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ABSTRACT. We report the gelation propensity of three gelators derived from L-dihydroxyphenylalanine
(L-Dopa), where the amino group is derivatized with three different fatty acids (lauric acid, palmitic acid
and azelaic acid). The long aliphatic sidechains should introduce additional VVan der Waals interactions
among the molecules, contributing to the self-assembly process. The hydrogels have been prepared with
the pH change method, and both the hydrogels and the corresponding aerogels have been analysed using
several techniques. In any case Lau-Dopa provides stronger hydrogels compared with the other gelators.
This property may be ascribed to its tendency to efficiently form supramolecular B-sheet structures, as

outlined by the ECD, IR and SEM analyses. Moreover, the preliminary measurement of the apparent pKa
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displays for Lau-Dopa two plateaux, as previously observed for, one at about pH 12 and a second one at
pH 7.5. Thus, its pKa results in two apparent pKa shifts of ~8.5 and ~4 pH units above the theoretical pKa,
as a consequence of a multi-step self-assembly pathway that correlates, in the final B-sheet based hydrogel,

with a high degree of order and stability.

Introduction

L-Dihydroxyphenylalanine (L-Dopa) is a natural amino acid that can be found in several natural structures.
Among them, byssus is certainly the natural fibre that is richest in Dopa, as the catechol unit is required to
make the adhesive effect needed to anchor the mussels to rocks in the sea.l™” The presence of multiple
interacting sites also makes L-Dopa a suitable building block to prepare a variety of supramolecular
materials, ranging from adhesives, to particles, fibres and gels.® This is possible because amino acids and
peptides derivatives are able to self-assemble through non-covalent interactions (hydrogen bond, m-n
stacking, VVan der Waals forces, etc.), belonging to a class of compounds known as low-molecular-weight
gelators (LMWGs).® These derivatives can be efficiently synthesised and functionalized, are highly
versatile and usually biocompatible. The supramolecular materials formed by LMWGs find applications in
several fields, such as medicine and tissue engineering, water remediation, optoelectronics, drug delivery
and cosmetics.? It is still a challenge to predict whether a variation in the chemical structure of a compound
would lead to significative differences in the assembled material or to an inefficient gelator.1*2 One of the
most used approaches relies on the introduction of small modifications on the structure of a gelator, for
example by adding moieties able to form specific non-covalent interactions (aromatic groups, halogens,
local constraint units, long alkylic chains).

The catechol unit of L-Dopa has a pivotal role in this approach, because it may be functionalized by
derivatization of the two hydroxyl groups, leading to the formation of more complex structures. Following
this approach, in the past we synthesized Boc-L-Dopa(Bn).-OH on a multigram scale, using a known
procedure.®* This molecule demonstrated to be a robust and biocompatible!® gelator that can be also used

to trap different materials, such as calcium carbonate,® fragrances,*”® antioxidants.®



In this work we aim to explore the possibility to prepare strong and reproducible hydrogels by modifying
the N-protecting group, replacing the Boc group with three saturated fatty acids, very common in nature:
lauric acid (C12), palmitic acid (C16) and azelaic acid (C9). The last is a natural dicarboxylic acid that is
found in wheat, rye, and barley, is industrially produced by the ozonolysis of oleic acid and is a precursor
to diverse industrial products including polymers and plasticizers. Azelaic acid has been extensively used
in our research group,°23 because it allows the formation of bolamphiphilic structures, which are good
candidates for gel formation.?*2°

The addition of a long aliphatic sidechain should introduce additional VVan der Waals interactions among
the chains, contributing to the self-assembly process and to the final properties of the material. In addition,
the structure of the newly synthesised amphiphile gelators resembles that of surfactants and may allow self-
assembly also in aqueous solutions at high pH, a property which highly affects the outcome and features of
the final gel.!!

In a recent paper, Draper and Adams demonstrated how small operative modifications in the several steps
required for the gel formation (choice of the container, temperature and time for the gelator solubilization,
method for the trigger addition, temperature of the lab, etc.) may strongly affect the properties of the final
gel.*® The final aim of this work is to identify a gelator that forms reproducible hydrogels and is marginally
affected by the gelification conditions, thus avoiding the problem of using a well-defined procedure for the

formation of the gel.

Experimental Section

General Remarks for the Synthetic Procedure. All reactions were carried out in dried glassware. The melting points
of the compounds were determined in open capillaries and are uncorrected. All compounds were dried in vacuo and
all the sample preparations were performed in a nitrogen atmosphere. High quality infrared spectra (64 scans) were
obtained at 2 cm™ resolution with an ATR-IR Agilent (Santa Clara, CA, USA) Cary 630 FTIR spectrometer. NMR
spectra were recorded with a Varian (Palo Alto, CA, USA) Inova 400 spectrometer at 400 MHz (*H NMR) and at

