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Abstract

Controlled release is an essential requirement for delivery of hydrogen sulfide (H2S) because of its 

reactive nature, short half-life in biological fluids, and toxicity at high concentrations. In this 

context, H2S delivery via hydrogels may be beneficial as they can deliver H2S locally at the site of 

interest. Herein, we employed hydrogels based on aromatic peptide amphiphiles (APAs) with 

tunable mechanical properties to modulate the rates of H2S release. The APAs contained an 

aromatic S-aroylthiooxime (SATO) H2S donor attached with a linker to a short IAVEEE 

hexapeptide. Linker units included carbonyl, substituted O-methylenes, alkenyl, and alkyl 

segments, with the goal of evaluating the role of linker structure on self-assembly, capacity for 

hydrogelation, and H2S release rate. We studied each peptide by transmission electron microscopy, 

circular dichroism spectroscopy, and rheology, and we measured H2S release rates from each gel, 

triggering SATO decomposition and release of H2S by addition of cysteine (Cys). Using an H2S-

selective electrode probe as well as a turn-on fluorescent H2S probe in the presence of H9C2 

cardiomyocytes, we found that the rate of H2S release from the hydrogels depended on the rate of 

Cys penetration into the nanofiber core, with stiffer gels showing longer overall release.
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1. INTRODUCTION

Supramolecular materials find extensive use in drug delivery, tissue engineering, 3-D cell 

culture, regenerative medicine, and several other fields of biomedical research.1,2 In 

particular, self-assembling amphiphilic peptides have garnered much attention due to their 

ease of synthesis, tunability, and biocompatibility in many contexts.3–5 Aromatic peptide 

amphiphiles (APAs) belong to a class of self-assembling peptides that bear an N-terminal 

aromatic unit and a short peptide chain attached with a linker. APAs self-assemble in 

aqueous solution as a result of hydrophobic and aromatic stacking interactions combined 

with H-bonding in the peptide chain, creating supramolecular nanoassemblies including 

spheres, cylinders, filaments, ribbons, coils, and others.6 Furthermore, the self-assembly and 

hydrogelation of APAs can be controlled by several factors, including pH, temperature, and 

concentration, with synergistic contributions from individual structural units (aromatic 

group, peptide chain, and linker).7–12 Therefore, APAs allow fine tuning of macroscopic 

properties through design modifications and can be potentially useful as efficient drug 

delivery systems.

APA hydrogels have been used as carriers of drugs, antigens, proteins, and other 

therapeutics.13,14 However, their ability to regulate payload delivery via small structural 

modifications in the linker segment has not been widely explored. The linker segment 

controls the spatial orientation of the aromatic unit relative to the peptide chain. As a result, 

subtle alterations in linker length and flexibility can influence both molecular packing and 

the ability of APAs to form gels.7,15–18 Herein, we investigate the effect of various linker 

segments on the rheological properties and drug release rates from a specific type of APA 

designed to release therapeutic doses of hydrogen sulfide (H2S).

H2S is a signalling gas (gasotransmitter) that regulates various (patho)physiological 

processes, including cardioprotection,19 vasodilation,20 neurotransmission,21 inflammation,
22,23 and others.24 However, in order to study H2S biology and potentially use it 
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therapeutically, delivery strategies are needed. Its acute toxicity at high concentrations and 

short in vivo half-life makes it crucial to precisely control and confine H2S release to the site 

of interest.25–29 While several polymeric and supramolecular H2S donors show controllable 

H2S release,30,31 most lack the capacity for localized release. Supramolecular hydrogels 

enable localized drug release,32 so it is beneficial to understand how small changes to APA 

chemical structures affect the macroscopic properties of H2S-releasing peptide hydrogels.

H2S-releasing APA hydrogels, first reported from our lab in 2015, consist of a small peptide 

chain (typically 2–7 amino acids) with an S-aroylthiooxime (SATO) covalently attached to 

the N-terminus via a linker segment.33 SATOs are thiol-triggered aromatic H2S donors,34 

and in recent work, we have shown that substitution on the aromatic ring of H2S-releasing 

APAs can affect the rate of release of H2S from these hydrogels.26 Herein, we aimed to 

investigate how the chemical structure of the linker segment affects the self-assembly, 

rheological behavior, and H2S-releasing capacity of a series of H2S-releasing APA 

hydrogels. We reasoned that by controlling the stiffness of the hydrogel network and thereby 

the access of cysteine (Cys) into the nanofiber core, we could control the rate and duration 

of H2S release from these hydrogels. We hypothesized that stiffer hydrogels with restricted 

access of Cys would show more gradual H2S release compared to their weaker counterparts.

