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Self-assembled Peptide Hydrogels for Therapeutic H2S Delivery 

Yun Qian 

ABSTRACT 

 

Hydrogen sulfide (H2S) is a gasotransmitter that is produced endogenously and freely 

permeates cell membranes. It plays important roles in many physiological pathways, and 

by regulating these pathways, it provides many therapeutic effects. For example, H2S 

dilates vascular vessels, promotes angiogenesis, and protects cells from oxidative stress. 

Due to its therapeutic effects, H2S has been used as a potential treatment for diseases like 

diabetes, ischemia-reperfusion injuries, lung diseases, ulcers and edemas, among others.  

To apply H2S for therapeutic applications, two challenges need to be addressed. The first 

challenge is the H2S donor, which not only provides H2S but must be stable enough to 

avoid side effects caused by overdose; and the second challenge is the delivery strategies, 

which transport the H2S to the target sites.  

A series of S-aroylthiooximes (SATOs), an H2S releasing compound, were synthesized and 

conjugated to peptide sequences to form H2S-releasing aromatic peptide amphiphile (APA) 

hydrogels. APAs formed nanofibers, which were stabilized by b-sheets and aromatic 

stacking. The self-assembled structures were affected by the substituents on the aromatic 

rings of SATOs, leading to the formation of twisted nanofibers. After the addition of 

cysteine, H2S was released from the APAs with half-lives ranging from 13 min to 31 min. 

The electron-donating groups slowed down the H2S release rate, while the electron-

withdrawing groups accelerated the release rate. Therefore, the release rates of H2S were 

controlled by electronic effects. When self-assembled structures were formed, the H2S 



release rate was slowed down even more, due to the difficulties in cysteine diffusion into 

the core of the structures. 

Antimicrobial effects were also discovered using the H2S releasing APA hydrogels. The 

H2S-releasing dipeptides S-FE and S-YE formed self-assembled twisted nanoribbons and 

nanotubes, respectively. The non H2S-releasing control oxime dipeptides C-FE and C-YE 

were also synthesized. The C-FE formed nanoribbons while the C-YE only showed non-

specific aggregates. S-FE and S-YE released H2S with peaking times of about 41 and 39 

min. Both the self-assembled structures and the release rates were affected by their packing 

differences. In vitro and ex vivo experiments with Staphylococcus aureus (Xen29), a 

commonly found bacterium on burn wounds, showed significant antimicrobial effects. 

APAs S-FE and C-FE eliminated Xen29 and inhibited the biofilm formation, while S-FE 

always showed better effects than C-FE. These antimicrobial H2S-releasing APA 

hydrogels provide a new approach to treat burn wound infections, and provide healing 

benefits due to the therapeutic effects of H2S. 
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GENERAL AUDIENCE ABSTRACT  

  

Hydrogen sulfide (H2S) is a signaling gas that produced in our body. It regulates 

physiological pathways, and can be a potential treatment for diseases like diabetes, 

ischemia-reperfusion injuries, lung diseases, ulcers and edemas, among others. However, 

two issues need to be addressed before applying H2S for disease treatments. The first issue 

is to choose an H2S donor, which is stable enough to avoid side effects caused by overdose. 

The second issue is the delivery methods, which transport the H2S to target sites.  

A series of S-aroylthiooximes (SATOs), an H2S releasing compound, were synthesized and 

attached to peptide sequences to form H2S-releasing self-assembled aromatic peptide 

amphiphile (APA) hydrogels. The APA hydrogels were found to be affected by the 

substituents on the SATO structures. For example, the H2S released from APAs had half-

lives ranged from 13 min to 31 min, which were controlled by the substituents. When 

hydrogels were formed, the H2S release was slowed down even more, due to the difficulties 

in cysteine diffusion into the SATO structures. 

The antimicrobial effects were also discovered using the H2S releasing APA hydrogels. 

Two H2S-releasing APA hydrogels, S-FE and S-YE, were formed. At the same time, two 

non H2S-releasing oxime dipeptides, C-FE and C-YE, were also synthesized as controls. 

The H2S-releasing peptides, S-FE and S-YE, released H2S with peaking times of about 41 

and 39 min, while no H2S was released from C-FE and C-YE. The self-assembled 

structures and the release rates were affected by their structural differences. In vitro and ex 



vivo experiments with Staphylococcus aureus (Xen29), a commonly found bacterium on 

burn wound, showed significant antimicrobial effects. Both H2S-releasing S-FE and non 

H2S-releasing C-FE eliminated Xen29 and inhibited the biofilm formation, indicating the 

potential use of the designed peptides as antimicrobial treatment for wounds. The S-FE 

always showed better effects than C-FE, suggesting the benefit of H2S during the 

elimination of bacteria. These antimicrobial H2S-releasing APA hydrogels provide a new 

approach to treat burn wound infection and provide healing benefits due to the therapeutic 

effects of H2S. 

 

 



 vi 

Acknowledgements  

First, I would like to thank my Ph.D. advisor Dr. John B. Matson for his guidance through 

this long journey. He gave me much help and a lot of suggestions, both in research and in 

my career. I would also like to thank my committee members (and alternate committee 

members) Dr. Justin Barone, Dr. Abby Whittington, Dr. Rick Davis, and Dr. Kevin Edgar 

for their advice about my research. 

I want to thank Dr. Tijana Grove, Dr. Charles Frazier, Dr. Ann Norris for their help with 

instruments. I thank my peptide subgroup members Mingjun and Kuljeet for their help and 

support all through five years. Special thanks to the first three graduate students in the 

Matson lab (Jeff, Scott, and Jen) and Mingjun for helping and guiding me after I joined the 

group. Thanks to Sarah Blosch and Anastasia for being nice writing group partners and 

always reading and revising my manuscripts. Thank you to all of the colleagues and 

talented undergrads I worked with over the years, and everybody in the Matson lab for 

being good colleagues and friends. 

I would also like to thank my high school teacher Ms. Dongjiu Gu and my undergraduate 

advisor Dr. Guolin Tong for leading me to science. Without their help and guidance, I 

would not set up big goals, and would not do so much in science or get a Ph.D. 

Finally, I would like to thank my family for their love and support. Thanks to my parents 

for encouraging me all the time, and sending me abroad to pursue a Ph.D. degree. They are 

exceptional parents and always support me unconditionally. Thanks to my sister and 

brother-in-law for taking care of our parents and family; thanks to my nephew for being a 

nice boy and sending me sweet wishes all the time.   



 vii  

Table of Contents 

Abstract ............................................................................................................................................ ii  

General Audience Abstract ............................................................................................................. iv 

Acknowledgements ......................................................................................................................... vi 

Table of Contents ........................................................................................................................... vii  

Attribution ........................................................................................................................................ x 

Chapter 1: Introduction to Dissertation ............................................................................................ 1 

Chapter 2: Gasotransmitter Delivery via Self-Assembling Peptides: Treating Diseases with Natural 

Signaling Gases ................................................................................................................................ 5 

2.1 Authors ...................................................................................................................... 5 

2.2 Abstract ..................................................................................................................... 5 

2.3 Introduction ............................................................................................................... 6 

2.4 Gasotransmitters: NO, CO and H2S .......................................................................... 9 

2.4.1 Biological and therapeutic roles of NO ............................................................ 10 

2.4.2 Biological and therapeutic roles of CO ............................................................ 13 

2.4.3 Biological and therapeutic roles of H2S ........................................................... 16 

2.5. Methods of gasotransmitter delivery ...................................................................... 19 

2.5.1 Inhalation .......................................................................................................... 19 

2.5.2 Small molecules................................................................................................ 21 

2.5.3 Materials ........................................................................................................... 28 



 viii  

2.6 Peptide-based materials ........................................................................................... 33 

2.6.1 Peptide amphiphiles.......................................................................................... 34 

2.6.2 Aromatic peptide amphiphiles .......................................................................... 37 

2.6.3 Peptide gelators based on ɓ-sheet-driven assembly ......................................... 40 

2.7 Peptide-based materials in biological applications of gasotransmitters .................. 44 

2.7.1 Materials for gasotransmitter release ................................................................ 44 

2.7.2 Materials that respond to gasotransmitters ....................................................... 54 

2.8 Conclusions and Outlook ........................................................................................ 56 

2.9 Acknowledgements ................................................................................................. 58 

Chapter 3: Supramolecular Tuning of H2S Release from Aromatic Peptide Amphiphile Gels: Effect 

of Core Unit Substituents ............................................................................................................... 59 

3.1 Authors .................................................................................................................... 59 

3.2 Abstract ................................................................................................................... 59 

3.3 Introduction ............................................................................................................. 60 

3.4 Experiments ............................................................................................................. 63 

3.5 Results and discussion ............................................................................................. 68 

3.5.1 Results .............................................................................................................. 68 

3.5.2 Discussion......................................................................................................... 81 

3.6 Conclusions ............................................................................................................. 87 

Appendix A ................................................................................................................... 88 



 ix 

Chapter 4: Antimicrobial Dipeptide Hydrogels for Burn Wound Treatment .............................. 111 

4.1 Authors .................................................................................................................. 111 

4.2 Abstract ................................................................................................................. 111 

4.3 Introduction ........................................................................................................... 112 

4.4 Experiments: .......................................................................................................... 115 

4.5 Results and discussion ........................................................................................... 123 

4.5.1 Results ............................................................................................................ 123 

4.5.2 Discussion....................................................................................................... 139 

4.6 Conclusions: .......................................................................................................... 142 

Appendix B.................................................................................................................. 143 

Chapter 5: Conclusions and Future Work .................................................................................... 152 

References .................................................................................................................................... 154 

 

 

  



 x 

Attribution 

Several colleagues and coworkers aided in the writing and research behind several of the 

chapters of this dissertation. A brief description of their background and their contributions 

are included here. 

 

Chapter 2: John Matson (Ph.D., Department of Chemistry, and Macromolecules Innovation 

Institute (MII) at Virginia Tech) is the advisor and committee chair. Professor Matson 

provided guidance, writing, and editing of this chapter.  

 

Chapter 3: Kuljeet Kaur (graduate student, Department of Chemistry, Virginia Tech) 

contributed to the discussion and revision in this chapter. Jeff Foster (Ph.D., Department 

of Chemistry, Virginia Tech) contributed to the design and characterization of molecules. 

John Matson (Ph.D., Department of Chemistry and MII at Virginia Tech) is the advisor 

and committee chair. Professor Matson provided guidance, writing, and editing of this 

chapter.  

 

Chapter 4: Afnan Altamimi (graduate student, Department of Plastic and Reconstructive 

Surgery, Wake Forest University School of Medicine; Department of Surgery, College of 

Medicine, King Saud University) contributed to in vitro and ex vivo experiments in this 

chapter. Mingjun Zhou (Ph.D., Department of Chemistry, Virginia Tech) helped the 

synthesis and characterization of peptide molecules. Sam Seymour (Virginia Tech) was 

undergraduate researcher that contributed to the synthesis of peptides in this chapter. John 

Matson (Ph.D., Department of Chemistry and MII at Virginia Tech) is the PI of this 



 xi 

research, and the advisor and committee chair. Nicole Levi (Ph.D., Department of Plastic 

and Reconstructive Surgery, Wake Forest University School of Medicine) is the co-PI of 

the research. Professor Matson and professor Levi provided guidance, writing, and editing 

of this chapter. 

 

 



 
1 

Chapter 1: Introduction to Dissertation 

Gasotransmitters are signaling gases, which are produced endogenously and can freely diffuse 

through membranes. They are involved in the biological pathways of mammals and regulate 

physiological functions. Hydrogen sulfide (H2S), a gas that smells like rotten eggs and is well 

known to be toxic, was identified as a gasotransmitter. Along with other gasotransmitters like NO, 

CO and COS, H2S is attracting more and more attention for its therapeutic effects and applications. 

It has been tested for potential treatments of lung diseases, edemas, inflammation, and wounds, 

among others. The detailed biological functions, therapeutic effects, exogenous synthetic donors, 

and the applications of H2S, as well as NO and CO, are reviewed in Chapter 2. 

H2S becomes an interesting research topic, due to its therapeutic effects. Many H2S-releasing 

donors have been used to provide exogenous H2S with various release profiles. The simplest 

solution to apply exogenous H2S is to use H2S gas or inorganic salts. However, both methods have 

the limitation of control: H2S gas needs special equipment to manipulate the flow, and inorganic 

salts usually show burst release. Synthetic donors address these problems and provide more control 

over the H2S release rate. Our lab has developed several synthetic H2S donors, one being S-

aroylthiooximes (SATOs). The synthesis of SATOs is achieved by reacting an aldehyde or ketone 

with thiohydroxylamine (THA) containing a catalytic amount of acid in dimethylsulfoxide 

(DMSO). SATO is able to release H2S in response to a thiol trigger, and the release rate can be 

precisely controlled by changing the substituents on the aroyl rings. After obtaining suitable 

donors, the next challenge is an appropriate delivery method. Several papers have been published 

from our lab which discuss exogenous H2S delivery. One approach involves the use of polymeric 

materials to prepare polymer micelles, which control delivery with capacity for in vivo targeting 
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and bloodstream circulation. Another approach entails the use of peptides to form self-assembled 

H2S-releasing hydrogels, as will be discussed in Chapter 3 and Chapter 4. 

In Chapter 3, peptide-based H2S-releasingΟhydrogels with controllable H2S delivery are presented. 

A series of H2S-releasing self-assembled aromatic peptide amphiphiles (APAs) were prepared by 

reacting substituted THAs with b-sheet forming peptides containing aldehyde functional groups. 

This design not only provided peptide-based materials for H2S delivery, but also solved the 

solubility issue of SATO donors, as well as maintained good hydrolysis stability. Various 

substituents were included in the SATO component of the APAs in order to evaluate their effects 

on self-assembled morphology and H2S release rate in both the solution and gel phases. Using 

substituents ranging from electron-donating OMe and Me to electron-withdrawing groups F and 

Cl, the H2S release half-lives of dilute solutions varied from 31 to 13 min. The differences in 

release time were influenced by electronic effects. However, when these APAs were self-

assembled into nanofibers, H2S release profiles were extended with the peaking times correlated 

to their substituents. The release peaking times were 100 ï 250 min, and the duration of H2S release 

was also related to the self-assembled structure. Similarly, when hydrogels formed upon addition 

of calcium chloride (CaCl2), the H2S release became more complex, as the diffusion of the cysteine 

trigger was significantly inhibited in the gel networks. The H2S release concentrations of self-

assembled solutions were 3.3-6.7 mM, while the H2S release concentrations of gels were 3-5 times 

lower than the self-assembled solutions. The effects of substituents in the structures were 

investigated. Transmission electron microscopy (TEM) images confirmed that all H2S-releasing 

APAs self-assembled into nanofibers above a critical aggregation concentration (CAC) of ӱ0.5 

mg/mL. Circular dichroism, infrared, and fluorescence spectroscopies demonstrated that 
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substituents influenced self-assembled structures by affecting hydrogen bonding (ɓ-sheet 

formation) and ˊ ī ˊ stacking.  

Following the development of peptide-based H2S delivery hydrogel materials, the next objective 

was exploring their applications. H2S provides wound treatment benefits, promotes angiogenesis, 

and has anti-inflammatory properties, as well as other therapeutic effects. Infection of burn wounds 

is a serious problem, and rising concern about antibiotic resistance directed us towards new 

approaches to treat burn wounds and fight infections. We decided to use H2S-releasing APAs, 

which deliver H2S locally and eliminate bacteria on burn wounds.  

The APAs we report in Chapter 3 could be a possible treatment for burns and infections. However, 

the gelation of aromatic peptide amphiphiles requires the addition of Ca2+, which has its own 

physiological functions and could lead to other side effects. Each peptide chain contains six or 

seven amino acids to deliver one H2S molecule. Thus, new dipeptide hydrogels were designed 

based on SATO and APA (Chapter 4). The dipeptide sequences include an aromatic side-chain, 

either phenylalanine (Phe) or tyrosine (Tyr), and a glutamic acid to provide water solubility to the 

peptide. The dipeptides S-FE and S-YE were able to form hydrogels in pH 6 PBS (1X) buffer 

without any addition of Ca2+. Furthermore, as there were only two amino acids in the sequences, 

both the time and cost of synthesis were greatly reduced compared to the initial H2S-releasing 

APAs (Chapter 3). The supramolecular structures of the self-assembled S-FE and S-YE were based 

on b-sheets and p-p stacking, and the corresponding morphologies, which were observed via TEM, 

were twisted nanoribbons or nanotubes. The release peaking times of these two hydrogels were 

close to 40 min. Two control dipeptides C-FE and C-YE were also prepared. C-FE formed 

nanoribbons while C-YE formed poorly defined aggregates. These varied morphologies were 

affected by differences in their packing, confirmed by FTIR, CD, and fluorescence spectra. Both 
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the in vitro and ex vivo experiments showed promising results of dipeptide hydrogels. S-FE showed 

100% inhibition of Xen29 colony formation (planktonic assay), about 95% elimination of existing 

biofilm luminescent signals, and 95% inhibition of biofilm formation (prophylactic model) 

compared with untreated controls. C-FE showed 97% inhibition of Xen 29 colony formation 

(planktonic assay), about 60% elimination of existing biofilm luminescent signals, and 65% 

inhibition of biofilm formation (prophylactic model). Considering both S-FE and C-FE displayed 

antimicrobial effects, it can be inferred that the self-assembled structures inhibit bacterial growth. 

H2S presence also has an effect on bacterial colonies and biofilm formation demonstrated by the 

lower bacterial burden and biofilm mass of S-FE-treated samples.    

The advantages of the SATO-based APA hydrogels are discussed in Chapter 5. APA hydrogels 

can be designed with different supramolecular structures and H2S release rates. In the future, more 

studies can explore applications of H2S-releasing APA hydrogels and improve the control of 

existing H2S delivery systems. 
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Chapter 2: Gasotransmitter Delivery via Self-Assembling Peptides: Treating 

Diseases with Natural Signaling Gases 

Reprinted (adapted) with permission from: Qian, Y.; Matson, J. B. Adv. Drug Deliv. Rev. 2017 

110-111, 137-156. Copyright 2017. 

 

2.1 Authors 

Yun Qian and John B. Matson 

Department of Chemistry and Macromolecules and Interfaces Institute, Virginia Tech, 

Blacksburg, VA 24061, United States. 

 

2.2 Abstract 

Nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S) are powerful signaling 

molecules that play a variety of roles in mammalian biology. Collectively called gasotransmitters, 

these gases have wide-ranging therapeutic potential, but their clinical use is limited by their 

gaseous nature, extensive reactivity, short half-life, and systemic toxicity. Strategies for 

gasotransmitter delivery with control over the duration and location of release are therefore vital 

for developing effective therapies. An attractive strategy for gasotransmitter delivery is though 

injectable or implantable gels, which can ideally deliver their payload over a controllable duration 

and then degrade into benign metabolites. Self-assembling peptide-based gels are well-suited to 

this purpose due to their tunable mechanical properties, easy chemical modification, and inherent 

biodegradability. In this review we illustrate the biological roles of NO, CO, and H2S, discuss their 
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therapeutic potential, and highlight recent efforts toward their controlled delivery with a focus on 

peptide-based delivery systems.  

 

 

 

 

2.3 Introduction  

Nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S) were all discovered in the 

late 1700s, and all were regarded for centuries solely as toxins and environmental hazards. Joseph 

Priestly, discoverer of many gases including oxygen, was the first to isolate both NO and CO, 

while Carl Wilhelm Scheele is credited with discovering H2S. Although Scheele was the first to 

isolate H2S, mixing iron sulfide with mineral acid to generate ñstinking sulfurous airò,1 its toxic 
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effects had been described even earlier.2 H2S toxicity is now understood to be a result of 

cytochrome c oxidase inhibition and subsequent mitochondrial poisoning.3 The toxicity of NO and 

CO were confirmed laterðNO through its ability to form reactive oxygen species, such as nitrogen 

dioxide and peroxynitrite,4 and CO through its ability to bind hemoglobin,5, 6 inhibiting oxygen 

transport.  