100 MHz (3C NMR). Chemical shifts are reported in § values relative to the solvent peak. An Agilent (Santa Clara,



CA, USA) 1260 Infinity Il liquid chromatograph coupled to a Mass Spectrometer MSD/XT equipped with an
electrospray ionization source and operating with a single quadrupole mass analyzer was used to check the purity of
compounds. The HPLC was equipped with a Phenomenex Gemini C18 —3u—110 A column (40 °C) and
H2O/CHsCN with 0.2% formic acid was used as solvent. The MS was used in positive ion mode, m/z = 50-2000,
fragmentor 70 V. Milli-Q water (Millipore, resistivity = 18.2 mQ cm) was used throughout. A Jasco (Mary’s Court,
MD, USA) P-2000 Polarimeter was used to check the optical rotatory power of the compounds Boc-L-Dopa(Bn).-
OMe was synthesized following a multistep procedure in solution as reported in the literature.’3* All the solvents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Synthesis of Lau-L-Dopa(Bn).-OMe: In a round bottom flask trifluoroacetic acid (TFA) (1.4 mL, 18 mmol) was
added under a nitrogen atmosphere to a solution of Boc-L-DOPA(Bn).-OMe (491.6 mg, 1 mmol) in dry
dichloromethane (9.3 mL). After 4 h, the reaction was complete, dichloromethane was removed under reduced
pressure, and H-L-DOPA(Bn).-OMe was obtained in quantitative yield. In a three-neck round bottom flask the lauric
acid (Lau) (200 mg, 1 mmol) was dissolved in dry ACN (9 mL) and then O-(Benzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU) (416.9 mg, 1.1 mmol) was added. The mixture was stirred at room
temperature for 10 minutes. A solution containing the H-L-DOPA(Bn),-OMe (391.6 mg, 1 mmol) and N,N-
Diisopropylethylamine (DIEA) (0.560 mL, 3.3 mmol) in dry ACN (8 mL) was then added dropwise to the first one.
The mixture was stirred at r.t. and under nitrogen atmosphere for 4h, then the solvent was removed under reduced
pressure and replaced with CH,Cl.. The organic mixture was washed with H,O, 1M aqueous HCI, aqueous NaHCOs
sat., and brine, then it was dried over Na,SO, and the solvent evaporated under vacuum. The residue was purified by
silica gel column chromatography to give a white solid with a 80.0% yield. The column eluant was a mixture of
cyclohexane:ethylacetate 9:1. Mp 110-111 °C; [a]n?® +42.0° (¢ = 0.5 in DCM); IR-ATR:, 3311, 2922, 2851, 1748,
1643, 1541, 1515, 1455 cm™%; *H-NMR (400 MHz, CDCls) § 0.87 (3H, t, J = 8.0 Hz, Lau CHs), 1.24-1.28 (16H, m,
Lau (CH,)s), 1.53-1.60 (2H, m, COCH2CH,), 2.09-2.12 (2H, m, COCH,CHy), 3.01 (2H, ABX, J = 4.0, 8.0 Hz, DOPA
CH.Ph), 3.63 (3H, s, COOCHs3), 4.82 (1H, g, J = 8.0 Hz, COOCH), 5.11 (4H, s, Bn CH,Ph), 5.85 (1H, d, J = 8.0 Hz,
NH), 6.59 (1H, d, J = 8.0 Hz, DOPA Haromatic), 6.69 (1H, s, DOPA Haromatic), 6.83 (1H, d, J = 8.0 Hz, DOPA Haromatic),
7.27-7.43 (10H, m, BN Haromatic); *C-NMR (100 MHz, CDCl3) & 172.68, 172.18, 148.87, 148.10, 137.23, 137.16,

136.91, 129.11, 128.50, 128.47, 127.82, 127.79, 127.26, 127.21, 122.23, 116.05, 114.98, 71.24, 52.91, 52.24, 37.40,



36.53, 31.91, 29.64, 29.61, 29.50, 29.38, 29.35, 29.25, 2559, 22.69, 14.14; HPLC-MS(ESI): 18.3 min;
[(M+K*+H*)/2]: 306.8 m/z.

Synthesis of Pal-L-Dopa(Bn).-OMe: In a round bottom flask trifluoroacetic acid (TFA) (1.4 mL, 18 mmol) was
added under a nitrogen atmosphere to a solution of Boc-L-DOPA(Bn),-OMe (491.6 mg, 1 mmol) in dry
dichloromethane (9.3 mL). After 4 h, the reaction was complete, dichloromethane was removed under reduced
pressure, and H-L-DOPA(BnN).-OMe was obtained in quantitative yield. In a three-neck round bottom flask the
palmitic acid (Pal) (256.4 mg, 1 mmol) was dissolved in dry ACN (9 mL) and then O-(Benzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU) (416.9 mg, 1.1 mmol) was added. The mixture was stirred at room
temperature for 10 minutes. A solution containing the H-L-DOPA(BN),-OMe (391.6 mg, 1 mmol) and N,N-
Diisopropylethylamine (DIEA) (0.560 mL, 3.3 mmol) in dry ACN (8 mL) was then added dropwise to the first one.
The mixture was stirred at r.t. and under nitrogen atmosphere for 4h, then the solvent was removed under reduced
pressure and replaced with CH,Cl,. The organic mixture was washed with H.O, 1M aqueous HCI, aqueous NaHCOs
sat., and brine, then it was dried over Na.SO. and the solvent evaporated under vacuum. The residue was purified by
silica gel column chromatography to give a white solid with a 92.0% yield. The column eluant was a mixture of
cyclohexane:ethylacetate 9:1. Mp 111-112 °C; [a]o® +40.2° (¢ = 0.5 in DCM); IR-ATR: 3319, 2916, 2851, 1749,
1643, 1533, 1517, 1455 cm™*; *H-NMR (400 MHz, CDClI; 6 0.84 (3H, t, J = 8.0 Hz, Pal CH3), 1.21-1.28 (24H, m,
Pal (CHa)12), 1.50-1.56 (2H, m, COCH2CHy), 2.06-2.10 (2H, m, COCH2CH>), 2.97 (2H, ABX, J = 4.0, 8.0 Hz, DOPA
CH2Ph), 3.60 (3H, s, COOCHzs), 4.80 (1H, g, J = 8.0 Hz, COOCH), 5.08 (4H, s, Bn CH2Ph), 5.84 (1H, d, J = 8.0 Hz,
NH), 6.56 (1H, d, J = 8.0 Hz, DOPA Haromaic), 6.66 (1H, s, DOPA Haromatic), 6.81 (1H, d, J = 8.0 Hz, DOPA Haromatic),
7.24-7.41 (10H, m, Bn Haromaic); *C-NMR (100 MHz, CDCls) §172.69, 172.19, 148.88, 148.10, 137.23, 137.16,
129.12, 128.50, 128.47, 127.82, 127.79, 127.27, 127.21, 122.23, 116.06, 114.98, 71.24, 52.92, 52.24, 37.40, 36.52,
31.93, 29.70, 29.67, 29.65, 29.51, 29.39, 29.37, 29.26, 25.59, 22.71, 14.15; HPLC-MS(ESI): 29.4 min.

