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electrospun fibers+
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Self-assembly of two N-tert-butoxycarbonyl (Boc) protected analogues of diphenylalanine dipeptide,
Boc-p-nitro-L-phenylalanyl-p-nitro-L-phenylalanine  and Boc-L-phenylalanyl-L-tyrosine, respectively,
Boc-pNPhepNPhe and Boc-PheTyr, in 1,1,1,3,3,3-hexafluoro-2-propanol/ethanol(water) solvents and
into electrospun fibers is studied. Uncommon dual self-assembly is found for Boc-pNPhepNPhe, with
the formation of nanotubes which in turn self-assemble themselves into microtapes. Boc-PheTyr self-
assembles into microspheres or microtapes depending on the solvent. Optical absorption and
photoluminescence exhibit step-like peaks in the spectral region of 240-290 nm indicating quantum
confinement due to nanostructure formation. The dipeptides were further embedded into electrospun
fibers, generating high output voltages through the piezoelectric effect. For Boc-pNPhepNPhe a maxi-
mum output voltage of 58 V, a power density of 9 pW cm™2 and effective piezoelectric voltage coeffi-
cients ger = 0.6 Vm N~ were measured under a 1.5 N applied periodical force. Its estimated effective
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Introduction

Novel organic materials obtained by molecular self-assembly
through low energy interactions, such as van der Waals bonds,
electrostatic interactions, hydrogen bonds and stacking interactions,
possess well-ordered supramolecular structures. A versatile method
for creating architectures of nanostructured materials, by using
amino acids as natural building blocks, is offered by self-
assembled peptide-based systems, which are attracting increasing
attention due to their biocompatibility and diverse structural and
functional properties for applications in a variety of fields from
regenerative medicine to fluorescent probes, light energy harvesting
and optical waveguiding."

Aromatic and aliphatic dipeptide nanotubes (NTs) are a
unique class of bio-inspired nanostructures forming simple
and modifiable organic materials, which crystallize into tubular
structures with length of hundreds of nanometers and internal
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piezoelectric coefficient is twice that of diphenylalanine dipeptide.

diameters of tens of angstroms. These structures result from
stacking of molecules through the formation of intermolecular
hydrogen bonds between functional groups in the peptide
backbone.”

The most studied self-assembled system is L-phenylalanyl-t-
phenylalanine or diphenylalanine (hereafter PhePhe)?® which is
formed by the self-assembly of the aromatic dipeptide into NTs
and other nanostructures,* such as nanowires® and nanorods,®
depending on the experimental conditions such as pH and
temperature. PhePhe NTs have been integrated in devices for
electronic and biosensing applications.” These nanostructures
display unique and extraordinary mechanical properties: they
are very stiff with a high averaged point stiffness and Young’s
modulus of 160 N m ' and 19-27 GPa respectively, placing
them among the stiffest biological materials known.®

A member of the PhePhe dipeptide structural family is Boc-L-
phenylalanyl-i-phenylalanine (Boc-PhePhe; where Boc = tert-
butoxycarbonyl) that forms various nanoscale structures such
as nanospheres (NSs)° and NTs.'® The remarkable rigidity of
both PhePhe and Boc-PhePhe results from “zipper-like” aro-
matic interlocks interpenetrated inside the NT backbones."*
Calculations performed using density functional theory demon-
strated that high Young’s modulus in dipeptides is also
strongly correlated with the strength and orientation of the
hydrogen bond network."

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the directional intermolecular n-n interactions
and hydrogen-bonding network allow the formation of quan-
tum confined (QC) structures within PhePhe self-assemblies
with pronounced exciton effects: quantum dots (QD) appear
due to the formation of nanocrystalline regions possessing
strong QC properties, leading to a pronounced blue lumines-
cence. These self-assembled QC dipeptides are remarkable and
unique, not observed in other aggregation processes of aro-
matic organic molecules. Photoluminescence (PL) in the UV
and blue ranges allows these nanostructures to be promising
optical materials for photonic short wavelength devices such as
biolasers and light-emitting diodes."® Apart from glycine, all
the amino acids occur naturally as chiral molecular identities
and crystallize with acentric symmetry. The lack of a center of
symmetry has the implication that the corresponding crystals
display properties such as piezoelectricity and optical second
harmonic generation. Therefore, dipeptides formed from chiral
amino acids are attractive bio-systems for exploring those
properties.

PhePhe NTs were reported to display strong anisotropic
piezoelectric coefficients due to their anisotropic crystal struc-
ture with aligned permanent dipole moments associated with
phenyl rings. Having high piezoelectric coefficients (d;5 =
60 pC N ' and d3; = 17.9 pC N ') makes them attractive
candidates for biomedical applications.'*"> Boc-PhePhe when
incorporated into electrospun fibers exhibited strong piezo-
electric properties.'® The Boc-pNPhepNPhe peptide was
reported to self-assemble into nanofibrils and nanospheres.'”

In this work we report the self-assembly of two Boc protected
analogues of the PhePhe dipeptide: Boc-p-nitro-.-phenylalanyl-
p-nitro-.-phenylalanine  (Boc-pNPhepNPhe) and  Boc-L-
phenylalanyl-i-tyrosine ~ (Boc-PheTyr) in  solutions  of
1,1,1,3,3,3-hexafluoro-2-propanol (HFP) with water or ethanol
(0.2/9.8 v/v). Furthermore, through the electrospinning
technique'® they were incorporated into polymer micro and
nanostructured fibers. We studied their self-assembly inside
the polymer matrix and demonstrate the generation of high
piezoelectric voltages through the piezoelectric effect.

