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Due to their designability and easy functionalization (such as self-antimicrobial, high antibiotic loading
content, injectable, and sustained drug release), low molecular weight gels have attracted significant
attention as antimicrobial materials. Herein, a series of biocompatible low molecular weight gelators
(LMWGs) were designed and synthesized, using dihydrazides with different alkyl chains, which show
excellent gelation ability in PEG200 and PEG400. Among these gelators, a low molecular weight
hydrogelator (LMWH) was obtained by introducing an appropriate length of the alkyl chain. The
supramolecular gels exhibited good shear thinning behavior, destruction—recovery ability, and excellent

iizzgﬁ% 312;2 ﬁ:rﬁryzgglzl antibiotic (levofloxacin hydrochloride) loading capacity (as high as 66.7%). FT-IR and 'H NMR were used
for the investigation of the gelation process of gelators. Results suggest that regulating and controlling

DOI: 10.1039/d1ra00809a the balance of the hydrophilic and hydrophobic parts of the gelator structure by introducing different
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1 Introduction

Recently, the application of supramolecular gels in many fields
has been receiving increasing attention, including sensors,
cosmetics, oil-water separation, cell culture, drug delivery, and
tissue engineering.”* Low molecular weight gelators (LMWGs)
self-assemble into supramolecular gels by non-covalent physical
interactions (such as hydrogen bonding, -7 stacking, van der
Waals forces, and dipole-dipole interactions) in specific
solvents.>*”” LMWGs can be classified into low molecular weight
organogelators (LMOGs) and low molecular weight hydro-
gelators (LMWHSs) based on the medium, in which (organic
solvent or water) they form the gel. Due to their easy synthesis,
high tunability and dynamic/responsive properties, supramo-
lecular gels have distinct advantages as compared to the widely
used polymer-based gels.

Microbial contamination is one of the major threats to
human health globally. Great effort has been devoted to
developing antimicrobial materials such as photosensitizers,
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alkyl chain lengths is an effective method for constructing LMWHs.

Ag nanoparticles and antimicrobial hydrogels.*”** Due to the
superior properties of high water retention ability, biocom-
patibility as well as biodegradability, supramolecular hydro-
gels have been widely used in biomedical fields such as
antimicrobial therapy, wound healing, 3D-bioprinting, tissue
engineering, drug delivery, and cancer therapy.”>™® A lot of
advanced antimicrobial hydrogels have been constructed,
each with unique traits such as high water retention,
enhanced biocompatibility, high oxygen permeability, excel-
lent drug/antibiotic loading and releasing properties.** Anti-
microbial hydrogels are widely used in wound healing,
medical implant coatings, and infection treatment."** Adams
et al. developed a supramolecular hydrogel and found that the
antimicrobial activity and formation process of the hydrogel
can be adjusted by the autoxidation of dopamine.”” Kumar
et al. prepared a series of anthranilamide-based hydrogels that
showed antibacterial activity against S. aureus.”® Tang et al.
constructed a supramolecular hydrogel based on an amino
acid-modified conjugated oligomer, which exhibited efficient
capture and specific killing properties toward antibiotic-
resistant bacteria.**

Despite many efforts that have been devoted to developing
functionalized supramolecular hydrogels, unfortunately, the
ideal LMWH is usually not easy to obtain. LMWHs are usually
amphiphilic molecules, especially  bolaamphiphiles.
Barthélémy et al. constructed an injectable supramolecular
hydrogel by bolaamphiphiles for selective sustained-release
biomolecules.”>*® Dong et al. constructed a bolaamphiphile
using hydrophilic benzo-21-crown-7 and hydrophobic
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tetrafluorobenzene, which self-assembled into a supramolec-
ular hydrogel with lower critical solution temperature
behavior.>” Alonso et al. developed a series of bolaamphiphiles
and explored their gelation performance and unraveled the key
interactions for forming hydrogels by computational tech-
niques.”® It is commonly accepted that obtaining LMWHs
requires a delicate balance between the hydrophilic and
hydrophobic parts of the gelator structure, and controlling the
hydrophobic interaction of the gelator is the key to designing
LMWHSs.”* By taking advantage of the alkyl chain length to
change the gelation properties and gel structure, the kinetics of
supramolecule polymerization has been widely investigated.*-**
To the best of our knowledge, using the length of the alkyl chain
to adjust the balance of hydrophilic and hydrophobic parts of
bolaamphiphiles for constructing LMWHs is rarely reported.