Synthesis of Lau-L-DOPA(BN).OH (A): In a round bottom flask Lau-L-DOPA(Bn),-OMe (573.8 mg, 1 mmol)
was dissolved in MeOH (1.7 mL) and THF (3.5 mL) under magnetic stirring. The whole system was placed in an ice
bath in order to cool it down to 0 °C, then 1M aqueous solution of NaOH (1.25 mmol, 1.4 mL) was added. The
reaction mixture was stirred at r.t. for 18h, then 1M aqueous solution of HCI (1.35 mmol, 1.5 mL) was added. The
solvent was removed under reduced pressure and replaced with ethyl acetate. The organic mixture was washed with

H.0, then it was dried over Na,SO. and the solvent evaporated under vacuum. A white solid was obtained with a



93.2% vyield. Mp 120-122°C; [a]o +31.4° (c = 0.5 in EtOAC); IR-ATR: 3311, 3065, 2924, 2857, 1748, 1647, 1589,
1541, 1515, 1455, 1429 cm™%; *H-NMR (400 MHz, CDCls) 6 0.86 (3H, t, J = 6.4 Hz, Lau CH3), 1.22-1.29 (16H, m,
Lau (CHa)s), 1.50-1.53 (2H, m, COCH,CHy), 2.07-2.11 (2H, m, COCH.CH,), 3.04 (2H, ABX, J = 5.6, 14.0 Hz,
DOPA CH,Ph), 4.77 (1H, g, J = 6.8 Hz, COOCH), 5.08 (4H, s, Bn CH,Ph), 5.93 (1H, d, J = 7.6 Hz, NH), 6.64 (1H,
d, J =8.0 Hz, DOPA Haromatic), 6.74 (1H, s, DOPA Haromatic), 6.82 (1H, d, J = 8.0 Hz, DOPA Haromatic), 7.24-7.41 (10H,
m, BN Haromatic); *C-NMR (100 MHz, CDCl3) 6 174.12, 173.98, 148.86, 148.21, 137.17, 128.93, 128.47, 128.44,
127.79, 127.36, 127.28, 122.33, 116.29, 115.08, 71.29, 53.15, 36.69, 36.39, 31.89, 29.62, 29.60, 29.48, 29.33, 29.18,
25.54, 22.66, 14.10; HPLC-MS(ESI): 14.6 min; [(M+K*+H")/2]: 299.7 m/z.

Synthesis of Pal-L-DOPA(BN),OH (B): In a round bottom flask Pal-L-DOPA(BN).-OMe (629.9 mg, 1 mmol) was
dissolved in MeOH (1.7 mL) and THF (3.5 mL) under magnetic stirring. The whole system was placed in an ice bath
in order to cool it down to 0°C, then 1M aqueous solution of NaOH (1.25 mmol, 1.4 mL) was added. The reaction
mixture was stirred at r.t. for 18h, then 1M aqueous solution of HCI (1.35 mmol, 1.5 mL) was added. The solvent
was removed under reduced pressure and replaced with ethyl acetate. The organic mixture was washed with H-0O,
then it was dried over Na,SO. and the solvent evaporated under vacuum. A white solid was obtained with a 90.7%
yield. Mp 115-117°C; [a]o®® +24.9° (¢ = 0.5 in EtOAC); IR-ATR: 3298, 3065, 2920, 2851, 1707, 1645, 1543, 1515,
1455, 1427 cm™*; *H-NMR (400 MHz, CDCl; 6 0.87 (3H, t, J = 6.4 Hz, Pal CHs), 1.22-1.28 (24H, m, Pal (CH.)12),
1.50-1.54 (2H, m, COCH.CHy), 2.07-2.10 (2H, m, COCH2CHy), 3.04 (2H, ABX, J = 5.6, 14.4 Hz, DOPA CH:Ph),
4.76 (1H, g, J = 6.4 Hz, COOCH), 5.08 (4H, s, Bn CHzPh), 5.88 (1H, d, J = 7.6 Hz, NH), 6.64 (1H, d, J = 8.0 Hz,
DOPA Haomatic), 6.74 (1H, s, DOPA Haromaic), 6.83 (1H, d, J = 8.0 Hz, DOPA Haromaic), 7.26-7.41 (10H, m, Bn
Haromatic); *C-NMR (100 MHz, CDCl3) § 174.05, 173.95, 148.85, 148.23, 137.17, 128.88, 128.48, 128.44, 127.79,
127.35, 127.28, 122.32, 116.28, 115.07, 71.28, 53.15, 36.67, 36.38, 31.90, 29.69, 29.66, 29.64, 29.49, 29.34, 29.32,
29.18, 25.52, 22.67, 14.10; HPLC-MS(ESI): 20.3 min.

Synthesis of Az-(L-DOPA(Bn).OMe).: In a round bottom flask trifluoroacetic acid (TFA) (1.4 mL, 18 mmol) was
added under a nitrogen atmosphere to a solution of Boc-L-DOPA(Bn),-OMe (491.6 mg, 1 mmol) in dry
dichloromethane (9.3 mL). After 4 h, the reaction was complete, dichloromethane was removed under reduced
pressure, and H-L-DOPA(Bn),-OMe was obtained in quantitative yield. In a three-neck round bottom flask the
dicarboxylic acid (azelaic acid, Az) (94.1 mg, 0.5 mmol) was dissolved in dry ACN (5 mL) and then HBTU (416.9

mg, 1.1 mmol) was added. The mixture was stirred at room temperature for 10 minutes. A solution containing the H-



