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ABSTRACT 

Supramolecular polymer-based biomaterials play a significant role in current biomedical 

research. In particular, peptide amphiphiles (PAs) represent a promising material platform for 

biomedical applications given their modular assembly, tunability, and capacity to render 

materials with structural and molecular precision. However, the possibility to provide 

dynamic cues within PA-based materials would increase the capacity to modulate their 

mechanical and physical properties and consequently enhance their functionality and broader 

use. In this study, we report on the synthesis of a cationic PA pair bearing complementary 

adamantane and β-cyclodextrin host-guest cues and their capacity to be further incorporated 

into self-assembled nanostructures. We demonstrate the possibility of these recognition 

motifs to selectively bind, enabling noncovalent cross-linking between PA nanofibers, and 

endowing the resulting low weight (1 wt%) supramolecular hydrogels with enhanced 

mechanical properties, including stiffness and resistance to degradation, while retaining in 

vitro biocompatibility. The incorporation of the host-guest PA pairs in the resulting hydrogels 

allowed not only for macroscopic mechanical control from the molecular scale but also for 

the possibility to engineer further spatiotemporal dynamic properties, opening opportunities 

for broader potential applications of PA-based materials.  



INTRODUCTION 

Over the past decade, supramolecular chemistry has increasingly facilitated the design of a 

wide variety of functional biomaterials with enhanced precision and versatility.1,2 In 

particular, self-assembling approaches offer modularity, tunability, and the possibility to 

engineer macroscopic properties through molecular modifications.3 These characteristics 

arise from the reversible nature of the noncovalent interactions that hold self-assembling 

biomaterials together, and allows for their ability to assemble in a modular and controllable 

fashion.4 Based on these principles, a wide variety of self-assembling systems have been 

reported based on for example polymers,5 peptides,6 proteins,7 DNA,8 peptide derivatives,9 

and conjugates of them.10 Peptide amphiphiles (PAs) are a particularly promising family of 

self-assembling peptides, which are programmed to assemble in aqueous environments. 

These molecules comprise a lipid hydrophobic component, a β-sheet forming peptide 

segment, and charged amino acid residues that provide water-solubility and the possibility to 

carry bioactive sequences.11 The dispersive interactions among the hydrophobic tails and the 

establishment of a hydrogen bonding network between the oligopeptide segments drive the 

self-assembly processes of PAs in a cooperative fashion, yielding ordered and micrometre-

long 1D structures.12 As the resulting supramolecular network assembles, a nanofibrous 

hydrogel forms, which can be designed to mimic both structural and functional features of the 

natural extracellular matrix (ECM).13 These biomimetic systems have been developed to 

stimulate specific biological processes such as cell migration14,15 and differentiation16 in vitro 

as well as in vivo regeneration of axons,17 blood vessels,18 bone,19 and cartilage.20  

 

Hydrogels are attractive materials for biomedical applications given their molecular-scale 

control over mechanical and bioresponsive properties.21,22 While stiffness has been shown to 

be a key hydrogel parameter to control and drive cell response,23–25 its tunability remains 



challenging. Traditional approaches to tune hydrogel stiffness have mostly relied on 

modifying either gel concentration or crosslinking density, which can concomitantly modify 

porosity, network connectivity, and consequently affect bioactivity and degradation.26 

Therefore, other approaches that can selectively control stiffness without affecting other 

hydrogel parameters would enhance the precision and versatility with which these 

biomaterials are designed. In particular, supramolecular hydrogels represent an attractive 

platform to enable such capability due to both the dynamic binding of their molecular 

components and the weak noncovalent nature of their interactions.27  

 

The last three decades have witnessed the use of macrocyclic host-guest interactions to 

endow materials with dynamic, reversible, and responsive properties.28 Cyclodextrins (CDs) 

constitute one of the best studied supramolecular hosts as they exhibit good biocompatibility, 

degradability, and a wide repertoire of functional groups that render their conjugation with 

biomacromolecules.29 The strength and specificity of the CD–guest interaction enables 

excellent control over material functionality when designing both covalent30 and 

supramolecular31 polymer-based materials. β-Cyclodextrin (β-CD) comprises seven α-D-

glucopyranoside units linked by (α→1,4)-glycosidic bonds, rendering a truncated cone 

structure with a hydrophilic exterior surface and a hydrophobic interior cavity. This structure 

is suitable for association with hydrophobic guest motifs of appropriate size and polarity such 

as adamantane (Ada) derivatives.29,32–34 A number of CD-Ada peptide-based systems have 

proven functional as soft materials,35 delivery devices,36,37 and chemo-38 and bio-sensors.39 

However, to our knowledge, both the benefits and functionalities of this host-guest pair have 

not yet been translated into PA self-assembled hydrogels. 