2. EXPERIMENTAL

Materials.

Rink Amide MBHA resin and 9-fluorenylmethoxy carbonyl (Fmoc) protected L-amino acids 

were purchased from P3Biosystems and used as received. HBTU, N-methylpiperidine, DBU 

and other reagents for peptide synthesis were purchased from commercial vendors and used 

as received unless otherwise noted. The solvents employed for peptide synthesis were 

reagent grade. The linkers were either synthesized (see supplementary information) or 

purchased commercially. DMEM, FBS, EDTA, trypsin, and other reagents for cell studies 

was purchased from VWR, Radnor, PA and streptomycin was purchased from MP 

Biomedicals.

Peptide synthesis and purification.

Peptides were synthesized either manually or using a Liberty 1 microwave-assisted peptide 

synthesizer (CEM) using solid-phase peptide synthesis (SPPS) via standard Fmoc protocol 

as described previously.35 Linkers were coupled to the N-terminus of the peptide on resin 

using HBTU and DIEA in DMF. After cleavage and isolation, peptides were dissolved in 

water containing 0.1% NH4OH and filtered through a 0.45 μm PTFE filter before 

purification. Purification by preparative-scale reverse phase-high performance liquid 

chromatography (RP-HPLC) was carried out on an Agilent Technologies 1260 Infinity 

HPLC system, eluting with a gradient of 2% ACN to 90% ACN in milliQ H2O over 33 min 

using an Agilent PLRP-S column (100Å particle size, 25 × 150 mm) and monitoring at 220 

nm. To both mobile phases was added 0.1% NH4OH to aid in solubility. Fractions were 

analysed by mass spectrometry (Advion ExpressIon Compact Mass Spectrometer), and 

product-containing fractions were combined, rotovapped to remove ACN, and lyophilized 

(LabConco).
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The lyophilized peptide was dissolved in dry DMSO and reacted with S-

benzoylthiohydroxylamine (SBTHA) in the presence of catalytic TFA to afford the final 

SATO-containing APAs. Peptides were dissolved in a mixture of phosphate buffer (100 mM 

at pH 7.4) and acetonitrile (5:2 v/v) and filtered through a 0.45 μm PTFE filter before 

purification. Purification was carried out using RP-HPLC, eluting with a gradient of 2% 

ACN to 90% ACN in milliQ H2O without any additives. The protocol for analysing and 

recovering the peptides was the same as described above. The final peptides were dissolved 

in milliQ water and distributed into aliquots (100 μg each). Aliquots were frozen, 

lyophilized, and stored at −20 °C.

Critical aggregation concentration (CAC) measurements.

Nile red stock solution in acetone (1 mg/mL) was diluted in PB (1X) to a concentration of 

0.01 mg/mL and was used to make all peptide solutions. A peptide stock solution was 

prepared at 4 mg/mL in the Nile red stock solution and was further diluted to the 

concentration of 3 mg/mL, 2 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.1 mg/mL, 0.01 

mg/mL, 0.001 mg/mL, and 0.0001 mg/mL. All peptide dilutions were vortexed for a few 

seconds, then 300 μL of each was transferred to a 96-well plate, and the plate was allowed to 

sit in the dark for 15–20 min. Fluorescence spectra were recorded using a Varian Cary 

Eclipse fluorescence spectrophotometer (FL1105M003) with an excitation wavelength of 

550 nm. Fluorescence intensity measured at 628 nm was plotted against log[concentration], 

and the final CAC values were estimated to be the point of intersection between the linear 

fits of high and low concentration regime.

Circular Dichroism (CD) Spectroscopy.

CD spectra were measured at room temperature using a Jasco J-815 CD spectrometer (Jasco 

Inc.) with a pre-set N2 flow at 120 mL/min. The range of wavelengths employed was 190 to 

250 nm (50 nm/min) with a response time of 8 s. Samples for both APA solutions were 

freshly prepared at 0.25 and 10 mM (20 μL) in 1X PB (pH 7.4) and were analysed using a 

quartz cuvette with a path length of 1 mm with 3 iterations for each sample. Similarly, CD 

spectra for freshly prepared hydrogels (20 μL) were recorded using a dismountable cuvette 

with a path length of 0.2 mm. Raw spectra were converted to mean residual ellipticity for 

comparison.