L-DOPA(BnN),-OMe (391.6 mg, 1 mmol) and DIEA (0.560 mL, 3.3 mmol) in dry ACN (8.2 mL) was then added
dropwise to the first one. The mixture was stirred at r.t. and under nitrogen atmosphere for 4h, then the solvent was
removed under reduced pressure and replaced with ethyl acetate. The organic mixture was washed with H.O (x2),
1M aqueous HCI (x3), aqueous NaHCOg sat. (x3), and brine (x2), then it was dried over Na,SO, and the solvent
evaporated under vacuum. The solid obtained was washed (x2) with n-hexane. A white solid was obtained with a
87.3% yield. Mp 169-171 °C; [a]p?® +48.6° (c = 0.5 in DCM); IR-ATR: 3332, 2916, 2851, 1751, 1645, 1524, 1461
cmt; 'H-NMR (400 MHz, CDCl3) § 1.22-1.25 (6H, m, Az (CH)3), 1.53-1.56 (4H, m, Az 2COCH,CHy), 2.08 (4H,
t, J= 8.0 Hz, Az 2COCH,CH,), 2.98 (4H, ABX, J = 4.0, 8.0 Hz, DOPA 2CH,Ph), 3.62 (6H, s, 2COOCHs), 4.80 (2H,
g, J = 8.0 Hz, 2COOCH), 5.10 (8H, s, Bn 2CH,Ph), 5.93 (2H, d, J = 8.0 Hz, 2NH), 6.60 (2H, d, J = 8.0 Hz, DOPA
Haromatic), 6.69 (2H, s, DOPA Haromatic), 6.84 (2H, d, J = 8.0 Hz, DOPA Haromatic), 7.26-7.43 (20H, m, BN Haromatic); *3C-
NMR (100 MHz, CDCls) 6 172.64, 172.21, 148.86, 148.09, 137.23, 137.16, 129.16, 128.52, 128.47, 127.84, 127.80,
127.28, 127.24, 122.23, 116.05, 114.99, 71.23, 52.97, 52.25, 38.61, 37.39, 36.31, 28.96, 28.94, 25.40, 22.65, 22.63,;
HPLC-MS(ESI): 12.4 min; [(M+K*+H*)/2]: 487.4 m/z.

Synthesis of Az-(L-DOPA(BN),OH). (C): In a round bottom flask the Az-(L-DOPA(Bn),OH), (935.1 mg, 1 mmol)
was properly dissolved in MeOH (1.7 mL) and THF (3.5 mL) under magnetic stirring. The whole system was put in
ice bath in order to cool it down to 0°C, then 1M aqueous solution of NaOH (2.5 mmol, 2.8 mL) was added. The
reaction mixture was stirred at r.t. for 18h, then 1M aqueous solution of HCI (3.1 mL) was added. The solvent was
removed under reduced pressure and replaced with ethyl acetate. The organic mixture was washed with H,O, then it
was dried over Na,SO, and the solvent evaporated under vacuum. A pale yellow solid was obtained with a 74.9%
yield. Mp 158-160°C; [o]o® +21.2° (¢ = 0.5 in THF); IR-ATR: 3300, 2927, 2853, 1708, 1647, 1543, 1513, 1453
cm L H-NMR (400 MHz, DMSO-ds) & 1.02-1.09 (6H, bs, Az (CH,)s), 1.30-1.34 (4H, m, Az 2COCH,CH,), 1.97
(4H, t, J= 7.2 Hz, 2COCHCH,), 2.71 (2H, ABX, J = 9.6, 13.6 Hz, DOPA CH,Ph), 2.91 (2H, ABX, J = 4.8, 14.0 Hz,
DOPA CH:Ph), 4.31-4.35 (2H, m, 2COOCH), 5.01 (8H, s, Bn 2CH,Ph), 6.69 (2H, d, J = 8.0 Hz, DOPA Haromaiic),
6.88 (2H, d, J=8.4 Hz, DOPA Haromatic), 6.94 (2H, 5, DOPA Haromatic), 7.23-7.41 (20H, m, BN Haromaic), 7.99 (2H, d, J
= 8.4 Hz, 2NH); BC-NMR (101 MHz, DMSO-dg) 6 173.79, 172.55, 165.67, 148.41, 147.28, 137.85, 137.73, 131.27,
128.78, 128.75, 128.18, 128.10, 127.97, 127.85, 122.14, 116.00, 114.70, 70.59, 70.54, 53.99, 36.79, 35.54, 28.95,

28.80, 25.63, 16.92, 16.84; HPLC-MS(ESI): 10.4 min; [(M+K*+H*)/2]: 473.2 m/z



Methodology for the determination of the apparent pKa. A XS pH70 Vio Portable pHmeter (XS
Instruments, Carpi (MO), Italy) with a 2 pore steel T electrode was employed for all pH measurements.
The stated accuracy of the pH measurements is £0.1. The pH-meter was calibrated before each experiment
to check the response of the electrode. Depending on the desired concentration, considering a total volume
of 2 mL for each sample, the required amount of gelator was suspended into Milli-Q® H.0. Sodium
hydroxide (1 M aq) was added to the aqueous suspensions of gelator until the proper pH was reached. The
samples were vortexed and sonicated to fully dissolve the gelator. The pKa values of gelator solutions were
determined by titration via the addition of aliquots of a 0.1 M HCI solution in triplicates. pH values were
recorded until reaching a stable value after each addition during the titration process. Due to the strong and
constant agitation applied, samples were liquid at all times during the titration experiments.

Gel Preparation. The gels used for the rheological analysis and the MGC studies were prepared in 7.0 mL
Sterilin Cups®. The gels used for the IR spectra were directly prepared in 2 mL HPLC glass vials, using
the following procedure: the gelator was suspended in Milli-Q® H.0 and 1.2 equivalents of NaOH (1M,
aq) were added. The solution stirred and sonicated until complete dissolution of the gelator. To trigger the
formation of the gel, solutions were added to measured quantities of glucono-é-lactone (GdL) according to
the requirements of a final pH = 4 and immediately gently swirled to allow the dissolution of the trigger.
Minimum Gelation Concentration (MGC) Studies. The samples were prepared by adding Milli-Q® water
and aqueous 1 M NaOH (1.2 equiv) to a 7 mL Sterilin Cup containing a known quantity of the compound
(A, B or C), in order to produce a certain final concentration of the gelator. The mixture was stirred and
sonicated for about 1 h until the complete dissolution of the sample. The pH of this solution was measured
to be between 10.4 and 11.3. Then glucono-6-lactone (GdL) was added to the mixture according to the
requirements of a final pH = 4, below the apparent pKa. After a rapid mixing and complete dissolution of
GdL, the sample was allowed to stand quiescently until gel formation (overnight). After 16 h, the samples

were examined by the vial inversion test.