Numerous hydrazide compounds and their derivatives are
bioactive molecules with antimicrobial and anti-inflammatory
properties.**** Since hydrazide groups easily form intermolec-
ular hydrogen bonds, hydrazide compounds are potentially
excellent gelators.***® Biocompatible phenylalanine has been
frequently used for constructing supramolecular gels.*”*® The
intense hydrogen bonding and w-m stacking interactions
present in the phenylalanine sections make self-assembly
easy.*® Excitingly, supramolecular hydrogels based on phenyl-
alanine showed antibacterial activity against Gram-negative
bacteria by the combined effect of oxidative stress and
membrane destruction.’®*! Marchesan et al. constructed an
antimicrobial hydrogel using a phenylalanine derivative.*> Feng
et al. developed phenylalanine-based chiral co-assembled
hydrogels with enhanced mechanical properties and antimi-
crobial activity, which were prepared using a phenylalanine
derivative and a dihydrazide compound.* To the best of our
knowledge, simultaneously taking advantage of phenylalanine
and hydrazide groups to construct LMWGs for antimicrobial
therapy has not been reported.

In this study, a family of biocompatible bolaamphiphiles
(LMWGs) was designed and synthesized, which showed excel-
lent gelation ability in PEG200, PEG400, and a mixture of
PEG200 and deionized water. The bolaamphiphiles (2a, 2b, 2c,
2d, 2e, 2f) were facilely constructed by conjugating 1-
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Scheme 1 A synthetic scheme showing low molecular weight
gelators.
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Scheme 2 The illustration of the self-assembly mechanism of the low
molecular weight gel, and the key factor and effective ways for con-
structing a low molecular weight hydrogelator.

phenylalanine methyl ester to an aliphatic diacid or aliphatic
diacid chloride, then reacting with hydrazine hydrate (Scheme
1). The hydrophobic phenyl groups and alkyl chains drive the
self-assembly of LMWGs by m-m stacking and van der Waals
forces, respectively. The hydrophilic hydrazide group facilitates
LMWGs self-assembly by intermolecular hydrogen bonding.
Gelation performance, mechanical strength, and balance of the
hydrophilic and hydrophobic parts of the gelator structure were
regulated by changing the length of the alkyl chain. The delicate
balance between the hydrophilic and hydrophobic parts of
compound 2d was obtained by introducing the appropriate
length of the alkyl chain, which resulted in compound 2d being
an effective hydrogelator (Scheme 2). Gelation mechanisms
were studied by "H NMR spectra and FT-IR spectroscopy. The
gel exhibited shear thinning behavior and destruction-recovery
properties, which indicated that it is suitable for use in inject-
able gels. The gel also showed excellent antibiotic loading
capacity and has great potential for application as an antimi-
crobial gel.

2 Results and discussion
2.1 Synthesis and characterization of target gelators

Bolaamphiphiles (compound 2) as target gelators were prepared
and characterized by "H NMR, "*C NMR spectra and HRMS. The
bolaamphiphiles were obtained by two steps of reaction. A
lipophilic diester (compound 1) was synthesized by conjugating
t-phenylalanine methyl ester to both ends of the diacid
(HOOC(CH,),COOH, n = 7, 9) or diacid chloride (CIOC(CH,),-
COCl, n = 4, 6, 8, 10). Bolaamphiphiles were obtained by the
ammonolysis reaction of the diester and hydrazine hydrate. The
peak that appeared near 2.16 ppm was the characteristic peak of
the methylene connected to the carbonyl (-NHCOCH,-), which
indicated that the condensation reaction proceeded success-
fully. The other peaks in the spectra also matched the structure
of compound 1 (Fig. S4-S147). The results demonstrated that
compound 1 was successfully prepared. The characteristic peak
of the methoxy group disappeared and a new peak appeared for
the amino group near 4.22 ppm (-CONHNH,) in the spectrum
of compound 2, which proved that bolaamphiphiles were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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obtained (Fig. $15-S251). The >C NMR spectrum and HRMS
also proved the correctness of the structure.

2.2 Gel characterizations

The gelation performances of bolaamphiphiles (2a, 2b, 2¢, 2d,
2e, 2f) with different lengths of alkyl chain were tested in 17
solvents with a wide range of polarities. Some of the gels are
shown in Fig. 1. The gel photos of 2a and 2b are shown in
Fig. S1.7 Critical gel concentrations (CGC) of 2a, 2b, 2c, 2d, 2e,
and 2f in different solvents are shown in Table Si1.7 All
bolaamphiphiles (2a, 2b, 2c¢, 2d, 2e, 2f) can form gels in PEG200
and PEG400, since the bolaamphiphile molecules in PEG
solvent can achieve a balance between molecular dissolution
and molecular aggregation. 2b, 2c¢, 2d, 2e, 2f can also form gels
in the mixed solvents of PEG200 and H,O. 2d can form gels in
a variety of solvents, showing the best gelling performance.
Excitingly, in this study we found that gelator 2d (r = 8) can self-
assemble into a hydrogel in a very low and narrow concentra-
tion range (1-4 mg mL~"); in our previous work, we did not find
that gelator 2d could form a hydrogel.** The length of the alkyl
chain is the only difference in the structure of these gelators.
The results indicated that the gelation ability of these bolaam-
phiphiles significantly depends on the alkyl chain length.
Under the same conditions of hydrogen bonding forces and m—
7 stacking interactions, the alkyl chain length was changed to
balance the hydrophobic forces (van der Waals forces and -7
stacking forces) and hydrophilic forces (hydrogen bonding
forces), which is very important for hydrogelation.***® Our
results show that LMWHSs can be obtained by introducing
different lengths of alkyl chains to finely adjust the balance of
the hydrophilic and hydrophobic parts,” leading to the
conclusion that adjusting the length of the alkyl chains is an
effective way to obtain a hydrogelator.