 



As a strategy to ameliorate the control of mechanical properties of PA hydrogels, we herein 

report a new family of supramolecular hydrogels prepared through the noncovalent 

crosslinking between PAs bearing either β-CD or Ada host-guest motifs. We describe the 

synthesis of both cationic isostructural PA conjugates, the underlying mechanism of both 

peptide self-assembly and host-guest complexation, as well as the resulting properties of 

assembled hydrogels. Furthermore, the potential biofunctionality of the system is 

demonstrated using cell-culture experiments. 

 

EXPERIMENTAL SECTION 

Materials. All reagents were purchased from Sigma-Aldrich and used without any further 

purification unless otherwise stated. Phosphate buffered saline (PBS), Dulbecco’s Modified 

Eagle’s Medium (DMEM), Hank’s Balanced Salt Solution (HBSS), Penicillin/Streptomycin 

(P/S), Foetal Bovine Serum (FBS), were obtained from Gibco (Life Technologies).  

Circular dichroism (CD). The secondary structure of the PAs was assessed using CD. 

Peptides were dissolved in water or 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES) 10 mM saline (155 mM NaCl pH 7.4) at a final concentration of 0.01 wt%, then 

measured as soon as possible using a 1 mm path-length quartz cuvette in a Pistar-180 

spectropolarimeter (Applied Photophysics, Surrey, UK) equipped with a Peltier temperature 

controller, under a constant nitrogen purging at a constant pressure of 0.7 MPa and 

temperature of 25 °C. Far UV spectrum were recorded from 190 to 270 nm a wavelength step 

of 0.5 nm. Each represented spectrum is the average of three consecutive spectra. 

Temperature variable CD experiments were carried out between 10 ºC and 70 ºC, with a 

heating rate of 1 ºC/min, and collecting a spectrum every 10 ºC. 



Nuclear magnetic resonance (NMR). Mixtures of Ada-PA and βCD-PA were prepared in 

D2O/CD3OD reaching a final concentration of 10-12 mg/mL. Two dimensional NOESY 

NMR spectra were recorded on a Bruker AvanceNEO 600 spectrometer at room temperature.  

 

Transmission Electron Microscopy (TEM). PA 0.05 wt% aqueous solutions were imaged 

after a negative staining treatment. PA samples were drop casted on holey carbon-coated 

copper TEM grids (Agar Scientific, Stansted, UK), after 5 minutes incubation, solution 

excess was removed before incubation with 2% uranyl acetate for one minute, grids were 

then washed with ultrapure water for 30s and air dried for 24h at room temperature before 

imaging. Bright-field TEM imaging was performed on a JEOL 1230 Transmission Electron 

Microscope operated at an acceleration voltage of 80 kV. All the images were recorded by a 

Morada CCD camera (Image Systems) and at least six areas were analysed (corresponding to 

n ≥ 100 PA fibers). 

 

Isothermal titration Calorimetry (ITC). ITC experiments were performed at 25 °C using a 

MicroCal PEAQ-ITC microcalorimeter (Malvern-Panalytical, UK). PA solutions were 

prepared in previously filtered 10 mM HEPES buffer, pH 7.4. In a typical experiment 19 

injections of 2.0 µL titrant were titrated into the sample cell over 2 s with a stirring speed of 

750 rpm and 120 s separation to ensure thermal equilibration. Data were baseline adjusted by 

subtracting background data obtained from equivalent injections of titrant into the buffer 

solution. The titration curves were analyzed using the integrated public-domain software 

packages NITPIC, SEDPHAT and GUSSI..  

 

Zeta potential (ξ). PAs were dissolved in MilliQ water, pH values were adjusted by addition 

of HCl or NH4OH, transferred to polycarbonate folded capillary cells where zeta potential 



measurements were taken in triplicate at 25 °C from pH 3 to 12 using a Zetasizer (Nano-ZS 

ZEN 3600, Malvern Instruments, UK). 