Perhaps because of their notorious toxicities and sordid histories, the possibility that NO, CO, and 

H2S could play biological roles was dismissed for many years, despite evidence that these gases 

were produced in mammalian tissues. NO was the first to be recognized as a biological mediator. 

In late 1970s, Murad showed that NO stimulates soluble guanylate cyclase (sGC) to increase 3ô,5ô-

cyclic guanosine monophosphate (cGMP) production.7 Later, Furchgott discovered the enigmatic 

endothelium-derived relaxing factor (EDRF) present in vascular endothelial cells,8 and in 1987 

Moncada and Ignarro separately showed that the NO was the primary EDRF.9, 10 Research into 

NO biology was the basis for the Nobel Prize in Physiology or Medicine in 1998, shared by 

Ignarro, Furchgott and Murad. Since then, the biological roles of NO have been widely studied, 

and its therapeutic potential continues to rise.11  

While endogenous production of CO in the mammalian body was first noted in 1950,12 a 

physiological role for CO was not discovered until the early 1990s. In 1991, Marks predicted that 

CO, known then to be produced endogenously by heme catabolism, could mediate physiological 

functions through binding to the heme of sGC.13 Two years later, Verma published the first report 

of CO as a neurotransmitter.14 Now CO is recognized as a signaling molecule that regulates 

neurotransmission, relaxes blood vessels, and inhibits platelet aggregation, among other roles.15, 16 

The discoveries of NO and CO as signaling molecules suggested a possible physiological role of 

endogenous H2S and encouraged its further study. Enzymes that generate H2S in mammalian cells 
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have been known since the 1950s,17-19 but it was a landmark 1996 paper that established H2S as a 

signaling gas.20 In this work Kimura suggested that H2S is a neuromodulator based on evidence 

that H2S facilitates the induction of long-term potentiation in the hippocampus. In addition, he 

established that endogenous H2S relaxes smooth muscle cells in synergy with NO.21 In 2003 the 

first molecular target of H2S in the cardiovascular system was discovered by Wang.22 Unlike NO, 

which dilates blood vessels by activating sGC, H2S specifically targets KATP channels to relax 

smooth muscle cells. Further studies have shown that H2S works both alone and in synergy with 

NO and CO in cell signaling and regulation in many organs and systems throughout the body. 

The physiological roles of NO, CO, and H2S have been studied for a relatively short period 

compared to other signaling agents, but vital biological processes mediated by these gases continue 

to be discovered. Establishing their physiological roles, determining their mechanisms of action, 

and developing therapeutic strategies that rely on these gases all require chemical tools to generate 

and study them. The physiological roles and therapeutic benefits of NO have been studied for 

much longer than those of CO and H2S, but these last two gasotransmitters are catching up quickly. 

Efforts to develop new donors of all three gases are primarily focused on small molecules, but 

endeavors to develop materials for gasotransmitter delivery continue to gain strength. These 

include polymers, hydrogels, inorganic/organic hybrids, and other materials that release NO, CO, 

or H2S. Advantages of gasotransmitter delivery from materials, discussed in depth below, include 

controllable duration of release, the capacity for targeting specific organs, and the ability to localize 

release by injection or implantation of the material. Substantial progress has been made in this area 

in just the past 5ï10 years, particularly in peptide-based materials for gasotransmitter delivery. 

These materials, which are gels based on self-assembled short peptides, are particularly attractive 

for drug and gas delivery due to their biodegradability and lack of toxicity, making them broadly 
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useful in bioengineering, regenerative medicine, and tissue engineering.23, 24 We review here the 

basics of gasotransmitter biology, highlight several methods for gasotransmitter delivery, and 

finally discuss peptide-based materials and their use as delivery systems for NO, CO and H2S. 

We begin in section 2 with a discussion of the main physiological roles and therapeutic potential 

of NO, CO, and H2S. Section 3 deals with the main methods for delivery of these gases, including 

inhalation therapy, small molecule donors, and materials. A detailed discussion of all of the 

delivery methods is beyond the scope of this review, but we cover the advantages and 

disadvantages of each method. In section 4 we introduce peptide-based materials and discuss their 

uses and general features. Section 5 covers peptide-based materials for gasotransmitter delivery as 

well as materials that respond to gasotransmitters.  

 

2.4 Gasotransmitters: NO, CO and H2S 

Once solid evidence for the signaling capacity of H2S had been established, it became clear that a 

term was needed to collectively define the three known signaling gases. The term gasotransmitter 

was coined in 2002 to describe NO, CO, H2S, and any other gases that have similar 

characteristics.25 A gasotransmitter is defined as a gas that: 

¶ Is endogenously produced 

¶ Is freely permeable to membranes 

¶ Has specific cellular and molecular targets 

¶ Has defined physiological functions 

In addition, exogenous administration of these gases must mimic the natural functions of the gas 

for a substance to be defined as a gasotransmitter. Other gases may also be classified as 
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gasotransmitters in the future,26 but only NO, CO, and H2S are currently known to meet all of these 

requirements.  

 

2.4.1 Biological and therapeutic roles of NO 

NO is a free radical with a short half-life (seconds) in biological systems. As a result, it must be 

produced quickly as needed in the body. NO is produced endogenously from L-arginine and 

oxygen via a family of enzymes called nitric oxide synthases (NOSs) (Figure 2.1). Three isoforms 

of the NOSs have been identified: neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or 

NOS2), and endothelial NOS (eNOS or NOS3). Each enzyme acts to generate NO under different 

conditions. Consistent with early discoveries, the main actions of NO are mediated through its 

binding and activating sGC. NO diffuses through lipid bilayers and activates sGC by binding to 

its heme unit. The best-characterized isoform of sGC, Ŭ1/ɓ1, is activated by nM concentrations of 

NO, and the resulting complex catalyzes the conversion of guanosine-5ô-triphosphate (GTP) into 

cGMP. The signaling cascade follows with cGMP activating target proteins including various 

protein kinases. Finally, cGMP is degraded by phosphodiesterases. The cascade 

(NOŸcGMPŸkinase activation) provides a large amplification of NO signaling, leading to 

various downstream outputs.27 For example, endothelial cells (ECs) that line the entire surface of 

the circulatory system produce NO by the action of eNOS. Through the signaling cascade 

described above, the released NO leads to relaxation of smooth muscle cells in the media layer of 

the blood vessel, with the ultimate effect of blood vessel dilation.11   

Interest in the potential therapeutic roles of exogenously administered NO has existed for decades. 

Inhaled NO diffuses into vascular smooth muscle cells, leading to blood vessel dilation through 

the endogenous signaling cascade. NO inhalation therapy is used routinely in the clinic to treat 
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infants suffering from pulmonary hypertension.28 In fact, this is the only FDA-approved use of any 

directly delivered gasotransmitter. While inhaled NO is the simplest method of delivery, much of 

the current research on NO therapy is focused on NO-releasing small molecules, proteins, 

polymers, or other materials.29, 30 NO therapy has been most widely studied in cardiovascular 

disease, specifically thrombosis, neointimal hyperplasia, and ischemia-reperfusion injury. 

Thrombosis describes the presence of a blood clot that obstructs blood flow through an artery, and 

NO can directly induce an antithrombotic effect by regulating proteins related to platelet adhesion 

and aggregation.31 Neointimal hyperplasia is the thickening of blood vessel walls as a response to 

injury, typically after surgically clearing a blockage. Surgical damage to the intima layer of blood 

vessels from stenting disrupts NO release, resulting in platelet aggregation at the injured site 

followed by smooth muscle cell proliferation and migration. NO, either applied exogenously or 

induced by upregulation of eNOS, can effectively regulate platelet activation and decrease smooth 

muscle cell activity.11 Ischemia-reperfusion injury is the result of tissue damage caused when 

blood supply returns to a tissue after a period of restricted blood supply. The role of NO in treating 

ischemia-reperfusion injury is complex, with contributing factors including vascular smooth 

muscle relaxation, cytokine modulation, apoptosis prevention, and reactions of NO with 

superoxides, among others.32  
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Figure 2.1. Schematic illustration of endogenous NO synthesis and its biological and therapeutic 

effects (adapted from Ref. 11 with permission).  

 

Other potential therapeutic applications of NO include treatment of cancer, promotion of wound 

healing, and use as an antibacterial. The role of NO in cancer is complexðit can act either to 

suppress or promote tumor growth. High concentrations of NO (ɛM) produce reactive nitrogen 

species, which along with reactive oxygen species induce oxidative and nitrosative stress, causing 

DNA and mitochondrial damage.11 DNA damage appears to be caused by a combination of 

carcinogenic nitrosamine formation and direct modification of DNA, leading to inhibited DNA 

lesion reparation, breaking of DNA strands, and DNA mutation.33 Low concentrations of NO (pM) 

promote angiogenesis and anti-apoptotic pathways, both of which promote tumor growth.34 In 
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contrast to its detrimental effects in treating cancer, the ability of NO to promote angiogenesis 

provides great potential in treating chronic wounds. NO helps to heal wounds by promoting 

angiogenesis, enhancing vascular endothelial growth factor (VEGF) production, and facilitating 

the migration, differentiation, and proliferation of endothelial cells.35, 36 The antibacterial 

properties of NO may provide a method for treating bacterial diseases that does not rely on 

traditional antibiotics. Its efficacy is derived from production of oxidative and nitrosative species, 

which interact with bacterial proteins, DNA, and metabolic enzymes to cause bacterial cell death. 

NO-based therapies are under investigation for treatment of topical bacterial diseases.37, 38 

 

2.4.2 Biological and therapeutic roles of CO 

CO is a relatively stable molecule compared with NO and H2S, with a half-life of 3ï7 hours in the 

human body.39 It is produced in living organisms through heme catabolism by the action of heme 

oxygenases (HOs), which exist in inducible (HO-1) and constitutive (HO-2 and HO-3) isoforms 

(Figure 2.2). The biological functions of HO-1 and HO-2 have been thoroughly studied; HO-3 is 

less well understood at this point. HO-2 is active under normal conditions in vivo, while HO-1 is 

activated by threats to cell homeostasis and survival.40 In endogenous CO production (Figure 2.2), 

heme is converted to Fe2+, CO, and biliverdin. Biliverdin is subsequently reduced to bilirubin by 

biliverdin reductase and is excreted in bile and urine. CO is eliminated through the lungs (typical 

exhaled concentrations of CO are 1-10 ppm), leading early researchers to conclude that it was only 

a metabolic byproduct.  
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Figure 2.2. Endogenous CO synthesis.  

 

CO diffuses freely through cell membranes and produces a rapid response by binding to hemes. 

Its primary targets are sGC, heme-containing potassium channels, NOS, surface NADPH oxidase, 

and heme-containing transcription factors.41 In fact, there are no known reactions of CO with 

organic molecules in vivo; its activity comes solely from binding metals. As CO binds to heme-

containing proteins, conformational changes affect their activity. The most studied pathway of CO 

signaling is the binding of sGC, which induces increased cGMP production in a similar manner to 

NO.42 Interestingly, CO also binds NOS, which promotes NO production. On top of this, NO can 

activate HO1, increasing CO production. It is clear that the regulatory effects of NO and CO are 

interrelated; for example, an impaired HO-CO system causes vascular resistance in the heart and 

lungs, consequently leading to systemic and pulmonary hypertension.43  
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The therapeutic effects of NO and CO are closely related because both are activators of sGC and 

their therapeutic effects are mostly attributed to sGC regulation. Similar to NO, CO has anti-

inflammatory, anti-apoptotic, anti-proliferative, and anti-hypertensive properties.40 Most studies 

on the therapeutic possibilities of CO have been carried out using either inhaled CO or CO-

releasing small molecules. Based on its endogenous roles, exogenously delivered CO provides 

protective effects to tissues due to its physiological functions noted above. Its anti-inflammatory 

effects are derived from its ability to decrease the production of inflammatory mediators.44 Chronic 

obstructive pulmonary disease (COPD) is an abnormal inflammatory response to noxious gases 

and particles most commonly caused by smoking. Pilot studies on ex-smokers have focused on 

using inhaled CO to treat COPD patients, finding that inhalation of 100-125 ppm of CO for periods 

of 2 h led to improved bronchial responsiveness.45 Other studies have focused on the anti-apoptotic 

effects of CO, which are a result of activation of sGC and are prominent in endothelial cells, 

hepatocytes, and cardiomyocytes.46, 47 In studies on hypoxia-reoxygenation of H9c2 

cardiomyocytes, addition of small molecule CO donors showed no significant loss of viability 

compared with 70% loss of viability in untreated controls.46 In the same paper, CO treatment was 

tested in mice in a cardiac allograft rejection model. Application of the same CO donor to hearts 

before transplantation achieved 18 days survival, twice the survival period of untreated control 

hearts. CO is also pro-apoptotic, demonstrating the capacity to induce apoptosis in aggressive T 

cells, dysregulated hyperproliferative smooth muscle cells, and cancer cells.48-50 As a result, CO 

has been investigated as an anti-cancer agent. In studies on the effects of CO on human pancreatic 

cancer cells, both CO gas and CO-releasing molecules suppressed carcinogenesis.51 These effects 

extended to a xenograft mouse model of pancreatic cancer in which CO therapy inhibited cancer 

cell proliferation and decreased microvascular density of the xenotransplanted tumor tissue. 
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2.4.3 Biological and therapeutic roles of H2S  

 

Figure 2.3. Endogenous H2S synthesis. 

 

H2S is produced endogenously by three enzymes in mammalian tissue: cystathionine ɓ-synthase 

(CBS), cystathionine ɔ-lyase (CSE), and 3-mercaptosulfurtransferase (3MST) (Figure 2.3).52 CBS 

is highly expressed in the liver and kidney and is the predominant H2S-generating enzyme in the 

brain and nervous system, while CSE is found mainly in the liver and the cardiovascular system. 

The primary substrate for these enzymes is L-cysteine, although other sulfur-containing species 

are also converted into H2S by some enzymes. The pathway for H2S production by bacteria in the 

human gut is less well understood, but it may also play an important role in mammalian H2S 

synthesis.  

The biological roles of H2S involve regulation of various interconnected pathways, and many of 

them are not yet fully understood. However, many effects of H2S have been identified, including 

vasorelaxation, anti-inflammation, proliferation, and others. As an endothelium-derived 
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hyperpolarizing factor (EDHF), H2S activates KATP channels, causing hyperpolarization and 

relaxation of vascular endothelial and smooth muscle cells.53 It has anti-inflammatory properties 

via KATP-dependent mechanisms,54 downregulating NF-əB activation or upregulating HO-1 

expression.3 The proliferative effects of H2S on vascular endothelial cells are complicatedð

possible mechanisms include stimulation of the PI-3K/Akt pathway, opening of KATP channels, 

and inhibition of the sGC/cGMP pathway, as well as increasing intracellular calcium 

concentration.2 Some studies suggest that H2S has a negative inotropic effect2 and negative 

chronotropic effect55 on the cardiovascular system, which are closely related to the opening of 

KATP channels and inhibition of the cAMP pathway, respectively. 

Unlike NO and CO, which have been studied for a relatively long time, H2S donors are in early-

stage clinical development. One way in which H2S has been studied as a therapeutic is as an 

antioxidant. H2S has protective effects on oxidative damage to pancreatic ɓ-cells, which secrete 

insulin under glucose stimulation, thus providing a new strategy for treating diabetes.56 The anti-

oxidative protection of pancreatic ɓ-cells is the result of H2S reacting directly with oxidative 

substrates, increasing the concentration of the potent anti-oxidant glutathione, and enhancing the 

Akt phosphorylation pathway. H2S has also been studied as a method for promoting wound healing 

by stimulating angiogenesis. H2S enables the production of new blood vessels from existing ones 

through the MAPK pathway.57 Studies of various preclinical animal models of myocardial 

ischemia-reperfusion injury demonstrate the role of H2S as a cardioprotective agent. H2S 

significantly decreases inflammation and oxidative damage, reducing infarct size by 72% 

compared with controls when delivered at the time of reperfusion.58 These effects are attributed to 

preservation of mitochondrial function, inhibition of cardiomyocyte apoptosis, and anti-

inflammatory and anti-oxidative effects.59 H2S has also been studied as an anti-cancer agent with 
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mixed results. H2S delivered from a small molecule that decomposes to release H2S slowly acts as 

an anti-cancer agent in a variety of cell lines and in a mouse xenograft model,60 while H2S delivered 

quickly as a solution of the gas in water acts as a cancer promotor.61 This discrepancy has been 

recently reviewed.62 

 

 

Figure 2.4. Signaling pathways of NO, CO, and H2S in vascular smooth muscle cells. BKCa, IKCa, 

and SKCa are big-conductance, intermedia-conductance and small-conductance calcium-sensitive 

K channels. NO and CO increase the opening of BKCa, while H2S enhances the opening of IKCa, 

SKCa, and KATP channels. Hyperpolarization of these channels inhibits the L-type Ca2+ channel 

and decreases intracellular [Ca2+]. (adapted with permission from Ref. 63 (PNAS), Copyright 2012 

National Academy of Science, USA) 

 

The endogenous regulation and physiological effects of NO, CO, and H2S are interrelated, and all 

three gases act synergistically towards regulation (Figure 2.4). For example, an increased level of 
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either NO or CO will activate sGC and produce more cGMP for downstream signaling. H2S 

inhibits phosphodiesterase-5 (PDE-5) production, which degrades existing cGMP. As a result, 

although their production and signaling pathways vary, NO, CO, and H2S can all effectively 

upregulate protein kinase G (PKG) production for further downstream signaling. Although NO is 

the only gasotransmitter currently used as a therapeutic in the clinic, many studies are underway 

for treating various diseases using each of the gasotransmitters. A variable that must be considered 

when targeting therapeutic applications of gasotransmitters is their spatiotemporal distribution 

upon administration. To this end, several different delivery methods have been developed.    

 

2.5. Methods of gasotransmitter delivery 

One can envision several ways to deliver exogenous gasotransmitters for biological studies or 

therapy (Figure 2.5). Exogenous gasotransmitters can be inhaled directly or released by 

decomposition of small molecules initiated by various triggers. Another way to deliver 

gasotransmitters is to incorporate gasotransmitter-releasing functional groups into materials. Such 

gasotransmitter-delivery materials, which are often polymers or hydrogels, can then be injected or 

implanted at a delivery site. These methods are discussed below for NO, CO, and H2S, and their 

relative advantages and disadvantages are compared. 

 

2.5.1 Inhalation  

Among the delivery methods, inhalation is perhaps the simplest, allowing the clinician or 

researcher to deliver the gas in its pure form. In comparison with small molecules that decompose 

in vivo to release NO, CO, or H2S, inhalation therapy eliminates the extraneous components 

associated with gasotransmitter-releasing drugs. Inhalation therapy is especially useful when 
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targeting the lungs. For example, NO inhalation therapy (20 ppm) has been used clinically in the 

U.S. since 1999 for treating term and near term (>34 weeks) neonates with pulmonary 

hypertension related to hypoxic respiratory failure.28 Inhalation therapy has also been tested for 

treating other organs. For example, CO inhalation therapy (250 ppm) prevents hepatic 

inflammation, edema, and hemorrhage in mice with induced liver damage.47 H2S inhalation 

therapy is particularly interesting. Mice treated with 80 ppm of H2S can enter a state of suspended 

animation, which allows them to withstand hyperthermia, hypoxic environments, and other lethal 

environmental stresses.64 Inhaled H2S also protects mice against ventilator-induced lung injury, 

which has a high rate of morbidity and mortality.65  

The disadvantages of gasotransmitter inhalation therapy include storage, administration and dose 

control, short term release, and lack of targeting. For example, NO is a free radical that readily 

reacts with O2 to form the pulmonary irritant NO2.66 Exposure of NO to O2 before administration 

must therefore be minimized, and this reaction makes NO inhalation therapy unsuitable for 

prolonged delivery. Of greater concern is the reaction of NO with superoxide (O2
ï) to generate 

toxic peroxynitrite (ONOOï), which also limits the duration of NO inhalation therapy. The dose 

of inhaled gas also must be precisely controlled during treatment. For example, abruptly 

discontinuing inhalation of NO can also cause decreased cardiac output and systemic 

hypertension.28 Due to its toxicity and the required dosage needed for efficacy, the dangers of CO 

inhalation may outweigh the potential benefits. High levels of CO cause tissue hypoxia by 

displacement of oxygen from hemoglobin, leading to impairment of oxygen delivery to tissue.67 

H2S is even more toxic than CO, which further magnifies the importance of dose control. 