To explore the microstructure and gelation process, different
xerogel samples were observed by SEM. Since both PEG200 and
PEG400 have very high boiling points (>250 °C) and low vola-
tility, it is difficult to extract PEG from the gel via an oil pump at
room temperature, and a xerogel was not obtained, so the gel
prepared in the low boiling point solvent was selected for SEM

Fig. 1 Photographs of different gels. (A), (D), (E) are ethanol gels
prepared by 2¢ (10 mg mL™), 2e (10 mg mL™), and 2f (9 mg mL™Y in
ethanol, respectively; (B) is a hydrogel constructed by 2d (1 mg mL™)
in H,0O; (C) is the gel prepared by 2f (9 mg mL™) in a mixed solvent of
PEG200 and H,O (v/v, 1:1); (F) is the levofloxacin hydrochloride-
loaded gel prepared by 2f (10 mg mL™3) and levofloxacin hydrochloride
(20 mg mL™Y) in mixture solvents of PEG200 and H,O (v/v, 1 : 1).
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Fig. 2 SEM images of xerogels. (A) and (B) show the hydrogels of 2d
with concentrations of 1 and 3 mg mL™?, respectively. (C) An ethanol
gel of 2e with a concentration of 10 mg mL™L. (D) An ethanol gel of 2f
with a concentration of 10 mg mL™.

and FT-IR characterization. All the gels have a 3D network
structure and were formed by the entanglement and inter-
weaving of fibers (Fig. 2), which indicated that the gels were
formed by the self-assembly of gelators.®” As the concentration
of gelator 2d increased, the diameter of the hydrogel fiber
increased (Fig. 2A and B), which indicated a stronger water
retention capacity. As the alkyl chain of the gelator became
longer, the fiber became longer under the same concentration
of gelator (Fig. 2C and D). The longer alkyl chain enhanced the
van der Waals forces of gelators, which may have promoted the
gelator self-assembly into longer fibers.*

2.3 Gelation mechanism

A better understanding of the gelation mechanism is beneficial
for designing the ideal gelator. FT-IR spectroscopy was used to
investigate the non-covalent bond interactions of gelators in the
gelation process.*>*® In the spectrum of the gelator 2f, the peaks
at 3297.7 and 3433.8 cm™ ' belong to the symmetrical and
asymmetrical stretching vibrations of the N-H bond in the
amino group, respectively (Fig. 3A). Compared with the
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Fig. 3 Infrared spectrum (A) and locally amplified infrared spectrum
(B—D) of gelator and xerogel 2f. The xerogel was obtained by drying
the ethanol gel of 2f (10 mg mL™Y).
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spectrum of gelator 2f, the spectral band of the N-H stretching
vibration of the xerogel was wider and stronger, and the
stretching vibration frequency of the N-H bond shifted to
a lower wavenumber (from 3433.8 to 3428.7 cm™ ') (Fig. 3A and
B), which demonstrated that strong hydrogen bonding exists in
the gel phase. The peaks at 2922.3 and 2852.1 cm ™" are char-
acteristic of the asymmetrical and symmetrical stretching
vibration peaks of methylene, respectively (Fig. 3B). The inten-
sity of the methylene stretching vibration peak became stronger
in the spectrum of the xerogel than in the spectrum of the
gelator, which suggested that the alkyl chains of the gelator are
in the stacked state in the gel phase. The results indicated the
existence of van der Waals forces between alkyl chains.*® The
stretching vibration peaks of C=0 were notably shifted to lower
frequencies (from 1639.6 to 1637.1 cm ', and 1611.4 to
1608.7 cm ') (Fig. 3C), and the deformation vibration peak of
N-H was markedly shifted to the higher frequency (from 1537.8
to 1541.8 cm™ ') (Fig. 3D), which indicated the existence of
hydrogen bonding between the carbonyl group and N-H bond.*
Similar phenomena were also observed in the comparison of
hydrogel 2d and gelator 2d: the peak of the N-H bond became
wider and stronger, the stretching vibration frequency of N-H
bond shifted to (from 3429.9 to
3425.2 em™ '), and the intensity of the methylene stretching
vibration peak became stronger (Fig. S31). These results indi-
cate that hydrogen bonding and van der Waals interactions are
critical driving forces for both the LMOGs and LMWHs gelation
processes.