Gelator | MGC (w/V) | Trials (w/V)

Lau-Dopa A 0.3% 0.5-0.4-0.3-0.2%

Pal-Dopa B 0.5% 0.5-0.4-0.3-0.2%

Az-DopaC 0.3% 0.5-0.4-0.3-0.2%

Rheology. The rheological measurements were performed using an Anton Paar (Graz, Austria) MCR102
rheometer. The gels were directly prepared in the Thermo Fisher Scientific (Waltham, MA, USA) Sterilin
cup, which fits in the rheometer. A vane and cup measuring system was used, setting a gap of 2.1 mm.
Oscillatory amplitude sweep experiments (y: 0.01-100%) were performed in triplicate at 23 °C (controlled
by an integrated Peltier system) using a constant angular frequency of 10 rad/s, 16 h after the addition of
water, to allow a complete gel formation. The samples for the temperature sweep experiments were
prepared in glass test tubes, which fit in the rheometer, and the tests were performed 16 h after the addition
of GdL, to allow a complete gel formation. The temperature range was set from 23 t0100 °C, using a
constant angular frequency of 10 rad/s and y: 0.2%.

In addition, the Tqel Obtained with the temperature sweep experiments was compared with the one measured
by the ‘‘dropping ball’’ method. A glass ball (ca. 0.17 g and ca.0.3 cm diameter) was placed on the surface
of each gel contained in a 4 mL glass vial. The gel was heated at a rate of = 3 °C/min, starting from 25 °C.
The temperature at which the ball fell to the bottom of the vial was taken as Tgel.

ECD analysis. CD/UV spectra were collected at room temperature on a Jasco J-715 spectropolarimeter by
using 0.001, 0.01 or 0.1 cm quartz cells as specified in caption at figures. Spectra were recorded from 400
to 185 nm at 100 nm/min and the average of three scans was taken. Measurements in methanol were carried
out on freshly prepared solutions. In basic water the 0.5% w/V samples were stirred overnight at room
temperature before analysis. ECD measurements on the hydrogels were performed by using a 0.001 cm
demountable sandwich cell. Each hydrogel was deposited and measured three times. To verify possible

orientational effects (affecting CD spectra) each measurement was performed in different orientations, i.e.,



from the front and the back sides of the cell and also upon 90 degrees rotation. For each investigated
hydrogel the average of all collected spectra is reported.

IR Analysis of the wet Gels Samples. The wet gels used for the infrared spectra were prepared in 2 mL
HPLC glass vials. All the gels were left to rest for 16 h at room temperature after their preparation. A small
quantity of the gels was withdrawn with a spatula, paying attention not to break the whole bulk. High quality
infrared spectra (64 scans) were obtained at 2 cm™ resolution with an ATR-IR Agilent (Santa Clara, CA,
USA) Cary 630 FTIR spectrometer.

Aerogel preparation. 3 mL of gel samples were prepared in 10 mL glass vials with the same procedure
described above. All the gels were left to rest for 16 h at room temperature after their preparation. The
obtained hydrogels were soaked in liquid nitrogen to promote a fast-freezing process and then they were
lyophilized overnight, until the complete removal of the water.

IR Analysis of the Aerogels Samples. A small quantity of the aerogels was withdrawn with a spatula,
paying attention not to break the whole bulk. High quality infrared spectra (64 scans) were obtained at 2
cm ! resolution with an ATR-IR Agilent (Santa Clara, CA, USA) Cary 630 FTIR spectrometer.

SEM Analysis. Scanning electron micrographs of the aerogel samples were recorded on gold coated
samples using a Zeiss (Oberkochen, Germany) LEO 1530 operating with a tension of 5 kV.

X-ray Powder Diffraction Analysis. X-ray powder diffraction (XRPD) measurements of the aerogels
were performed with a Malvern Panalytical (Amelo, The Netherlands) PanAnalytical X’Pert Pro
diffractometer equipped with X’Celerator detector with Cu Ka radiation. The aerogel samples were ground
before the measurements. The diffraction profiles were analyzed using the software X’Pert High Score

Plus.

Results and discussion
To achieve this desirable result, the three hydrogelators Lau-L-Dopa(Bn).-OH (Lau-Dopa A), Pal-L-
Dopa(Bn).-OH (Pal-Dopa B) and Az-(L-Dopa(Bn).-OH). (Az-Dopa C) were prepared by peptide coupling

in solution (Figure 1). These molecules are expected to form weak interactions through several moieties:



(1) hydrogen bonding (by carboxy and amido groups), (ii) n-n interaction (by the three phenyl rings), (iii)
Van der Waals interactions (by the aliphatic chain).

Lau-Dopa A and Pal-Dopa B are amphiphiles, molecules containing two distinct segments in the molecular
structures: a polar hydrophilic part (head-group) and a non-polar hydrophobic part (tail).?12325-29.31-34
Depending on the molecular structures, which dictate the delicate hydrophilic—hydrophobic balance and
the self-aggregation behaviour, a large variety of organized assemblies such as micelles, vesicles, tubes,
helices, and other supramolecular structures, including gels, are typically formed in aqueous medium. Az-
Dopa C is a bolamphiphilic molecule that should easily behave as gelator, as it is a gemini amphiphile,

where two polar head-groups are joined through a hydrophaobic linker unit.

ij;\g)/op @voj@\ Ov©

O O

n=10 Lau-Dopa A Az-Dopa C
n =14 Pal-Dopa B

Figure 1. Chemical structure of the gelators discussed in this work.