Moreover, this corrosive and flammable gas requires storage, transportation, and usage precautions 
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not common in hospitals. Lastly, its foul odor represents a significant hindrance for H2S inhalation 

therapy in a clinical setting. 

 

 

 

Figure 2.5. Exogenous gasotransmitter delivery methods. 

 

2.5.2 Small molecules  

To avoid the issues inherent to inhalation therapy, many small molecules have been synthesized 

to achieve controlled release of gasotransmitters at low concentrations in vitro and in vivo. These 

gasotransmitter donors, which in some cases are triggered by reaction with specific substrates, can 

release NO, CO, or H2S at characteristic rates (from seconds to weeks) and sometimes with tissue 

specificity. Dosages can be precisely tuned simply by varying the amount of donor that is 

administered, and in many cases they can be stored similarly to other small molecule drugs. In 
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fact, most of the biological studies on NO, CO, and H2S have been carried out using small molecule 

donors rather than the pure gases. 

 

Drugs that generate NO, such as nitroglycerin and sodium nitroprusside, have been used in the 

clinic to reduce blood pressure and treat angina pectoris for decades. However, these compounds 

release NO rapidly with a half-life of 2-3 min after oral administration. To deliver NO for 

prolonged periods, many different NO donors have been investigated, including organic nitrates, 

nitrites, metal-NO complexes, nitrosamines, N-diazeniumdiolates (NONOates), and S-

nitrosothiols (RSNOs).68 Their relative advantages and disadvantages have been recently 

reviewed.69 Among these, NONOates and RSNOs are the most widely studied NO donors due to 

their spontaneous release characteristics (Figure 2.6). NONOates, formed by reaction of a 

secondary amine under high NO pressure, are commercially available and stable as solids for long 

periods.70, 71 NONOates typically release NO with first-order kinetics, with half-lives of common 

NONOates varying from 1.8 s to 20 h (for the NONOate adducts of proline (PROLI/NO) and 

diethylenetriamine (DETA/NO), respectively72). The pH of the solution also affects the 

decomposition of NONOates.70  

 

NONOates have been thoroughly studied in vitro and in vivo with the expected concentration-

dependent effects. In one example where multiple different NO donors were studied, 

cytoprotective effects in rat hepatocytes were observed at low NO concentration (50-200 ppm), 

while cell death was observed at high concentrations (400 ppm).73 In another example on 

neointimal hyperplasia in rats, PROLI/NO was delivered by a balloon catheter to the carotid artery 

injury site. PROLI/NO reduced the neointimal hyperplasia area by 65% compared to controls.74  
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RSNOs are the endogenous NO carriers and can be easily prepared in the lab by reaction of a thiol 

(RSH) with sodium nitrite.68 Release of NO can be triggered by thermal- or photo-initiation via Sï

N bond cleavage. Metal ions such as Cu+, Fe2+, Hg2+ and Ag+ also catalyze RSNO 

decomposition.30, 68 Under physiological conditions in the absence of light and transition metals, 

RNSOs are quite stable. Light can trigger RSNO decomposition through homolytic SïN bond 

cleavage, generating NO and the corresponding thiyl radical. Metal ions can also catalyze the 

decomposition of RSNOs. This is the method typically used in the laboratory, where copper salts 

trigger NO release.75 S-Nitrosoglutathione (GSNO) is the primary RSNO in vivo, where the SïN 

bond is cleaved by the enzyme GSNO reductase to generate NO.68, 76 The most commonly used 

RSNO in a laboratory setting is S-nitroso-N-acetyl-penicillamine (SNAP), which is commercially 

available. After addition to water, SNAP releases NO gas spontaneously with a half-life of 9 h. 

Although SNAP was first used to inhibit smooth muscle cell proliferation, it has since been used 

as an NO donor in many other areas.77, 78 

 

 

Figure 2.6. Preparation and NO release from NONOates and NO release from RSNOs.  
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There exist fewer carbon monoxide releasing molecules (CORMs) than the vast array of NO 

donors mentioned above. Most CORMs are carbonyl complexes of ruthenium, iron, manganese, 

cobalt, iridium and the group 6 metals. External or internal triggers decompose CORMs to control 

the release of CO. CORM-1 (Figure 2.7) is assigned to manganese decacarbonyl [Mn2(CO)10], 

which is not water soluble but dissolves in DMSO; this solution is typically diluted with water, 

and CO is liberated by UV light excitation.79, 80 Light-triggered release of CO from CORM-1 

allows for control over the specific location and timing of CO delivery, as well as the dosage of 

released CO. CORM-2 is another bimetallic metal complex, [Ru(CO)3Cl2]2, which releases CO by 

ligand substitution but suffers from the same solubility limitations as CORM-1.40, 80 While CORM-

1, CORM-2, and related compounds helped to inspire further work on CO biology, they are not 

well suited for biological studies because of their lack of water solubility and the need for UV light 

to trigger CO release.  

 

Two water-soluble CORMs, CORM-3 and CORM-A1, release CO spontaneously in water and 

have been used for the bulk of the biological studies on this gasotransmitter. Ru[CO]3Cl(glycinate) 

(CORM-3) is a ruthenium carbonyl in which glycine is coordinated to the metal center to promote 

aqueous solubility,46, 81 while sodium boranocarbonate (Na2H3BCO2) (CORM-A1) is an organic, 

water-soluble CO-releasing compound.82 Under physiological conditions CORM-3 releases one 

equivalent of CO with a half-life of around 1 min, presumably triggered by ligand exchange with 

chloride. CORM-A1 releases one equivalent of CO spontaneously in water with a half-life of 21 

min at physiological pH.40 A CO donor triggered by near-IR light has been recently developed.83 

In this work CORM-1 was trapped within a graphene oxide (GO) sheet, which functioned as both 

the drug carrier and the light collector and converter. Because near-IR radiation has lower 
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phototoxicity and can penetrate the skin deeper than visible light, this strategy may expand the 

potential clinical applications of CO donors. Another recently reported CO donor is [Mn(CO)4] 

(CORM-401), which is water soluble and stable in aqueous solution due to reversible CO 

binding.84 CO release is therefore triggered by trapping of the dissociated CO (e.g., by myoglobin 

in release studies). CORM-401 releases on average 3.2 equivalents of CO, which should enable 

lower dosing compared with CORM-3, which releases only 1 equivalent of CO. 

 

CORMs have been studied thoroughly as potential therapeutics, mostly in the area of 

cardiovascular disease. For example, cardiac cells pretreated with CORM-3 (10-50 µM) became 

more resistant to damage caused by hypoxia-reoxygenation, and a significant recovery in 

myocardial performance was also found after treatment of isolated rat hearts with ischemic injury 

with CORM-3 (10 µM).46 In a heart transplant rejection mouse model, prolonged viability 

compared to controls was observed in mice treated daily with CORM-3. CO donor CORM-A1 has 

also been well characterized as a vasorelaxant through studies in which the ability of this 

compound (80 µM) to decrease blood pressure in rats was observed.82  

 

Despite these protective effects, the potential toxicity of metal-carbonyl-based CO donors remains 

a concern, as the accumulation of metal after CO release may cause undesired side-effects.85 While 

recently reported iron-based CO donors suggest progress on this front,86, 87 most studies on CO 

delivery are carried out using ruthenium and manganese-based donors. Efforts to evaluate the 

toxicity of common CORMs show mixed results. For example, ruthenium based CO donor 

CORM-2 was toxic to multiple cell lines (HeK 293 and MDCK) at 100 ʈM, as was its byproduct 

after CO release.88 CORM-3 has shown similar toxicity to RAW 264.7 macrophages, but it is not 
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toxic to human gingival fibroblasts, even at concentrations as high as 500 ɛM.89, 90 Clearly there 

remains work to be done to fully understand the toxological profile of ruthenium-based CO donors. 

Organic CO donors such as CORM-A1, as well as the previously mentioned iron-based CO 

donors, are poised to solve these toxicity problems. 

 

 

Figure 2.7. Chemical structures of several reported CORMS. 

 

The development of H2S-releasing small molecules has been rapid over the past few years, and 

this area of research continues to receive substantial attention. The first widely studied H2S donor, 

known as GYY4137 (Figure 2.8), was initially invented as an accelerator in the vulcanization of 

natural rubber in 1950s and was applied in 2008 as an H2S donor.91 GYY4137 is water soluble and 

releases H2S spontaneously over a sustained period (hours to days) in aqueous solution under 

physiological conditions.91, 92 While the mechanism of H2S release from GYY4137 is still not fully 

understood, its vasodilation effects have been demonstrated in rats, mediated by the opening 

vascular smooth muscle KATP channels.91  

 

While several natural products have the capacity for H2S release,93 most notably diallyl trisulfide 

present in garlic, there has been a surge in the past 5 years in the number of synthetic H2S donors. 

The N-benzoylthiobenzamide family of donors developed by Xian are stable in water in the 

absence of thiols. Upon the addition of cysteine, they release H2S over a period of hours under 
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physiological conditions.94 Related perthiol-based H2S donors are also triggered by thiols.95 

Another family of thiol-triggered H2S donors is the S-aroylthiooximes (SATOs) developed by 

Matson and coworkers. SATOs are easily synthesized in a one-step condensation reaction between 

an S-aroylthiohydroxylamine and an aldehyde or ketone. Upon addition of cysteine, SATOs were 

found to exhibit precise structure-dependent kinetics, with release half-lives ranging from 8-82 

min.96 Other H2S-releasing small molecules, including dithiolethiones97 and light-triggered H2S-

releasing compounds such as gem-dithiols and nitrobenzyl thioethers98, 99 have also been reported. 

Most recently, the first enzyme-triggered H2S donor was reported, which uses a trimethyl lock unit 

to effect H2S release upon enzymatic cleavage of an ester.100 A detailed review of the different 

release characteristics of H2S donors has recently been published.101 

 

The therapeutic effects of H2S donors have been studied both in vitro and in vivo. For example, a 

series of perthiols were synthesized and their therapeutic effects were tested in a mouse model of 

myocardial ischemia-reperfusion injury.95 Initial in vitro experiments showed no toxicity of the 

perthiols toward H9c2 cardiomyocytes up to 100 ʈM. In animal studies, mice were subjected to 

45 min of left ventricular ischemia and dosed with 500 ɛg/kg perthiol halfway through the 

ischemic period. After 24 h reperfusion, myocardial infarct size was reduced by 50% in treated 

mice compared to controls. Another novel H2S donor, NOSH-aspirin (NOSH-ASA), was designed 

to decompose to release NO, H2S and aspirin.102 This prodrug (100 nM) inhibited proliferation of 

HT-29 colon cancer cells and induced apoptosis in vitro. In a mouse tumor model, an 85% decrease 

in tumor volume compared to controls was observed in mice treated with 100 mg/kg NOSH-ASA.  
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Figure 2.8. Chemical structures of several reported H2S donors.  

 

2.5.3 Materials  

Although there are many small molecules that can slowly release NO, CO, or H2S under 

physiological conditions, most are quickly cleared in vivo and cannot target specific sites. In some 

cases there may be byproducts released along with the therapeutic gasotransmitter. As an 

alternative to inhalation therapy and small molecule donors, materials engineered to release NO, 

CO, or H2S have been developed to enhance the delivery of gasotransmitters. One method to 

deliver gases is to incorporate them into microbubbles, which are polymeric or organic/inorganic 

hybrid materials that can used as contrast agents and can be triggered to release their payload 

through ultrasound-induced fracture.103 In addition to microbubbles, which have limited capacity 

for long-term release, there are 2 typical ways in which materials can be designed to deliver 

gasotransmitters: (1) physical entrapment of small molecules like those mentioned above into a 

polymer or hydrogel network; (2) incorporation of gas-releasing functional groups directly into 
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the material structure. While the physical entrapment strategy is the simplest, the small molecule 

gasotransmitter donors can leach from the material. The functional group incorporation strategy is 

often accomplished by covalently bonding gasotransmitter-releasing functional groups onto a 

preformed polymer or other material. This method is more complex but enables a high level of 

control over gasotransmitter release rate. 

 

Polymers are widely used in the drug delivery field, and they were the first types of materials 

explored as vehicles for gasotransmitters. Meyerhoff and coworkers developed hydrophobic 

polymer films capable of releasing NO using both of the strategies outlined above.104 For the 

physical entrapment approach, NONOates were dispersed in polyurethane or poly(vinyl chloride) 

films. For the functional group incorporation strategy linear polyethylenimine was directly 

functionalized with a NONOate. Both types of films showed NO release with half-lives on the 

order of 3 hours. Since this initial report, a variety of NO-releasing polymers have been made, 

including star polymers, dendrimers, and others.105-107 Only a handful of CO-releasing polymers 

have been reported. Most recently, Boyer reported a water-soluble, CO-releasing polymer with 

pendant CORM-2 groups that had potent antimicrobial activity.108 Similar to CO-releasing 

polymers, H2S-releasing polymers have only recently been reported. One light-triggered H2S-

releasing polymer has been reported,109 while others are based on thiol-triggered H2S donors 

including SATOs,110 thiobenzamides,111 and dithiolethiones.112  

 

Hard materials such as metal organic frameworks (MOFs) have also been used to deliver 

gasotransmitters. These include NO-delivering MOFs, which have been evaluated as 

vasorelaxants,113 CO-releasing MOFs, which release CO with half-lives in the range of minutes to 



 
30 

hours,114 and H2S-releasing MOFs, which can retain H2S in their pores for up to 1 year and exhibit 

vasodilatory activity in vitro.115 Other hybrid organic/inorganic materials have also been reported, 

including NO-releasing silica particles116 and zeolites,117 and CO-releasing silica nanoparticles118 

and nanodiamonds.119 These hard materials have the advantage of direct gas delivery without 

requiring decomposition reactions. However, most are light-triggered, which limits their 

therapeutic utility due to the limited penetration of light into tissue. Biocompatibility and 

biodegradability of the inorganic components is also an important consideration of these materials.  

 

Hydrogels are important delivery vehicles for a wide variety of drugs and signals due to their high 

water content, potential for slow and sustained release, and ability to be either implanted or injected 

at a desired site of action. Hydrogels are networks which are crosslinked either though the 

formation of covalent bonds between polymers (chemical crosslinking) or though physical 

interactions of polymers or other one-dimensional nanostructures (physical crosslinking). Because 

they are able to absorb large amounts of water or biological fluids, hydrogels are promising 

materials for bioengineering applications. Advantages of hydrogels over other types of materials 

include their abilities to protect cells and fragile drugs and facilitate transport of nutrients to cells. 

Additionally, hydrogels can be modified with peptide epitopes or other bioactive groups designed 

to give instructional cues to encapsulated cells. Several challenges remain for hydrogels in drug 

delivery applications. These include minimizing immunogenicity, tuning biodegradability, 

sterilizing the materials, and achieving ideal mechanical properties for a specific tissue.120  
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Table 2.1. Advantages and disadvantages of different gasotransmitter delivery methods. 

Delivery method Advantages  Disadvantages 

Inhalation  Pure form of the gas is delivered 

No byproducts  

Difficult to administer  

Hard to control dosage 

No capacity for targeting 

Instantaneous release 

Potential storage problems 

Small molecule donors Controlled rate of release 

Precise control of dosage 

Some degree of targeting 

possible 

Some donors can be stored 

indefinitely as dry powders 

Short release periods 

Quick distribution throughout 

the body  

Potentially toxic byproducts 

Systemically delivered 

nanostructures (e.g., 

polymer micelles) 

Potential for highly tunable 

release 

Potential for targeted delivery to 

specific organs 

Lower drug loadings than small 

molecule donors or inhalation 

Potentially toxic byproducts 

Hard materials (e.g. 

MOFs) 

Pure form of the gas is delivered 

Potential for targeted delivery 

Potential for high gas loading 

Long-term storage as dry powder 

Release can be triggered with 

light 

Light-triggered release 

mechanism limits tissue 

penetration depth 

Potentially toxic byproducts 

Hydrogels (including 

peptide-based gels) 

Slow and sustained release 

Localized delivery 

Potential for biodegradability of 

the gel 

Potential to combine with other 

signals/therapeutics 

Lower drug loadings than small 

molecule donors or inhalation 

Limited gas capacity 
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Polymeric hydrogels for gasotransmitter delivery have thus far focused on NO. For example, a 

poly(vinyl alcohol)-based hydrogel (PVA-NO hydrogel) was formed by linking a NONOate to the  

 polymer backbone followed by UV light-induced crosslinking.35 This PVA-NO hydrogel released 

NO over a period of 48 h and demonstrated therapeutic effects in chronic wound healing. Although 

UV-induced crosslinking required surgical implantation of the material, this was an important step 

forward. The encapsulation method has also been used for NO-delivering hydrogels. In this  

 example an RSNO-based NO donor was physically entrapped in a poloxamer hydrogel matrix 

(PEO-b-PPO-b-PEO).121 These hydrogels were then topically applied to eight healthy human 

volunteers, and blood flow was measured. NO diffusion through the skin was observed with local 

vasodilatation.  

 

Despite these reports on polymeric hydrogels for NO delivery, none have been reported thus far 

for CO or H2S delivery. We attribute this to the relatively shorter period of research on CO and 

H2S therapy and fewer studies on their therapeutic applications. In contrast, a variety of peptide-

based hydrogels have been developed for NO, CO, and H2S delivery and detection. Although they 

are more complex and expensive, peptide-based hydrogels have several advantages over their 

polymeric counterparts. These include biodegradability, sheer-thinning, which enables 

injectability, and the potential for a wide range of tenability by using different amino acids. The 

basic designs of peptide-based materials are discussed in section 4, and applications of these 

peptides as gasotransmitter-releasing materials and gasotransmitter-responsive materials are 

discussed in section 5. 
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2.6 Peptide-based materials  

While polymer-based hydrogels have been widely studied for drug delivery from both a 

fundamental and applied perspective, some disadvantages warrant exploration of alternative 

hydrogel materials. The limited biodegradation capacity of most polymers under physiological 

conditions can be a problem, as is the potential toxicity of the chemical crosslinkers often required 

for gelation. Additionally, hydrogel shrinkage after crosslinking can be a critical issue in 

application of polymer hydrogels in vivo for regenerative medicine or tissue engineering.122, 123 

Compared to synthetic hydrogels, physically crosslinked (self-assembled) peptide-based 

hydrogels are in some cases better suited for drug delivery. Peptide-based gels are composed of 

biologically relevant components (amino acids) that are inherently biodegradable and usually non-

toxic and non-immunogenic.123 Additionally, some peptide-based hydrogels are either sheer 

thinning or gel instantaneously upon injection into the body.124 These properties allow for syringe 

injection of materials to a site of interest, avoiding the need for any toxic crosslinkers. Once at the 

site of injury, peptide-based materials carry out their intended function as they are slowly 

degraded. Many peptide-based hydrogels show minimal immunogenicity and can maintain their 

structure at the injection site for up to several weeks. As peptide-based materials are some of the 

most promising candidates for strategic application of gasotransmitters in tissue engineering and 

regenerative medicine, these will be the focus of the remainder of this review. 

