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Amino acids modified with an N-terminal anthracene group self-
assemble into supramolecular hydrogels upon the addition of a range
of salts or cell culture medium. Gel-phase photo-dimerisation of
gelators results in hydrogel disassembly and was used to recover cells
from 3D culture.

Hydrogels are an important class of soft material which have
found utility in a range of applications. Hydrogels formed by the
self-assembly of small molecules, known as supramolecular gels,
have grown in interest in recent years." The synthetic accessibility
and stimulus-responsiveness of supramolecular gels makes them
attractive candidates for applications ranging from environmental
remediation and reaction engineering to tissue engineering and
drug formulation.> Supramolecular hydrogels formed by short
peptides protected at the N-terminus are particularly attractive, as
functional materials with varied chemical, nanotopographical and
mechanical properties can be accessed through exploration of
peptide sequence space.® The incorporation of unnatural amino
acids® and the co-assembly of multiple peptide gelators® can
further broaden the range of accessible materials properties.
Increasingly, the importance of spatiotemporal control over
the formation or disassembly of supramolecular gels is being
recognised.?*® The application of light,” electric potential,® and
enzymatic catalysis® have all been used to control the hydro-
gelation of short peptides. More recently, dynamic systems
using the transient transformation of self-assembled structures
formed by short peptides have been reported.’®'" Instead of
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modifying the local pH or the gelator core, ligating a stimulus-
responsive aromatic group to a peptide terminus can also give
responsive gels,'” e.g. borono- or nitro-phenyl groups can
endow redox-responsiveness.'®'* Light responsive peptide gels
are particularly versatile, with photoirradiation shown to either
weaken (e.g. azobenzene termini) or strengthen (e.g. coumarin
termini) peptide gels."

We aim to utilise the photo-dimerisation of anthracene
(Anth) to develop simple light-responsive peptide hydrogels
for biological applications. A bis(gluconamide)-anthracene
hydrogel dissociated upon photo-dimerisation,'® whereas
PEG-based hydrogels stiffen upon photo-dimerisation of
anthracene-terminated polymer chains."” Much like the latter
example, the photo-dimerisation of coumarin-terminated
peptides is reported to produce stiffening of the supramolecu-
lar hydrogels."® Supramolecular hydrogels formed from
anthracene-terminated peptides have interesting electron and
energy transfer properties,'®*” and are reported to combine
biocompatibility with antibacterial activity.'*>? How photoirra-
diation changes the materials properties of these gels is unre-
ported, however, despite potential applications in controlled
drug release, cell culture or tissue engineering.

It was hoped that the simplest anthracene-peptides, those
with a single residue, would have the right balance between
hydrophobicity and hydrophilicity to self-assemble into fibres.
The solution-phase coupling of anthracene-2-carboxylic acid
with the respective amino acid methyl esters (see ESIt) followed
by hydrolysis gave the gelators. Although most of these did not
form gels (e.g. (Anth)Trp-OH, (Anth)Ala-OH, as well as isomeric
anthracene-9-carbonyl derivatives, see ESIT), two showed their
potential during workup. Slow evaporation of the basic
THF:H,O0 solvent used during ester hydrolysis led to in situ
hydrogelation of the lithium salts of (Anth)Phe-OH and
(Anth)Tyr-OH (Fig. 1).

Of reported gelation triggers,'® we focused on salt-triggered
gelation to maximise biocompatibility (ESL, T Tables S2 and S3).
Basic solutions of (Anth)Phe-OH and (Anth)Tyr-OH gave trans-
parent self-supporting gel-like materials on the addition of
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Fig.1 (a) Structures of the anthracene-amino acid hydrogelators.
(b) Scheme showing proposed photodimerisation of self-assembled
anthracene-amino acids.