The synthetic approach that we used introduces a methyl ester protection on the carboxylic group and Boc
protection on the amino group, followed by the derivatization of the catechol moieties.**>'* Then the Boc
group was removed and replaced with the fatty acid, thus obtaining the three gelators (for the details see
the Supporting Information and Schemes S1 and S2). An atom economic alternative synthetic route,
including the direct formation of the lipidated amides before protecting the catechol moiety was explored
and discarded, as the main product was always lipidated on both the amino group and one of the hydroxy

groups, with no regioselectivity (results not shown). The purification of A and B was obtained by flash



chromatography and the purification of C was obtained by washing the crude with n-hexane. In any case
the molecules have been obtained pure.

As our aim was to prepare hydrogels by pH variation method and to compare their properties, we measured
the apparent pKa to obtain some preliminary information. Indeed, pKa may vary very much as a function of
the tendency of the molecule to aggregate. For example, the apparent pKa of Fmoc-diphenylalanine (Fmoc-
FF) results in two apparent pKa shifts of ~6.4 and ~2.2 pH units above the theoretical pKa (3.5),%% as a
result of the self-assembly process of the molecule into fibrils, consisting of antiparallel [-sheets, as
reported by Saiani et al.’” To ascertain if our gelators have the same behaviour, we made titration
measurements in triplicate of basic solutions of the three molecules A, B and C, with concentration 0.5%
w/V (which corresponds to 8.93 mM for A, 8.12 mM for B and 5.51 mM for C) via the addition of aliquots
of a 0.1 M HCI solution (Figure 2). These concentrations are comparable with what studied by Saiani et al.
(1.5 mM and 10 mM) in the study of the Fmoc-FF self-aggregation via analysis of the apparent pKa.3" pH
values were recorded until reaching a stable value after each addition during the titration process. Due to
the strong and constant agitation applied, samples remained liquid at all times during the titration
experiments.

Interestingly, the three gelators behave differently. All of them display a plateau where the pH remains at
about 12. Then the pH drops down to pH= 3, which is expected as the theoretical pKa is 3.5, but Lau-Dopa
A displays an additional plateau at 7.5, thus its pKa results in two apparent pKj shifts of ~8.5 and ~4 pH
units above the theoretical pKa, as previously observed for Fmoc-FF. In contrast, this second plateau is
barely observable for Pal-Dopa B and not observed for Az-Dopa C.

These results suggest that the three molecules are aggregated in solution at high pH before gelation and this
behaviour certainly favours the formation of hydrogels. Moreover, when the A mixture reaches pH 7.5 a
new transition is observed, presumably corresponding to a significant change in the self-assembly pattern.?®

This effect is less evident for gelator B and completely missing for gelator C.
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Figure 2. Titration curves (pH versus mol of added HCI 0.1 M) of the following compounds: A (0.5% w/V,
8.93 mM), B (0.5% w/V, 8.12 mM), C (0.5% w/V, 5.51 mM). The experiments were repeated in triplicate

and results are expressed as mean + standard deviation.

Another piece of information that suggests aggregation in solution before pH reduction, is the analysis of
the *H NMR spectra of the three gelators (0.5% w/V concentration) under basic conditions due to the
presence of D20 and NaOD (Figure S1). Several attempts were repeated and in any cases the spectra of A
and B did not report any peak resembling the peaks of the fully dissolved molecules in CDClz or DMSO-
dé6 (see SlI, pages S9, S12 and S15). A different outcome was detected for C, where signals were indeed
observable, although badly resolved, thus suggesting that in this case the aggregation did not take place
completely. When the spectra were recorded at low concentration (0.1% w/V) (results not shown), the
results were very similar to the previous ones, thus suggesting that the molecules have a strong tendency to
aggregate also in low concentration, confirming the data obtained from the study of the apparent pKa.

With these results in mind, we started making gels in water, using the pH variation method to establish the
minimum gelation concentration (MGC), starting from a 0.5% w/V concentration (see Materials and

Methods in the Sl for details and Figure S2 for the photographs of the trials).



The gels were prepared in 7.0 mL Sterilin Cups® using the following procedure: the gelator was suspended
in Milli-Q® H20 and 1.2 equivalents of NaOH (1 M, aqueous solution) were added. The solution was
stirred and sonicated until complete dissolution of the gelator. To trigger the formation of the gel, solutions
were added to measured quantities of glucono-8-lactone (GdL)® according to the requirements of final pH
(pH = 4) and immediately gently swirled to allow the dissolution of the trigger. After several attempts, the
final outcome of MGC is 0.3% w/V for A and C and 0.5% w/V for B (Figure S2).

To compare the properties of the three gelators in hydrogel formation, the gelator concentration was kept
constant (0.5% w/V) throughout all the following experiments.

The rheological measurements were performed using an Anton Paar (Graz, Austria) MCR102 rheometer.
The gels were directly prepared in the Sterilin Cups®, which fit in the rheometer. A vane and cup measuring
system was used, setting a gap of 2.1 mm. Oscillatory amplitude sweep experiments (y: 0.01-100%) were
performed in triplicate at 23 °C using a constant angular frequency of 10 rad/s, 16 h after the addition of
trigger, to allow a complete gel formation. The results demonstrate that in all cases a strong and elastic

hydrogel is formed under acidic conditions (Figure 3).
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Figure 3. Amplitude sweep test of the hydrogels at the 0.5% w/V. From left to right: Lau-Dopa A, Pal-
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From the analysis of the amplitude sweep, we can observe the typical gel behaviour (G’>G’) and notice
that the three materials are quite elastic, as the LVE (linear viscoelastic) region is large and the crossover
point is at high shear strain (gels A and B) or not present (gel C).