Results and discussion

Self-assembly of Boc-PhePhe, Boc-pNPhepNPhe and Boc-
PheTyr, Scheme 1, was studied in both aqueous and ethanol
solutions (or a mixture of both solvents) after previous dilution
in a highly concentrated solution of HFP (100 mg mL ). Boc-
PhePhe forms NTs of 690 nm average thickness and tens of

o (o]
HHI HHI
Boc—N—C—C—N—C—C—OH
CH, CH, Dipeptide Ri R,
Boc-PhePhe H H
Boc-PheTyr H OH
Boc-pNPhepNPhe NO, NO,
R1 Rz

Scheme 1 Structures of dipeptide derivatives.
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Fig.1 SEM micrographs with diameter distribution (inset) of self-
assembled Boc-PhePhe nanostructures (2 mg mL™ concentration in
HFP/water) at magnification level 5000x (a) and 50 000x (b). The red line
shows a fitted Log-normal distribution.

microns length, as shown in Fig. 1(a and b), according to
previously reported formation of highly ordered tubular
structures.'®'® However, this dipeptide also self-assembles into
spheres with diameters ranging from nm to um, when dis-
solved in highly concentrated solutions of HFP with subse-
quent dilution in ethanol.

These micrometer size spheres were reported to exhibit a
metallic-like point stiffness of 885 N m ' and a Young’s
modulus of 275 GPa."”

We observed that Boc-PheTyr self-assembles with two dif-
ferent morphologies: as spheres with diameters ranging from
nanometers (NS) to micrometers (average diameter 1.68 um)
formed from ethanol/water (2:1 v/v) solutions, Fig. 2(a and b)
and as long microtapes (MTps) with hundreds of micrometers
length and 1.42 pm average thickness from HFP/water (0.2/
9.8 v/v) solutions, Fig. 2(c and d).

Self-assembly into microspheres (MS) obtained from metha-
nol/water (2:1) solutions,*® was reported for Boc-PheTyr-OMe
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Fig. 2 SEM micrographs of self-assembled Boc-PheTyr nanospheres at
2 mg mL~* concentration in HFP/water (0.2/9.8 v/v), at magnification level
2500x (a) and 5000x (b), and the thickness distribution of microtapes of
Boc-PheTyr in ethanol/water (2 : 1) solutions, at magnification level 2000 x
(c) and 50 000x (d). The red line shows a fitted Log-normal distribution.
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Fig. 3 SEM micrographs at magnification level 5000x (a) and 100 000 x
(b) and thickness distribution of the microtapes formed by self-assembled
aligned nanotubes of 2 mg mL~! Boc-pNPhepNPhe concentration in HFP/
water. SEM image at magnification level of 50000x (c) and nanotubes
with average diameters in the range of 72 nm at the 200 000 x magnifica-
tion level (d). The red line shows a fitted Log-normal distribution.

which is a Boc-PheTyr analogue with the C-terminus protected
by a methyl ester.

Quite differently, Boc-pNPhepNPhe self-assembles from
HFP/water solutions into MTps, but remarkably, each MTp
(average thickness 2.55 pm) is in turn formed from self-
assembly of NTs with an average diameter of 72 nm, as shown
in Fig. 3(a—d). Self-assembled structures with such morphology
were, to our knowledge, not reported before for any dipeptide.
This is the first dipeptide whose morphology results from a
dual self-assembly process, involving first the formation of NTs
and afterwards their further self-assembly into larger
structures.

For a better understanding of the dipeptide self-assembly
process, the average size distribution of the dipeptide nanos-
tructures was measured by dynamic light scattering (DLS). This
technique permits the overall size of particles dispersed in a
liquid to be obtained. The dipeptides were dissolved in HFP at
room temperature followed by the addition of water to obtain a
concentration of 2 mg mL ™", HFP/water (0.2/9.8 v/v). From this
solution, 5 pL was immediately removed and deposited on a
silicon sheet for subsequent SEM analysis. Another 50 pL was
diluted to a concentration of 0.05 mg mL ' in water and
immediately analysed by DLS. This procedure was repeated
after 24 h. The results demonstrate that both samples of Boc-
PheTyr self-assembled into larger supramolecular structures,
several hundred nanometers in size. In the first moments,
small amounts of nanospheres were observed with a great
dispersion of sizes. After 24 h, there was a significant increase
in the number of nanostructures with more uniform sizes (see
Fig. 4). The hydrodynamic sizes and zeta potential measured
are displayed in Table 1. The intensity weighted particle size

2936 | Mater. Adv, 2022, 3, 2934-2944
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Fig. 4 Intensity weighted particle size distributions for Boc-PheTyr
nanostructures.

Table 1 Hydrodynamic diameter (DH) and zeta potential ({) at 25 °C, at
time point 0 h and 24 h

Time Hydrodynamic Area intensity

Dipeptide (h) diameter (nm) (%) { (mv)
Boc-PheTyr 0 92.69 + 28.99 31.90 —
523.30 £ 197.47 68.10
24 278.62 £+ 122.07 100.00 —19.6 £ 1.3
Boc- 0 78.08 + 14.08 49.51 —
PNPhepNPhe
1098.97 £+ 187.42  50.49
24 241.47 £ 154.80  79.88 —30.10 £ 1.10
11502.38 £+ 1766.85 20.12

distribution and corresponding SEM images of Boc-PheTyr are
displayed in Fig. 4 at two different times.