Hydrogelation.

All APAs except Pep[–OC(CH3)2–] formed hydrogels in 1X PB at physiological pH upon 

addition of 10 μL of CaCl2 solution (200 mM in water) to 90 μL of peptide solution (10 mM 

in 1X PB). The final concentration of CaCl2 in the hydrogels was 20 mM. Hydrogels were 

allowed to sit for 10 min before any further analysis.

Morphological analyses.

Peptide solutions (10 mM in 0.05 M phosphate buffer at pH 7.4) were prepared and allowed 

to age overnight, then diluted with water to 500 μM. Next, 10 μL of peptide solution was 

deposited on a carbon-coated copper TEM grid (300 mesh, Electron Microscopy Sciences), 

allowed to sit for 5–6 min, and then gently blotted with filter paper. The grid was then 
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washed by adding a drop of MilliQ water, allowed it to stand for 1 min, and then blotted 

with filter paper. Samples were stained with 10 μL of a 2% uranyl acetate aqueous solution 

for 5–6 min, blotted with filter paper, and allowed to dry in air before TEM observation. 

Images were taken on a Philips EM420 TEM with a slow scan CCD camera.

Rheology.

Rheological experiments were done on an AR-2000 (TA instruments) using a 25 mm 

parallel plate geometry. Buffered peptide solutions (225 μL, 10 mg/mL peptide, ~10 mM) 

were prepared for each peptide in 1X PB (pH 7.4) and quickly transferred to the rheometer’s 

bottom geometry. Gelation was initiated upon addition of 25 μL CaCl2 solution (200 mM in 

water) and the resulting solution was mixed thoroughly with a pipet tip to ensure 

homogeneity. After allowing the solution to gel for 10 min, the upper geometry was lowered 

to a pre-set gap of 500 μm, and a dynamic time sweep was performed at a frequency of 1 Hz 

and 0.5% strain to measure storage (G’) and loss (G”) moduli. Each time sweep was 

followed by a dynamic frequency sweep (0.010–100 Hz at 0.5% strain) and a strain sweep 

(1 Hz at 0.5–100% strain).

H2S release measurement.

H2S release from peptide gels and solutions was measured amperometrically using an 

electrode probe8. A solution of APA (90 μL of 10 mM solution in 1X PB) was placed in an 

inner well inside a specially designed glass vial equipped with a stir bar (Figure S11). 10 μL 

of CaCl2 was added to the inner well and mixed thoroughly with a pipette tip to form 

hydrogel. After 10 min, 4 μL of Cys solution (200 mM in water) was gently deposited on the 

top layer of the hydrogel. The final concentrations in the inner well were 10 mM in peptide 

and 20 mM (2 equiv) in Cys. The well was immediately covered with the gas-permeable 

membrane (Breathe easier, Diversified Bioteck), and PB buffer at pH 7.4 (4.95 mL) mixed 

with 50 μL of diethylenetriaminepentaacetic acid (DTPA) solution (10 mM in water) was 

added into the vial, covering the inner well. The H2S-selective microelectrode was then 

immersed in the PB solution, and the output signal was recorded. Similarly, H2S release 

from APA solutions was measured by transferring 90 μL of peptide solution (10 mM) to the 

inner well followed by addition of Cys solution (4 μL, 200 mM in water). Calibration was 

carried out as previously reported.36

In vitro studies using fluorescent probe.

Cell studies were conducted using an adherent H9C2 cell line of rat embryonic 

cardiomyocytes (ATCC, Manassas, VA, USA). Cells were cultured in 5% CO2-air 

atmosphere at 37 °C using Dulbecco’s Modified Eagle Medium (DMEM), fortified with 10 

% fetal bovine serum (FBS), 50 IU/mL penicillin, and 50 g/mL streptomycin. Cell cultures 

were passaged after 70–85% confluence, washing in between with 1X PBS and releasing 

with trypsin and 0.25% EDTA solution.