(Anth)Phe-OH (X = H)

NH,", Na* and K' salts, whereas adding M>" or M*" salts
typically gave precipitates. Higher concentrations of both salt
and gelator increased the “gelation” rate, which was faster and
occurred at lower concentrations for hydrophobic (Anth)
Phe-OH compared to (Anth)Tyr-OH.*® Metal salt addition gave
gel-like materials with a high final pH (ca. 11),*" but adding
glycinamide (GlyNH,-HCI, Fig. 2a, trigger A) and glucosamine
(GleN-HCl, Table S2, ESIt) gave more physiologically relevant
final pH values.

Forming hydrogels in cell culture media has been reported
to increase biocompatibility.** (Anth)Phe-OH and (Anth)Tyr-OH
were insoluble in media at 13 mM, but dissolution in basic H,O
(at 27 mM) prior to addition of an equal volume of media
resulted in rapid gelation of (Anth)Phe-OH (trigger B, Fig. 2a)
and slower gelation of (Anth)Tyr-OH. The final pH for both gels
was ca. 11, but adding GlcN-HCI (2 eq.) to the media (trigger C,
Fig. 2a) lowered the final pH closer to neutral, as reflected by
the colour of the phenol red indicator in the media.

Given our interest in cell encapsulation, standard hydrogels
(5 mg mL ™" gelator, 13.6 mM, triggers A, B or C) of more rapidly
gelling (Anth)Phe-OH were studied further. NMR spectroscopy
indicated that ca. 95% of the (Anth)Phe-OH was mobile in basic
water, perhaps as micelles.”® Further broadening and disap-
pearance of the gelator resonances occurred after gelation, with

a) Gelation conditions Trigger B Trigger C

Trigger A

Trigger A
GIyNH2~HCI (2 eq.) in water

Trigger B
Cell culture media only

Trigger C
GlcN-HCl (2 eq.) in cell
culture media

Fig. 2 (a) Images of (Anth)Phe-OH hydrogels formed after addition of:
trigger A (2 eq. GlyNH,-HCL); trigger B (cell culture medium); trigger C (cell
culture medium treated 2 eq. GIcN-HCl). The latter two samples have pH
indicator. (b—d) Scanning electron micrographs of gels formed by addition
of triggers (b) A, (c) B, (d) C. SEM scale bars = 10 pm.
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Fig. 3 Data for (Anth)Phe-OH gels formed by trigger C (GIcN-HCl in
media). (a) Optical and fluorescence images of gels before and after
irradiation (UV), irradiated region within dotted box; (b) fluorescence spectra
of samples before gelation (blue), as a gel (orange) and after irradiation
(black); (c) gel rheology traces before (red) and after (blue) irradiation. Filled
circles: elastic modulus, (G'). Hollow circles: loss modulus (G").

integration of the spectra indicating ca. 65% immobilisation in
gel nanofibres (see ESIt). Gel aging studies showed air and light
produced colour changes after several days, which was ascribed
to anthraquinone formation (see ESI,T Section S6). Therefore all
gels were freshly prepared before use.

Fluorescence spectroscopy (Zex. = 272 nm) showed enhanced
emission at 445 nm after adding GlcN-HCI in media (trigger C,
Fig. 3b) or GlyNH,-HCI (trigger A, Fig. S76, ESIt), consistent
with reports of aggregation-induced emission from anthracene-
containing species.'®”* During gelation using trigger A, the
emission intensity increased initially before decreasing
(Fig. S92, ESIf). Gelation using trigger C also gave a rapid
increase in emission intensity followed by a slower decline to
a steady state. A self-supporting gel was not evident until this
later phase, consistent with nanofibre self-assembly preceding
the entanglement necessary for solvent entrapment.>*

Scanning electron microscopy (SEM) images of lyophilized
gels (Fig. 2b-d and Fig. S77, ESI{) show sample-spanning
networks of fine, disperse fibres after gelation by either
GlyNH,-HCI (trigger A) or GIcN-HCI (Fig. S77, ESIT), whereas a
denser network of laterally associated nanoribbons forms upon
gelation by triggers B or C (media or media/GlcN-HCI).
Although the sizes of these objects will be affected by
lyophilisation,> media and non-media samples show clear
morphological differences.