The self-assembly process for Boc-pNPhepNPhe was faster,
and it was possible to see the dynamic formation of nanos-
tructures and microstructures in the first minutes. Comparing
the first (0 h) and second (24 h) measurements for Boc-
PpNPhepNPhe (Fig. S1, ESIt), the supramolecular structures,
MTps, were surrounded by other small nanostructures, with
sizes of around 32-80 nm, as seen in the SEM image in Fig. S1
(ESIY). After 24 h, the population with average size of around
1 pm increases in size and a new population appears with sizes
of around 11 um corresponding to the formation of bigger
structures resulting from the self-assembly of NTs into MTps as
discussed before.

The surface charge of a nanostructure is an important
parameter as it strongly influences the stability of the dipeptide
dispersion. The obtained values of the zeta potential of the
dipeptide nanostructures are also presented in Table 1. The
dipeptide nanostructures revealed a negative zeta potential,
within the same order of magnitude, indicating good stability.

Raman scattering data indicate that the main characteristic
bands observed for Boc-PhePhe are also present in Boc-
pPNPhepNPhe and Boc-PheTyr spectra (Fig. S2-S4, ESIt).>

© 2022 The Author(s). Published by the Royal Society of Chemistry
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However, for the Boc-pNPhepNPhe dipeptide some differences
are found in the 800-1700 cm™" region. The ring breathing
band at 1003 ecm ™" is not present and instead a very intense
band at 1345 cm ™~ corresponding to the vibrations of the NO,
group, which is covalently bonded to the phenyl benzene ring,
is now the most intense band. The presence of the two NO,
groups may hinder the 1003 cm™" band and deviate it to a new
band appearing at 1104 cm ™. For the precursor amino acid
Boc-pNPhe the most intense Raman band also appears at
1345 cm ™' (Fig. S4, ESIf). For both Boc-pNPhepNPhe and
Boc-PheTyr, the crystalline lattice vibration bands are similar
to that of the Boc-PhePhe dipeptide as well as the bands
corresponding to the aromatic C-H stretches.

XRD spectra of Boc-PhePhe, Boc-PheTyr and Boc-
PpNPhepNPhe nanostructures present several Bragg peaks indi-
cating that they are crystalline (Fig. S5, ESIt). Similar to the
Boc-PhePhe X-ray pattern, intense Bragg peaks at diffraction
angles inferior to 10° are present which are assigned to nanos-
tructure formation.

In this work, we also studied the dipeptide self-assembly
obtained from rapid crystallization inside fibers fabricated
from dipeptide/polymer solutions, using the electrospinning
technique under a poling static electric field of order 10° Vm™".
It is known that Boc-PhePhe self-assembles into NTs (diameters
25-30 nm) when embedded into PLLA polymer fibers.'® Within
the same polymer, Boc-PheTyr self-assembles into NSs with less
than 50 nm diameter, as shown in Fig. 5(a-d). The electrospun
fibers have an average diameter of 950 nm. Therefore, for this
dipeptide, the electrospinning processing conditions deter-
mine its self-assembly into NSs which are piezoelectric, mean-
ing that their crystal structure lacks a centre of symmetry as
will be discussed later. PLLA fibers with embedded

[N [mean  [sp [ [FPwHm |
|4s |o.95um |o.z7 um ||.s4um |055 um |

R
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> w o ©

Fig. 5 SEM micrographs at magnification level 5000x (a) and 10 000x
(b) and thickness distribution of the PLLA microfibers embedding self-
assembled nanospheres of Boc-PheTyr. SEM image of a single fiber at
magnification level of 50 000x (c) and nanospheres (embedded into the
fibers) with diameters in the range of 30-50 nm at the 100000x
magnification level (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Boc-pNPhepNPhe were fabricated from two precursor solutions
with different dipeptide concentrations (see the Experimental
section).

From a highly concentrated solution, fibers with an average
diameter of 990 nm revealed the self-assembly into NTs (dia-
meter in the range from 50 to 70 nm as shown in Fig. 6(a and b)
occurring both in the interior as well on the fiber surface.
Fibers free of surface dipeptide crystallization, with higher
porosity and larger diameters (1.28 pm) were fabricated from
the lower concentration precursor solutions, Fig. 6(c and d),
with all the dipeptide crystallized in the fiber interior.

Combined optical absorption (OA), photoluminescence (PL)
and photoluminescence excitation (PLE) studies in HFP/water,
HFP/ethanol and water/ethanol solutions were carried out at
298 K, aiming at studying the photophysical characteristics of
the three dipeptides on evidencing nanostructure quantum
confinement (QC) due to self-assembly with the formation of
nanocrystalline regions.>” The OA bands for the three dipep-
tides are centred between 240 and 320 nm, Fig. 7(a). The
spectrum of Boc-PhePhe shows the reported characteristic four
spike-like peaks located at 248 nm (5.0 eV), 253 nm (4.90 eV),
259 nm (4.79 eV) and 265 nm (4.68 eV) with wavelength
differences of 5-7 nm (energy difference of 0.10-0.11 eV)
between adjacent peaks, which are evidence of strong QC
during the self-assembly process in ethanol'® and HFP/ethanol
solutions.”® These features of absorption spectra are deter-

mined by electron-hole formation with strong Coulomb bind-
ing energy, and the presence of spike-like peaks indicates the
formation of quantum dots (QDs) in the self-assembled dipep-
tide structures.'®** The spectrum of Boc-PheTyr shows instead
six step-like peaks located at 252 nm (4.92 eV), 258 nm
(4.81 eV), 265 nm (4.68 eV),