H9C2 cells were plated at a density of 0.08 million per well in a 48-well plate and cultured 

for 48 h, followed by washing with 1X PBS three times and addition of 480 μL serum-free 

DMEM per well. Cells were incubated with peptide hydrogel (20 μL, 10 mM) and Cys 

solution (4 μL, 100 mM) for 2 h. Following treatment with either Gel[–OCH2–] or Gel[–
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CH=CH–], with or without additional Cys, media and gel were removed, and cells were 

washed with PBS three times. WSP-5 (10 μL, 2.5 mM), reported previously,37 and CTAB 

(10 μL, 5 mM) solutions were added to each well and total volume was brought up to 500 

μL per well with serum-free DMEM. After 30 min incubation, the media was removed, and 

cells were washed with PBS three times. Fresh PBS (500 μL) was added to the wells, and 

the plate was visualized by bright-field and fluorescence microscopy (Nikon Eclipse Ti-U) 

with FITC filter set. The magnification was 20x. Corrected total cell fluorescence (CTCF) 

intensity was estimated using equation CTCF = integrated density – (area of selected cell) × 

(mean fluorescence of background). A rectangular drawing/selection tool in ImageJ was 

used to select a desired region with fluorescence, and its integrated density and area were 

measured. Mean fluorescence intensity of the background was calculated by averaging the 

intensities of the selected areas that had no fluorescence.

3. RESULTS AND DISCUSSION

Peptide design and synthesis.

Previously, we reported an APA with a short carbonyl linker (Pep[–C(O)–]) that formed a 

robust hydrogel.33 In order to investigate the effect of linker structure on self-assembly, 

hydrogelation, and H2S release profile, we synthesized five additional peptides with linkers 

O-methylene (Pep[–OCH2–]), O-methyl-methylene (Pep[–OCH(CH3)–]), ethyl (Pep[–

(CH2)2–]), ethenyl (Pep[–CH=CH–]), and O-dimethyl-methylene (Pep [–OC(CH3)2–]) 

(Scheme 1). We speculated that the alkyl and O-methylene linkers would provide additional 

flexibility relative to the carbonyl linker, whereas the alkenyl linker would have restricted 

rotation compared with alkyl. We included O-methylene linkers with zero, one, or two 

pendant methyl groups to investigate the steric effects of methyl group substitution on the 

CH2 carbon.

All six peptides were synthesized via solid-phase peptide synthesis as described in our 

previous work.35 S-Benzylthiohydroxylamine (SBTHA) was covalently attached to the 

peptide fragment IAVEEE via an aryl aldehyde group on each linker segment, generating the 

H2S-releasing SATO functional group and yielding the H2S-releasing APAs. The 

nomenclature of each peptide consists of two parts: the first part depicts the physical state of 

the peptide (Pep or Gel), and the second part depicts the type of linker (e.g., the soluble form 

of the peptide with the −OCH2− linker is referred to as Pep[−OCH2−], while its hydrogel is 

referred to as Gel[−OCH2−]).

Secondary structure of APAs.

The first step toward understanding the molecular packing of the APAs was the 

measurement of their critical aggregation concentration (CAC), a minimum concentration 

above which self-assembly occurs. CAC values for all APAs were in the range of 0.8–1.0 

mg/mL (~1 mM) as measured by the Nile red assay (Figure S5). This range is consistent 

with CAC measurements for APAs with similar structures.26

Next, we utilized circular dichroism (CD) spectroscopy to investigate the secondary 

structures of the APAs. Below the CAC (0.25 mg/mL), all peptides showed a characteristic 
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random coil spectrum with a minimum around 200 nm (Figure 1A). However, above the 

CAC (10 mg/mL), differences in secondary structures of the APAs were observed (Figure 

1B). Because the peptide backbone for all APAs is the same, any differences in their 

secondary structures should be a result of the linker segment and the role it plays in directing 

secondary structure. Linker [–C(O)–] showed a β-sheet signature with a minimum around 

219 nm, but it lacked the typical peak near 197 nm. Similarly, Pep[–OCH2–] and Pep[–

OCH(CH3)–], formed what appeared to be twisted β-sheets, characterized by red-shifted 

minima and maxima around 222 nm and 206 nm, respectively. Pep[–(CH2)2–] also showed a 

minimum at 214 nm along with an additional small negative peak around 195 nm suggesting 

that the observed structure may have some random coil character mixed with β-sheet. Pep[–

OC(CH3)2–], on the other hand, showed an even stronger minimum around 199 nm 

suggesting a higher degree of random coil character. Interestingly, Pep[–CH=CH–] showed a 

small minimum at 208 nm along with a strong negative peak at 225 nm, indicating some α-

helical character. Although definitive interpretations of the CD data are difficult, in part due 

to SATO absorptions in the 190–240 nm region, the differences observed in the secondary 

structures of APA hydrogels highlight the importance of the linker segment indicating the 

secondary structure of the APAs.