 

Gel preparation. PAs were dissolved in either water or HEPES buffer, mixed according to 

the desired K3-PA/βCD-PA/Ada-PA ratio, incubated at 80 °C for 30 min and let to slowly 

cool down to room temperature, then a 30 µL drop was placed onto a polydimethylsiloxane 

(PDMS) support, injected 15 µL of PBS 0.1 M and incubated overnight at 25 °C to afford 1 

wt% hydrogels in all cases. 

 

Scanning Electron Microscopy (SEM). PA hydrogels were stepwise dehydrated by immersion 

in increasingly concentrated ethanol solution (25%, 50%, 70%, 80%, 90%, 95%, 100%), for 5 

min twice in each solution. Dehydrated samples were dried using a critical point dryer (K850, 

Quorum Technologies, UK) and gold coated before imaging on an Inspect F50 (FEI 

Company, the Netherlands) (n ≥ 5). 

 

Epifluorescence Imaging. An inverted epifluorescence widefield Leica DMI4000B 

microscope (Leica, Germany) equipped with a LEICA DFC300 FX CCD camera was used to 

visualize FITC (Cyclolab, Hungary) and Nile Red stained peptide aggregates. Peptide 

solutions were incubated with the fluorescent dye for 30 min at room temperature before 

imaging and FITC & Texas Red filters were employed.  

 

Rheological measurements. PA hydrogels rheological characterization was performed with a 

DHR-3 Rheometer (TA Instruments, USA) equipped with an 8 mm diameter parallel plates 

geometry. Rheological characteristics were monitored by amplitude sweep, frequency sweep, 

and the self-healing ability of the gels was assessed through creep-recovery tests. G′ (storage 



modulus) and G″ (loss modulus) were measured at 25 °C and a constant frequency of 1 Hz in 

the 0.01% – 10% strain during the amplitude sweep, while the oscillation frequency 

experiments were carried out at a 0.1% fixed strain along 0.1 – 100 Hz. Creep-recovery tests 

were performed as follows: an initial 0.1% strain was held for the first 100s, then it was 

increased to 100% for 100 s, followed by a recovery segment of 0.1% stress for 100 s, the 

continuous step strains were switched within 200 s for every strain interval. 

 

Degradation/erosion studies. PAs gels were placed in suitable glass vials and incubated in 

HEPES buffer at 25 ºC. Gels degradation/erosion was determined as reported elsewhere 

(Figure S7).  

 

Citotoxicity assays. NIH-3T3 fibroblasts were cultured in DMEM supplemented with 10% 

FBS and 1% P/S in a humidified incubator (37 °C, 5% CO2). On a typical experiment 5 µL of 

a 10 mM PA ternary mixture of K3-PA/βCD-PA/Ada-PA (70:15:15) were injected within 50 

µL of PBS gelling solution (1 mM PA final concentration). After 30 minutes gelation the 

excess of PBS was removed and 50,000 NIH-3T3 cells were seeded onto the gels. Gels were 

kept under orbital agitation for 1 h before static culture for 1, 2 and 7 days. In vitro cell 

viability was then assessed using the LIVE/DEAD Viability/Cytotoxicity Assay Kit 

(Molecular Probes), 30 min before imaging hydrogels were incubated in 10 mM Calcein AM 

and 1 mM ethidium homodimer-1 (EthD-1), stained samples were visualised on an inverted 

Confocal Laser Scanning Microscope (CLSM) (Leica Laser Scanning Confocal TCS SP2) 

along with the ImageJ Software (NIH, USA) for reconstructing the 3D images. Cell viability 

was measured as a ratio of calcein positive cells over total number of cells. All assays were 

done in at least triplicate. 

 



RESULTS AND DISCUSSION 

Design and rationale of supramolecular host-guest nanostructures. 

The main goal of this work was to generate a molecularly-designed functional hydrogel that 

exhibits the benefits of both peptide self-assembly and host-guest interactions. The covalent 

incorporation of host-guest motifs took place by synthesizing two PA-conjugates bearing 

either a β-cyclodextrin residue (βCD-PA, host-PA) or an adamantane residue (Ada-PA, 

guest-PA). Both βCD-PA and Ada-PA conjugates are isostructural to the well-characterised 

cationic K3-PA, which we employed as a control. These new host-guest derivatives comprise 

a hydrophobic palmitoil tail (C16-), an oligopeptide motif with a strong tendency to form β-

sheets (-V3A3-), an ionizable region that is also responsible for further hydrogelation (-K3-), a 

triglyine spacer (-G3-) to enhance further fiber display of the host-guest cues, and a 1,2,3-

triazole linker that allocated the corresponding β-CD and Ada residues nearby the C-terminus 

of the respective PA (Scheme 1).		