These observations are consistent with the rheological prop-
erties of the materials (see ESI,T Fig. S79-S85, ESI{). Gel-like
materials (5 mg mL ') formed upon addition of amine salts
(2 eq., 27 mM) but they exhibited very low elastic moduli
(G' ca. 4-10 Pa) and liquid-like behaviour. Higher amine salt
concentrations (6 eq.) increased the stiffness (G’ ca. 70 Pa) and
the materials were more gel-like. Triggers B and C formed gels
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that were significantly stiffer (G’ ca. 0.2 kPa) and more compar-
able to (Fmoc)Phe-OH/(Fmoc)Tyr-OH gels (G’ 0.25 to 1 kPa).”®
The rheological data for these hydrogels are broadly similar
irrespective of the presence of GlcN-HCI, suggesting that ions
in the media, particularly calcium,*® may determine the nano-
structures formed and resulting material properties. The rheo-
logical findings are also broadly in line with the observed gel
melting temperatures (Tge1), which increase as either the gelator
or salt concentration rises (Table S6, ESIt).

When in close proximity and on exposure to 365 nm light,
anthracene can dimerise via a [4+4] cycloaddition.”” Since
fluorescence spectroscopy had indicated the anthracene groups
were stacked, these (Anth)Phe-OH gels may be preorganised for
photodimerisation. Standard (Anth)Phe-OH gels (trigger C)
were formed in fluorescence cuvettes and irradiated with a
365 nm LED. Irradiated regions quickly became yellow, with
strongly reduced fluorescence emission (Fig. 3a and Fig. S76,
ESIT). The gel-to-sol transition in irradiated regions appeared
complete after ca. 15 min, whilst areas not directly irradiated
remained in the gel state. Even after 1 h irradiation, the
temperatures reached (<41 °C, Table S7, ESIf) were much
lower than the respective Ty values (>100 °C, see ESIf),
confirming that disassembly was due to chemical changes
rather than heating.

To characterise the disassembly process, regions that had
been irradiated for 1 h were isolated from remaining gel.
Fluorescence spectroscopy showed the irradiated regions exhib-
ited almost no emission, much like the pre-gelation peptides
(Fig. 3b for trigger C, Fig. S76, ESI, T for trigger A). SEM showed
small assemblies in irradiated samples, but no evidence of
sample-spanning networks (Fig. S78, ESIt). Together with a
significant decrease in elastic modulus after UV-exposure
(Fig. 3c and Fig. S76, ESIT), this suggested near total nanofibre
disassembly for hydrogels formed by triggers A and C.

Mass spectrometry and "H NMR spectroscopy confirmed that
gelator dimerization had occurred in the gels. The former showed
molecular ion peaks for dimer at 737.3 m/z ((M + H]'). The latter
revealed resonances at 4.7 ppm that are characteristic of bridge-
head protons in (Anth)Phe-OH dimers (see the ESIf), whilst
resonances from the monomer 9- and 10-aromatic protons were
significantly reduced in intensity. Conversions to the dimer in gels
triggered by C and A (63% and 81% respectively) are comparable
to reported values for anthracene-gluconamide hydrogels.'®

The cycloaddition of 2-substituted anthracenes can produce
four regioisomers, the distribution of which can report on anthra-
cene orientation in gel fibres."®*® New amide-NH/Phe-CH cross
coupling peaks in the COSY NMR spectra of irradiated samples
(e.g Fig. S69, ESIT), suggested at least three cycloaddition products
could form. Photoirradiated gel and solution samples showed
differences in the shape of the overlapping bridgehead and vicinal
aromatic (7.4 ppm) proton resonances (e.g. Fig. S37 and S68, ESIY),
but even at 800 MHz these peaks were insufficiently resolved to
provide an isomer distribution (Fig. S38, ESIt). HPLC of
anthracene-2-carboxylic acid dimers formed in ordered media has
allowed regioisomer distribution to be quantified,”® but HPLC
separation of (Anth)Phe-OH dimers could not be achieved.
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The potential of (Anth)Phe-OH gels triggered by C (GlcN-HCl in
media) for the encapsulation, growth and recovery of cells was
then assessed. Standard hydrogels (50 pL) were prepared in
hanging cell culture inserts and submerged in 24 well plates filled
with media (1.5 mL). Suspension of either NIH/3T3 fibroblasts or
human-derived chondrocytes in the media prior to mixing with
gelator solution gave 3D cultures (1 x 10° cells mL™") in the
(Anth)Phe-OH hydrogels. Cell culture in 3D better mimics in vivo
conditions, and for many cell types - including chondrocytes —
improves phenotypic regulation compared to monolayer growth.*
A 2D control was also performed, with culture on the gel
surface (2 x 10° cells mL™"). Culture on tissue culture plastic
(2 x 10° cells mL™") provided a further control.