269 nm (4.61 eV), 278 nm

8| 123 (099 pm [0.22 pym [1.84pm  [0.49 pm

[
04 05 08 10 12 14 15 18 20
Dlameter(pn)

003 06 09 12 15 18 21 24 27
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Fig. 6 SEM micrograph at a magnification level of 10 000 x and thickness
distribution of the PLLA nanofibers embedding self-assembled nanotubes
of Boc-pNPhepNPhe (a) nanotubes with diameters 57-63 nm at the
50 000x magnification level (b); nanofibers obtained from a lower
concentration polymeric solution, at 5000x (c) and 10 000x (d) magnifi-
cation levels.
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Fig. 7 Optical absorption (OA) (a) and photoluminescence (PL) (b) spectra
of the dipeptides. The spectra were measured for 0.8 mg mL~* HFP/
ethanol solutions at room temperature. PL spectra were measured using
the maximum absorption wavelength as the excitation wavelength.

(4.46 eV) and 285 nm (4.35 eV) with energy difference in the
range of 4-9 nm (energy difference of 0.15 to 0.09 eV). For Boc-
PpNPhepNPhe, four much less pronounced step-like peaks
appear at 268 nm (4.63 eV), 272 nm (4.56 eV), 275 nm
(4.51 eV) and 279 nm (4.44 eV) with wavelength differences of
3-5 nm (energy difference of 0.08-0.05 eV). These step-like
features indicate the formation of two-dimensional quantum
wells (2D QWs) inside Boc-PheTyr and Boc-pNPhepNPhe MTps.
The size and morphology of the self-assembled structures
shown in Fig. 1-4 are consistent with the spike-like and step-
like features found in OA spectra where a broadening of the OA
band is observed to increase from Boc-PhePhe to Boc-
pNPhepNPhe and may be associated with the formation of
micrometer size structures. These exhibit the characteristics
of QC structures inside the self-assembled nano and micro-
structured dipeptide materials.>* The energy of an electron/
hole pair defines the optical absorption properties of crystalline
materials. In QC structures, either the density of electronic
states as a function of energy is described by separated spikes
(case of QDs) or step-like (case of QWs) features in the OA
spectrum, as reported for N-(9-fluorenylmethyloxycabonyl)-
PhePhe hydrogels.>

2938 | Mater. Adv, 2022, 3, 2934-2944
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PL spectra were recorded under excitation at the maximum
absorption wavelength, Fig. 7(b). As reported before for PhePhe
self-assembled nanostructures,® a deep ultra-violet (UV) peak is
observed for Boc-PhePhe and Boc-PheTyr. For Boc-pNPhepNPhe
the peak is in the UV region. The Boc-PhePhe spectrum, under
excitation at 259 nm, exhibits a peak located at 285 nm which is
red-shifted by 26 nm. A similar peak shift (28 nm) occurs for
Boc-PheTyr. However, the Boc-pNPhepNPhe PL spectrum
shows two emission bands, one less intense at 320 nm and
an intense peak at 357 nm, corresponding to red shifts respec-
tively of 48 nm and 85 nm. Table 2 summarizes the OA and PL
spectral features for the dipeptides under study.

For molecules with aromatic rings, red shifts in PL spectra
are associated with the aggregation process.?® They may also be
related to an increase in charge transfer between the funda-
mental and excited states promoted by the nitro acceptor group
attached to the para position in the phenyl ring.*”

The presence of electron-withdrawing groups and/or
electron-donating groups, such as NO, and OH on a phenyl
ring, decreases the energy difference between ground and
excited states accompanied by a red-shift of the emission
wavelengths.”® Additionally, the nitro group attached to the
para position on the phenyl ring exhibits high electronegativity,
which results in strong inductive electron-accepting properties
and consequently strong intramolecular charge-transfer.>®

A study of QC due to exciton formation was carried out for
Boc-PheTyr and Boc-pNPhepNPhe through their PLE spectra as
a function of dipeptide concentration. Fig. 8(a and b) show
exciton formation at room temperature and for Boc-PheTyr,
from HFP/ethanol and HFP/water solutions, at an emission
wavelength of 306 nm. At concentrations above 0.7 mg mL ™"
one observes the formation of the 258 nm step-like peak and a
narrow band with high intensity starts to form at 278 nm. This
band, originating from the exciton, becomes narrower as the
concentration increases (FWHM equal to 9.6 nm and maximum
at 285 nm, for the 2 mg mL ' ethanol solution), which is
evidence of a crystalline structure existing inside the MTp.
Similar to that reported for PhePhe, at low dipeptide concen-
trations there is no formation of ordered crystalline structures
and the spectra are wide.'*”**° For Boc-pNPhepNPhe in HFP/
water solution the emission wavelength used was 450 nm,
Fig. 8(c). This shows the exciton formation in QC self-
assembled Boc-pNPhepNPhe; here, at 0.4 mg mL™', there is a
broad band at 350 nm and an intense narrow peak at 390 nm,
FWHM of 22 nm, the exciton peak that resulted from QDs is
associated with the NT formation. As the concentration
increases, the position of the broader band moves towards