Morphology of APAs.

To further understand the self-assembling behavior and to probe supramolecular structures 

formed by these APAs, we used transmission electron microscopy (TEM) (Figure 2). APA 

solutions well above their CAC (10 mg/mL) were aged overnight, diluted to 0.5 mg/mL, and 

quickly cast onto grids before staining with uranyl acetate. Pep[–C(O)–] formed long 

continuous fibrils, which were a few micrometres in length with average widths around 5 nm 

(Figure 2A). In the case of the O-methylene linkers, both Pep[–OCH2–] and Pep[–

OCH(CH3)–] formed long and wide twisted nanoribbons with widths around 9 nm (Figure 

2B and C), similar to literature reports on APAs containing similar linkers.15–17 Pep[–

(CH2)2–], on the other hand, formed short twisted nanoribbons with an average width of 

around 7 nm (Figure 2D). Several short fragments were also observed suggesting some 

disrupted packing, which is in agreement with the presence of a substantial random coil peak 

in the CD spectrum for this peptide. Lastly, Pep[–CH=CH–] showed narrow, twisted 

nanoribbons with widths around 6 nm (Figure 2E). Although both [–CH=CH–] and [–

C(O)–] are considered rigid, the observed differences in their morphologies may result from 

the hydrogen-bond accepting capability of the carbonyl in Pep[–C(O)–]. Furthermore, APAs 

with flexible linkers like Pep[–OCH2–], Pep[–(CH2)2–], and Pep[–OCH(CH3)–] formed 

twisted nanoribbons with fairly similar widths. However, there were notable differences in 

the pitch lengths of these three APAs, with values of 350 ± 50 nm, 220 ± 40 nm, and 100 ± 

10 nm, respectively (Figure S6). The differences in the pitch lengths for Pep[–OCH2–] and 

Pep[–(CH2)2–] may be due to the additional O atom in Pep[–OCH2–], which may facilitate 

long range packing through additional H-bonding, as has been observed in related APAs.16 

On the other hand, the nanoribbons formed by Pep[–OCH(CH3)–] showed smaller pitch 

lengths relative to Pep[–OCH2–] and Pep[–(CH2)2–], possibly due to steric repulsions 

caused by the additional methyl group, which may drive the nanoribbons to twist at shorter 

intervals. This was further validated by examining the TEM image of Pep[–OC(CH3)2–] 
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(Figure 2F); in this APA with two methyl groups on the linker carbon, no well-defined 

morphology was observed.

The differences in twisting pitch among the self-assembled structures of the APAs appears to 

be a result of how linker flexibility drives packing. Aggeli et al. determined in 2001 that in 

the case of long pitch length, β-sheets form closely packed assemblies and stack to form 

ribbons; in contrast, if the natural pitch length is small, then more loosely packed assemblies 

like fibrils are preferred.38 More recently, Cui et al. observed similar effects in drug-

conjugated peptides.38,39 This is consistent with our observations that the flexible linkers, 

([–OCH2–], [–OCH(CH3)–], and [–(CH2)2–]) formed less twisted and hence comparatively 

broader nanoribbons compared to rigid linkers ([–C(O)–] and [–CH=CH–]), which formed 

narrow, fibril-like structures. The observed differences in the morphology of the APAs 

further confirms the role played by subtle alterations in the linker segment in controlling the 

self-assembly of APAs.

Gelation and rheological properties.

As observed from the TEM micrographs, all APAs except Pep[–OC(CH3)2–] self-assembled 

into one dimensional nanostructures. We previously found that 10 mg/mL solutions of APAs 

at physiological pH formed hydrogels upon addition of 20 mM CaCl2 via coordinate 

bridging of glutamic acid units in the peptide backbone.26,33 Similarly, in this work, we 

mixed APA solutions with CaCl2 to initiate gelation. All APAs except Pep[–OC(CH3)2–] 

formed self-supporting hydrogels.

To evaluate the rheological properties of the APA hydrogels, all gels were prepared on a 

rheometer and allowed to sit for 10 min before applying oscillatory shear. Dynamic time 

sweep experiments under constant strain (0.5%) and frequency (1 Hz) showed that APA 

hydrogels were fairly stable to the applied force with storage moduli (G’) higher than loss 

moduli (G”) for all hydrogels in the studied range (Figure S7A). This behaviour is typical of 

amphiphilic peptide hydrogels.11,40 Furthermore, after each time sweep, hydrogels were 

subjected to an oscillatory frequency sweep (Figure S7B). Nearly flat traces in the frequency 

sweep experiments in the low frequency regime (< 10 Hz) indicated frequency-independent 

rheological properties for all APA hydrogels.