 

The first material made from self-assembling synthetic peptides was reported by Zhang in 1993.125 

In this work an alternating sequence of charged and hydrophobic amino acids was described, which 

self-assembled into long, one-dimensional aggregates in aqueous solution, further entangling to 

form a membrane. Since then, several different types of strategies have been employed to make 
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peptide-based gels. Relying on aqueous self-assembly, most peptide gelators form beta-sheets that 

stabilize a 1-dimensional nanostructure. The variety of motifs include peptide amphiphiles, 

aromatic peptide amphiphiles, collagen-mimetic peptides, ɓ-sheet-based peptides, and others.126 

In many cases, the peptides can be modified to include peptidic epitopes that signal cells or to 

include functional groups that release drugs. Some of the most relevant strategies and platforms 

for making peptide-based gels are discussed below.   

 

2.6.1 Peptide amphiphiles  

Peptide amphiphiles (PAs), which were first reported in 1995, are short peptide sequences with 

one or more hydrophobic tails attached at or near the N- or C-terminus.127 PAs applied to 

regenerative medicine were first reported by Stupp in 2001. In this work a short peptide was 

synthesized with a ɓ-sheet forming region, a phosphorylated serine residue for promoting 

biomineralization, the amino acid sequence RGD for cell adhesion, and a single alkyl tail on the 

N-terminus.128 Self-assembly of this PA into long, one-dimensional aggregates was induced by pH 

changes, and further aggregation of the nanofibers led to gelation. Under mineralization 

conditions, hydroxyapatite crystals grew along the long axes of the nanofibers. Since this first 

report, substantial research has been done in the field of PAs to explore their self-assembled 

structure,129, 130 develop their ability to deliver drugs,131, 132 display bioactive epitopes,133, 134 and 

investigate their potential applications in regenerative medicine.135, 136  

The basic design of PA-based gels remains largely unchanged since the original report (Figure 

2.9). Gel-forming PAs typically contain four components: a hydrophobic tail, a short (4-8 amino 

acid) ɓ-sheet forming sequence, one or more hydrophilic amino acids to promote aqueous 

solubility, and an optional epitope domain. Some contain other elements, including DNA, 



 
35 

oligosaccharides, photocleavable units, or functional groups designed to release drugs. The driving 

forces for self-assembly into 1-dimensional nanostructures include hydrophobic collapse and 

hydrogen bonding along the long axis of the nanofibers.  

The hydrophobic tail and the ɓ-sheet-forming region of a PA have the largest effects on the ability 

of PAs to self-assemble.137 The hydrophobic tails, which are often derived from saturated linear 

carboxylic acids such as palmitic acid, form the core of the self-assembled nanostructures, 

modifying their hydrophobicity and ability to form gels in aqueous solution.129 Self-assembled PA 

nanofibers are typically 6-12 nm in width and up to several microns in length.137 Changes in 

solution pH, increases in ionic strength, or addition of divalent counterions cause gelation at 

concentrations often below 1 wt%. The storage modulus (Gô) values for PA gels are typically on 

the order of 5-40 kPa,138 higher than most other peptide-based gels. Storage modulus can be 

controlled by changing the ɓ-sheet-forming sequence.139 Increasing the number of strong ɓ-sheet 

forming amino acid residues (e.g., Val) improves the mechanical rigidity of hydrogel, while 

including other amino acids with lower tendencies to form ɓ-sheets (e.g., Ala) reduces the storage 

modulus. Although most of the PAs studied to this point form cylindrical or near-cylindrical 

morphologies, several different self-assembled structures have been observed, including spherical 

micelles, vesicles, cylinders, twisted ribbons, and large nanobelts.140-143 
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Figure 2.9. (A) Chemical structure and space-filling model of a typical PA, highlighting the four 

structural domains. (B) Schematic illustration of a self-assembled PA nanofiber. (C) Cryogenic 

TEM image of PA nanofibers cast from aqueous solution. Adapted from Ref. 144 and Ref. 145 with 

permission.  

 

The third domain typically contains charged amino acids to impart solubility, regulate gelation, 

and modify the bioactivity of the self-assembled structure. For example, the rigidity and length of 

the hydrophilic domain has a significant effect on cell-spreading and bundling of actin filaments 

when the cell-binding RGDS epitope is used as the epitope domain.146 The fourth domain (the 

epitope domain) is not required for peptide self-assembly, but it is often included to impart 

bioactivity. For example, a PA was recently reported that included a peptide epitope capable of 

mimicking VEGF.147 This PA gel was able to promote ischemic tissue regeneration by signaling 

through the VEGF pathway. Besides modifying the hydrophobic tail or any of the peptide domains, 

PAs have also been functionalized to deliver drugs. For example, the non-steroidal anti-

inflammatory drug nabumetone (Nb) was linked to a PA C-terminus using a hydrazone bond.131 

Through hydrolysis of the hydrazone bond, Nb was released from the PA gel over the course of a 
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month. Other drugs, including naproxen, dexamethasone, and fenoprofen have also been released 

from PA gels using cleavable linkers to achieve long-term and localized release.148-151  

 

2.6.2 Aromatic peptide amphiphiles 

Aromatic peptide amphiphiles are similar to traditional PAs, but their hydrophobic domain 

contains an aromatic unit, and their peptide sequences are typically very short (as small as 1 amino 

acid residue) (Figure 2.10). This allows for a simple chemical synthesis, low cost, and easier 

scalability compared with other peptide-based biomaterials.152 The first aromatic peptide 

amphiphile was described in 1995 when Vegners showed that Fmoc-LR (Fmoc = 

fluorenylmethyloxycarbonyl) forms a thermoreversible hydrogel upon cooling a 1 wt% peptide 

solution below 60 oC.153 In related work inspired by the structure of amyloid proteins, Gazit  

demonstrated in 2001 that Fmoc-FF was able to undergo molecular self-assembly by a 

combination of hydrogen bonding and -́ ˊ stacking.154, 155 Since that time a wide variety of 

aromatic peptide amphiphiles have been reported, with most relying on ˊ- ˊ stacking to drive 

assembly. 
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Figure 2.10.  (A) The chemical structures of typical aromatic peptide amphiphiles: Fmoc-FF and 

Fmoc-RGD. (B) Schematic illustrations of self-assembled morphologies accessible with aromatic 

peptide amphiphiles. (C) TEM image of the Fmoc-FF/Fmoc-RGD mixture showing a flat ribbon 

morphology (inset shows translucent hydrogel formed by mixing solutions of Fmoc-FF and Fmoc-

RGD). (Figures adapted from Ref. 152 and Ref. 156)  

 

Aromatic peptide amphiphiles are typically composed of four key domains: the N-terminal 

aromatic unit, a short linker group, an oligopeptide sequence, and the C-terminus, which may be 

as simple as a carboxylic acid or carboxamide or as complex as a bioactive peptide epitope. The 

aromatic unit and the linker group are often added together; for example, the Fmoc group is often 

used as the N-terminal group in aromatic peptide amphiphiles, as shown above (Figure 2.10). This 

is in large part due to its convenience because it is used as a protecting group in peptide 

synthesis.157 The peptide group in aromatic peptide amphiphiles can be very short, as small as one 

but typically 2ï4 amino acid residues, making aromatic peptide amphiphiles the most easily 

synthesized and minimalistic of all the peptide-based materials.  
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The aromatic unit in aromatic peptide amphiphiles is largely responsible for promoting gelation. 

Besides Fmoc,158, 159 various other aromatic moieties have been utilized as the N-terminal aromatic 

group, including naphthyl,160 phenyl,161 azobenzyl,162, 163 and pyrenyl derivatives.164 Of these, the 

Fmoc group is the easiest to install because it is usually used as the protecting group in solid-phase 

peptide synthesis. The importance of aromatic stacking interactions has been thoroughly studied, 

and an N-terminal Fmoc group is more than a simple hydrophobic group. It facilitates self-

assembly and gelation through ˊḯ  stacking for a wide variety of aromatic peptide 

amphiphiles.165,166 A recent study comparing two aromatic peptide amphiphiles with identical 

peptide sequences but varied aromatic groups (Fmoc and naphthyl) found that the Fmoc peptide 

gels at above 0.1% while the naphthyl peptide gels at concentrations as low as 0.01%.167 The linker 

domain also plays a role in the gelation. Because linkers separate the aromatic unit from the peptide 

domain, both the length and the flexibility of the linker are important to the self-assembly process, 

providing the ability to tune intermolecular interactions.168  

Although the aromatic functional group in aromatic peptide amphiphiles is the major driver of 

self-assembly, the amino acid sequence also plays a vital role. Similar to PAs, aromatic peptide 

amphiphiles often have ɓ-sheet character in their peptide sequences. Ions in solution screen the 

permanent dipoles or charges in the amino sequence to help stabilize the self-assembled structures. 

In contrast to PAs, amino acid sequences in aromatic peptide amphiphiles are usually very short, 

so a relatively small change in peptide sequence can be the difference between a peptide that gels 

and one that does not gel, or may lead to different mechanical properties of the resulting gels. For 

example, Fmoc-Phe has a storage modulus of 100 Pa, while Fmoc-Tyr has a storage modulus of 

20000 Pa, although the only difference between these two gelators is a single OH group.169 The C-

terminus in aromatic peptide amphiphiles is often simply a free carboxyl group, enabling gelation 
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through pH changes. This carboxyl group can have a large effect on solubility and self-assembly. 

For example, in aromatic peptide amphiphiles of the general structure Fmoc-F(5)-Phe-X (a 

pentafluorphenyl analog of Fmoc-Phe), a COOH C-terminus (X = OH) leads to gelation, while a 

methyl ester C-terminus (X = OMe) causes the peptide to become insoluble and a carboxamide C-

terminus (X = NH2) produces a solution that does not undergo gelation.170 

 

2.6.3 Peptide gelators based on ɓ-sheet-driven assembly  

There exist several types of peptide gelators that are pure peptides without any hydrophobic or 

aromatic groups attached. Nearly all rely on ɓ-sheet interactions to drive peptide self-assembly, 

through which one-dimensional aggregates form and entangle to produce gels. The first such 

peptide was reported by Zhang, discussing the aqueous self-assembly of the peptide 

(AEAEAKAK) 2. This 16-residue peptide with alternating charged and uncharged residues was 

designed to mimic a segment of the left-handed Z-DNA binding protein of yeast, zuotin.125 This 

oligopeptide presents a polar face with charged ionic side chains and a non-polar face with 

hydrophobic side chains. Self-assembly of the folded peptides into one-dimensional 

nanostructures is driven by both ɓ-sheet formation and collapse of the hydrophobic face.171 

Peptides that assemble in this fashion are sometimes referred to as ionic self-complementary 

peptides or ñPeptide Legosò (Figure 2.11A).172 Gelation can be achieved by charge screening in a 

process similar to PA gelation. Since their initial discovery, many other types of ionic self-

complementary peptides of this general structure have been reported. They have been used broadly 

in tissue engineering and regenerative medicine, most notably in neural regeneration and protein 

delivery.125, 173  
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Figure 2.11. Various peptide gelators based on ɓ-sheet-driven assembly. (A) Ionic self-

complementary peptides (adapted with permission from Ref. 174 (PNAS), Copyright 2005 National 

Academy of Science, USA); (B) Multidomain peptides (adapted from Ref. 175 with permission); 

(C) ɓ-Hairpin peptides (adapted from Ref. 176 with permission); (D) Complementary peptides 

(adapted from Ref. 177 with permission); (E) Q11 peptides (adapted from Ref. 178 with permission).  
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In related work, multidomain peptide (MDP) materials based on ABA triblock motifs have been 

pioneered by Hartgerink (Figure 2.11B). The A and B blocks provide hydrophilicity and 

amphiphilicity, respectively. By tuning the compositions and lengths of the blocks, the self-

assembling properties of MDPs can be controlled. The A block typically contains charged amino 

acid residues to provide solubility and electrostatic repulsion at neutral pH, which allows for 

control over the length of self-assembled structures.175 The B block forms a ɓ-sheet structure 

through the use of alternating hydrophobic and hydrophilic amino acid residues. In aqueous 

solution, the B block is a facial amphiphile, with hydrophobic side chains on one side and 

hydrophilic side chains on the other. MDPs pack together like a sandwich through antiparallel ɓ-

sheet hydrogen boding oriented down the fiber axis. Similar to other peptides, MDPs can be 

functionalized with epitopes such as the popular RGD sequence for use in tissue engineering 

applications.179, 180 

Pochan and Schneider have extensively studied materials based on ɓ-hairpin peptides (Figure 

11C). These peptides are engineered to contain a hairpin turn at or near their midpoint by using a 

Pro-D-Pro unit. Sequences composed of alternating charged and hydrophobic amino acid residues 

on either end of the hairpin induce self-assembly in aqueous solution through association of the 

hydrophobic faces. Further aggregation leads to network formation. These gels exhibit shear-

thinning behavior, allowing for the gel to be injected through a syringe, followed by rapid 

stiffening at the injection site.181 The mechanical properties can be tuned by modifying the 

hydrophobic face of the ɓ-hairpin peptide structure, with storage moduli ranging from 680 Pa to 

3300 Pa.176 Applications of ɓ-hairpin peptide gels include tissue engineering as well as drug and 

growth factor delivery. For example, nerve growth factor (NGF) and brain-derived neurotrophic 
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factor (BDNF) are two growth factors used to treat spinal cord injuries that have been delivered 

over the course of 28 days from ɓ-hairpin peptide-based gels.182 

A related type of peptide assembly motif is the class of peptides called complementary peptides 

developed by Aggeli and Boden (Figure 2.11D).183 One such peptide, CH3CO-QQRFQWQFEQQ-

NH2 (DN1) self-assembles in water through antiparallel ɓ-sheet formation into tapes. This 

specifically designed sequence contains six Gln residues that promote self-assembly through 

hydrophobic interactions, two charged amino acid residues (Arg and Glu) that induce antiparallel 

alignment of the strands, and three aromatic residues that provide ˊ-ˊ interactions to stabilize the 

ɓ-sheet.184, 185 The sequence of complementary peptides can be modified to form a variety of 1-

dimensional nanostructures, including tapes, ribbons, fibrils, fibers and nanotubes.186, 187  

The Q11 peptide motif, which is comprised of the sequence Ac-QQKFQFQFEQQ, was developed 

by Collier in 2003 (Figure 2.11E).178 It self-assembles into nanofibers with high ɓ-sheet content, 

which entangle to form hydrogels at low concentration. Unlike most of the other peptides discussed 

here, Q11 carries no charge, thereby avoiding electrostatic repulsion in self-assembly. Q11 

aggregates are stabilized mostly by ɓ-sheet interactions. This peptide motif is easily derivatized, 

allowing for addition of various bioactive epitopes. Collier recently showed that by mixing 

different Q11-type peptides together, gel mechanical properties and cell responses can be tuned.188-

190 For example, a mixture of RGDS and IKVAV-functionalized peptides were examined, where 

RGDS provides adhesion to the extracellular matrix and IKVAV offers neuronal cell attachment 

and growth. The gels formed from these co-assembled peptides demonstrated significantly 

enhanced storage moduli and lower loss moduli compared to each peptide alone. Co-assemblies 

of RGDS-Q11 with Q11 or IKVAV-Q11 with Q11 showed much better attachment, spreading, 
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and proliferation of human umbilical vein endothelial cells (HUVECs) compared with Q11 

alone.189 

One advantage of peptide gelators based on ɓ-sheets is their shear-thinning ability, a property that 

many of the classes of peptide gelators described above share.124, 175, 191-193 These gels flow under 

shear stress such as injection through a needle and exhibit time-dependent recovery upon 

relaxation (self-healing).194 These properties make ɓ-sheet peptide gels injectable, while most of 

other peptide-based gels must instead be kept in solution until injection at a site of interest, at 

which point gelation can be induced by endogenous salts or through addition of additional salts.  

 

2.7 Peptide-based materials in biological applications of gasotransmitters 

In addition to their applications in regenerative medicine and drug delivery mentioned above, 

peptide-based materials have been studied as materials for the delivery of NO, CO, and H2S. 

Peptide-based gels are ideal materials for the localized delivery of gasotransmitters because they 

can be injected directly at the desired site of action, gel immediately in situ, release their payload 

over a defined period of time, and then degrade into benign metabolites. Several examples from 

this rapidly growing strategy for gasotransmitter delivery are discussed in detail below. In addition, 

materials and systems designed to respond to the presence of gasotransmitters may have 

therapeutic potential;195, 196 some of these designs are discussed below as well. 

 

2.7.1 Materials for gasotransmitter release 

NO Delivery 

Neointimal hyperplasia can be effectively treated with NO therapy, but delivering a sustained dose 

of NO directly to an injured blood vessel remains a difficult challenge. Although there exists a 
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recent report on systemically delivered nanomaterials that target an injured blood vessel through 

the bloodstream,145 localized delivery directly to the injured artery after surgery is the more 

common strategy. To address this problem, Stupp and Kibbe used the PA palmitate-

AAAAGGGLRKKLGKA (palmitate = CH3(CH2)14C(O)-), which contains the heparin binding 

sequence LRKKLGKA.197 When exposed to heparin in aqueous solution, this PA gels 

spontaneously, allowing for growth factors with heparin-binding domains to be entrapped in the 

gel and released slowly. In an NO-releasing version of this PA-heparin system, heparin and a 

diazeniumdiolate NO donor (either PROLI/NO or DETA/NO) were physically mixed together.198 

In both cases the self-assembled nanofiber gels were able to release NO over 4 days, with most of 

the release occurring in the first 2 days. The gels were applied to the adventitial surface of the 

carotid artery in a rat carotid injury model. Neointimal hyperplasia was significantly inhibited, 

especially from the PROLI/NO gel. The PROLI/NO gel limited inflammation after arterial injury, 

but the DPTA/NO gel did not. Both of the NO-releasing gels also stimulated re-endothelialization 

of the artery. Further efforts in this area are focused on preventing restenosis following all 

cardiovascular interventions through the use of a systemically delivered peptide designed to 

deliver NO to an injury site. Initial pilot studies in a rat arterial injury model have demonstrated 

that NO-releasing, self-assembled PAs effectively reduced 56% of the intimal area compared to 

control groups.199 This is an exciting strategy that has the potential to deliver NO in a targeted 

fashion through peripheral intravenous injection, allowing for repeated dosing as needed.  

A different approach for NO delivery was used by Jun and coworkers. Rather than sequester an 

NO donor, they directly attached NONOates to a PA. For this study two PAs were prepared: 

palmitate-GTAGLIGQKKKKK (PA-KKKKK), which contains 5 Lys residues for conversion into 

NONOates, and palmitate-GTAGLIGQYIGSR (PA-YIGSR), where the GTAGLIGQ sequence is 



 
46 

degradable by matrix metalloprotease-2, and the YIGSR sequence is a laminin-derived cell 

adhesive ligand. The NO-releasing gel (termed PA-YK-NO) was made by mixing PA-YIGSR and 

PA-KKKKK at 9:1 molar ratio and then reacting the peptide solution with NO gas under high 

pressure. The gel released NO in a controlled manner under physiological conditions over a period 

of one month. This length of release is impressive considering that NONOates derived from 

primary amines are typically very unstable. In cell studies the PA-YK-NO film selectively 

promoted proliferation of endothelial cells while limiting smooth muscle cell proliferation. 