Table 2 Optical absorption and photoluminescence data for the dipep-
tides in HFP/ethanol solutions

dexe  emi Red shift
Dipeptide Jabs [NM] [nm] [nm] [nm]
Boc-PhePhe 248, 253, 259, 265 259 285 26
Boc-PheTyr 252, 258, 265, 269, 278, 285 278 306 28

Boc-pNPhepNPhe 268, 272, 275, 279 272 320, 357 48, 85

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 PLE spectrum of Boc-PheTyr at several concentrations, in HFP/
ethanol (a) and HFP/water (b), measured at an emission wavelength of
306 nm; the PLE spectrum of Boc-pNPhepNPhe in HFP/water for an
emission wavelength of 450 nm (c).

higher wavelengths while the exciton peak remains at the same
position but widens due to self-assembly of the NTs into MTps.
Because of an increase in exciton binding energy in these self-
assembled structures, it is possible to observe luminescence
even at room temperature.

From OA spectral measurements we can follow the for-
mation of the step-like peaks as a function of increasing
dipeptide concentrations for solutions in HFP/ethanol and
HFP/water, as shown for Boc-PheTyr in Fig. 9(a and c),
respectively.

At concentrations above 0.7 mg mL " the step-like peaks are
clearly visible for both solutions. PL spectra excited at 278 nm
and measured at different concentrations are also shown in
Fig. 9(b and d) for the same solutions. While the position of the
maximum intensity remains at the same wavelength, its inten-
sity decreases with an increase of dipeptide concentration
because of the narrow exciton peak as discussed before

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Boc-PheTyr MTps in HPF/ethanol and HPF/water solutions at
several concentrations: optical absorption (a) and (c) and photolumines-
cence spectra (b) and (d). The excitation wavelength is 278 nm.

(Fig. 8). Solutions with lower concentrations do not have
ordered building blocks and therefore have a higher PL inten-
sity than concentrated ones formed by ordered
nanostructures.*® The PL spectra of Boc-PheTyr MTp at several
concentrations in HFP/water, at excitation wavelengths of
260 nm and 286 nm (Fig. S6(a and b), ESIt), show an increase
in emission intensity for excitation at 285 nm, the exciton
wavelength maximum.

Interestingly, we observed for Boc-pNPhepNPhe self-
assembled in HFP/water solutions, the phenomenon known
as aggregation-induced emission (AIE) where molecules display
low emission when dissolved in good solvents but show high
luminescence when aggregated.>® This phenomenon is cur-
rently understood as resulting from restrictions of intra-
molecular motions which exist in aggregated states®® such as
those resulting from molecular self-assembly. Starting at low
concentration, the PL spectrum (Fig. 10(b)) shows the for-
mation of a broad band at 400 nm and a new blue luminescent
narrower band at 470 nm, which increases in intensity with
increasing dipeptide concentration like in the OA spectrum,

(b) 468
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24 { ——0.4mg/mL ——0.4mg/mL
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Fig. 10 Optical absorption (OA) (a), and photoluminescence (PL)

(b) spectra of Boc-pNPhepNPhe at several concentrations in HFP/water
solutions. The excitation wavelength is 275 nm.
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Fig. 10(a). The four step-like absorption peaks as mentioned
before start to form at concentrations above 0.8 mg mL ™" and
are clearly visible at 1.2 mg mL ™",

Following our previous work on Boc-PhePhe NTs self-
assembling into electrospun nanofibers'® we have also studied
the QC of self-assembled Boc-PheTyr and Boc-pNPhepNPhe
dipeptides into electrospun PLLA polymer microfibers, after
previous dissolution in dichloromethane/dimethylformamide
(DCM/DMF 4:1 v/v), the solvents used for preparing precursor
electrospinning solutions. The OA spectra of Boc-PheTyr and
Boc-pNPhepNPhe, fibers, Fig. 11(a), exhibit the step-like
features described before for the corresponding dipeptide
solutions. This confirms their self-assembly as nanostructures
inside the fibers. The PLE spectra also show exciton formation
at 291 nm and 390 nm, respectively for Boc-PheTyr and

@

dissolved Boc-PheTyr@PLLA
dissolved Boc-pNPhepNPhe@PLLA

Normalized Optical Absorption

275 300 325

250 350
Wavelength (nm)
(b) dissolved Boc-PheTyr@PLLA
dissolved Boc-pNPhepNPhe@PLLA

w 291 390
|
o
T
8
®
£
—_
=]
4
200 250 300 350 400

Wavelength (nm)

Fig. 11 Optical absorption (a) and PLE spectra (b) of Boc-PheTyr and Boc-
pNPhepNPhe embedded into microfibers after dissolution in DCM/DMF
(4:1v/v). The emission wavelengths are 306 nm and 450 nm, respectively.
Blue fluorescence confocal microscopy images of Boc-PheTyr (c) and
Boc-pNPhepNPhe (d) fiber mats, under laser excitation at 405 nm.
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Boc-pNPhepNPhe, Fig. 11(b). Confocal laser fluorescence
microscopy revealed that Boc-PheTyr@PLLA and Boc-pNPhepN-
Phe@PLLA fiber mats display blue luminescence in the wave-
length range of 430-470 nm following excitation at Aey. =
405 nm, Fig. 11(c and d) respectively. Although the excitation
was not at the maximum of OA, when using an intense laser
beam as an excitation light source it was possible to detect
fluorescence, meaning that very high fluorescence would be
observed if a laser source at the maximum OA could be used.