βCD-PA

Ada-PA

K3-PA

	

Scheme 1. Molecular structures of the peptide amphiphile (PA) molecules reported in this 

study. The complementary host-guest PA pair is represented by βCD-PA and Ada-PA. The 



former bears a β-cyclodextrin moiety and acts as the host-PA, while the latter bears an 

adamantane residue and acts as the guest-PA. Both peptides are isostructural to K3-PA. 

 

Fiber forming individual molecules. 

Both βCD-PA and Ada-PA derivatives were synthesised using solid state peptide synthesis 

(SSPS) followed by further copper(I)-catalysed alkyne–azide cycloaddition (CuAAC) 

coupling,40 Purification of both peptides and K3-PA was carried out through reverse-phase 

High-Performance Liquid Chromatography (RP-HPLC), as acceptable peptide purity was 

obtained, a final trifluoroacetic (TFA) removal step was performed and HCl form of all the 

PAs was prepared and extensively dialysed for this study. Further synthesis and 

characterisation details can be found in the Supporting Information to this paper. 

Transmission electron micrographs (TEM) revealed that both host-guest PAs self-assemble 

individually into nanofibers when dissolved in water in a micromolar concentration range 

(Figure 1B, 1F). While both βCD-PA and Ada-PA exhibited comparable fiber diameters (9.8 

± 1.4 nm and 9.6 ± 1.3 nm, respectively) their length varied significantly (184 ± 130 nm and 

666 ± 386 nm, respectively) and both exhibited shorted lengths compared to conventional 

micrometer-long PA fibers. This length shortening suggests that the allocation of 

bulky/hydrophilic β-CD or small/hydrophobic Ada residues on the surface of the PA 

nanostructures may originate packing disruptions, resulting in shorter self-assembled fibers. 

Despite this potential intrusion in fiber formation, zeta potential (ξ) measurements revealed 

that both self-assembled βCD-PA and Ada-PA fibers exhibit a net positive charge along a 

wide range of pH values, suggesting that the presence of the host-guest motifs does not 

intrude on the surface display of the positively charged lysine residues once the fibers have 

assembled (Figure 1D, 1H). 

 



 βCD-PA secondary structure in water and HEPES. 

It is agreed that the assembly of PAs into fibers in aqueous environments is driven by both 

the hydrophobic association of the alkyl tail and the cohesive formation of a regular hydrogen 

bonding network (i.e. β-sheets). Interestingly, circular dichroism (CD) measurements 

revealed that βCD-PA fibers do not attain the expected β-sheets in water at 25 ºC (Figure 1A, 

Figure S5) but rather a β-turn-like secondary structure.41 Compared to a classical PA such as 

K3-PA,42 the geometrical packing parameters in βCD-PA have been modified by the 

presence of the voluminous β-CD motifs at the C-terminus. We speculate that allocating these 

moieties at the surface of the self-assembled nanofibers could restrict the peptide backbone 

and promote the observed β-turn conformation (Figure 1A) as reported in dipalmitoylated PA 

systems.43 Interestingly, these β-turns could be switched to a random coil conformation when 

assembled at room temperature and under physiological conditions (i.e. in HEPES pH 7.4, 

[NaCl] = 0.9 wt%), maintaining a fibrous morphology and exhibiting a slight tendency to 

form bundles (Figure 1A, 1C; Figure S5). 
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Figure 1. Self-assembly of βCD-PA and Ada-PA into nanofibers in aqueous media. A) 

Circular dichroism (CD) spectra and B) transmission electron microscopy (TEM) images of 

βCD-PA [38 µM] in water (black) and C) HEPES buffer (red). D) Zeta potential (ξ) 

measurements of solutions of βCD-PA in water (n = 3, mean ± s.d.). E) CD spectra and F) 

TEM micrographs of Ada-PA [63 µM] in water (blue) and G) HEPES buffer (green). H) 

Zeta potential (ξ) measurements of solutions of Ada-PA in water (n = 3, mean ± s.d., * marks 

the PA isoelectric point in each case). 

 

Ada-PA secondary structure in water and HEPES. 