Although all five APA hydrogels showed relatively constant rheological behavior, their 

storage moduli were affected by the linker unit (Figure 3). For example, Gel[–C(O)–] had a 

storage modulus of 250 ± 60 Pa, while Gel[–OCH2–] formed a significantly stronger 

hydrogel with a storage modulus of 1400 ± 200 Pa. Furthermore, Gel[–OCH(CH3)–] was 

also weaker than Gel[–OCH2–] at 560 ± 50 Pa likely due to steric hindrance caused by the 

additional methyl group, which may hinder close packing of fibers essential for strong 

coordination with Ca2+. The influence of steric effects on hydrogelation was further 

confirmed when Pep[–OC(CH3)2–] failed to form a hydrogel with Ca2+, which we attribute 

to additional steric congestion caused by two methyl groups. Gel[–(CH2)2–] exhibited 

similar rheological behaviour to Gel[–OCH(CH3)–] with G’ at 570 ± 70 Pa. Gel[–CH=CH–] 

showed the lowest equilibrium storage modulus of all APA hydrogels tested at 40 ± 10 Pa.
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Taken together, the TEM micrographs along with rheological data suggest that closely 

packed structures (twisted ribbons) formed stronger hydrogels with Ca2+ relative to loosely 

packed structures (fibrils). This observation is consistent with related materials in the 

literature.11,14,40 Additionally, the observed differences in the widths of the ribbons can be 

correlated to the hydrogel storage moduli, with wider nanoribbons forming stiffer hydrogels 

relative to their counterparts. This observation is likely due to strong matrices formed by 

inter-fibre calcium coordination as observed previously.11, 36 Collectively, these results 

support our hypothesis that the linker segment affects both self-assembly and gelation 

behaviour of APAs by controlling the orientation of the aromatic component relative to the 

peptide chain.

H2S release from APA hydrogels.

Next, we explored whether the observed differences in molecular packing and viscoelastic 

properties of these APA hydrogels influenced their H2S release behavior. H2S release from 

APA hydrogels was triggered by Cys, which led to decomposition of the SATO group with 

H2S release (Scheme S3). H2S release from 10 mg/mL hydrogels at pH 7.4 was measured by 

an H2S-sensitive electrochemical probe and a specially designed vial (Figure S11).12,26 The 

vial contained an inner well, which was loaded with APA hydrogel, onto which was added a 

solution of Cys. H2S, formed by the reaction of Cys with SATO groups, percolated through 

a gas-permeable membrane into a PBS trapping solution in the outer well of the vial, where 

it was measured as an output current by the electrochemical probe. We compared the 

peaking times of APA hydrogels, which is the time required to reach a maximum H2S 

concentration from the time of addition of Cys.

We speculated that stiffer gels would limit the access of Cys to SATOs in the nanofiber core 

and release H2S more slowly than weaker gels because the molecular packing in stiff 

peptide-based hydrogels, such as Gel[–OCH2–], is typically more compact compared to 

weak peptide-based hydrogels, such as Gel[–CH=CH–]. As Cys passes through the hydrogel 

network, it must penetrate the nanofiber core and react with SATO groups to release H2S. In 

addition to triggering H2S release, this process also results in hydrogel degradation (APAs 

without SATOs do not form gels). In order to ascertain whether the rate of Cys diffusion 

through hydrogel network would affect the rate of H2S release, we studied cumulative 

release of Rhodamine B encapsulated within the hydrogel network of the weakest and 

stiffest gels (Figure S8). No significant differences in the release profiles were observed, 

suggesting that diffusion of Cys though the hydrogel network does not affect the H2S release 

rate, indicating that any observed differences in release rate would more likely be due to 

different rates of Cys penetration into the nanofiber core. Therefore, we expected that in 

situations where Cys diffuses quickly into the nanofiber core, as is the case for weak 

hydrogels, it would react quickly with SATOs, resulting in fast H2S release and fast 

degradation of the hydrogel. Alternatively, for stiff hydrogels, Cys would diffuse slowly into 

the tightly packed nanofibers in the hydrogel network, resulting in slow H2S release and 

slow gel degradation.