Additionally, platelet adhesion was dramatically reduced on the PA-YK-NO matrix compared to 

a collagen I matrix. This combination of enhancement of endothelial cell proliferation, prevention 

of smooth muscle cell proliferation, and limited platelet adhesion indicates that PA-YK-NO may 

have potential in treating restenosis and thrombosis.200  

NO-releasing PA-YK-NO gels have also been investigated as materials for treating type I 

diabetes.201 MIN-6 cells, which regulate insulin secretion similarly to pancreatic islets, were found 

to attach and grow on the PA-YK-NO gel. MIN-6 cells also showed significantly improved insulin 

secretion when cultivated on PA-YK-NO gel compared to a tissue culture plate. Increased insulin 

production was attributed to upregulation of the gene PDX-1, which regulates the expression of 

insulin.  

Zhao and coworkers used a related approach to make an NO-releasing aromatic peptide amphiphile 

(Figure 2.12).202 They prepared nap-FFGGG (nap = naphthyl-CH2C(O)-) and then added a ɓ-

galactose caged NO prodrug to the C-terminus to form the NO-releasing peptide (NapFF-NO). 

The ɓ-galactose functionality served as a protecting group, enabling NO release only in the 

presence of ɓ-galactosidase.203 A 0.5 wt. % solution of this peptide formed a weak gel (Gô < 100 

Pa) that released NO over the course of several hours, with rates depending on the amount of ɓ-
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galactosidase present. In mouse experiments on healing of excisional wounds on the dorsal surface, 

wound areas were dramatically reduced in the NapFF-NO group with ɓ-galactosidase present. The 

combination of NapFF-NO gel and ɓ-galactosidase promoted angiogenesis in both wound and 

border areas, which is conducive to the wound healing process.202 The NapFF-NO gel was also 

tested for treating myocardial infarction (MI) as a method to enhance the effects of mesenchymal 

stem cell (MSC) therapy.204 In this work, adipose-derived mesenchymal stem cells (AD-MSCs) 

were physically incorporated into the NapFF-NO gel. Mice with myocardial infarctions, 

introduced through permanent ligation of the left anterior descending (LAD) artery, were treated 

with a mixture of AD-MSCs and NapFF-NO by injection at the infarct site. Addition of ɓ-

galactosidase through tail vein injection triggered NO release at the injury site. Mice receiving NO 

treatment showed improved AD-MSC survival, increased VEGF secretion, and enhanced cardiac 

function compared with controls. 
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Figure 2.12. (A) Synthetic scheme of caged NO-releasing aromatic peptide amphiphile. (B) TEM 

image of the gel at 0.5 wt. % showing a fibrous structure. (C) NO release profile from the gel with 

the addition of different concentrations of ɓ-galactosidase (adapt from Ref. 202 with permission). 

 

CO delivery 

The first CO-releasing peptides were developed by Schatzschneider and based on Mn-carbonyl 

photoactivated CORM molecules.205 The metal complex was attached to a short tumor-suppressing 

peptide sequence (TFSNL), and the conjugate showed photoinduced cytotoxicity toward cancer 

cells. In related work, Kodanko conjugated an iron carbonyl complex to a peptide dimer (AG), and 

this compound also showed photoinitiated cytotoxicity against prostate cancer cells (PC-3 cells) 

under UV light irradiation.206 In both of these examples the peptide serves a biological function, 
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but not a structural one. Additionally, both require UV irradiation to induce CO release, limiting 

their utility in vivo. 

Stupp and coworkers reported the first material for therapeutic delivery of CO (Figure 2.13).207 A 

PA of the sequence palmitate-V3A3E3K(ɓD) was synthesized (ɓD indicates that the Asp residue 

was attached through its carboxylic acid side chain). The ɓ-Asp residue was included to afford a 

NH2CHRCOOH unit, which reacted with [Ru(CO)3Cl2]2 to form a metal complex similar to the 

well-studied small molecule, CORM-3. The resulting CO-releasing PA (CO-PA) spontaneously 

released CO in aqueous solution without photoactivation with a half-life of ~2 min. Upon charge 

screening, the peptide formed a robust gel at 1 wt. %, which had a half-life of CO release of 18 

min. The therapeutic potential of this CO-releasing gel was shown through in vitro studies on rat 

cardiomyocytes. H9c2 cells were treated with H2O2 for 2 hours to induce oxidative stress, and then 

treated with 25 ɛM CO-PA for 24 hours. CO-PA significantly improved cardiomyocyte viability 

compared to controls at a level similar to that of small molecule CORM-3. This CO-releasing gel 

has the capacity for localized CO release over a period of several hours at a site of injection, 

providing several advantages over small molecule CORMs that release their payload quickly and 

with little tissue specificity.  
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Figure 2.13. (A) Synthesis of PA-CORM3. (B) Kinetics plot of CO release PA-CORM3 in soluble 

form and gel form. (C) SEM image of PA-CORM3 gel at 1 wt. % (scalebar = 0.5 µm). (D) Viability 

of cardiomyocytes after treatment with H2O2 and exposure to CO-PA or controls (adapted with 

permission from Ref. 207). 

 

H2S Delivery 

The only reported H2S-releasing gel was developed by Matson and coworkers (Figure 2.14).208 An 

aromatic peptide amphiphile was synthesized by addition of an S-aroylthiooxime (SATO) to a 

peptide of the sequence IAVEEE. The SATO functional group releases H2S in response to thiols 

(e.g., Cys), as mentioned in section 3.2.96 The IAV sequence was designed to promote ɓ-sheet 

formation in aqueous solution, stabilizing the assembly into one-dimensional aggregates, and the 

EEE sequence was included to provide solubility and enable gelation through charge screening. 
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This aromatic peptide amphiphile formed a gel at 1 wt. % upon the addition of CaCl2, and H2S 

release was observed over 15 hours at physiological pH in the presence of Cys. This peptide 

demonstrates that the aromatic component of an aromatic peptide amphiphile can act as both a 

structural unit and a functional element of the gel. Cell viability studies showed that both the 

soluble peptide and the gel were non-toxic, and further studies on endothelial cells exposed to an 

H2S-responsive fluorescent probe confirmed that H2S was released in vitro. 
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Figure 2.14. (A) Chemical structure of H2S-releasing aromatic peptide amphiphile. (B) 

Conventional TEM image of aromatic peptide amphiphile cast from water (inset shows self-

supporting gel formed from 1 wt. % aromatic peptide amphiphile in water gelled with CaCl2). (C) 

H2S release profile from the peptide in soluble form and gel form. (D) Fluorescence image of 

endothelial cells pre-incubated with a fluorescent H2S probe and then treated with H2S-releasing 

peptide and Cys (scale bar = 50 µm). (Adapted with permission from Ref. 208, published by The 

Royal Society of Chemistry.) 
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Table 2.2. Gasotransmitters in disease treatment 

 Specific diseases Therapeutic concentration/rate (donor 

type) 

Ref. 

NO 

Pulmonary hypertension 5-20 ppm (NO gas, inhaled) 28 

Thrombosis 80 ppm (NO gas, inhaled) 209 

Neointimal hyperplasia 30 mg/kg (NO-releasing aspirin) 210 

Myocardial ischemia-

reperfusion injury 

80 ppm (NO gas, inhaled) 211 

Cancer 10 µM (DETA-NO) 212 

Wound healing 5 mM (PVA-NO hydrogel) 35 

Infections in blood-contacting 

artificial materials 

4.6 nmol/cm2/h for the first 6 h (NO-

releasing polyester coating) 

37 

CO 

Chronic obstructive 

pulmonary disease (COPD) 

100-125 ppm (CO gas, inhaled) 45 

Cardiac allograft rejection 10 to 50 µM (CORM-3 solution) 46 

Lung fibrosis  250 ppm (CO gas, inhaled) 50 

Cancer 35 mg/kg/day (CORM-2 solution) 51 

H2S 

Wound healing  300 µg/kg/day (H2S solution) 57 

Myocardial ischemia-

reperfusion 

50 µg/kg (Na2S solution) 58 

Diabetes 0.1 mM (NaHS solution) 56 

Hemorrhage  300 ppm H2S (inhaled) or 1 mg/kg (Na2S 

solution) 

213 

Acute myocardial infarction 50 mg·kg-1·day-1 (S-allylcysteine) 214 

Cancer  0.1 mM (NaHS solution) 215 
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2.7.2 Materials that respond to gasotransmitters 

While an array of analytical techniques to monitor the concentrations of gasotransmitters and other 

short-lived biological species have been developed in recent years, efforts have been mostly 

directed toward measuring their spatiotemporal distribution. To further these efforts, new materials 

that not only detect, but also respond to gasotransmitters are being developed, including polymers, 

hybrid materials, and peptide-based materials.216, 217  

 

There exists one report of a peptide-based hydrogel that responds to H2S (Figure 2.15).196 This 

hydrogel contains the short peptide sequence FFG and an N-terminal azidobenzyl moiety (AzBz). 

After gel formation the material was exposed to a solution of H2S, which reduced the azide in the 

AzBz group, causing cleavage of the AzBz group and revealing a free N-terminus. This H2S-

mediated conversion of AzBz-FFG-OH into soluble H-FFG-OH led to gel disassembly, and 

increasing the concentration of H2S led to faster peptide degradation and gel disassembly. As a 

control, reduction of AzBz-FFG-OH peptide was tested with glutathione (GSH), and no 

degradation was observed. Future modifications of this peptide may find use in smart biomaterials 

that can release a drug or signal in response to high H2S concentrations. 
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Figure 2.15. Chemical structure, TEM images, gel images, and schematic illustrations of a self-

assembling peptide-based hydrogel that dissolves in response to H2S (adapted with permission 

from Ref. 196). 

 

In related work, an NO-detecting biomimetic sensor was built by grafting RGD-peptide 

components to a graphene film.195 The graphene component acts as an electrode that allows for 

real-time NO detection, and the RGD-peptide component enables cellular compatibility by 

mimicking the cell-binding sequence of extracellular matrix proteins. Growing endothelial cells 

on the RGD-graphene film allowed for quantification of endogenous NO production. This device 

provides a novel platform for next-generation NO-sensors and may find use in screening for effects 

of drugs on NO production. 

 

Lastly, a there has also been recent work in polymeric materials that respond to NO.216 These NO-

sensing polymers rely on specific functional groups that react with NO and change the solubility 

of the polymer. This solubility change can trigger a shift in the temperature at which the polymer 

precipitates from solution, change the polymersô fluorescence properties, or lead to a change in the 
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self-assembly behavior of the polymer. All of these changes can be detected and related to NO 

concentration. These polymers may have potential applications in gasotransmitter detection and 

imaging in vitro and in vivo. 

 

2.8 Conclusions and Outlook 

While the study of gasotransmitters is a few decades old already, interest in the ephemeral 

signaling agents continues to grow. At this point we have some understanding of their roles in 

mammalian biology, revealing vast therapeutic potential. NO gas is already used in the clinic to 

treat persistent newborn pulmonary hypertension, and clinical trials have been conducted on CO 

and H2S or their donors to treat various conditions. Compared with most small molecule drugs, 

gasotransmitters have shorter half-lives and greater potential for off-target effects, making targeted 

and localized delivery especially vital for harnessing the therapeutic potential of these gases. 

Inhalation therapy, small molecule gasotransmitter donors, systemically administered 

nanoparticles, and peptide-based materials all have potential future clinical applications, with 

advantages and disadvantages for each approach. One particularly promising method to deliver 

gasotransmitters is through materials that can either target a desired site of release through 

systemic administration or that can be injected to release the gas only at the desired location.  

 

Several challenges remain in the field of gasotransmitter delivery. One important challenge is to 

measure and understand the different biological outcomes produced when gases are delivered at 

different rates. For example, H2S delivered quickly as an NaHS solution promotes tumor growth,61 

while slow delivery inhibits it.60 The biological pathways affected by these different delivery rates 

need to be understood through systematic biological studies involving a variety of donors with 
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varied release rates. Another important challenge is to measure delivery rates of gasotransmitter 

donors and materials in biological systems. While rates can be measured fairly easily under simple 

and highly controlled conditions (e.g., PBS, pH 7.4, 37 °C), determining rates of gasotransmitter 

delivery in vivo remains difficult. New generations of NO, CO, and H2S sensors stand to play an 

important role in addressing this challenge. In the area of peptide-based materials for 

gasotransmitter delivery, one challenge that remains is to evaluate and mitigate the toxicity of the 

non-peptidic byproducts that form concurrently with gasotransmitter release. NONOates derived 

from lysine residues are ideal because they decompose to release only NO and the original peptide. 

CO and H2S donors currently require functional groups that degrade to generate the 

gasotransmitter and various byproducts, including Ru metal complexes, nitroso compounds, 

aldehydes, and other potentially toxic species. 

 

In the coming years we expect to see more small molecules that are capable of releasing NO, CO, 

and H2S. These donors will have byproducts with reduced toxicity, increased control over the rate 

of delivery compared with current compounds, and be triggered by a wide variety of internal and 

external stimuli. For example, light-triggered release has already been demonstrated for all three 

gases, but near-IR triggered release would enable deeper penetration into the skin and increased 

therapeutic utility. Enzyme-triggered release could also provide a powerful mechanism to enable 

spatiotemporal control over gasotransmitter delivery. Some NO and H2S prodrugs are stable until 

enzymes upregulated at specific sites in the body trigger decomposition and release. We also 

expect in the coming years to see materials playing an even greater role in gasotransmitter delivery. 

The peptide-based gels described here will lay the groundwork for materials with greater 

complexity and increased capacity to signal cells, integrate into the surrounding tissue, degrade 
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into benign metabolites on a controllable timescale, and ultimately treat diseases. In addition to 

gasotransmitter-releasing materials, gels that respond to gasotransmitters also have potential 

therapeutic value. One example of a gel that responds to the presence of high concentrations H2S 

has been described here. We expect to see more of these types of gasotransmitter-responsive 

materials reported in the coming years. Even more exciting but as of yet unrealized would be 

materials that recognize and respond to abnormally low concentrations of gasotransmitters by 

releasing NO, CO, or H2S. In conclusion, recent advances in synthetic chemistry and peptide self-

assembly, combined with a growing interest in gasotransmitter biology, have enabled the current 

generation of gasotransmitter-releasing materials. Continued fundamental and applied studies on 

NO, CO, and H2S will allow for the next generation of gasotransmitter-releasing materials to have 

a real and positive impact on human health. 
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Chapter 3: Supramolecular Tuning of H2S Release from Aromatic Peptide 

Amphiphile Gels: Effect of Core Unit Substituents 

Reprinted (adapted) with permission from: Qian, Y.; Kaur, K.; Foster, J. C.; Matson, J. B. 

Biomacromolecules. 2019, 20(2), 1077-1086. Copyright 2019. 
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Department of Chemistry, Macromolecules Innovation Institute, and Virginia Tech Center for 

Drug Discovery, Virginia Tech, Blacksburg, VA 24061 

 

3.2 Abstract 

H2S is a gasotransmitter with several physiological roles, but its reactivity and short half-life in 

biological media make it difficult to deliver in a controlled manner. For biological applications of 

the gas, hydrogels have the potential to deliver H2S with several advantages over other donor 

systems, including localized delivery, controlled release rates, biodegradation, and variable 

mechanical properties. In this study, we designed and evaluated peptide-based H2S-releasing 

hydrogels with controllable H2S delivery. The hydrogels were prepared from short, self-

assembling aromatic peptide amphiphiles (APAs), functionalized on their N-terminus with S-

aroylthiooximes (SATOs), which release H2S in response to a thiol trigger. The APAs were studied 

both in solution and in gel forms, with gelation initiated by addition of CaCl2. Various substituents 

were included on the SATO component of the APAs in order to evaluate their effect on self-

assembled morphology and H2S release rate in both the solution and gel phases. Transmission 
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electron microscopy (TEM) images confirmed that all H2S-releasing APAs self-assembled into 

nanofibers above a critical aggregation concentration (CAC) of ~0.5 mg/mL. Below the CAC, 

substituents on the SATO group affected H2S release rates predictably in line with electronic 

effects (Hammett ů values) according to a linear free energy relationship.  Above the CAC, circular 

dichroism, infrared, and fluorescence spectroscopies demonstrated that substituents influenced the 

self-assembled structures by affecting hydrogen bonding (ɓ-sheet formation) and ́-  ́stacking. At 

these concentrations, electronic control over release rates diminished, both in solution and in the 

gel form. Rather, the release rate depended primarily on the degree of organization in the ɓ-sheets 

and the amount of ́-  ́stacking. This supramolecular control over release rate may enable the 

evaluation of H2S-releasing hydrogels with different release rates in biological applications.  

 

Ο 

 

3.3 Introduction 

Gasotransmitters are endogenously produced gases that can freely permeate membranes and 

induce certain physiological or biochemical changes in organisms, tissues, or cells.11, 39, 63 Nitric 
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oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S) are the three compounds currently 

regarded as gasotransmitters, while others including nitroxyl (HNO), sulfur dioxide (SO2), and 

ammonia (NH3) may join this classification with more study.218 Of the three known 

gasotransmitters, H2S was the last to be discovered but has recently received much attention.2 H2S 

is produced endogenously by cystathionine ɓ-synthase (CBS), cystathionine ɔ-lyse (CSE), and 3-

mercaptopyruvate sulfurtransferase (3-MST) in mammalian tissues.52, 219 It plays important 

biological roles and regulates various physiological processes, most notably sGC/cGMP pathways 

and KATP channels.53, 56 H2S biology has typically been studied either by inhibition of CBS/CSE 

or by exogenous application of small molecules designed to release the gas, termed H2S donors. 

Physiological effects have been demonstrated using these methods, with studies establishing that 

H2S dilates blood vessels, promotes proliferation of vascular endothelial cells, inhibits 

inflammation, and decreases oxidative stress in tissues.2, 220, 221 Due to these physiological effects, 

H2S is recognized as a potential treatment for conditions including heart disease,222 ischemia,223 

cancer,102 and wound healing,57 among others. 

Despite substantial progress in recent years, delivery of H2S remains a hurdle in tapping its 

therapeutic potential. Inhalation is the simplest way to deliver H2S, but storage and dosage control 

of this flammable, noxious gas are difficult, and target specificity is absent. To address the 

limitations and experimental difficulties associated with administering gaseous H2S, small 

molecule H2S donors have been developed that can deliver H2S in vitro and in vivo under 

physiological conditions.224, 225 These include GYY4137,226 N-benzoylthiobenzamides,94 S-

aroylthiooximes (SATOs),96 perthiol-based H2S donors95 and others (Figure 1).227-231 Among the 

various H2S donors, SATOs are easy to synthesize from an S-aroylthiohydroxylamine (SATHA) 

and an aldehyde or ketone, and they release the gas in response to a thiol trigger. Moreover, the 
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half-life of H2S release from SATOs can be controlled by tuning the electronics of the SATO 

structure.96 The simple synthesis and tunable reactivity of SATOs makes them well suited for 

derivatizing other compounds, enabling the construction of H2S-donating polymers and 

peptides.232 

 

Figure 3.1. Examples of H2S donors. 

 

While the release of H2S by small molecules is in some cases tunable, most H2S donors lack target 

specificity because they are delivered systemically. A solution to this limitation is to deliver H2S 

locally using a polymer or hydrogel.233 While this technique has been used for both NO and CO, 

only a handful materials are available for localized H2S delivery.208, 232, 234-236 An interesting class 

of materials that has been used for delivery of gases, small molecules, and proteins is self-

assembling peptides. Intrinsically biodegradable, a wide variety of hydrogel platforms based on 

self-assembling peptides have been explored.123 Of the many platforms available, of particular 

interest to us are aromatic peptide amphiphiles (APAs). APAs contain an N-terminal aromatic 

group linked to a short peptide sequence. Aromatic stacking and ɓ-sheet H-bonding interactions 

govern the self-assembly of APAs in water, with nanostructure morphologies including spheres, 

cylindrical micelles, sheets, ribbons, tapes, and nanofibers.152 When designed appropriately, APA 
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nanostructures can entangle to form gels upon changes in ionic strength, pH, solvent, or addition 

of specific salts.  