A demonstration of the piezoelectric behaviour of these
dipeptide electrospun fibers as potential mechanical-electric
energy convertors is reported in this work. Piezoelectricity is a
property of acentric crystalline materials resulting from inter-
conversion between mechanical and electrical stimuli inducing
a charge redistribution and separation when a force is applied
to the material.>* The experimental conditions used to measure
the output voltage of Boc-PhePhe electrospun fibers upon
application of a periodical stress perpendicular to the fiber
array, were reported before.'® The piezoelectric response mea-
sured is an effective or overall response as the dipeptides are
embedded into the fibers and the response is measured on an
electrospun mat which contains a large number of fibers. A
scheme has been added in the ESI, Fig. S7. Under similar
experimental conditions we measured the response of Boc-
PheTyr@PLLA and Boc-pNPhepNPhe@PLLA microfiber mats
as well as PLLA and Boc-PhePhe@PLLA fibers for comparison.

The maximum piezoelectric output voltage and current
measured through an external 100 MQ load resistance were
11 V and 110 nA for PLLA, 30 V and 300 nA for Boc-
PhePhe@PLLA, 24 V and 240 nA for Boc-PheTyr PLLA and
extraordinarily 58 V and 580 nA for Boc-pNPhepNPhe@PLLA
under an applied force of 1.5 N.

The results presented in Fig. 12 indicate that the perfor-
mance of Boc-pNPhepNPhe microfibers is superior to that of
Boc-PhePhe ones, as for the same applied force per unit area,

——PLLA
Boc-PhePhe@PLLA
Boc-PheTyr@PLLA
Boc-pNPhepNPhe@PLLA

[+
o

T T T T 600 [ oot
<
s £
S 40- L 400 =
T o
2 20 200 5
8
° (6]
?_, 0 Lo 2
: A
(8]
g @
520 4 L.200 G
° 8
-40 - --400 =
1500 mN_3Hz
-60 . r ; . -600
0.0 0.2 0.4 0.6 0.8 1.0

Time (s)

Fig. 12 Output voltage (V) and current (nA) measured through a load
resistance of 100 MQ on electrospun fiber arrays of (a) PLLA, PLLA doped
with (b) Boc-PhePhe nanotubes, (c) Boc-PheTyr nanospheres, and
(d) Boc-pNPhepNPhe nanotubes.
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Table 3 Piezoelectric nanogenerator parameters of some Boc-protected
diphenylalanine derivatives

Force/area Vi degr Getf

Nanogenerator (Nm™?) (V) (pCN") (Vm N ') Ref.
Boc-PhePhe (fiber mat) 4x10° 30 8.4 0.3 This
work
Boc-PheTyr (fiber mat) 4x10° 24 7 0.3 This
work
Boc-pNPhepNPhe (fiber mat) 4 x 10° 58 16 0.6 This
work
Boc-DipDip (crystal powder) 4 x 10* 1 73 2.8 33

the output voltage is doubled. This behaviour is certainly due to
the strong dipoles which will develop inside Boc-pNPhepNPhe
crystalline NTs under applied forces, enhanced by the strong
electron-accepting character of the nitro group attached to the
phenyl ring. Instantaneous powers of 9.0 uW cm > and
1.0 W cm > were generated by a 4.0 cm” fiber mat, respectively
from Boc-pNPhepNPhe@PLLA and Boc-PheTyr@PLLA fibers.
From our measurements we conclude that relative to Boc-
PhePhe the effective piezoelectric coefficients of Boc-PheTyr
have similar magnitude while they are twice as large for Boc-
pNPhepNPhe embedded into polymer electrospun fibers. The
reported effective ds; piezoelectric coefficient for BocPhePhe is
8.4 pC N '.** We may therefore estimate that the effective
piezoelectric coefficients for Boc-PheTyr and Boc-pNPhepNPhe
dipeptides are around 7 pC N ' and 16 pC N, respectively.
Another relevant quantity is the piezoelectric voltage coefficient
given by geg = degle’eo Vm N™') which is a figure of merit
indicating the performance of a material as a piezoelectric
generator. Crystals with high piezoelectric coefficients and
low dielectric permittivity will result in high values of this
quantity. For the current dipeptide fiber mats at room tem-
perature ¢’ =~ 3.0, effective piezoelectric voltage coefficients as
high as ge¢ = 0.3 Vm N " are observed for Boc-PhePhe and Boc-
PheTyr and ge = 0.6 Vm N ' for Boc-pNPhepNPhe. These
values are ten and five times smaller than that reported for Boc-
Dip-Dip (B,B-diphenyl-Ala-OH (Dip)), which has g =
2.8 Vm N . Boc-Dip-Dip is a highly aromatic dipeptide organic
crystal with an extremely high effective piezoelectric coefficient
of 73 pC N', which is higher than those reported for silk
(50 pC N ") and poled polyvinylidene-fluoride (PVDF) polymer
(30 pC N1, as a result of its large supramolecular crystal
dipole of 1.8 Debye and low crystalline symmetry (point group
2).* In Table 3 we compare some relevant piezoelectric
response parameters for the dipeptide fiber mats under study
in this work with those reported for a crystalline Boc-Dip-Dip
powder sample. For the dipeptides reported in this work, in
particular for the Boc-pNPhepNPhe fiber mat nanogenerator,
compared with the Boc-Dip-Dip nanogenerator, using an
applied force one order of magnitude smaller, it is possible to
generate output voltages more than one order of magnitude
higher accompanied by a voltage coefficient five times smaller.
Therefore, embedding dipeptides into electrospun fibers is a
practical way of easily handling nanostructured dipeptides able
to perform as piezoelectric energy nanogenerators.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, two N-tert-butoxycarbonyl (Boc) protected analo-
gues of the diphenylalanine dipeptide, Boc-p-nitro-L-
phenylalanyl-p-nitro-L.-phenylalanine and Boc-L-phenylalanyl-i-
tyrosine, were self-assembled in solution and into electrospun
fibers. Self-assembly into nanotubes which in turn further self-
assembled into microtapes was identified for the first dipep-
tide. Aggregation induced emission as a result of self-assembly
was also observed in Boc-p-nitro-i-phenylalanyl-p-nitro-i-
phenylalanine in a HFP/water solution. Boc-L-phenylalanyl-r-
tyrosine was found to self-assemble either into microspheres or
microtapes when the solvents were respectively ethanol/water
or HFP/water. Dynamic light scattering confirmed the for-
mation of the self-assembled structure.