To further disclose the self-assembly mechanism, the 'H
NMR spectra of gelator 2f at different concentrations were ob-
tained.”” As shown in Fig. 4, the proton peaks of gelator 2f were
gradually shifted downfield with the increase in the concen-
tration of the gelators (from 6 mg mL " to 10 mg mL "), which
suggested that more gelator molecules participated in the self-
assembly and the non-covalent interactions between gelators
was enhanced by the increase in the concentration of the
gelator. The protons on the benzene ring shifted downfield
(from 7.23 to 7.29 ppm), which demonstrated there are -7
stacking interactions between the benzene ring in the gel
phase.** Amino protons shifted downfield (from 4.58 to 4.66
ppm) with the increase in the concentration, which proved that
stronger hydrogen bonding was present in the gel phase.* The
results were probably caused by a higher percentage of gelator
molecules participating in the hydrogen bonding at high
concentrations, leading to a higher degree of aggregation.
Methylene protons in both the alkyl chain and attached to the
carbonyl markedly moved downfield (from 1.13 to 1.17, 2.16 to

lower wavenumber
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Fig. 4 'H NMR spectra of different concentrations of gelator 2f in
ethanol-dg.
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2.21 ppm, respectively), which indicated that van der Waals
forces are present between the alkyl chains. The above results
suggest that hydrogen bonding, van der Waals forces, and w-m
stacking interactions jointly drive the self-assembly of gelators.

2.4 Rheological properties

Mechanical strength, shear thinning behavior, and the
destruction-recovery ability are critical parameters of whether
a gel can be used as an injectable biomaterial.>**** Gelators 2¢
and 2e with representative lengths of alkyl chains were chosen
to investigate the rheological properties of the gels. The gels
constructed by gelators 2¢ and 2e in PEG were marked as G3 and
G5, respectively. As shown in Fig. 5A, the storage modulus (G)
was higher than the loss modulus (G”), which demonstrated
that the samples tested by rheometer are real gels.** The elastic
modulus of G5 was higher than that of G3 under the same
concentration, which indicated that with the growth of the alkyl
chain, the gelation ability of the gelator was enhanced and
a more stable gel was obtained. Both G3 and G5 gels exhibited
shear thinning behavior (Fig. 5B). Dynamic strain and time
sweep experiments demonstrated that the network structure of
the gel can be destroyed by an increase in the strain and can be
recovered by withdrawing the strain and extension time
(Fig. 5C). This trait was endowed by the intrinsic dynamic
reversible supramolecular interactions of gelators.**** The G3
gel exhibited a higher mechanical strength in PEG400 than in
PEG200 under the same concentration (Fig. 5D), which may
have been caused by the hydrogen bonding of gelator molecules
and PEG200 molecules being stronger than that of the gelator
molecules and PEG400 molecules. The strong hydrogen
bonding of gelator molecules and solvent molecules impaired
the hydrogen bonding of the gelator molecules and led to the
decreased mechanical strength of the gel. As the concentration
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Fig. 5 Rheological properties of the gel: (A) the dynamic modulus as
a function of angular frequency for gels (10 mg mL™Y); (B) the dynamic
complex viscosity as a function of angular frequency for the gels
(10 mg mL™Y); (C) the destruction (dynamic strain sweep) and recovery
(dynamic time sweep) of gels (10 mg mL™Y); (D) the dynamic modulus
of gels in different solvents and different concentrations as a function
of angular frequency.
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of the gelator increased, the mechanical strength of the gel
increased (Fig. 5C), which was probably caused by a higher
percentage of gelator molecules participating in self-assembly
and forming thicker fibers and tighter gel networks (as shown
in Fig. 2A and B). These results indicate that the mechanical
strength of the gel can be enhanced by lengthening the alkyl
chain in the gelator structure, increasing the concentration of
the gelator, and choosing a proper solvent. Excellent shear
thinning behavior and destruction-recovery ability, and
appropriate mechanical strength allow this bolaamphiphile
family to be used as injectable antimicrobial gels.

2.5 Antibiotic loaded gels

The properties of a compound are determined by its structure.
All the gelators have similar structures that were constructed by
biocompatible phenylalanine and aliphatic diacid. Gelator 2d
has good biocompatibility, which was demonstrated by our
previous work.* The other gelators (2a, 2b, 2c, 2e, 2f) may have
similar biocompatibility because their structures are very
similar to the structure of gelator 2d, with only a slight differ-
ence in the alkyl chain lengths. Gels constructed by these
gelators in PEG200, H,O, and a mixture of PEG200 and H,O are
biocompatible and can be used as antibiotic carriers. Photo-
graphs of the blank 2d gel and the levofloxacin hydrochloride-
loaded 2d gel with maximum antibiotic loading are shown in
Fig. S3.T The antibiotic loading contents of 2b, 2¢, 2d, 2e, and 2f
were 41.2%, 41.2%, 90.9%, 50.0% and 66.7%, which were far
beyond that of a nanodrug carrier. The best antibiotic loading
capacity of the 2d gel was probably due to the 2d gelator having
the best gelling performance and achieving a balance between
the hydrophilicity and hydrophobicity of its structure. Hydra-
zide and phenylalanine moieties may also confer the gels with
potential antimicrobial activity.**** With shear thinning and
destruction-recovery properties, these levofloxacin
hydrochloride-loaded gels have huge potential application value
as antimicrobial gels.