We recently reported on an APA that contained a SATO functionality as the aromatic unit.208 This 

APA self-assembled in water and underwent gelation upon addition of CaCl2, forming the first 

H2S releasing hydrogel. The APA hydrogel exhibited slow release of H2S for more than 5 h. This 

preliminary work demonstrated that the APA platform could be a potential strategy for sustained 

H2S delivery. However, no control over the release rate of the hydrogel was observed. Considering 

that the electronic structure of SATOs can be manipulated through the use of substituents on the 

aroyl ring to tune the kinetics of H2S release in small molecules,96 we reasoned that we might be 

able to exploit this element of the SATO group to control release from APAs in solution. We also 

hypothesized that substituents on the aroyl ring might affect self-assembly, enabling control over 

H2S release from APA hydrogels through controlling supramolecular packing and therefore access 

of the cysteine (Cys) trigger to the aromatic, H2S-releasing SATO unit. In this work, we report on 

substituted SATO-containing APAs with the peptide sequence Ile-Ala-Val-Glu-Glu-Glu-Glu 

(IAVE4), and we evaluate the effects of different substituents in the SATO component on self-

assembly in aqueous solution and on H2S release rates.  

 

3.4 Experiments 

Materials 

Rink amide MBHA resin and Fmoc-protected amino acids were purchased from P3 Biosystems 

and used as received. All other reagents were purchased from commercial vendors and used as 

received without further purification unless noted.  
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Preparation of APAs 

S-Aroylthiohydroxylamines (SATHAs) were prepared according to literature procedures.96 4-

Formylbenzoyl-IAVE4 peptide (FBA-IAVE4) was prepared by Fmoc-based solid-phase peptide 

synthesis. After cleavage, the FBA-IAVE4 peptide was purified by preparative HPLC.208 SATHAs 

(0.1 mmol) and FBA-IAVE4 (0.05 mmol) were dissolved in DMSO (400 µL), and a catalytic 

amount of trifluoroacetic acid (TFA, 15 µL) was added to the solution. Reaction progress was 

monitored by mass spectrometry using an Advion ExpressIon Compact Mass Spectrometer. Once 

complete, acetonitrile (ACN, 4 mL) and 0.1 M phosphate buffer (pH 7.4, 2 mL) were added to the 

reaction mixture, then the resulting solution was filtered through a 0.45 µm PTFE syringe filter. 

The solution was injected onto an Agilent Technologies 1260 Infinity preparative HPLC system 

with an Agilent PLRP-S column (particle size 100 Å, 25 mm x 150 mm), using a gradient of 2% 

to 90% ACN in milliQ water. Absorbance was monitored at 220 nm, and fractions were collected 

in test tubes as controlled by PrepLC software. The fractions were analyzed by mass spectrometry, 

and product-containing fractions were combined before lyophilization (LabConco). 

 

Critical Aggregation Concentration (CAC) Measurements  

A 1 mg/mL Nile Red stock solution was prepared in acetone and then diluted in milliQ water to a 

final concentration of 0.01 mg/mL. The 0.01 mg/mL Nile Red solution was used in all dissolving 

and diluting operations to keep Nile Red concentration consistent in all samples. A series of peptide 

solutions (4, 3, 2, 1, 0.5, 0.25, 0.1, 0.01, 0.001, 0.0001 mg/mL peptide) were prepared from and 

diluted with the 0.01 mg/mL Nile Red solution. Samples from the dilution series were transferred 

via micropipette into a 96-well plate and analyzed by fluorescence spectroscopy (ɚex = 550 nm and 
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ɚem = 648 nm with slit widths varied from 10-20 nm depending on the sample series). Analysis of 

the data was carried out as previously reported.208 

 

Hydrolysis of APAs 

APAs were dissolved in phosphate buffer (pH 7.4 10 mM) at a concentration of 45 µM. UV-vis 

spectra were taken in a 1 cm quartz cuvette at predetermined time points on a Cary 100 UV-vis 

spectrophotometer. The scanning rate was 200 nm/min from 400 to 200 nm. Phosphate buffer 

solution was used as the blank before each scan. The absorbance indicative of the SATO group 

was observed near 330 nm for each peptide. Kinetics analyses were carried out using a previously 

published method.237  

 

TEM  

Peptide solutions (1 wt% in milliQ water) were cast onto carbon-coated copper TEM grids (300 

mesh, Electron Microscopy Sciences) and allowed to stand for 30 min before removing excess 

solution through wicking with filter paper. Samples were stained with a 0.5% uranyl acetate 

aqueous solution for 2 min, then this solution was wicked away. Finally, each grid was washed 

with milliQ water once using the same wicking procedure and allowed to dry under air for at least 

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

 

Methylene Blue Assay 

Methylene blue assays were used to determine the kinetics of H2S release in the presence of 

cysteine (Cys) using procedures similar to literature reports.238 In these experiments on APA 

solutions, 0.01 M phosphate buffer saline (1x PBS) was prepared by dissolving Na2HPO4 (1.420 
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g), KH2PO4 (0.245 g), NaCl (8.007 g), and KCl (0.201 g) in 800 mL of milliQ water, followed by 

adjusting to pH 7.4 with HCl or NaOH and adding additional water to reach 1 L. FeCl3 (30 mM in 

1.2 M HCl) and N,N-dimethyl-p-phenylenediamine (20 mM in 7.2 M HCl) solutions were also 

prepared, as were solutions of Zn(OAc)2 (40 mM in H2O) and Cys (500 mM in H2O). To carry out 

methylene blue kinetics assays, SATO-peptide (400 µg) was dissolved in 3.792 mL of PBS 

solution, then 200 µL of Zn(OAc)2 was added. Cys solution (8 µL) was then added to the peptide 

solution to trigger H2S release. A blank PBS solution was made by adding 100 µL of Zn(OAc)2 

and 4 µL of Cys to 1.896 mL PBS solution. At room temperature (rt), reactions for methylene blue 

were run in quadruplicate with one blank. Aliquots were taken out at each timepoint. For each 

replicate, 100 µL of releasing solution/blank was removed from the reaction vial and added to a 

plastic 1.5 mL microcentrifuge tube. Each aliquot was then quickly diluted with 100 µL of N,N-

dimethyl-p-phenylenediamine solution and 100 µL of FeCl3 solution. These aliquot solutions were 

stored overnight before transferring 280 µL of each into 96-well plates. The spectra of peptide 

solutions and background solutions were collected from 500 to 800 nm on a plate reader (Synergy 

2 Multi-Mode Reader, BioTek Instruments). Kinetic analysis was done by subtracting the 

absorbance of the blank solution from each time point at 750 nm. The first-order half-life of H2S 

release was determined by plotting ln[1/(1-conversion)] vs. time, with t1/2=ln(2)/slope.  

 

H2S Release Profile of APA Hydrogels.  

A special glass vial with a gel-holding insert well at the bottom was designed, and it was used for 

detecting H2S released from APA solutions (Figure 3S7) or hydrogels (Figure 3S10). APA peptide 

solution or gel (100 µL) was transferred into the inner well, then 10 µL Cys was added to the well 

to trigger H2S release. The holder was covered immediately using a Breathe-EASIER membrane 
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(Diversified Biotech) and sealed with an O-ring. Next, 5 mL of 1x PBS was added to the vial to 

absorb H2S. An H2S-sensitive electrode probe was submerged into the PBS, and the evolution of 

H2S was monitored over time at rt. 

 

Fluorescence Spectra 

Fluorescence spectroscopy was performed on an Agilent Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies) with a scanning speed of 120 nm/min, a 1 nm data 

pitch, an excitation slit width of 20 nm, an emission slit width of 10 nm, and ɚex = 290 nm. 

Measurements were taken in a 1 cm quartz cuvette. 

 

IR Spectra 

IR spectra were recorded on a Nicolet 8700 FT-IR Spectrometer equipped with an attenuated total 

reflectance (ATR) sampling accessory (Thermo Fisher Scientific). Peptide hydrogels were made 

with D2O, and all spectra were recorded as an average of 64 scans from 1800 to 1200 cm-1. A 

background spectrum of a blank was collected and subtracted from the sample spectra. 

 

Circular Dichroism (CD) Spectra 

CD spectra were obtained using a Jasco J-815 CD spectrometer (Jasco Inc.) at rt with a constant 

N2 flow set to 120 mL/min. The range of wavelengths employed was 250 to 190 nm (50 nm/min) 

with a response time of 8 s. Samples were prepared freshly before analysis at 0.25 mg/mL in water 

in a 1 mm quartz cuvette. Samples at 10 mg/mL were analyzed in a 0.2 mm quartz cuvette. Raw 

data were converted to mean residue ellipticity for comparison. 
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Statistics 

The H2S peaking times and peaking concentrations of APA solutions and hydrogels were collected 

from three trials under the same experimental conditions. Mean values are shown with error bars 

indicating standard deviations from three trials. All data were analyzed by a one-way analysis of 

variance (ANOVA) with the Tukey-Kramer HSD test, where n=3 and p < 0.05 denotes statistical 

significance. ANOVA analysis was performed using JMPá software (version 10.0.2, Copyright â 

2012 SAS Institute Inc.). 

 

3.5 Results and discussion 

3.5.1 Results 

Synthesis of APAs.  

Substituted APAs (APAs 1-5) were successfully synthesized following the route in Scheme 1. 

Briefly, an aldehyde-containing peptide with the sequence FBA-IAVE4 (FBA = 4-formylbenzoic 

acid) was prepared by Fmoc-based solid-phase peptide synthesis, adding the aromatic aldehyde 

unit by coupling FBA to the peptide N-terminus on resin. After cleavage, the FBA-IAVE4 peptide 

was purified by preparative HPLC. Next, substituted SATHAs were added in a condensation 

reaction catalyzed by trifluoroacetic acid (TFA). Product peptides were isolated and purified by 

preparative HPLC. Purity was confirmed by analytical HPLC and mass spectrometry (Figures S1 

and S2). 
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Scheme 3.1. Synthesis of SATO-containing APAs 1-5a. 

 

aIAVE4 indicates peptide Ile-Ala-Val-Glu-Glu-Glu-Glu. 

 

Critical Aggregation Concentration (CAC) of APAs 

The CACs of APAs 1-5 were determined by the Nile Red assay, as we have previously used for 

self-assembled peptides.208 The assay revealed that the CAC values (Table 3S1) for all APAs 

hovered near 0.5 mg/mL. Based on these data, all subsequent experiments were conducted either 

well below (0.1 or 0.25 mg/mL) or above (10 mg/mL) the CAC to evaluate the characteristics of 

the APAs in their molecularly dissolved state or in self-assembled aggregates, respectively.  

 

Hydrolysis of APAs  

With pure APAs in hand, we next considered their hydrolytic stability. Therapeutic or 

bioengineering applications of APAs will require aqueous solutions under physiological 

conditions, and a hydrolytically unstable peptide may limit its practical applications. Hydrolysis 

experiments were conducted in phosphate buffer at pH 7.4 at concentrations below the CAC, as 
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we have done previously on other SATO peptides.237 We found that solutions of APAs 1-5 had 

hydrolysis half-lives ranging from 9 to 14 h (Table 3S1). Thus, the APAs were relatively stable at 

physiological pH. A linear free energy relationship (rate of hydrolysis vs. Hammett ů values) 

revealed a correlation between substituents and their electronic effects, with ɟ=0.3 (Figure 3S5). 

Electron-donating groups improved the hydrolytic stability of the APAs, consistent with a 

hydrolysis mechanism involving an electrophilic C=N carbon. The low value for ɟ is consistent 

with the relatively long distance from the aroyl ring substituent to the reactive C=N group.  

 

Transmission Electron Microscopy (TEM) Imaging 

APAs 1-5 were imaged by conventional TEM after depositing from 10 mg/mL solutions and 

staining with uranyl acetate (Figures 3.2A-E). In all cases, one-dimensional nanostructures were 

observed, albeit with some differences between the individual APAs. APA 1 formed short, fibrillar 

structures along with some poorly defined aggregates, while APA 4 formed bundles of nanofibers. 

APAs 2, 3, and 5 formed long, thin nanofibers. These differences may be related to variability in 

packing of the self-assembled structures. The fibrillar structures and nanofibers of APAs 1-5 had 

lengths in the ʈm scale and widths of about 10 nm, while the lengths of individual APA molecules 

were around 5 nm, as calculated by Chemdraw.239 Thus, the diameters of the nanofibers were 

approximately twice the widths of the APA molecules, indicating that the self-assembled structures 

are likely cylindrical micelles (Figure 3.2F).  
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Figure 3.2. TEM images of self-assembled APAs 1-5 (A-E) and a schematic illustration of the 

proposed nanofiber structure (F). 1 wt% peptide solutions in water were cast onto TEM grids 

before staining with 2 wt % uranyl acetate and then allowed to dry under air for 12 h before 

imaging. 

 

H2S Release from Dilute APA Solutions 
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We evaluated the release kinetics of the APAs in dilute solution (below the CAC) using both the 

methylene blue method and an electrode probe method at rt. The methylene blue method is a 

widely employed colorimetric assay to detect H2S release.227, 238, 240 Although it can lead to 

erroneous data in biological media,241 we have found that it works well for measuring cumulative 

kinetics of H2S release in aqueous solution.240 By converting N,N-dimethyl-p-phenylenediamine 

into methylene blue in the presence of trapped H2S, the absorbance at 750 nm indicates H2S 

concentration in solution.241 In contrast to the methylene blue method, the H2S-sensitive electrode 

probe detects a wider concentration range of H2S and shows H2S release data in real-time. 

However, because H2S is constantly oxidizing and volatilizing from solution, it cannot measure 

cumulative release. Peaking time and concentration are typically used to compare data from release 

curves generated using this method. 

The H2S release half-lives of dilute (0.1 mg/mL) APA solutions were determined by the methylene 

blue assay using previously reported conditions.240 By fitting the cumulative release data to 

pseudo-first-order kinetics (Table 3S2), we found that half-lives of release ranged from 13 min 

(APA 5) to 31 min (APA 1). The data revealed a correlation between H2S release kinetics and 

Hammett ů values of the para-substituents (Figure 3S6), with the Hammett plot showing a ʍ value 

of 0.77, which is close to our previously reported ʍ value of 1.05 for small molecule analogues of 

these APAs.96  

The electrode probe method was also applied to monitor the H2S release profiles from dilute APA 

solutions. APA solutions were prepared and then transferred to the inner well in a specially 

designed vial. A solution of Cys (2 equiv with respect to APA) was added to the inner well, and 

the well was sealed with a gas permeable membrane. A large volume of PBS was then added to 

the vial to cover the inner well and absorb H2S, which was detected by the electrode probe. When 
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the substituents changed from electron-donating OMe (APA 1) to electron-withdrawing Cl (APA 

5), the peaking time decreased from 270 min to 120 min. The trend of H2S peaking time from 

APAs 1 to 5 matched the decreasing trend of H2S release half-lives determined by the methylene 

blue assay.  

 

Table 3.1. H2S release profiles of APAs 1-5a. 

APA R group 

Dilute solution Assembled solution Hydrogel 

Peaking 

time (min) 

Cmax 

(µM) 

Peaking 

time (min) 

Cmax 

(µM) 

Peaking 

time (min) 

Cmax 

(µM) 

APA 1 OMe 270±20 0.5±0.2 240±30 3.8±0.6 42±3 0.9±0.3 

APA 2 Me 240±10 0.3±0.1 160±20 3.4±0.4 40±6 0.9±0.1 

APA 3 H 230±5 0.5±0.2 250±10 3.3±0.7 56±5 0.8±0.1 

APA 4 F 180±30 0.4±0.1 100±20 4.5±0.5 26±7 1.3±0.1 

APA 5 Cl 120±10 0.3±0.0 160±30 6.7±0.9 23±3 1.5±0.1 

aH2S release peaking time and peaking concentration (Cmax) from APAs as dilute solutions (0.25 

mg/mL), self-assembled solutions (10 mg/mL), and hydrogels (10 mg/mL), as determined by the 

electrode probe method. Cys (2 equiv with respect to SATO groups) was used as the trigger for 

H2S release in all cases. Mean values are shown with error bars indicating standard deviations from 

three trials. See Figures 3S12-13 for full statistical analyses.  

 

H2S Release from Self-assembled APA Solutions 

To measure H2S release kinetics from APA nanostructures, APAs were dissolved in 1x PBS at 10 

mg/mL (above the CAC), and then these solutions were transferred to the specially designed vial. 

Cys (2 equiv with respect to APA) was added to trigger H2S release to the gel-holding inner well 
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containing the peptide, the inner well was sealed, and the experiments were carried out under the 

same conditions as for the dilute solutions. We found that this method provided more consistent 

results than methylene blue for measuring H2S release from concentrated solutions and gels, so 

methylene blue was not used in these experiments. 

The peaking times were in the same range (~2-4 h) for the self-assembled APA solutions (10 

mg/mL) and dilute APA solutions (0.25 mg/mL), but the correlation found in dilute peptide 

solutions between Hammett ů values and peaking time was lost at 10 mg/mL (Table 3.1). APAs 1 

and 3 had significantly longer peaking times than the other three APAs at 10 mg/mL. Peaking 

concentrations were nearly an order of magnitude higher than in dilute solutions. We attribute the 

loss in electronic control over release rate to variations in packing in the self-assembled nanofibers, 

as described in the Discussion section.  

 

Gel Preparation and Rheology 

Hydrogels were prepared from each APA from self-assembled solutions (10 mg/mL). Addition of 

CaCl2 led to instantaneous gelation, and time-sweep rheology experiments revealed an increase in 

storage moduli over time, with each beginning to plateau after 1 h (Figure 3S8). The storage moduli 

of the APA hydrogels after 1 h ranged from 50 to 300 Pa (Figure 3S8 and Table 3S3). APAs 1, 3, 

and 4 had storage moduli around 50 Pa, lower than our previously reported 10 mg/mL SATO-

IAVE3 peptide hydrogel (320 Pa).208 We attribute this difference to the additional Glu unit in the 

APAs reported here, as this increases the hydrophilicity of the APA, decreasing the driving force 

for self-assembly. Hydrogels made from APAs 2 and 5 were stiffer than the other APAs, with 

storage moduli near 300 Pa.  
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H2S Release from Gels 

We also measured H2S release from hydrogels prepared from APAs 1-5. To quantify H2S release 

from APA hydrogels, we used a similar experimental setup as described for the electrode probe 

studies on APA solutions. In this case, APA solution (10 mg/mL) was added to the inner well of 

the specially designed vial, followed by CaCl2. After allowing 2 h for hydrogel maturation, Cys 

was added to trigger release of H2S. The inner well was then quickly sealed, PBS solution was 

added to the vial, and H2S escaping through the gas-permeable membrane was detected using the 

electrochemical probe at rt.  

In general, the release profiles from the hydrogels were quite different from the self-assembled 

solutions. The peaking time of APA 3 was significantly longer than other APAs, and the peaking 

concentration of APA 3 was significantly smaller than other APAs. Though the trend is similar to 

self-assembled APA solutions, the peaking times were considerably shorter, and peaking 

concentrations were lower. We noticed that the gels remained at least partially intact throughout 

the release experiments, even though the products after release are soluble.208 We attribute this to 

slow diffusion of Cys throughout the gel, such that release occurred only from the top layer. 

However, despite these differences in release profiles, the overall trends in peaking times were 

similar to the self-assembled solutions.  

 

Circular Dichroism Spectroscopy 

Several spectroscopic methods were used to provide molecular-level characterization of the APAs. 

We began with circular dichroism (CD). Each APA was analyzed in solution at 0.25 mg/mL 

(below the CAC) and 10 mg/mL (above the CAC), as well as at 10 mg/mL in gel form after 
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addition of CaCl2. All CD spectra were recorded in unbuffered water as buffer salts prevent data 

acquisition at low wavelengths. 

