregation. CD and FTIR were used to probe

conformation and notable differences were observed; in particular,

Fmoc-Ala shows a featureless CD spectrum and relatively few FTIR

peaks, assigned to the presence of some β-turn structures above the

CAC. In contrast, Fmoc-Arg and Fmoc-Phe show strong CD signals

with signatures of chiral Fmoc order, with evidence for β-sheet order-

ing (signals at lower wavelength in the spectra) in the latter case, sup-

ported by FTIR (also possibly present to some extent for Fmoc-Arg). A

notable chiral inversion is observed for Fmoc-Phe comparing solution

and gels. The origin of this interesting effect is unclear in detail,

although FTIR spectra (Figure 2f) indicate a change from antiparallel

β-sheets in the pH 8 solution to parallel β-sheets at pH 9. This may

cause a change in the handedness of the twist of the fibrils driven by

changes of interactions (likely hydrogen bonding) involving Fmoc car-

bamate groups as revealed by FTIR (Figure 2f). This is clearly a subject

for further research, and such effects could be elucidated by 2D-

NMR, for example.

Cryo-TEM and SAXS reveal notable differences in the aggrega-

tion behavior of the three conjugates. Fmoc-Ala shows fibrillar

crystal-like structures apparently nucleating from a spherical core,

consistent with a recent report on this molecule in silver nitrate salt

solution.17 Those findings were interpreted in terms of the spherical

domains resulting from liquid–liquid phase separation followed by

amyloid fibril nucleation from the phase-separated droplets. Our

results indicate that this can occur in basic (pH 11) solution without

the presence of the salt. Fmoc-Arg forms plate-like crystals under

the pH 3 conditions used to obtain sufficient aqueous solubility.

The ordering of Fmoc-Arg will be driven by Fmoc-stacking

interactions (as for Fmoc-Phe), but it should be noted that Arg-Arg

interactions with hydrophobic π-π character are a possible contributor

to the intermolecular interactions, as noted for Smoc-Arg.28 Fmoc-

Phe forms extended self-assembled fibril and nanotape structures

under the basic pH 8 conditions employed. A coexistence of different

straight, twisted fibril and nanotape structures is observed, i.e. there is

notable polymorphism. The extended structures show spontaneous

flow alignment as shown by anisotropic SAXS patterns.

The biocompatibility of the three Fmoc-aa's was compared for

the first time. The MTT results obtained in this work showcase the

cytocompatibility of the Fmoc-aa's in a range of concentrations.

Fmoc-Ala and Fmoc-Phe were better tolerated at around 0.0031%

and below (Figure 6b,c), while Fmoc-Arg was well tolerated below

0.05 wt% (Figure 6c). Overall, Fmoc-Arg was better tolerated at

higher concentrations and with less variance than Fmoc-Ala and

Fmoc-Phe. These results are a useful reference point for the future

development of cell culture materials since mixtures of some of the

studied Fmoc-amino acids (Fmoc-Phe) and related Fmoc-dipeptides

have been commercially developed for such applications.
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