Interestingly, H2S release peaking times, as measured by the H2S probe, showed the 

opposite trend (Figure 4A and S9A). The observed H2S release peaking times were shorter 
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for stiff Gel[–OCH2–] (22 ± 4 min) and longer for weaker Gel[–CH=CH–] (80 ± 6 min), 

with gels of intermediate stiffness falling in between. Moreover, Pep[–OC(CH3)2–], which 

formed a viscous solution upon addition of CaCl2, showed longest H2S release profile with a 

peaking time above 200 min (Figure S9A). The inverse correlation between stiffness and 

H2S release rate (stiff gels release H2S faster than weak gels) may be a result of our heavily 

engineered H2S release setup involving a specially designed vial (described above). The 

output signal depends on several kinetic factors, including diffusion of Cys through the gel 

network and to the nanofiber core, diffusion of H2S through the gel, permeability of H2S 

through the membrane, and oxidation/volatilization of H2S from the PBS trapping solution 

in the outer well. We reason that when H2S release is slow, the loss of H2S due to 

volatilization and oxidation is comparable to the rate at which H2S enters the trapping 

solution. As a result, the output signal peaks quickly (early peaking time). In contrast, for 

fast releasing gels, the rate of H2S entering the trapping solution is greater than the rate of 

H2S than being lost due to volatilization and oxidation. Therefore, the H2S concentration in 

the trapping solution increases gradually, and the output signal slowly reaches a peak (late 

peaking time). In other words, our experimental setup, necessitated by the limited analytical 

tools available for studying H2S release rates, showed a correlation that appeared at first to 

be the opposite of the expected result. However, based on a careful consideration of all the 

rates involved, we believe that the data support our initial hypothesis, that stiff gels release 

H2S slower than weak gels.

From our previous work on related SATO peptides, we have observed that H2S release rates 

depend primarily on nanofiber geometry and are not affected by the sequence or structure of 

the peptide in its monomeric form (i.e., its unassembled form, below the CAC).12,34,35 

Therefore, We measured the H2S release from 10 mg/mL APA solutions under similar 

conditions but without Ca2+ (Figure 4B and S9B). In the absence of Ca2+, the inter-chain 

coordinate bridges between the nanofibers cannot be formed, and some repulsion exists in 

the nanofibers due to negative charges present on their surface. Therefore, we expected that 

Cys may be able to diffuse into the nanofiber cores more easily in solution than in the gel 

state, where nanofibers are bundled together through inter-chain coordinate bridges.

We observed that H2S release peaking times observed for all APA solutions (near 200 min) 

were much longer compared to APA hydrogels. Only Pep[–(CH2)2–] showed a significantly 

shorter peaking time than the others (150 min). Interestingly, peaking times observed for 

Pep[–OC(CH3)2–] both in the presence and absence of CaCl2 were very close, suggesting 

that Ca2+ fails to form strong coordinate bonds to create a network, consistent with the 

inability of this APA to gel. Overall, the solution H2S release results for the five APAs that 

do form gels suggest that the observed H2S release trends for APA hydrogels may be 

attributed to a differential rate of Cys penetration into the hydrophobic core of the nanofibers 

in the gel phase.

H2S release experiments described above provide insight into the short-term H2S release 

behavior of these APA hydrogels and solutions. However, due to baseline fluctuations in the 

electrode probe, reliably measuring H2S release beyond a few hours is difficult. Therefore, 

we evaluated gel degradation in response to Cys addition visually over several hours (Figure 

S12). As mentioned earlier, H2S release from hydrogels in the presence of Cys results in 
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hydrogel dissolution because the peptide aldehyde cannot form a hydrogel. As expected, we 

observed that the strongest hydrogel, Gel[–OCH2–], took several minutes for any 

degradation to become visible, and even after 7 h, translucent structures could still be seen. 

In contrast, a weak hydrogel, Gel[–CH=CH–], began to degrade within the first 30 min. 

These results suggest that stiff APA hydrogels may release H2S for longer periods of time by 

shielding SATOs inside their stiffer network. Thus, our observations support that stiff Gel[–

OCH2–] may be a suitable candidate for localized H2S release over hours to days.