2.6 Invitro drug release

Phosphate buffer solution with pH 7.4 and 5.0 was chosen to
study the degradation and release behavior of the gel in vitro.
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Fig. 6 Drug release profiles of levofloxacin hydrochloride-loaded 2d
gelin PBS at pH 7.4 and 5.0.
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The levofloxacin hydrochloride-loaded 2d gel at both pH 7.4 and
5.0 showed high drug release of 84.3% and 88.9%, respectively,
in 48 h (Fig. 6). Since levofloxacin hydrochloride is easily soluble
in water, the huge concentration difference between the gel
sample and the release medium indicates that levofloxacin
hydrochloride can enter into a release medium by free diffu-
sion. The PEG200 in the gel could gradually dissolve in the
medium by interface contact and lead to the gel gradually
degrading to release levofloxacin hydrochloride. The faster
release of the levofloxacin hydrochloride by the loaded 2d gel
under acidic conditions as compared to neutral conditions is
probably due to the protonated amino group destroying the
hydrophilic and hydrophobic balance of the gelator structure
under acidic conditions and accelerating the degradation of the
gel, leading to the effective release of the drug.

3 Experimental
3.1 Materials

All solvents and reagents used in this study were chemically
pure. L-Phenylalanine methyl ester, azelaic acid, undecanedioic
acid, ethanol-ds, 1,1’-carbonyldiimidazole (CDI) and levo-
floxacin hydrochloride were purchased from the Saen Chemical
Technology (Shanghai) Co. Ltd. Adipoyl chloride, suberoyl
chloride, sebacoyl chloride, dodecanedioyl dichloride, poly(-
ethylene glycol) (PEG, M,, = 200 or 400 g mol ') were purchased
from Aladdin Bio-Chem Technology (Shanghai) Co. Ltd. The
solvents were purchased from Shanghai Titan Scientific
Company Ltd. (China) and were used directly without further
purification.

3.2 Characterization

The structures of the products were characterized by "H NMR
and "*C NMR spectroscopy (Bruker Avance III NMR spectrom-
eter, Germany). The new compounds were also characterized by
HRMS (Bruker solanX 70 FT-MS, Germany). The microstruc-
tures of the xerogels were observed by SEM (Magellan 3020,
American). FT-IR (Nicolet 6700, American) and "H NMR spectra
were used to investigate the gelation mechanism. The rheo-
logical properties of gels were investigated by a rheometer
(HAAKE Rheostress 1, Germany).

3.3 The synthesis of compounds 1 (1a, 1b, 1c, 1d, 1e, 1f)

Compounds 1 (1a, 1b, 1c, 1d, 1le, 1f) were prepared by
a condensation reaction of L-phenylalanine methyl ester with an
aliphatic diacid or aliphatic diacid chloride.***> Adipoyl chlo-
ride and azelaic acid are used as examples to illustrate the
synthesis and purification process of compound 1; the other
products were prepared similarly. Compound 1c: i-phenylala-
nine methyl ester hydrochloride (2.26 g, 10.5 mmol) was added
to dry tetrahydrofuran solution (30 mL), then triethylamine
(TEA) (1.21 g, 12 mmol) was added dropwise to the solution at
0 °C with stirring for 15 min. Azelaic acid (0.94 g, 5 mmol) and
CDI (1.70 g, 10.5 mmol) were dissolved in 30 mL of dry tetra-
hydrofuran in a separate flask, and the solution was stirred at
room temperature (RT) until no bubbles were generated. The
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activated acid solution was added dropwise to the mixture of -
phenylalanine methyl ester hydrochloride at 0 °C, then stirred
under N, atmosphere for 24 h. The reaction mixture was filtered
and concentrated. The residue was dissolved in dichloro-
methane, washed sequentially with HCI solution (1 M), satu-
rated NaHCO; solution, saturated NaCl solution, and dried by
anhydrous sodium sulfate. After the solvents were removed by
rotary evaporation, the product was obtained by column chro-
matography (petroleum ether and ethyl acetate, v/v, 6 : 1) (yield:
90%). Compound 1a: the hydrochloric acid molecule of -
phenylalanine methyl ester hydrochloride (2.26 g, 10.5 mmol)
was removed according to the above method. Subsequently, the
adipoyl chloride (1.34 g, 5 mmol) and TEA (1.06 g, 10.5 mmol)
were simultaneously added through a constant pressure drop-
ping funnel under ice bath stirring. After reacting at RT for 24 h,
the reaction mixture was filtered and concentrated. The residue
was dissolved in dichloromethane and washed with saturated
brine, then dried by anhydrous sodium sulfate. The solvents
were removed by rotary evaporation and the product was ob-
tained by column chromatography (petroleum ether and ethyl
acetate, v/v, 6 : 1) (yield: 85%).