In contrast, CD investigations revealed that Ada-PA nanofibers exhibited well-defined β-

sheet conformations in both water and HEPES buffer (Figure 1E). TEM micrographs 



revealed that while single Ada-PA fibers exist in water and HEPES buffer at low 

concentration regimes (Figure S3), at higher concentrations these fibers tend to bundle into 

small fibrils, that eventually appear to coalesce into larger raft-like objects of heterogeneous 

morphology and size (Figure 1G, Figure S4), similar to the nanosheets reported by Chen et 

al.44 We speculate that these structures form through van der Waals interactions amid 

adjacent Ada residues, however, confirmation of this hypothesis will require investigations 

beyond the scope of this study.  

 

Both Ada-PA and βCD-PA exhibited temperature-driven conformational changes in 

accordance to previous studies,45 Figure S5 shows our system might retain a substantial 

content of their native secondary structure at physiologically relevant conditions. These 

results demonstrate that incorporation of small hydrophobic moieties in Ada-PA fibers does 

not affect the peptide backbone conformation in aqueous environments, but can lead to fiber 

bundling at higher concentration regimes. 

 

Supramolecular decoration of βCD-PA and Ada-PA nanofibers. 

As host-guest motifs are presented on the surface of both βCD-PA and Ada-PA 

nanostructures, these cues elicit the formation of inclusion complexes with free 

complementary partners in solution. When βCD-PA nanofibers were incubated with 

rimantadine in HEPES buffer, the formation of a well-known 1:1 inclusion complex took 

place between self-assembled β-CD units and free Ada moieties in solution. TEM 

micrographs revealed that this noncovalent interaction has no significant impact on fiber 

morphology (Figure 2B), but CD studies indicated that the βCD-PA undergoes a 

conformational change from a random coil to a β-sheet conformation upon binding Ada units 

(Figure 2A). To further investigate whether these inclusion complexes can be formed at the 



surface of self-assembled Ada-PA, isothermal titration calorimetry (ITC) experiments were 

performed. Titration of assembled Ada-PA nanofibers with free β-CD revealed a 1:1 binding 

mode (Figure S6, Table 1), same evidence was collected through Nuclear Overhauser effect 

spectroscopy (NOESY) (Figure S7), while TEM micrographs showed that this noncovalent 

complexation had little effect on fiber morphology (Figure 2D). Furthermore, CD studies 

revealed that the Ada-PA undergoes a conformational change when binding to free β-CD 

moieties, switching from β-sheet to random coil (Figure 2C). These results suggest that host-

guest complexations could be used as a tool to tune peptide conformations with little 

morphological alterations on the resulting self-assembled nanostructures. Moreover, this 

platform widens the possibility to decorate self-assembled peptide nanostructures with 

suitable host-guest partners bearing bioactive motifs,46,47 thus providing new modular 

assembly of biomaterials with increasing complexity and functionality beyond traditional 

covalent approaches. 
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Figure 2. Noncovalent decoration of βCD-PA and Ada-PA fibers with complementary 

host/guest motifs in HEPES buffer. A) Circular dichroism (CD) spectra of an equimolar 

mixture of βCD-PA and rimantadine and B) transmission electron microscopy (TEM) 

micrograph of the resulting nanofibers [38 µM, blue]. C) CD spectra of an equimolar mixture 

of Ada-PA and β-cyclodextrin, and D) TEM micrograph of the resulting nanofibers [63 µM, 

green].  

 

βCD-PA and Ada-PA interacting with each other. 

After confirming that both βCD-PA and Ada-PA can form inclusion complexes with their 

complementary partners in solution, we proceeded to assess the noncovalent binding between 

these two host-guest PAs. ITC titrations revealed that both βCD-PA and Ada-PA bind to 

each other following a 1:1 stoichiometry (N), exhibiting a dissociation constant (KD) of 13.2 

± 4.4  µM as well as enthalpic, enthropic and free energy  values similar to those of Ada-PA 

titrated with free β-CD (Figure 3A, Table 1).36,48 Nuclear Overhauser effect spectroscopy 

(NOESY) experiments revealed cross-peaks between the signals at 3 - 4.5 ppm assigned to 

the inner protons of βCD and the signals at 1.5 - 2.2 ppm assigned to Ada. This result 

demonstrates the allocation of Ada residues into the cavity of their complementary β-CD 

partners, resulting in the formation of the noncovalent βCD-PA•Ada-PA complex (Figure 

S8).48 CD spectroscopy confirmed that the noncovalent βCD-PA•Ada-PA complex exhibits 

different secondary structures in water and HEPES buffer, forming β-sheets and β-turn-like 

structures, respectively (Figure 3B). This difference in conformation is expected, as 

isostructural systems to ours exhibit conformational transitions when ionic strength is 

increased.49 Nonetheless, TEM micrographs of equimolar mixtures of βCD-PA and Ada-PA 

demonstrated that their binding did not unsettle fiber formation (Figure 3C, 3D), thus 



indicating that they can be incorporated into a PA hydrogel without compromising its fibrous 

structure. 