Moreover, the G’ value decreases from A (G’ =26601 Pa, y =1.0%) to B (G’ = 8252 Pa, y = 1.0%) to C
(G> =2848 Pa, y = 1.0%). The *H NMR spectra of the three gels, obtained by adding GdL to the 0.5% w/V
gelators solutions previously used for H-NMR investigations (see above) and recorded 16 hours after trigger
addition, do not show any peak attributable to fast-tumbling free molecules, suggesting that they are all
bound into fibres (Figure S3).

The melting point of the gels (Table 1) was measured using two independent techniques: the dropping ball
method and the analysis of the temperature sweep. This latter technique accounts for the melting point,
when the value of G” overcomes the value of G’ (see SI for details). The results obtained with the two

techniques are in agreement.

Table 1. Melting points of the hydrogels obtained with gelators in 0.5% w/V concentration measured with

two different techniques.

Gelator M.p. from temperature sweep (°C) M.p. from dropping ball (°C)
Lau-Dopa A 81-85 80-87
Pal-Dopa B 58-63 60-65
Az-Dopa C 80-83 76-85

Further insights into the self-assembly behaviour of the three gelators were provided by electronic circular
dichroism (ECD) spectroscopy. Spectra were at first recorded on 0.1% w/V methanol solutions (Figure S5).
For all the three compounds, an UV absorption band at ca. 280 nm is associated to ™ electronic transitions
of the aromatic moieties, while the amide and the carboxyl chromophores are ascribable, in the far-Uv

region, to the peak at 203 nm (nr* transitions) and the shoulder at about 230 nm (nm* transitions).33?



Corresponding ECD traces show three monosignate positive bands centred at the three Amax. A broad and
weak positive signal extends between 300 and 250 nm, while two more positive peaks of growing intensity
are found at ca. 230 and 208 nm. Both from the point of view of intensities and band shape, the optical
activity shown by the spectra in methanol seems to reflect molecular chirality.

In aqueous medium the three L-Dopa derivatives were monitored starting from the liquid up to the gel
phase. As shown in Figure 4 (a) and S6 (a) and (b), by moving from methanol to the aqueous alkaline
solutions a drastic change of chiroptical features was seen for A and B. The new spectra exhibit a large
increase of optical activity especially for A, and the new pattern of signals, although red-shifted on average
by 15 nm, is reminiscent of the a-helix signature.***° In this view, the nm* transition of the amide
chromophore falls at ca. 240 nm, while the exciton coupling of the nn* transition appears at higher energy
with a minimum at 218 nm and a maximum at 202 nm. Red-shifting of ECD bands is generally assigned to
structural distortions.*! In accordance to pKa and NMR data, A and B then undergo self-aggregation in
basic water solution apparently generating a final super-helical order. The ability to self-organize into
helical architectures has been indeed described for both short peptide*? and amino acid derivatives.** A
helical arrangement was proposed, for instance, by Das et al.** for an amphiphilic amino acid derivative in
water, whereas in the protic organic solvent methanol the self-assembled network was disintegrated. The
higher optical activity associated to A (Figure 4a) is consistent with a greater propensity to self-assemble,
possibly resulting in larger or more abundant aggregates. Also, for this latter compound chiral interactions
involving the aromatic groups “>* become visible as a weak band at 280 nm. Further confirming the NMR
results, dilution experiments performed on A and B solutions in the range 0.5+0.05% w/V evidence that
ECD band shapes are maintained while peak magnitude linearly decreases, indicating that within the
examined range aggregation is not influenced by concentration (see Figure S7 and caption therein).
Concerning derivative C, a different behaviour is observed with respect to A and B under the same
investigated conditions. As shown in Figure 4a, compound C in alkaline aqueous solution presents, between

200 and 240 nm, a positive ECD curve comparable to the one recorded in methanol (see Figure S6c), while



a weak negative signal appears at about 250 nm. This suggests that C might be only partially self-assembled

in alkaline water, although no information on its structural organization can be evinced.
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Figure 4. ECD spectra recorded (a) on the 0.1% w/V aqueous alkaline solutions (optical path length 0.01
cm), and (b) on the 0.5% w/V hydrogels (optical path length 0.001 cm) of Lau-Dopa A (blue lines), Pal-

Dopa B (red lines) and Az-Dopa C (green lines).

As previously outlined, addition of GdL to the A-C basic aqueous solutions triggers hydrogel formation by
lowering of pH. ECD analysis (see supporting information) reveals that, at least for A and B, a transition
from helical to B-sheet like order accompanies the gelation process. This structural transition is assumed to
accompany the transition observed at pH 7.5 for A and, to a lesser extent, for B during the apparent pKa
measurements (see titration curves). The majority of peptide or amino acid derived hydrogels are in fact
based on the B-sheet motif*>® and, as mentioned above, among short-peptides Fmoc-FF forms a hydrogel
consisting of - interlocked B-sheets under physiological conditions.*’ It is worth noting that, analogously
to our systems, for that compound transition from B-sheet to a-helix can be triggered by deprotonation.*
ECD curves recorded on the three 0.5% w/V hydrogels are reported in Figure 4 (b) and S6. The dominant
minimum at 218 + 221 nm together with the positive ellipticity below 200 nm are consistent with a [3-sheet
type arrangement.®4° The relative ECD intensities, increasing from C (green) to B (red) and finally A
(blue), are supposed to positively correlate with -sheet features and, consequently, with the degree of

supramolecular order. This aspect might impact ultimately on mechanical properties of the system,* thus



supporting the collected rheological data. By comparing the homologous compounds, A and B, different
gelation rates were observed by ECD analysis. As shown in Figure S6 (a) and (b), a band recalling the
helical arrangement (at 250 nm) is still present for sample B 3 hours after trigger addition, whereas at the
same time sample A has reached its final B-sheet structure. Evolution of B towards the final gel structure
appears then delayed with respect to A. The negative band at 300-260 nm characterising the best-organized
A system is suggestive of a significant packing of the aromatic groups and is diagnostic of their key role in
the gelation process.*”*® Concerning C hydrogel, 18 hours after trigger addition the sample tended to lose
homogeneity, stability and/or resilience, thus no ECD spectra were collected. On the basis of the data
reported above, it can be outlined that at high pH (ca 10) the two amphiphilic compounds, in their ionized
form, tend to self-organize into a helical fashion, while at pH 7.5, when ionization is consistently decreased,
A and to a lesser extent B start to self-organize into B-sheets. This step-by-step process might be crucial for
the hydrogel order and stability. Conversely, the bolamphiphilic C is unable to form a helical arrangement.
It can be assumed that, in this case, some B-sheets aggregates start to appear when the ionization degree is
still high. This aspect possibly contributes to the low stability observed in the final gel, but data indicate
that C is overall unable to form a specific supramolecular structure.