In a typical CD spectrum for a protein, an Ŭ-helix structure presents two negative bands at 208 and 

222 nm, a ɓ-sheet conformation has a positive peak at 195 nm and a negative peak at 218 nm, and 

a random coil shows a single negative band just below 200 nm.242, 243 At 0.25 mg/mL, all of the 

APAs showed negative peaks between 195-200 nm (Figure 3.3), signifying a random coil 

conformation, which is consistent with the Nile Red data indicating that this concentration is below 

the CAC. In contrast, at 10 mg/mL the CD spectra displayed no peaks at 195 nm, while the 

absorption at 222-226 nm dominated (Table 3.2), which is consistent with ɓ-sheet formation. A 

thioflavin T (ThT) assay (Figure 3S9) on each APA also confirmed the presence of ɓ-sheets. When 

20 mM CaCl2 was added to the solutions to form hydrogels, the absorptions changed marginally. 

The ɓ-sheet absorption peaks shifted to lower wavelengths, to 219-223 nm, with small changes in 

the relative intensity of the band among the different APAs. Compared with classical ɓ-sheet peaks 

(218 nm), the ɓ-sheet peaks of 10 mg/mL APA solutions and hydrogels were shifted to higher 

wavelength. This shift likely indicates twisted ɓ-sheet packing in the self-assembled structures, as 

addressed in the Discussion section.244 
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Figure 3.3. Circular dichroism spectra of APAs 1-5 at 0.25 mg/mL in H2O, 10 mg/mL in H2O, 

and 10 mg/mL in gel form (H2O with 20 mM CaCl2).  

 

Table 3.2.  Spectroscopic data of APAs 1-5 in solution and in hydrogel form. 

Name 

R 

group 

CD peak (nm) a FTIR peak 

(cm-1) b 

Fluorescence 

redshift (nm)c Solution Hydrogel 

APA 1 OMe 224 223 1618 4 

APA 2 Me 226 221 1624 2 

APA 3 H 223 220 1626 2 
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APA 4 F 223 220 1624 2 

APA 5 Cl 222 219 1632 10 

aAPA 1-5 solutions (10 mg/mL in H2O) and hydrogels (10 mg/mL in H2O with addition of 20 mM 

CaCl2) were prepared for CD experiments. All measurements were taken in a 0.2 mm quartz 

cuvette. bAPAs 1-5 in hydrogel form (10 mg/mL with 20 mM CaCl2) were prepared in D2O for IR 

experiments. cIndicates shift in emission maximum upon concentration change from 0.25 to 10 

mg/mL with an excitation wavelength of 290 nm. 

 

FTIR spectroscopy 

Fourier-transform infrared (FTIR) spectroscopy was used to complement the CD spectra for 

hydrogels prepared from APAs 1-5. Instead of H2O, D2O was used for these experiments because 

H2O absorbs at 1645 cm-1, which prevents observation of the amide I peak in ɓ-sheet-forming 

peptides. In these experiments, APA hydrogels (10 mg/mL) were prepared as before, and FTIR 

spectra were recorded using attenuated total reflectance mode.  

In Figure 3.4, low frequency amide I peaks ranging from 1615 to 1630 cm-1 were assigned to ɓ-

sheet conformations,245,246 and the lack of high frequency amide I peaks around 1680-1690 cm-1 

suggested no antiparallel arrangement in the self-assembled structures.166, 247 This signature 

indicates that the APA self-assembled structures adopted parallel ɓ-sheet packing. As observed 

via TEM, APAs self-assembled into cylindrical micelles (Figure 3.2). In this model, hydrophobic 

aromatic groups stack in the core, while hydrophilic peptides face outward, consistent with parallel 

ɓ-sheet packing. Thus, the FTIR results matched the cylindrical micelle model, furthur supporting 

the TEM observations.  

Although the IR spectra for the APAs were similar, the peak absorptions in the low frequency 

amide I peaks varied somewhat. For example, APA 1 had a ɓ-sheet peak at 1618 cm-1, while APA 
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5 had ɓ-sheet peak at 1632 cm-1. APAs 2-4 all had similar peak positions, ranging from 1624 to 

1626 cm-1. These differences likely indicate changes in ɓ-sheet packing among the five APAs. 

This is addressed further in the Discussion section. 

 

Figure 3.4. FTIR spectra of hydrogels prepared from APAs 1-5 (10 mg/mL APA with 20 mM 

CaCl2 in D2O). The blue band highlights the amide I absorption range where a peak is expected in 

ɓ-sheet-forming peptides. Traces are offset for sake of clarity. 

 

Fluorescence spectroscopy 

Fluorescence spectroscopy was employed to further evaluate the aromatic stacking behavior of the 

APAs. The APAs in this study contain both electron-donating (OMe, Me) and electron-

withdrawing (Cl, F) substituents, leading to variable electron densities in the APA aromatic ring 

systems. Dilute (0.25 mg/mL) and self-assembled (10 mg/mL) APA solutions, as well as 10 

mg/mL APA hydrogels formed after adding CaCl2, were prepared. Fluorescence spectra were 

measured with an excitation wavelength of 290 nm.  

At concentrations below the CAC (0.25 mg/mL), APA emission peaks were observed at 

approximately 380 nm (Figure 3.5). The spectra had similar shapes, but emission maxima varied 
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somewhat among the APAs. At concentrations above the CAC (10 mg/mL), redshifts were 

observed compared to the dilute solution spectra (0.25 mg/mL), which indicates the onset of 

aromatic stacking.248 The extent of the redshift varied among the different APAs. Finally, no 

obvious shifts in emission maxima were found when CaCl2 was added to induce hydrogel 

formation; however, the overall emission intensity increased dramatically.  

 

 

Figure 3.5. Fluorescence spectra of APAs 1-5 (ɚex=290 nm). Solutions were prepared in 10 mM 

PBS, and hydrogels were formed by addition of 20 mM CaCl2. The graphs on the left show dilute 

solution (0.25 mg/mL) and self-assembled solution (10 mg/mL) spectra, with peak intensities 

normalized to highlight changes in peak emission. The spectra on the right show self-assembled 

solutions and hydrogels, both at 10 mg/mL. The intensities are not normalized in these spectra. 
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3.5.2 Discussion 

Substituent Effects on Self-Assembly 

The TEM images of APAs 1-5 indicated that the subtle chemical differences among the peptides 

impacted molecular packing. APA 1 formed fibrillar structures along with poorly defined 

aggregates, and APAs 2-5 formed nanofibers. Although all APAs showed primarily cylindrical 

micelles, the electronic and steric differences among them led to differences in the length of 

nanostructures. For example, TEM images of APA 1 (OMe) revealed mostly fibrillar structures, 

but small, poorly defined aggregates were also observed. These aggregates likely arose as a result 

of a greater steric bulk of OMe group relative to the other substituents. These differences also 

became apparent while examining the effect of substituents on hydrogen bonding in each of the 

APAs. We used FTIR spectroscopy to assess the amide I peak of the ɓ-sheets, where lower 

absorption frequency indicates a greater average hydrogen bond length.249 We observed a trend of 

shifting to higher frequency from APA 1 (1618 cm-1) to APA 5 (1632 cm-1) with APAs 2-4 all 

absorbing in the range of 1624-1626 cm-1 (Figure 3.4). APA 1 (OMe) showed the most elongated 

ɓ-sheet hydrogen bonding, consistent with the cylindrical micelle model in which the presence of 

the bulky OMe group twisted the alignment of the ɓ-sheets and affected the hydrogen bond length, 

resulting in the shifted amide I peak compared to that of the typical ɓ-sheet peak range (1630 cm-

1).139 Similarly, the highest IR absorption, indicative of the shortest average hydrogen bond lengths 

and least-twisted ɓ-sheets, was found for APA 5 (Cl). CD results also supported the presence of 

twisted ɓ-sheets for the APA hydrogels (Figure 3.3). The negative ɓ-sheet peaks were shifted from 

their typical position at 218 nm to 219-223 nm. Again, APA 1 showed the largest shift (peak 

absorption at 223 nm), while APA 5 showed the smallest shift (peak absorption at 219 nm). 

Collectively, the TEM, FTIR, and CD results support a twisted ɓ-sheet model where the bulky 
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OMe substituent on APA 1 causes a greater twist and shorter fibrillar structures than the other 

substituents, while the Cl substituent on APA 5 appears to favor tighter packing than the other 

APAs.  

Consistent with their effects on supramolecular packing in the peptide region, the substituents also 

affected ˊ-  ́stacking of the aromatic SATO units of the peptides. Redshifts were observed in the 

fluorescence spectra upon crossing the CAC, i.e., going from 0.25 mg/mL to 10 mg/mL for APAs 

1-5 (Figure 3.5). Two packing patterns exist in parallel ́-  ́ stacking: the displaced stacking 

conformation (J-aggregation) and the sandwich stacking conformation (H-aggregation).250 We 

found that APAs 1 and 5 had redshifts of 4 nm and 10 nm, respectively, while APAs 2-4 all had 

redshifts of 2 nm. As redshift is an indicator for J-aggregation in ́-  ́ stacking,251 the higher 

redshifts of APAs 1 and 5 compared with APAs 2-4 suggest that self-assembled APAs 1 and 5 

exhibit more J-aggregation in the aromatic region than APAs 2-4. The enhanced J-aggregation in 

APAs 1 and 5 is likely related to both steric hindrances (APA 1) and electronic effects (APA 5). 

For APA 1, the steric bulk of the OMe group can induce more J-aggregation than H-aggregation. 

In contrast, for APA 5, the electron-withdrawing Cl substituent likely decreases the energy barrier 

for the displaced conformation and leads to more J-aggregation.252 The results from fluorescence 

spectroscopy are consistent with the results from FTIR spectroscopy, with APAs 2-4 all exhibiting 

similar spectral features and APAs 1 and 5 showing distinct IR absorptions and fluorescence 

redshifts. Based on these observations, we conclude that the substituents not only affected the H-

bonding and packing of ɓ-sheets among the APAs, but also affected their -́  ́stacking. 

 

Tunable H2S Release from APAs 
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In our previous work with small molecule SATOs, we demonstrated that by manipulating the 

electronics of the SATO unit, we could tune the H2S release rate over an order of magnitude.96 We 

expected that the electronic control of H2S release kinetics observed in small molecule SATOs 

would be preserved in dilute APA solutions (below the CAC), but that the trend would be lost in 

self-assembled APAs (above the CAC), where the nanostructure could limit Cys diffusion. To 

assess this hypothesis, we evaluated H2S release kinetics in dilute solutions, self-assembled 

solutions, and hydrogels. The results revealed noticeable differences in the H2S release profiles of 

the APAs under these different conditions. For dilute APA solutions (0.1 and 0.25 mg/mL), 

substituent electronics largely controlled H2S release rates, whereas molecular packing influenced 

H2S release behavior in concentrated APA solutions (10 mg/mL) and hydrogels (10 mg/mL). 

Below we discuss these different general trends as well as the effect of specific substituents on 

release rates.  

The H2S release rates for dilute APA solutions at 0.1 mg/mL determined by the methylene blue 

method fit well to a Hammett plot (Figure 3S6). APAs 1 and 2, which have electron-donating 

substituents on the SATO unit, had longer release half-lives (31 min and 22 min, respectively) than 

unsubstituted APA 3 (19 min), while APAs 4 and 5 with electron-withdrawing substituents had 

shorter release half-lives (14 min and 13 min, respectively). The Hammett r value was 0.77, 

demonstrating a strong dependence of H2S release rate on substituent electronics. Related 

experiments using an electrochemical probe method to measure H2S release from 0.25 mg/mL 

solutions (Table 3.1) showed similar results. The trend of H2S release peaking times detected by 

the electrode probe was the same as the methylene blue assay, with APAs 4-5 significantly faster 

than APAs 1-3. Based on these two methods of evaluating H2S release rates, we conclude that H2S 



 
84 

release from APAs at concentrations below the CAC value was regulated by substituent electronic 

effects. 

The correlation between substituent Hammett ů values and reaction rates in dilute APA solutions 

weakened upon moving to higher concentration (Table 3.1 and Figure 3.6), which we attribute to 

self-assembled nanostructure formation. In peptide amphiphiles and other short, self-assembling 

peptides, small changes in chemical structure can dramatically impact supramolecular assembly 

and drug release.132, 253-257 As is evident from the TEM images, peptides self-assembled to form 

rigid nanofibers at 10 mg/mL. The packing of peptide units into nanofibers could slow down the 

diffusion of Cys to the hydrophobic SATO core, thereby decelerating the reaction rate. We recently 

saw similar effects in SATO-containing polymer micelles, which released H2S ~10-fold more 

slowly than analogous small SATO molecules.240  

 

 

Figure 3.6. Peaking time and peak concentration (Cmax) of 10 mg/mL APA solutions and gels. 

Mean values were determined from three trials with error bars indicating standard deviations. 

Figures 3S12 and 3S13 include a full statistical analysis of the data. 

 

In concentrated solution experiments (10 mg/mL), APAs 1-2 showed longer H2S peaking times 

(160-240 min) compared to APAs 4-5 (100-160 min), a trend that was consistent with the dilute 
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solution release results. APAs 4 and 5 also had higher peaking concentrations, which tends to 

occur with faster-releasing H2S donors because more H2S builds up before it oxidizes and 

volatilizes. However, APA 3 (H) showed the longest peaking time of all (250 min), indicating that 

correlation between Hammett ů values and release rate was not as strong as for the dilute solution 

experiments. Therefore, we propose that the differences among molecularly packed structures of 

APAs also translated into their H2S release rates. For example, a high degree of twist in the 

nanostructures could facilitate the penetration of Cys into the aromatic core, accelerating the 

release rate, while aromatic stacking might stabilize the SATO core, decreasing the release rate.  

These differences in packing are highlighted by several examples. First, self-assembled APA 1 

(OMe) had a shorter H2S release peaking time than APA 3 (H), even though the electronics of the 

OMe group favor slow release. We attribute this observation to the short fibrillar  morphology of 

APA 1 compared with the nanofiber morphology of APA 3 as observed by TEM and its more 

twisted structure as indicated by CD and FTIR results. The high degree of twist in APA 1 likely 

facilitated Cys diffusion into the nanostructure core, accelerating the reaction rate. In another 

example, APA 5 (Cl), which showed the fastest reaction rate in dilute solution (Table 3S2), 

exhibited a peaking time comparable to APA 2 (Me) in concentrated solution. APA 5 showed the 

smallest degree of ɓ-sheet twist among all APAs based on CD and FTIR data, along with the 

greatest degree of J-aggregation based on fluorescence data. These two effects appear to contribute 

to the slower than expected H2S release rate for APA 5 in concentrated solution. Finally, APAs 2-

4 had similar ɓ-sheet twist and J-aggregation levels, but the H2S release rate for APA 3 was slower 

than expected based on electronic differences, suggesting that additional molecular packing effects 

contributed to these differences that were not immediately apparent in our FTIR, CD, and 

fluorescence experiments. Thus, in general the SATO substituents were less effective in 
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controlling H2S release rates in concentrated solution than in dilute solution because differences 

in molecular packing influenced release rates. 

Collectively, the H2S release profiles from 10 mg/mL APA hydrogels were quite different than the 

profiles for 10 mg/mL solutions. Concentrated APA solutions allowed for free diffusion of Cys 

throughout the releasing solution, which was not true for hydrogels, where only the top layer of 

the gel appeared to degrade and release H2S (the gel becomes soluble after complete H2S release). 

Penetration of Cys into the hydrogels could be affected by many factors, including the rigidity of 

the supramolecular nanostructures and gel mesh size.240, 258 Overall, limited Cys penetration led to 

lower peaking concentrations (Cmax) and much shorter peaking times for the gels than for the 

solutions. While the data appear to show much less overall release from the gels, the only 

difference between the two is the CaCl2 gelating agent. We attribute this difference between 

solution and gel release profiles to the experimental setup, where we can only add Cys once before 

sealing the inner well of the vial. Continuous availability of Cys or other reduced thiols, as would 

be expected in vivo, would likely lead to full release of H2S from the gels.  

Despite the collective differences in release profiles between self-assembled APA solutions and 

their corresponding gels, the trends among APAs were generally consistent between the two data 

sets. For example, APA 3 had the longest peaking time (56 min) among the APA hydrogels and 

among the APA solutions. Also similar to the solution data, the peaking times of APAs 1 and 2 

(42 min and 40 min, respectively) were significantly greater than those for APAs 4 and 5 (26 min 

and 24 min, respectively). As in the concentrated solutions, peaking concentration was higher for 

the faster-releasing gels, with APAs 1-3 showing peaking concentrations of 0.8-0.9 ɛM and APAs 

4-5 showing peaking concentrations of 1.3-1.5 ɛM. Gel stiffness did not appear to have a large 

impact on H2S release rates. 
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3.6 Conclusions 

This work explores substituent effects on the supramolecular packing of SATO-conjugated APAs, 

as well as the influence of self-assembled structures on H2S release profiles. Electron-withdrawing 

and donating substituents on the SATO groups on these APAs affected both reactivity and 

molecular packing. In dilute solution (below the CAC), H2S release half-lives correlated linearly 

with substituent Hammett ů values in a Hammett plot, with electron-withdrawing substituents 

accelerating the H2S release rate and electron-donating substituents decreasing it. The steric and 

electronic components of the substituents played a different role in self-assembled solutions (above 

the CAC) and the resulting hydrogels, dictating ɓ-sheet packing, ˊ-ˊ stacking, and nanostructure 

formation. Overall, APAs with electron-donating substituents and tightly packed self-assembled 

structures elongated the H2S release profile. These results highlight the complex interplay between 

molecular-level effects (i.e., substituent electronics) and supramolecular effects (i.e., 

supramolecular packing) in drug releasing systems, expanding the design parameters for 

supramolecular materials with applications in biology and medicine. 
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Appendix A 

Synthesis of SATHAs 

 

 

Scheme 3S1. The synthesis routes of SATHAs (R2= OMe, Me, H, F, Cl). 

 

The synthesis of OMe-SATHA 

Substituted S-aroylthiohydroxylamines (SATHAs) were synthesis via a general route (scheme 

2.7.1) and procedure as published in previous SATO-based small molecule paper 96 An example 

synthesis of OMe-SATHA was described as below.  