Compound 1a. 'H NMR (500 MHz, CDCl;, TMS) 6 1.60
(quint, 4H, J = 3.0 Hz), 2.14-2.20 (m, 4H), 3.07 (dd, 2H, ] = 6.5,
13.5 Hz), 3.15 (dd, 2H, J = 5.5, 14.0 Hz), 3.72 (s, 6H), 4.88 (dd,
2H,J = 6.5,13.5 Hz), 6.11 (d, 2H, J = 7.5 Hz), 7.11 (d, 4H, ] = 7.0
Hz), 7.22-7.30 (m, 6H). "*C NMR (125 MHz, CDCl;, TMS) 6 (33.4,
35.2, 37.8, 52.4, 53.2, 127.2, 128.6, 129.3, 135.8, 170.5, 172.2).

Compound 1b. "H NMR (500 MHz, CDCl;, TMS) 6 1.27 (br,
4H), 1.55-1.59 (m, 4H), 2.13-2.18 (m, 4H), 3.06 (dd, 2H, J = 6.0,
14.0 Hz), 3.14 (dd, 2H, J = 6.0, 14.0 Hz), 3.73 (s, 6H), 4.91 (dd,
2H, ] = 6.0, 14.0 Hz), 6.00 (d, 2H, = 7.5 Hz), 7.09 (d, 4H, ] = 7.0
Hz), 7.23-7.30 (m, 6H). ">C NMR (125 MHz, CDCl;, TMS) 6 (25.2,
36.1, 37.9, 52.3, 52.9, 127.1, 128.6, 129.2, 135.9, 172.4, 172.6).

Compound 1c. 'H NMR (400 MHz, CDCl;, TMS) 6 1.26 (br,
6H), 1.56-1.59 (m, 4H), 2.16 (t, 4H, ] = 7.6 Hz), 3.08 (dd, 2H, J =
6.0, 13.6 Hz), 3.15 (dd, 2H, J = 6.0, 13.6 Hz), 3.73 (s, 6H), 4.90
(dd, 2H,J=6.0,13.6 Hz), 5.92 (d, 2H,J = 7.6 Hz), 7.09 (d, 4H, ] =
7.2 Hz), 7.23-7.30 (m, 6H). >*C NMR (100 MHz, CDCl;, TMS)
6 (25.4, 28.9, 36.4, 37.9, 52.3, 52.9, 127.1, 128.6, 129.3, 135.9,
172.2, 172.7).

Compound 1d. "H NMR (400 MHz, CDCl;, TMS) 6 1.25 (br,
12H), 1.58-1.59 (m, 4H), 2.16 (t, 4H,J = 7.2 Hz), 3.08 (dd, 2H, J =
6.0, 14.0 Hz), 3.16 (dd, 2H, J = 6.0, 14.0 Hz), 3.73 (s, 6H), 4.91
(dd, 2H, J = 6.0, 13.6 Hz), 5.90 (d, 2H, J = 7.6 Hz), 7.08-7.10 (m,
4H), 7.22-7.31 (m, 6H).

Compound 1le. 'H NMR (400 MHz, CDCl;, TMS) 6 1.25 (br,
10H), 1.56-1.59 (m, 4H), 2.17 (t, 4H, 7.6 Hz), 3.08 (dd, 2H, J =
6.0, 14.0 Hz), 3.16 (dd, 2H, J = 6.0, 14.0 Hz), 3.73 (s, 6H), 4.90
(dd, 2H, J = 5.6, 13.6 Hz), 5.95 (d, 2H, J = 7.6 Hz), 7.08-7.10 (m,
4H), 7.22-7.31 (m, 6H). *C NMR (100 MHz, CDCl;, TMS) 6 (25.5,
29.1,29.2, 36.5, 37.9, 52.3, 52.9, 127.1, 128.6, 129.2, 135.9, 172.2,
172.7).

Compound 1f. "H NMR (400 MHz, CDCl;, TMS) 6 1.25 (br,
12H), 1.54-1.61 (m, 4H), 2.17 (t, 4H, 7.6 Hz), 3.09 (dd, 2H, J = 5.6,
13.6 Hz), 3.16 (dd, 2H, ] = 5.6, 13.6 Hz), 3.73 (s, 6H), 4.91 (dd, 2H, J
= 5.6, 13.6 Hz), 5.89 (d, 2H, J = 8.0 Hz), 7.08-7.10 (m, 4H), 7.22-
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7.31 (m, 6H). *C NMR (100 MHz, CDCl;, TMS) 6 (25.5, 29.2, 29.2,
29.3,36.5,37.9, 52.3, 52.9, 127.1, 128.5, 129.3, 135.9, 172.2, 172.7).