Light microscopy showed no adhesion and spreading by
cells cultured in or on (Anth)Phe-OH hydrogels after 2 h, in
contrast to cells grown on tissue culture plastic. After 72 h, gels
had large cell agglomerates consistent with cell death (Fig. 4a,
right). Visualisation of LIVE/DEAD 3T3 cells and chondrocytes
by confocal microscopy indicated that most cells in these
samples were dead (ESI,T Fig. S96 and S97), but co-staining of
the gel by ethidium homodimer prevented quantification. To
overcome this problem, light-mediated disassembly of the
(Anth)Phe-OH hydrogels was used to release the cells prior to
staining. Irradiation with 365 nm light for 5 min resulted in
complete gel degradation. Purification of the cells by repeated
washing and centrifugation cycles yielded samples suitable for
flow cytometry. This confirmed that even after 2 h, >90% of
the 3T3 cells and chondrocytes in 3D culture were dead or
undergoing necrosis (Fig. 4b and Fig. S103, ESIt); the propor-
tion of dead cells increased after 72 h. Similar levels of cell
death were also found when cells were seeded on top of a
pre-formed hydrogel.

Low cell viability is not thought to be due to sample
handling or the gel fabrication methodology. Control samples
cultured on tissue culture plastic showed high survival even
after a UV exposure regime identical to that used with 3D
culture. However, media containing GlcN-HCI induced signifi-
cant cell death over 72 h (Fig. S100 and S102, ESIT) despite the
reported tolerance of chondrocytes to GleN (<5 mM).*" Cell
survival was strongly diminished by suspension of (Anth)
Phe-OH hydrogels above cell monolayers, which suggests that
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Fig. 4 (a) Light microscopy images at 2 h and 72 h of NIH/3T3 fibroblasts
cultured in contact with (Anth)Phe-OH hydrogels (trigger C) in 2D or 3D
culture. Cells grown on tissue culture plastic shown as control samples.
Scale bars = 32 um. (b) Flow cytometric data after 2 h. (m) Live; (m) early
apoptotic; (m) late apoptotic/necrotic; (M) dead.
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significant amounts of GIcN-HCl and/or gelator can leach out of
the gels. These gels may also be too soft for fibroblasts and
chondrocytes, which proliferate more readily on stiff gels.*> We
suggest that a combination of component cytotoxicity, gel
softness, and weak adhesion to the hydrophobic nanofibres
accounts for poor survival of the studied cell types.

In summary, we have developed anthracene-amino acid
hydrogels and found they undergo controlled disassembly
when exposed to long-wave UV light. This behaviour is note-
worthy for such readily accessible and structurally simple
gelators.'>® The properties of these hydrogels could be tuned
by varying the structure and concentration of both the gelator
and trigger. The photo-induced gel-phase dimerisation of
anthracene headgroups resulted in gel degradation, and was
used to release encapsulated cells for standard biochemical
analysis. The amino acid core in these gelator provides flex-
ibility for future developments, e.g. exploiting peptide sequence
space to obtain gelators able to form stiffer gels with greater
suitability for cell culture. Similarly, salts with lower toxicity
towards different cell types should be used to trigger gelation.
Nonetheless the discovery that anthracene-amino acid hydro-
gels can undergo rapid photodissociation indicates a pathway
towards new types of degradable biomaterials for use in regen-
erative medicine and wound healing applications.
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