Another piece of information was obtained by the analysis of the corresponding aerogels, which were
prepared by soaking three freshly prepared samples of hydrogels in liquid nitrogen to promote a fast
freezing of the gel, followed by freeze-drying until the complete removal of water.

High quality infrared spectra (64 scans) were obtained for each sample at 2 cm™ resolutions with an ATR-
IR Agilent Cary 630 FTIR spectrometer. The spectra of the wet hydrogels and of the aerogels were
compared with the spectra obtained from the powder of original molecule after purification by flash
chromatography. A small quantity of the gels was withdrawn with a spatula, paying attention not to break
the whole bulk. In Figure 5 the three sets of spectra are reported. In all samples the main peak is located
around 1645 cm™: this band is attributed to a parallel B-sheet structure,°1°2 as calculated according to

Miyazawa’s perturbation treatment 5 and in agreement with the ECD results. The amide | vibration depends



Transmittance(%)

on the secondary structure of the backbone and is therefore the amide vibration that is most commonly used
for secondary structure analysis.>* Usually the parallel B-sheet structure vibration is assigned between 1623
and 1641 cm™, but a small variation may be ascribed to the fact that here we have a supramolecular chain.
Moreover, the gelator powders show a peak located at about 1710 cm™, that is typical of the carboxylic
group. This peak is present in the powders (more intense for Az-Dopa C than for the other two samples),
reduced in the aerogel and completely missing in any hydrogel, suggesting the formation of an interaction

of the carboxylic group with another molecule in agreement with the formation of supramolecular

interactions.>
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Figure 5. Superimposition of the infrared spectra of the hydrogels at the 0.5% w/V. From left to right: Lau-

Dopa A, Pal-Dopa B, Az-Dopa C. Black line: gelator powder, red line: aerogel, blue line: hydrogel.



The three aerogels were also analysed by scanning electron microscopy (SEM), and the images obtained

are shown in Figure 6. Consistent with the data above, differences were observed among the samples.

Figure 6. Scanning electron microscopy images of the aerogels. (A-C) images show increasing
magnifications of the sample A. (D-F) images show increasing magnifications of the sample B. (G-I)

images show increasing magnifications of the sample C.

Sample A, when observed at low magnification by SEM, appears as a carpet of fibres with a wide range of
diameters and lengths. At higher magnifications, it can be seen that the fibres are branched and form nodes,
creating a three-dimensional network. The individual fibres, when not associated, have a nanometric scale
diameter. The images of sample B show fibres that are not well-defined morphologically, intersecting and
associating to create a highly disordered structure in which it is not possible to accurately identify a

dimensional scale of fibre diameter and length. Observation through SEM of sample C shows the presence



of flakes that create a three-dimensional structure. These flakes have holes of various sizes in many regions,
and in some of them, fibres can be identified.
The aerogel samples were analysed using X-ray powder diffraction, and the diffraction patterns are shown

in Figure 7.
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Figure 7. X-ray powder diffraction patterns of the aerogel A (A), B (B) and C (C). The symbols in the

diffraction patterns (A) and (B) indicate families of diffraction peaks due to the same periodicity.

Sample A shows a very intense diffraction peak at a periodicity of about 3 nm, with lower intensity peaks
at higher diffraction angles. This suggests that the intense diffraction peak may be associated with a
periodicity along the axis of the fibres, as shown through the SEM observations. Sample B does not show
intense diffraction peaks at low angles, which is consistent with the SEM images that do not present well-
defined fibres. In this diffraction pattern, the most intense peak appears at a periodicity of about 0.43 nm.

Sample C, in line with the SEM observations that do not show the clear presence of fibres, does not have



any strong diffraction peaks but just a very weak one with low crystallinity at about 1.5 nm, and is therefore

almost completely amorphous.

Conclusion

In this manuscript we present three gelators derived from L-Dopa, where the amino group is derivatized
with three different fatty acids, including azelaic acid that is a dicarboxylic acid and leads to the formation
of a bolaamphiphilic compound. Besides the synthesis, the gelation propensity of the three molecules has
been studied, starting from their apparent pKa. Then hydrogels have been prepared with the pH change
method, and both the hydrogels and the corresponding aerogels have been analysed using several
techniques.

In any case Lau-Dopa A provides stronger hydrogels compared with gelators B and C. This property may
be ascribed to its tendency to efficiently self-assemble to form supramolecular 3-sheet structures according
to the ECD and IR analyses. This tendency is further confirmed by the SEM analysis of the corresponding
aerogel that shows a carpet of fibres with a wide range of diameters and lengths. Moreover, the preliminary
analysis of the apparent pKa shows that the best gelator Lau-Dopa A displays two plateaux, one at about
pH = 12 (like the other gelators) and one at 7.5, thus its pKa results in two apparent pKa shifts of ~8.5 and
~4 pH units above the theoretical pKa, as previously observed for Fmoc-FF. By considering all collected
results we can gather that the preliminary analysis of the apparent pKa of a potential gelator is very
informative and may address this research, as it has been proven to indicate when stable supramolecular j3-
sheet structures can be easily formed, thus inducing the formation of fibers that end up in the production of

gels.
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