3.4 Synthesis of compounds 2 (2a, 2b, 2¢, 2d, 2e, 2f)

Compounds 2a, 2b, 2¢, 2d, 2e, and 2f were synthesized by
a similar method; the synthesis of 2a is given as an example.
Compound 1a (2.34 g, 5 mmol) and hydrazine hydrate (2 mL)
were dissolved in CH,Cl, and methanol (30 mL, v/v, 1 : 1). The
mixture was then stirred under a N, atmosphere for 24 h.
Subsequently, the reaction solution was filtered and the solid
washed several times with dichloromethane. The gelator 2a was
obtained after vacuum drying.

Compound 2a. 'H NMR (500 MHz, CDCl;, TMS) 6 1.20 (br,
4H), 1.95 (br, 4H), 2.73 (dd, 2H, J = 10.0, 13.5 Hz), 2.90 (dd, 2H, J
= 4.5,13.5 Hz), 4.22 (br, 4H), 4.23-4.47 (m, 2H), 6.11 (d, 2H, ] =
7.5 Hz), 7.15 (t, 4H, J = 6.5 Hz), 7.20-7.25 (m, 8H), 8.00 (d, 2H, J
= 13.5 Hz), 9.20 (s, 2H). >*C NMR 6 (125 MHz, CDCl;, TMS)
0 (24.5, 34.8, 38.0, 52.4, 126.1, 128.0, 129.1, 137.9, 170.5, 171.7).
HRMS (EST') caled for (Cp4H3,NO4 + Na)'™: 491.23773; found:
491.23731.

Compound 2b. "H NMR (500 MHz, CDCl;, TMS) 6 0.98 (br,
4H), 1.24-1.27 (m, 4H), 1.98 (t, 4H, ] = 7.5 Hz), 2.74 (dd, 2H, ] =
10.0, 13.5 Hz), 2.91 (dd, 2H, J = 4.5, 13.5 Hz), 4.23 (br, 3H), 4.43-
4.48 (m, 2H), 7.15-7.27 (m, 10H), 8.02 (d, 2H, J = 8.5 Hz), 9.20 (s,
2H). >C NMR (125 MHz, CDCl;, TMS) 6 (25.0, 28.2, 35.1, 37.9,
52.5,126.1,127.9,129.1, 137.9, 170.5, 171.9). HRMS (ESI") caled
for (C,6H36NO,4 + Na)*: 519.26903; found: 519.26967.

Compound 2c. "H NMR (400 MHz, CDCl;, TMS) 6 0.99-1.07
(m, 6H), 1.29-1.37 (m, 4H), 2.00 (t, 4H, J = 7.2 Hz), 2.74 (dd, 2H,
J =10.0, 13.6 Hz), 2.92 (dd, 2H, J = 4.8, 13.6 Hz), 4.30 (br, 3H),
4.43-4.49 (m, 2H), 7.15-7.29 (m, 10H), 8.03 (d, 2H, J = 8.8 Hz),
9.20 (s, 2H). "*C NMR (100 MHz, CDCl;, TMS) 6 (25.6, 28.8, 29.0,
35.6, 38.4, 52.9, 126.6, 128.4, 129.6, 138.4, 171.1, 172.4). HRMS
(EST") caled for (C,;H3sNgO, + Na)": 533.28468; found:
533.28469.

Compound 2d. "H NMR (400 MHz, CDCl;, TMS) 6 1.02-1.09
(m, 4H), 1.32 (quint, 4H, J = 7.2 Hz), 2.00 (t, 4H, ] = 3.2 Hz), 2.73
(dd, 2H,J = 10.0, 14.0 Hz), 2.91 (dd, 2H, J = 4.8, 13.6 Hz), 4.20 (s,
4H), 4.42-4.48 (m, 2H), 7.14-7.18 (m, 2H), 7.20-7.26 (m, 8H),
8.02 (d, 2H, J = 8.4 Hz), 9.19 (s, 2H).

Compound 2e. *H NMR (400 MHz, CDCl;, TMS) 6 0.98-1.05
(m, 10H), 1.26-1.39 (m, 4H), 2.00 (t, 4H, J = 6.4 Hz), 2.74 (dd,
2H, J = 10.4, 13.2 Hz), 2.91 (dd, 2H, J = 6.4, 13.2 Hz), 4.30 (br,
3H), 4.41-4.51 (m, 2H), 7.12-7.31 (m, 10H), 8.03 (d, 2H, J = 8.0
Hz), 9.21 (s, 2H). ">*C NMR (100 MHz, CDCl;, TMS) 6 (25.6, 28.9,
29.2, 29.2, 35.6, 38.4, 53.0, 126.6, 128.4, 129.6, 138.4, 171.1,
172.3). HRMS (ESI") caled for (C,oH,,NgO,4 + Na)': 561.31598;
found: 561.31596.