 

Table 1. Thermodynamic parameters associated to the host-guest interactions of              

βCD / Ada-PA and βCD-PA / Ada-PA systems. 

 

 

βCD-PA and Ada-PA assemblies within hydrogels. 

A main objective of the study was to generate βCD-PA•Ada-PA complexes that would allow 

noncovalent tethering between PA-fibers, resulting in hydrogel networks with improved 

structural integrity. In order to provide further tunability of these tethering interactions, we 

self-assembled both βCD-PA and Ada-PA in the presence of the cationic K3-PA, which 

permits control over the spacing and concentration of both βCD-PA and Ada-PA. It is 

reported that heating K3-PA solutions to 80 ºC and then gently cooling them down can lead 

to lengthening of subsequently self-assembled nanofibers.12 Furthermore, scaffolds made 

from such longer PA fibers consist of long bundled fibers, that can lead to improved 

spreading and proliferation of cells.49,50 Consequently, mixtures of βCD-PA, Ada-PA, and an 

excess of K3-PA were carefully prepared and thermally treated to obtain longer and more 

cytocompatible PA fibers. SEM micrographs of hydrogels composed of K3-PA and identical 

increasing content of βCD-PA and Ada-PA, revealed that the presence of the host-guest PAs 

neither caused phase separation in the resulting hydrogels nor disturbed the morphology or 

System N KD 
(µM) 

Ka 
(M-1) 

ΔH 
(kJ•mol-1) 

ΔG 
(kJ•mol-1) 

-TΔS 
(kJ•mol-1) 

βCD / Ada-PA 
0.95 ± 
0.07 25.6 ± 6.4 

(3.91 ± 0.98) x 
104 -14.56 ± 2.3 -26.23 -11.67 

βCD-PA / Ada-
PA 

1.02 ± 
0.05 13.2 ± 4.4 (7.6 ± 2.5) x104 -9.41 ± 0.84 -27.87 -18.45 



dimensions of the fibrillar nanostructures (Figure 3F). This PA gel-forming network 

preservation in presence of βCD/Ada joints demonstrated the possibility to use them as 

interfiber cross-linking cues within a PA-hydrogel (Figure 3G). 
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Figure 3. Molecular binding between βCD-PA and Ada-PA. A) Isothermal titration 

Calorimetry (ITC) titration of Ada-PA with βCD-PA evidencing the formation of a 1:1 host-

guest inclusion complex ([Ada-PA] = 75 µM, [βCD-PA] = 600 µM, T = 25ºC, 19x10 µL 

injections). B) Circular dichroism (CD) spectra and transmission electron microscopy (TEM) 

micrographs of equimolar mixtures of Ada-PA and βCD-PA in C) water and D) HEPES 

buffer. E) Heat map showing the relative strength of different K3-PA/βCD-PA•Ada-PA 

hydrogels. F) Scanning electron micrographs (SEMs) of a K3-PA/βCD-PA•Ada-PA 



80:10:10 mol% hydrogel demonstrating the persistence of a fibrous network after the 

noncovalent binding of βCD and Ada motifs. G) Schematics illustrating the underlying host-

guest interaction mechanism between PA nanofibers. 

 

Stiffness of βCD-PA and Ada-PA hydrogels. 