In vitro H2S release from APA hydrogels

To test the H2S release behavior of hydrogels under physiologically relevant conditions in 

the presence of cells, we compared the in vitro H2S release from stiff Gel[–OCH2–] and 

weak Gel[–CH=CH–]. H9C2 cardiomyocytes were incubated with these two selected 

hydrogels and Cys for 2 h followed by incubation with WSP-5 fluorescent probe37 to 

visually assess and quantify H2S release via fluorescence microscopy. As expected, cells 

incubated with Cys only showed negligible fluorescence intensity (Figure 5A, first row), 

consistent with the fact that WSP-5 responds to H2S much more strongly than Cys. Cells 

incubated with hydrogels alone (without Cys) showed a small fluorescence signal (Figure 

5A, rows 2 and 3), likely because the low thiol concentration in the media triggers a small 

amount of H2S release over the timescale of the experiment. Treatment of cells in the 

presence of additional Cys with stiff Gel[–OCH2–] (Figure 5A, row 4) showed moderate 

fluorescence, while those incubated with weak Gel[–CH=CH–] (Figure 5A, row 5) showed a 

dramatic increase in fluorescence intensity compared with the other treatment groups. We 

quantified these observations by measuring corrected total cell fluorescence intensity in each 

group (Figure 5B), with results showing that the intensity of weak Gel[–CH=CH–] was 

about three times greater than that of stiff Gel[–OCH2–]. These results indicate that H2S 

release from the stiffer hydrogel is indeed slower than release from the weaker hydrogel 

under conditions where Cys can trigger release throughout the entire gel and where 

cumulative H2S release can be measured.

4. CONCLUSION

Self-assembling peptide hydrogels may be versatile and powerful drug delivery vehicles, 

especially for therapeutics such as H2S where localized delivery is crucial. APA-based 

hydrogels allow tunability of H2S release through minimal structural modifications. We 

synthesized six APAs, five of which formed hydrogels with Ca2+ ions at 10 mg/mL. The 

rheological behavior of the APA hydrogels varied depending on the flexibility of the linker. 

While peptides with flexible linkers formed stiffer hydrogels, peptides containing a 

relatively rigid linker formed weaker hydrogels. Furthermore, the APA hydrogels showed 

varying release of H2S regulated by modulating the access of Cys into the hydrophobic 

nanofiber core. The stiffer hydrogels showed overall longer release times compared to 

weaker hydrogels by retarding the Cys penetration into nanofiber core. These hydrogels may 

be applied in tissue engineering and regenerative medicine, where slow, sustained delivery of 

H2S could be beneficial to a number of disease states.
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Figure 1. 
Circular dichroism spectra of APA solutions at concentration of A) 0.25 mg/mL and B) 10 

mg/mL in 1X phosphate buffer (PB).
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Figure 2. 
TEM micrographs of self-assembling APAs. A) Pep [–C(O)–], B) Pep [–OCH2–], C) Pep [–

OCH(CH3)–], D) Pep [–(CH2)2–), E) Pep [–(CH=CH)–], and F) Pep [–OC(CH3)2–]. The 

APAs were aged for 14 h in 1X PB (10 mM), diluted to 0.5 mM before casting onto grids, 

and stained with uranyl acetate. Twisted points in ribbons are indicated by red arrows.
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Figure 3. 
Storage moduli of 10 mg/mL APA hydrogels at 1 Hz frequency and 0.5% strain with 20 mM 

CaCl2 at physiological pH at 25 °C.
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Figure 4. 
H2S release from A) 10 mg/mL APA hydrogels and B) APA solutions at 10 mg/mL 

concentration, both in 1X PB with 2 equiv Cys added to trigger H2S release. * indicates 

p<0.05, ** indicates p<0.01, and *** indicates p<0.001 for comparisons among the groups 

indicated, as determined by a one-way analysis of variance (ANOVA) with a Student-

Newman-Keuls comparison posthoc test (n=3).
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Figure 5. 
A) Bright field, fluorescence, and merged images of fluorescence intensity in H9C2 cells. 

Cells were incubated with WSP-5 fluorescent probe for 30 min after pre-treatment with Cys 

(800 μM), Gel[–OCH2–] (400 μM), and Gel[–CH=CH–] (400 μM) for 2 h. Scale bar is 100 

μm. B) Quantified fluorescence intensity of the five respective treatment groups. 

Fluorescence intensity values were averaged over 30 measurements from images from two 

separate wells for each treatment group. # indicates p<0.001 with respect to Cys only 

treatment group and *** indicates p<0.001 for comparisons among the groups indicated, as 

determined by a one-way analysis of variance (ANOVA) with a Student-Newman-Keuls 

comparison posthoc test.
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Scheme 1. 
Chemical structure of six APAs with different linker segments.
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