Compound 2f. 'H NMR (400 MHz, CDCl;, TMS) 6 1.03-1.06
(m, 4H), 1.14 (br, 8H), 1.28-1.37 (m, 4H), 2.00 (t, 4H, ] = 7.2 Hz),
2.73 (dd, 2H, J = 10.0, 13.6 Hz), 2.91 (dd, 2H, J = 4.8, 13.6 Hz),
4.22 (br, 4H), 4.42-4.48 (m, 2H), 7.15-7.26 (m, 10H), 8.03 (d, 2H,
J = 8.4 Hz), 9.19 (s, 2H). *C NMR (100 MHz, CDCl;, TMS)
0 (25.1, 28.4, 28.8, 28.8, 35.2, 37.9, 52.4, 126.1, 127.9, 129.1,
138.0, 170.1, 171.9). HRMS (EST") calcd for (CpoH4,NeO,4 + Na)'
575.33163; found: 575.33337.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.5 Blank gel and antibiotic-loaded gel

A given amount of gelator was added to a screw bottle, then
1 mL of solvent (PEG200, H,O, ethanol, etc.) was added, and
heated until completely dissolved. When cooled to RT, the
solution turned into a gel. The inverted observation method was
used to judge whether a gel was formed. The critical gelation
concentration was obtained by testing the minimum amount of
gelators required to form a stable gel. The xerogel was obtained
under reduced pressure by an oil pump (Rankuum Machinery
Ltd (Chengdu), type 2XZ-4B, total pressure 2.1 Pa, pumping
speed 4 L s~ ') at RT. The xerogel was ground into a powder and
placed on carbon conductive tape. After spraying with gold for
45 seconds, the microstructure of the gel was observed by
scanning electron microscopy. A small amount of xerogel and
potassium bromide were ground into a powder and pressed into
thin sheets for infrared spectroscopic testing.

The antibiotic-loaded antimicrobial gel was prepared simi-
larly. A certain amount of gelator and levofloxacin hydrochlo-
ride was added to a mixed solvent of H,O and PEG200 (v/v,
1:1), then heated until completely dissolved. After cooling to
RT, the levofloxacin hydrochloride-loaded gel was obtained.
Gelators (2b, 2¢, 2d, 2e, and 2f) with a concentration of 10 mg
mL~" were chosen to evaluate the antibiotic loading capacity.
When the amount of added antibiotic reaches the limit for the
gelator to form a gel, this critical value is the maximum anti-
biotic loading content. The antibiotic loading content (ALC) was
calculated by the following formula:

ALC = [weight of antibiotic/(weight of antibiotic + weight of
gelator)] x 100%

3.6 Invitro drug release profile

Levofloxacin hydrochloride-loaded 2d gel (1 mL) with an antibi-
otic loading content of 50% was prepared in a 4 mL screw thread
bottle as mentioned above. Then, 2 mL of phosphate buffer
solution (PBS, with pH 7.4 and 5.0) was added to cover the gel and
incubated at 37 °C. At the predetermined time point, 0.1 mL of
release solution was taken out and 0.1 mL of fresh PBS was
added. The released levofloxacin hydrochloride was measured by
a microplate reader at the wavelength of 290 nm. The release
experiments were conducted in 3 parallel experiments.

3.7 Rheological properties

A HAAKE Rheostress 1 was used to characterize the rheological
properties of the gel, which was equipped with a temperature
controller using a cone-plate geometry (diameter 35 mm). Then,
0.6 mL gel samples were added to the cone plate, the gap size
was controlled at 50 um, and the temperature was set at 25 °C.
Dynamic complex viscosity (n*), storage modulus (G'), and loss
modulus (G”) were used to evaluate the viscoelastic perfor-
mance of the gel. These dates were obtained by exerting an
angular frequency (w) sweep (from 0.1 to 100 rad s~ ') on the gel
under a strain of 1.0%. Dynamic strain sweep and dynamic time
sweep were used to get more information on the gel network
structure. Dynamic strain sweep was applied to study the failure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the gel network structure, and the recovery properties were
studied by dynamic time sweep. For dynamic strain sweep, the
strain exerted on the gel samples was increased from 0.01 to
50% at 25 °C with an angular frequency of 10 rad s '. For
dynamic time sweep, the strain applied on the gel samples was
0.1% with an angular frequency of 1 rad s~ * at 25 °C.%

A series of bolaamphiphiles with different alkyl chain
lengths were synthesized and characterized by "H NMR and **C
NMR spectra. These bolaamphiphiles (2a, 2b, 2¢c, 2d, 2e, 2f)
were efficient gelators in PEG200 and PEG400. Excitingly, due to
the appropriate length of the alkyl chain, gelator 2d was an
effective hydrogelator. With their good shear thinning behavior
and destruction-recovery ability, and moderate mechanical
strength, the gels could be used as injectable biomaterials. The
excellent antibiotic loading capacity affords these supramolec-
ular gels great potential for application as antimicrobial gels.
The results indicate that adjusting the length of the alkyl chain
of bolaamphiphiles is an effective way to provide hydrogelators;
due to the delicate balance of their hydrophilic and hydro-
phobic parts, the gelator structure can be obtained. In conclu-
sion, our findings provide new ideas for the design of LMWHs.
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