Given these results, we reasoned that K3-PA gels containing increasing content of βCD-PA 

and Ada-PA would increase in stiffness as more interfiber binding takes place. To confirm 

this possibility, the stiffness and response to deformation of the hydrogels were assessed 

through dynamic rheology. Amplitude and frequency sweep experiments were used to 

quantify the storage modulus (G’) and loss modulus (G’’) of K3-PA/βCD-PA•Ada-PA                  

1 wt% hydrogels containing increasing fractions of host-guest PAs (90:5:5, 80:10:10, and 

70:15:15 mol%) (Figure 4A, Figure S9). Control K3-PA hydrogels exhibited G’ values of 2.8 

± 0.5 kPa while K3-PA/βCD-PA•Ada-PA hydrogels displayed higher G’ and G’’ values 

(Figure 4A). Values for both G’ and G’’ increased with the concentration of the βCD-

PA•Ada-PA pair in the hydrogels, gel stiffness increased significantly (compared to control 

K3-PA hydrogels) until reaching a maximum of 5.1 ± 0.8 kPa when the fractions of βCD-PA 

and Ada-PA were 10 mol% each (80:10:10 gels, p < 0.0001, n > 3, Table S3). Increasing 

βCD-PA•Ada-PA pair concentration above 10 mol% was detrimental for hydrogel stiffness. 

Hydrogels containing K3-PA/βCD-PA•Ada-PA 70:15:15 mol% exhibited a similar stiffness 

as K3-PA control gels, while mixtures incorporating higher ratios of the host-guest pair than 

70:15:15 mol% rendered only solutions in presence of the PBS gellator, most likely due to a 

decrease in nanofiber length (Figure 3E, 3D). Nonetheless, neither K3-PA/βCD-PA nor K3-

PA/Ada-PA binary hydrogels exhibited an increase in stiffness compared to control K3-PA 

ones assembled at the same 1 wt% concentration (Figure S10). This suggests that the 

host−guest binding between nanofibers bearing βCD-PA and those bearing Ada-PA is likely 



responsible for the observed increase in stiffness in the ternary gels. Other approaches aiming 

to modulate PA hydrogel stiffness rely on modification of their intrafiber hydrogen bonding 

network strength,51 pH,52 concentration,52 covalent capture via hydrophobic domains,15 

covalent interfiber crosslinking53 or mixing with other PAs,54 proteins,55,56 phospholipids,57 

and metal counterions.58 On the other hand, our non-covalent crosslinking approach allows 

for enhancing stiffness without altering other gel parameters such as peptide concentration 

and porosity. On top of these benefits, the integration of dynamic host-guest chemistry into 

supramolecular PA hydrogels allows for the possibility to engineer further temporal and 

morphological properties, which are relevant within cell environments.22  

 

Self-healing and resistance to degradation of βCD-PA and Ada-PA hydrogels.  

In addition to enhancing gel stiffness, we hypothesized that the precise and reversible nature 

of the host-guest interactions would elicit additional effects on the structural integrity of the 

K3-PA/βCD-PA•Ada-PA hydrogels. First, given the supramolecular and noncovalent nature 

of these materials,52 we tested the self-healing and shear-thinning properties of the hydrogels 

by step strain measurements. When undergoing changes from large (100%) to small (0.10%) 

strain values, the hydrogels exhibited a reversible gel-sol transition and rapidly recovered up 

to 90% of their G’ and G’’ after sheared for up to 4 cycles (Figure 4B). K3-PA/βCD-

PA•Ada-PA hydrogels proved to withstand more damage than control K3-PA hydrogels 

under the same exhibited strain, but were also able to recover in a similar way to the control 

gels (Figure S11). In addition, we tested the effect of the host-guest motifs on the stability of 

the PA hydrogels upon degradation when incubated in HEPES at 25 ºC. In this fashion, 

weight remaining ratios was monitored after exhaustive removal of buffer and determination 

of the residual hydrogel mass (Figure S12).59 The results indicate that 70:15:15 mol% K3-

PA/βCD-PA•Ada-PA hydrogels are able to withstand this buffer exchange process for up to 



7 weeks before full degradation compared to K3-PA, which completely degraded after 2 

weeks (Figure 4C). It can be speculated that the host-guest interfiber tethering sites provide 

an additional anchoring force that confines individual PA molecules to the fibrillar hydrogel 

network, decreasing Fickian diffusion of free PA-molecules, thus slowing the rate of gel 

erosion.60 These results not only demonstrate that the βCD/Ada system enhances the stability 

of PA hydrogels by helping to preserve their structural integrity, but also allows for the 

tuning of their time-dependent properties, which could be of use when present in tissue 

regeneration and development sites.22  
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Figure 4. Co-assembling of βCD-PA and Ada-PA into a functional hydrogel with improved 

properties. A) Storage (G’) and loss (G’’) moduli values of different K3-PA/Ada-PA•βCD-

PA hydrogels (1 wt%) determined by oscillatory rheology (see text, **** p < 0.0001, n.s. no 

significant difference, n > 3). B) G’ (blue) and G’’ (red) of a K3-PA/Ada-PA•βCD-PA 