Optical absorption and photoluminescence spectra of the
dipeptides in solution and electrospun polymer fibers revealed
step-like peaks in the spectral region of 240-290 nm as a result
of quantum confinement due to nanostructure formation.

It was further demonstrated that embedding hybrid Boc-p-
nitro-L-phenylalanyl-p-nitro-L.-phenylalanine into poly-r-lactic
acid polymer electrospun fibers produced a piezoelectric out-
put voltage twice as big as that of Boc-L-phenylalanyl-r-
phenylalanine fibers when embedded into the same polymer,
indicating that its effective piezoelectric coefficient is twice as
high. The performance of Boc-pNPhepNPhe@PLLA fibers as a
piezoelectric generator, when compared with state-of-the-art
dipeptide Boc-Dip-Dip nanogenerator, is only five times smaller
while the applied force per unit area is one order of magnitude
smaller. In the present work we show that for practical applica-
tions as piezoelectric nanogenerators, electrospun dipeptide
fiber mats are easier to handle, and more flexible and versatile
to work with than nanogenerators directly using powder crystal-
line dipeptides. They are therefore promising hybrid functional
materials for integration into environmentally friendly nano
energy harvesting devices. Finally, the studied dipeptide nano-
fiber mats displayed blue luminescence.

Experimental
Synthesis and materials

t-Phenylalanine (Phe), i-tyrosine (Tyr), p-nitro-.-phenylalanine
(pNPhe), 1-hydroxybenzotriazole (HOBt), N,N-dicyclohexyl-
carbodiimide (DCC), thionyl chloride and di-tert-butyl-
pyrocarbonate (Boc,0) were purchased from Sigma-Aldrich or Alfa
Aesar and used as received. Poly(i-lactic acid) (PLLA, M, 217-
225000, was purchased from Polysciences. All solvents were pur-
chased from Sigma-Aldrich and used as received.

Starting from commercially available L-amino acids, reaction
with thionyl chloride in methanol yielded the corresponding
amino acid methyl ester. In parallel, the reaction with di-tert-
butylpyrocarbonate resulted in N-Boc protected amino acids.
Dipeptide derivatives were synthesized through solution-phase
synthesis, via coupling of the NBoc protected amino acid with
the amino acid methyl ester, mediated by DCC/HOBt. Depro-
tection of the methyl ester group was performed using NaOH

Mater. Adv., 2022, 3, 2934-2944 | 2941
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and the saponification progress was monitored by thin layer
chromatography.

All the intermediates were characterized by NMR spectro-
scopy on a Bruker Avance III 400 at an operating frequency of
400 MHz for 'H.

Raman spectroscopy

Raman spectroscopy was carried out on a LabRAM HR Evolu-
tion Raman spectrometer (Horiba Scientific, France) coupled
with a Horiba Scientific Labspec 6 spectroscopy set which
provides not only complete instrument control but also data
processing. The Raman spectra were acquired with a 532 nm
laser excitation wavelength (0.1% laser intensity), with an
acquisition time and accumulation of 30 s in the range between
40 and 3500 cm ™.

X-ray diffraction and Raman spectroscopy

The crystallinity and crystallographic orientation of N-Boc
protected diphenylalanine dipeptide nanostructures was stu-
died by X-ray diffraction. The diffraction pattern using 0-260
scans was recorded between 5° and 40° on a Philips PW-1710 X-
ray diffractometer with Cu-Ko radiation at a wavelength of
1.5406 A. The lattice planes parallel to the substrate surface
were determined from the reciprocal lattice vector of modulus
(2/2)sin 8, with 4 the radiation wavelength and 6 the Bragg
angle. Raman spectroscopy was carried out on a LabRAM HR
Evolution Raman spectrometer (Horiba Scientific, France)
coupled with a Horiba Scientific Labspec 6 spectroscopy set
which provides not only complete instrument control but also
data processing. The Raman spectra were acquired with a
532 nm laser excitation wavelength (0.1% laser intensity), with
an acquisition time and accumulation of 30 s in the range

between 40-3500 cm ™ .