80:10:10 mol% hydrogel in continuous step strain measurements (1 wt%, T = 25 ºC). Large 

strains (100 %) inverted the G’ and G’’ values to render the sol state. On the other hand, G’ 



was recovered under small strains (0.1 %) within less than 30 s. C) Degradation profile of K3-

PA/Ada-PA•βCD-PA hydrogels in time. Weight remaining ratios of 90:5:5, 80:10:10 and 

70:15:15 mol% hydrogels as well as K3-PA control hydrogels are shown. D) Cell viability 

determinations of NIH-3T3 fibroblasts cultured onto K3-PA/Ada-PA•βCD-PA 70:15:15 

mol% hydrogels (red), K3-PA gels were used as controls (blue, 1 wt% in both cases) (**** p 

< 0.0001, *** p < 0.001, n > 3) Inset: LIVE-DEAD image from the host-guest based 

hydrogels at day 7 (green: calcein AM, alive cells; red: ethidium homodimer-1 (EthD-1), 

dead cells). 

 

Biocompatibility of βCD-PA and Ada-PA hydrogels.  

To assess the potential of our modified PA hydrogels to be used in biological applications, 

NIH-3T3 fibroblasts were cultured on either K3-PA/βCD-PA•Ada-PA or K3-PA control 

hydrogels for up 7 days. Cells attached and exhibited a spread morphology on both hydrogel 

systems after two days (Figure S13), and cells seeded on K3-PA control gels showed higher 

viability at this point. However, on day 7, cells growing on K3-PA/βCD-PA•Ada-PA 

hydrogels exhibited higher viability (89.6 ± 2.6 %) compared to cells growing on K3-PA 

controls (83.9 ± 2.8 %) (Figure 4D). We speculate that the host-guest motifs play a role in 

partially shielding the positive charges from the cationic nanofibers, in fact, NIH-3T3 

fibroblasts viability assays in solution showed higher cell survival in βCD-PA than K3-PA 

(Figure S14). Also,  the noncovalent interfiber binding leads to obtaining stiffer hydrogels, 

which could promote the expression of mechanosensitive proteins.25 It is possible that this 

observed increased cell viability observed in our K3-PA/βCD-PA•Ada-PA hydrogels after 7 

days of culture results from a stiffer gel as a result of our host guest interaction, studies have 

reported an effect on increasing cell viability as a result of matrix stiffness.61  It is noteworthy 

that our approach enables an increase in stiffness without affecting nanofiber density (as total 



amount of self-assembling PAs remain constant), therefore, network crosslinking and cell 

microenvironments shall remain similar to those of conventional K3-PA gels, in terms of cell 

nutrient access, gas exchange and other physiological parameters. This capacity could have a 

significant effect on cell function, for instance cell differentiation.62 Taking advantage of the 

capacity to modulate supramolecular hydrogel properties as a result of our host-guest 

approach, further optimisation of the hydrogel stiffness would be possible, but it might 

depend on specific cell type behaviours and therapeutic use. It is noteworthy that when cells 

were embedded within the hydrogel materials, a significant decrease in viability was 

observed in both K3-PA/βCD-PA•Ada-PA and K3-PA controls hydrogels. This effect is 

likely a result of the positively charged PAs used, as it is well-known that cationic peptides 

cytotoxicity can be tuned.63,64 

 

CONCLUSIONS 

In this study, we report on the synthesis, supramolecular aggregation, and structural 

improvement of a new family of PA hydrogels based on the dynamic noncovalent binding of 

β-cyclodextrin and adamantane motifs. Through this approach, we aim to develop a robust 

and versatile noncovalent cross-linking strategy for peptide-based biomaterials. The work 

validated the possibility to incorporate host-guest binding motifs on self-assembling PA 

molecules to generate hydrogel biomaterials with enhanced stiffness and structural integrity 

without altering parameters such as total peptide concentration. To validate the applicability 

of the biomaterial, we showed that the system can be assembled with different PA molecules 

and serve as substrates for in vitro cell-culture. Our study demonstrates that host-guest 

interactions represent an attractive and viable tool to not only improve mechanical and 

structural features in PA-based hydrogels, but also to further incorporate dynamic guests and 



structural complexity levels of PA hydrogels. The system may find applications in the 

development of novel therapies for disease and regenerative medicine. 
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