Self-assembly of dipeptide micro and nanostructures

Fresh solutions of N-Boc protected diphenylalanine dipeptide
analogues were prepared by dissolving the dipeptides in
1,1,1,3,3,3-hexafluoro-2-propanol (HFP, Sigma-Aldrich) to a
concentration of 100 mg mL~". These solutions were afterwards
diluted in ultrapure water or in ethanol to the desired final
concentrations according to the studies to be undertaken. After
the dilution in ultrapure water or absolute ethanol, the solu-
tions were left at room temperature for 24 h for self-assembly to
take place.

Electrospinning of nanofibers

Two precursor electrospinning solutions were prepared by
dissolving 0.5 g of PLLA in 4 mL of dichloromethane (DCM)
with vigorous stirring (700 rpm) at 40 °C for 1 h. After complete
dissolution, 0.5 g of Boc-PheTyr or Boc-pNPhepNPhe previously
dissolved in 1 mL of dimethylformamide (DMF) was added. The
resulting clear and homogenous solutions were stirred for
several hours under ambient conditions prior to the electro-
spinning process. Boc-PhePhe nanofibers were electrospun by a
conventional electrospinning technique described before.'®
The obtained solutions were loaded into a syringe with its
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needle (0.5 mm diameter) connected to the anode of a high
voltage power supply (Spellmann CZE2000). Electrospinning
was performed at room temperature and various parameters
were changed to obtain bead free fibers and stable spinning
conditions, namely, the solution feeding flow rate, the electric
potential difference and the needle-collector distance.
An electric potential difference between 17 and 20 kV, depend-
ing on the polymer and solvent ratio, was used. The needle-
collector distance was 12 cm and the flow rate was
0.15-0.30 mL h™". The fibers were collected as a random mesh
on high purity aluminium foil which served as electrodes.

Scanning electron microscopy (SEM)

Morphology, distribution of diameters and thickness of dipep-
tide structures were assessed using a Nova NanoSEM scanning
electron microscope operated at an accelerating voltage of
10 kv. Dipeptide single crystals were deposited on a silica
surface and previously covered with a thin film (10 nm thick-
ness) of Au-Pd (80-20 weight %) using a high-resolution sputter
cover, 208HR Cressington Company, coupled to a MTM-20
Cressigton high resolution thickness controller.

The diameter range of the produced nanofibers was mea-
sured using SEM images using Image] 1.51n image processing
software (NIH, https://imagej.nih.gov/ij/). Average diameter and
diameter distribution were determined by measuring a certain
number of random nanofibers from the SEM images. Statistical
analysis was performed using OriginPro 2017 SR2 software
(OriginLab Corporation, USA), and the fiber diameter distribu-
tions were fit to a log-normal function.

UV-Visible spectrophotometry and PL spectrofluorimetry

The optical absorption (OA) spectra were measured on a
Shimadzu UV/2501PC spectrophotometer (Duisburg, Germany)
in the wavelength range of 230-450 nm. The photolumines-
cence (PL) and photoluminescence excitation (PLE) spectra
were collected using a FluoroMax-4 spectrofluorometer (Horiba
Jovin Yvon, Madrid, Spain) in the wavelength range of 270-
500 nm at room temperature. For these measurements diluted
1.0 mM ethanol solutions of dipeptide were prepared and put
in quartz cuvettes with 1 cm path length. PL spectra were
measured using the maximum absorption wavelength as the
excitation wavelength, while photoluminescence excitation
(PLE) spectra were measured at the maximum emission wave-
length. Input and output slits were fixed at 5 nm and 10 nm for
Boc-PheTyr and Boc-pNPhepNPhe, respectively.

Confocal laser scanning microscopy

The autofluorescence of the fibers was observed with an
Olympus™ FluoView FV1000 (Olympus, Tokyo, Japan) confocal
scanning laser microscope, using a 40x objective, with emis-
sion/detection settings: (i) excitation wavelength 405 nm, detec-
tion filters BA 430-470. Images were acquired with 800 x 800
pixel resolution. A 1 cm? fiber mat with 600 um thickness was
observed on a glass slide. A scan over the sample was per-
formed at room temperature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Dynamic light scattering (DLS) measurements

The size, polydispersity and zeta potential of the 0.05 mg mL ™"
water solutions of the dipeptides (50 pL of a previously
prepared solution of the dipeptides at a concentration of
2 mg mL ™', HFP/water (0.2/9.8 v/v) were diluted in water to prepare
the DLS samples) were measured on a Litesizer 500, a DLS instru-
ment with three detection angles (15°, 90°, 175°) from Anton Paar,
using a semiconductor laser diode of A = 658 nm and 40 mW. Each
sample was measured three times, at room temperature, and
experimental data were processed using Kalliope software.

Piezoelectric current

The piezoelectric output voltage was measured across a 100 MQ
load resistance connected to a low pass filter followed by a low
noise pre-amplifier (Research systems SR560) before being
registered using a digital storage oscilloscope (Agilent Technol-
ogies DS0-X-3012A). The nanofiber mat was subjected to peri-
odic mechanical forces imposed by a vibration generator
(Frederiksen SF2185) with a frequency of 3 Hz imposed by a
signal generator (Hewlett Packard 33120A). The forces applied
were measured by a calibrated force sensing resistor (FSR402,
Interlink Electronics Sensor Technology). The electrospun
fibers were directly deposited on high purity aluminium foil,
which served as electrodes. Mats with 4 cm?> area and 600 pm
thickness were used. A Faraday cage contained all the items
connected to the generator and used for the output voltage and
current measurements.
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