4-Methoxybenzoic acids (2 g) and thionyl chloride (10 mL) were added in a 100 mL round bottom 

flask to form yellow solution. The round bottom flask was set up for refluxing at 95 oC in the oil 

bath, and after 12 h reaction, the excessive thionyl chloride was evaporated by reduced pressure, 

and then condensed in a trap submerged in liquid nitrogen. About 2.24 g of viscous yellow liquid 

was formed in the round bottom flask. Ethanethioamine (1 g) and 10% NaOH (10 mL) were added 
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to the round bottom flask and reacted under the vigorous agitation for 30 min. The solution was 

acidified with HCl to pH 2, and then extracted by ethyl acetate (EtOAc). The EtOAc was washed 

with brine (2X) and dried over Na2SO4 before rotatory evaporation. Yellow solid was obtained 

after the rotatory evaporation with the purity of 4-methylthiobenzoic acid. 4-Methoxythiobenzoic 

acid crude product (1 g) was dissolved in 2.2 mL of NaOH (100 mg/mL) in a 250 mL round bottom 

flask to form clear solution, and then placed in an ice bath. The hydroxylamine-O-sulfonic acid 

(0.9 g, 1.4 equiv) of was dissolved in 3.2 mL of NaOH (100 mg/mL), and quickly added to the 4-

methylthiobenzoic acid dropwise to form white precipitate. H2O (5 mL) was added to reaction 

flask after addition of hydroxylamine-O-sulfonic acid, and the mixture was stirred vigorously for 

30 min. DCM was added to the round bottom flask to take up the product, and separated from the 

aqueous layer. The organic layer was then washed with brine (3X) and dried over Na2SO4 before 

removing DCM by rotatory evaporation. White solid after evaporation was collected, and purified 

by a silica column using DCM as the mobile phase. The product OMe-SATHA was obtained as 

confirmed by 1H and 13C NMR using (CD3)2SO (Figure 3.7.1). The synthesis of SATHAs with 

functional groups at the para site (Me, H, Cl) followed the same procedure as MeO-SATHA.  
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(A) 

 

(B) 

Figure 3S1. 1H (A) and 13C NMR (B) spectra of OMe-SATHA.  
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Synthesis of F-SATHA  

For the synthesis of F-SATHA, the preparation of 4-fluorothiobenzoic acid was different from 

those of the other substituted-thiobenzoic acids. 4-Fluorobenzoic acid (2 g) and thionyl chloride 

(10 mL) were reacted with refluxing at 95 oC for 4 h, then the thionyl chloride was removed by 

reduced pressure. The produced liquid was then dissolved in 10 mL of dry benzene with addition 

of 2.6 g ethanethioamine, and stirred overnight at rt, forming precipitate. Unlike the precipitations 

of the other thiobenzoic acids, the 4-fluorothiobenzoic acid was in the benzene layer and no 

acidification was needed. Excessive benzene was removed by rotatory evaporation, and 1.4 g 

yellow solid was obtained in the round bottom flask. This crude product of 4-fluorothiobenzoic 

acid was ground and used in the following reaction without further purification. In a 250 mL round 

bottom flask, 10 mL of methanol was used to dissolve the crude 4-fluorothiobenzoic acid to form 

yellow solution, and 4 mL of NaOH (100 mg/mL) was poured into the solution. The round bottom 

flask was placed in an ice bath, and 2.4 g of hydroxylamine-O-sulfonic acid was added to the flask 

quickly with vigorous agitation. The mixture was stirred for 30 min with addition of 3 mL water, 

and then DCM was used to extract product from the methanol/water. The DCM layer was washed 

with brine 3 times, and dried over Na2SO4 before rotatory evaporation. The crude produced was 

purified through a silica column with DCM mobile phase to yield white product. 1H and 13C NMR 

(CDCl3) was used to confirm the successful preparation of F-SATHA. 
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(A) 

 

(B) 

Figure 3S2. 1H (A) and 13C NMR (B) spectra of F-SATHA.  
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Synthesis of APAs  

4-Formylbenzoyl-IAVE4 peptide (FBA-IAVE4) was synthesized by coupling 4-formylbenzoic 

acid (FBA) to the peptide sequence Ile-Ala-Val-Glu-Glu-Glu-Glu (IAVE4). The IAVE4 peptide 

was prepared via solid peptide synthesis using Rink amide MBHA resin and Fmoc protected amino 

acids.1 For 1 mmol of resin, 4 mmol of each desired Fmoc-protected amino acid, 3.9 mmol of 2-

(1 H-benzotriazole-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate (HBTU), and 6 mmol 

of N,N-diisopropylethylamine (DIEA) were dissolved in 15 mL of N,N-dimethylformamide 

(DMF) to make the coupling cocktail and then coupled to resin. Each coupling lasted for 4 h before 

deprotection and washing of the resin. After the IAVE4 peptide was synthesized, the last Fmoc 

unit on the N terminus was deprotected. Next, 4 mmol of FBA was used in the coupling cocktail 

instead of an amino acid, while all other components were the same. FBA was coupled twice to 

ensure complete conversion, and the resulting FBA-IAVE4 peptide was cleaved from the resin 

with TFA with 2.5% H2O for 3 h. The cleaved peptide solution was collected, and crude peptide 

was isolated by precipitation from diethyl ether. After HPLC purification, pure FBA-IAVE4 was 

obtained and lyophilized. 

 

Different S-aroylthiohydroxylamines (SATHAs) were prepared and reacted with FBA-IAVE4 to 

make APAs 1-5 following published procedures.96 Molecular weights and purity of APAs 1-5 

were confirmed by mass spectrometry (MS, Figure 3S3) and analytical HPLC (Figure 3S4), 

respectively.  

 

The MS instrument (Advion ExpressIon Compact Mass Spectrometer) was setup in the negative 

mode with 0.1% (v/v) NH3ÅH2O in H2O as mobile phase. For analytical HPLC, a Waters 2545 



 
94 

Binary Gradient Module and Water SFO system were used with H2O and ACN as mobile phases. 

0.1% (v/v) formic acid was added to both mobile phases. An XTerra RP C18 column (particle size 

5 ɛm, 3 mm x 50 mm) was used to separate compounds. The flow rate was 1.5 mL/min with the 

gradient increased from 5% to 50% (v/v) ACN in 10 min. APAs 1-5 were monitored at 280 nm 

via a Waters 2489 UV-vis Detector.  
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Figure 3S3. Mass spectra of APAs. For APAs 1-5, exact mass [M] values are 1114.2, 1098.2, 

1084.2, 1118.6, 1102.2 m/z, respectively. In aqueous solutions, APAs are partially hydrolyzed and 

produce FBA-IAVE4,237 with an exact mass of 948.4 m/z and represented here by [M0].  
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Figure 3S4. Analytical HPLC traces of APAs 1-5. Note that APAs were partially hydrolyzed 

under the analytical HPLC conditions, giving rise to the SATHA peaks. (APAs 1-5: 12.62, 13.53, 

14.17, 14.28, 15.18 min; SATHAs 1-5: 11.62, 11.72, 11.23, 11.20, 11.72 min).  
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Hydrol ysis of APAs 1-5 

Hydrolysis kinetics of 45 µM APA solutions in 10 mM phosphate buffer (pH = 7.4) were evaluated 

using UV-Vis spectroscopy by monitoring the disappearance of the absorbance at 330 nm 

corresponding to the SATO moiety, as described previously.237 A representative experiment is 

shown in Figure 3S5, and hydrolysis data for all APAs are collected in Table 3S1.  

 

 

 

Figure 3S5. (A) Representative hydrolysis experiment using APA 1 (45 ʈM in 10 mM phosphate 

buffer at pH 7.4), where UV-Vis traces show the disappearance of the SATO peak at 330 nm over 

time. (B) Hammett plot of hydrolysis rates of APAs (ʍ=0.3).  
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Table 3S1. Half-lives of hydrolysis and critical aggregation concentrations (CACs) of APAs 1-5. 

Name R Hydrolysis t1/2 (h)a CAC (mg/mL)b 

APA 1 OMe 9.4 ± 0.5 0.6 ± 0.2 

APA 2 Me 9.8 ± 0.4 0.4 ± 0.2 

APA 3 H 10.0 ± 0.5 0.7 ± 0.2 

APA 4 F 11.9 ± 0.5 0.6 ± 0.3 

APA 5 Cl 13.2 ± 0.7 0.6 ± 0.4 

aHalf-life of hydrolysis of SATO group in 10 mM phosphate buffer (pH = 7.4) determined by UV-

Vis spectroscopy. bCACs determined by the Nile Red assay. 

 

Methylene blue assay of dilute APA solutions  

H2S release from 0.1 mg/mL solutions of APAs 1-5 in the presence of cysteine (Cys) was measured 

by the methylene blue assay. From the H2S release traces, half-lives of H2S release were calculated 

assuming pseudo-first-order kinetics (Table 3S2). The correlation between H2S release kinetics 

and Hammett ů values of the p-substituents became clear upon fitting to a Hammett plot (Figure 

3S6). A Hammett ʍ value of 0.77 was obtained from the plot. 
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Table 3S2. Cys-triggered H2S released profiles from APAs 1-5.a 

Name R groups 

H2S release t1/2 (min) 

from solutions 

APA 1 OMe 31±8 

APA 2 Me 22±4 

APA 3 H 19±8 

APA 4 F 14±2 

APA 5 Cl 13±4 

aHalf-lives determined using the methylene blue method from 0.1 mg/mL APAs solution. Cys was 

applied at 1 mM. Experiments were conducted in 1x PBS buffer (pH = 7.4).  

 

 

Figure 3S6. Hammett plot of APAs 1-5 at 0.1 mg/mL in 1x PBS buffer (ʍ =0.77, R2
 = 0.96). 

 

Electrode probe method of APA solutions 

H2S release studies were carried out in a special glass vial with a gel-holding inner well at bottom. 

APA solution (100 µL) in PBS was added to the inner well, then 2 equiv of Cys was added to the 

solution. The well was covered with a Breathe-EASIER membrane (Diversified Biotech, Dedham, 
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MA) and sealed with an O-ring immediately. 5 mL of PBS was added to the vial, which was 

equipped with a stirrer. An H2S sensitive electrode probe (World Precision Instruments) was 

submerged in the PBS, and the output current was recorded by a TBR 4100 Free Radical Analyzer 

(World Precision Instruments) connected with computer. A plot for H2S concentration vs. time 

was constructed using the calibration curve. The plot showed an initial increase followed by a 

plateau, then started to decrease. Then the plot was smoothed using the Exponential Smoothing 

function in Excel (Microsoftá Excel for Mac, version 15.39, â 2017 Microsoft). The maximum 

concentration of a plateau was defined as the peaking concentration (Cmax), and the corresponding 

time of Cmax was determined to be the peaking time. 

 

Experiments were repeated in triplicate for each sample. 100 µL of 10 mg/mL APA solution was 

also determined by the same procedure as 0.25 mg/mL solution using the special glass vial and 

electrode probe. The peaking times, peaking concentrations, correlation between Hammett ů 

values and relative reaction rate, and the H2S real-time profiles are shown in Figure 3S7 for 0.25 

mg/mL and 10 mg/mL APA solutions. 
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Figure 3S7. H2S release from 0.25 mg/mL and 10 mg/mL APAs solutions determined by the 

electrode probe method. (A) Average peaking time of 0.25 mg/mL APA 1-5 solutions. Mean 

values of three trials are shown with error bars representing standard deviations; see Figure 3S12 

for a full statistical analysis. (B) Representative H2S release curves of 0.25 mg/mL APA 1-5 

solutions. (C) Representative H2S release curves of 10 mg/mL APA 1-5 solutions using the 

electrode probe method. 

 

APA Gel Rheology 

Rheological studies were completed by using an AR-G2 rheometer (TA instruments) equipped 

with a 25 mm ETC plate, and the gap between plate and top geometry was 0.5 mm. 250 µL of 

1 wt.% APA solution in 1x PBS buffer (pH 7.4) was placed on the plate, then 25 µL of 20 mM 

CaCl2 (in water) was added to form a gel immediately. Time-sweep experiments were run for 60 
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min with 0.5% strain and 1 Hz frequency. The time-sweep data are shown in Figure 3S9, and the 

storage moduli of APA 1-5 hydrogels after 60 min are listed in Table 3S3. 

 

Table 3S3.  Storage moduli of APA hydrogels. 

Name R Storage Modulus (Pa) 

APA 1 OMe 50±20 

APA 2 Me 310±20 

APA 3 H 60±20 

APA 4 F 70±50 

APA 5 Cl 300±30 
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Figure 3S8. (A)-(E): 60 min time-sweep of APAs 1-5 hydrogels. Storage moduli (Gô) and loss 

moduli (G'') are in solid and hollow markers, respectively. (F): Storage moduli G' (Pa) of APAs 1-

5 at the end of the time-sweep (60 min).   
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Thioflavin T (ThT) Assay of APAs 

The ThT assay was used to evaluate the ɓ-sheet structure of 10 mg/mL solutions of APAs 1-5. 

ThT (0.01 mg/mL) was dissolved in 1x PBS buffer (pH 7.4) to make the working solution. APAs 

were dissolved in the working solution to 10 mg/mL APA solutions. APA-only solutions were 

prepared in 1x PBS without ThT. Fluorescence spectroscopy measurements were performed on a 

Varian Cary Eclipse fluorescence spectrophotometer. The fluorescence spectrophotometer was 

setup with excitation wavelength at 440 nm, emission wavelength ranging from 470 to 550 nm, 

scanning speed of 600 nm/min, and 10 nm slit widths. 
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Figure 3S9. Fluorescence spectra of APAs 1-5 in the ThT assay. 
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Detailed description of electrode probe method for H2S release studies from APA hydrogels 

APA solution (100 µL at 10 mg/mL in 1x PBS) was added the inner well of the vial, followed by 

addition of CaCl2 solution (10 µL at 200 mM in H2O), and the resulting gel was allowed to stabilize 

for 2 h. Next, 10 µL of Cys solution (200 mM in PBS) was added to the inner well to trigger H2S 

release. The inner well was covered immediately with a Breathe-EASIER membrane and sealed 

with a plastic O-ring. To absorb H2S and provide an environment for electrode probe detection, 5 

mL of PBS was added to the vial equipped with magnetic stirrer (Figure 3S10). The H2S-sensitive 

electrode probe was submerged into the PBS solution, and the released H2S was monitored over 

time. The data processes of H2S release studies from APA hydrogels followed the same procedure 

as APA solutions. The peaking times and concentration curves of APAs 1-5 are shown in Figure 

3S11.  

 

    

Figure 3S10. H2S release experiment of peptide gel determined by H2S sensitive electrode probe. 

The gel was formed in the inner well. After Cys addition, the well was sealed with a gas permeable 

membrane. The electrode probe was used to monitor H2S concentration in 5 mL PBS.  
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Figure 3S11. Representative H2S release curves of 10 mg/mL hydrogels from APAs 1-5 using 

electrode probe method. 
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Statistical Analysis 

 

Figure 3S12. Statistical analysis of (A) peaking times and (B) peaking concentrations of APA 

dilute solutions (0.25 mg/mL). The ANOVA and the Tukey-Kramer HSD tests were performed 

with JMP software (n = 3 and p < 0.05).  
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Figure 3S13. Statistical analysis of (A) peaking times and (B) peaking concentrations of 

concentrated APA solutions (10 mg/mL). The ANOVA and the Tukey-Kramer HSD tests were 

performed with JMP software (n = 3 and p < 0.05). 
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Figure 3S14. Statistical analysis of (A) peaking times and (B) peaking concentrations of APA 

hydrogels (10 mg/mL). The ANOVA and the Tukey-Kramer HSD tests were performed with JMP 

software (n = 3 and p < 0.05). 
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4.2 Abstract 

Burns are devastating forms of trauma, and infections during burn wound healing are very 

challenging. As a gasotransmitter, hydrogen sulfide (H2S) has been studied to treat wounds and 

inflammation, however, the release without control and the missing study of antimicrobial effects 

leaves a gap in the application of H2S for wound treatment. H2S-releasing aromatic dipeptide 

amphiphile (APA) hydrogels S-FE and S-YE, and non H2S-releasing APA hydrogels C-FE and C-

YE were prepared to test their application on burn wound infection models. S-FE and S-YE formed 

self-assembled twisted nanoribbons and nanotubes, while non H2S-releasing C-FE formed 

nanoribbons. S-FE and S-YE released H2S with the peaking times of 41 and 39 min, respectively. 

The self-assembled structures and the release rates were affected by their packing differences. In 

vitro and ex vivo experiments with Staphylococcus aureus (Xen29), a commonly found bacterium 
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on burn wounds, showed significant antimicrobial effects. The S-FE and C-FE not only killed 

Xen29, but also inhibited biofilm formation, and S-FE always showed better effects than C-FE. 

These antimicrobial H2S-releasing APA hydrogels provide a new approach to treat burn wound 

infection, as well as providing healing solutions by the therapeutic effects of H2S. 

 

4.3 Introduction  

Burns are devastating forms of trauma that impact human life, disability, and create economic 

burden. In the United States, about 486,000 burn injuries were reported by the National Center for 

Injury Prevention and Control between 2011-2015,259 and worldwide there are approximately 

180,000 deaths caused by burns annually, with most cases happening in less developed 

countries.260 In 2015, injuries related to fire or burns were reported as the 4th and 3rd leading 

causes of deaths in the United States for children ages 1-5 and 6-9, respectively.261 Even though 

burn injuries have a high survival rate (97 %),262 survivors are usually left with severe deformities, 

life-long physical disabilities, and other morbidities. The treatment and management of burn 

injuries depend on the degree of skin damage, patient age, total body surface area, and the cause 

of the burn.263 Healing of burn wounds follows the process of blood clotting 

(hemostasis), inflammation, tissue growth (proliferation), and tissue remodeling (maturation).264 

However, burn wounds are susceptible to infections, which not only lead to chronic inflammation 

and impair wound recovery, but also increase morbidity and mortality265, 266 with 70% of morbidity 

caused by infections,267 Staphylococcus aureus and Pseudomonas aeruginosa are the two most 

common pathogens isolated from infected burn wounds.268, 269 They attach to wound surfaces and 

form biofilms, protecting themselves by limiting direct contact from the host immune system or 
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antimicrobial agents.270 The difficulties of treating wound infections, along with rising bacterial 

resistance to antimicrobial agents, create a need for novel methods to treat burn wounds and 

manage infections.  

A new approach to promote burn wound healing and reduce infections could be treatment with 

hydrogen sulfide (H2S). H2S is endogenously produced, joining nitric oxide (NO) and carbon 

monoxide (CO) in the group of signalling gasses called gasotransmitters. H2S plays several 

physiological roles, including regulating ion channels, affecting the production of other 

gasotransmitters, and promoting vasodilation. Through these pathways, the therapeutic potential 

of delivery of exogenous H2S has been investigated due to its ability to promote angiogenesis,271 

increase cell proliferation and migration,61, 272  reduce inflammation273 and reduce infection.274 

Specifically, H2S can increase blood perfusion to the wound and help wound resuscitation,57 as 

well as help clear the bacterial infection and accelerate the healing process by increasing neutrophil 

migration through the activation of the KATP channel.272, 275 These effects indicate that H2S therapy 

can be an excellent strategy for burn wound treatment, as burn wound treatment involves 

challenges both from the healing process and infections.  

Many donors and delivery methods have been reported for therapeutic applications of H2S; 

however, for clinical treatments of burn wounds and infections, controlled release and localized 

delivery are two factors that need extra attention. Controllable H2S release is necessary because 

instead of treating wounds, the burst release of H2S could lead to inflammatory response and 

serious side-effects, which has been observed using sulfide salts in a mouse cecal ligation and 

puncture (CLP) induced sepsis model and a rat stroke model.276, 277 For this reason, H2S donors 

with a good control of release rate (from min to a few hours) and dose are better candidates 

compared with sulfide salts and pure H2S gas. Our lab has reported the H2S-releasing donor, S-
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aroylthiooxime (SATO), which can release H2S with thiol triggers and the release rate can be 

precisely manipulated by substituents.96 The release half-lives of substituted SATO donors range 

from 8 min to 82 min, making them proper candidates for clinic uses. Moreover, the treatment of 

burn wounds and infections requires the application of H2S to specific areas, which eliminates 

systemic delivery methods like inhalation, oral administration and intravenous injection. 

Therefore, hydrogels become a good choice for burn wound treatment, because hydrogels can 

provide localized delivery at specific site. Intrinsically biodegradable, aromatic peptide 

amphiphiles (APAs) can self-assemble into different structures via non-covalent interactions,144 

and then form hydrogel by entanglement of supramolecular structures. The APA hydrogels have 

storage moduli ranging from as low as 100 Pa up to a few thousand Pa, making them suitable for 

bioengineering purposes. Thus, we chose APA hydrogels for delivery of H2S.  

Although many studies have used H2S as the therapy to treat diseases,232 such as ischemia-

reperfusion injury,223 diabetes,56 and cancer,60 very few studies are related to burn injuries. Even 

among these studies, almost all cases focused on the anti-inflammatory278, 279 or protective effects 

of H2S against organ injuries,279, 280 and none of them discussed the antimicrobial effects of H2S. 

Moreover, these studies used either inorganic salts or synthetic donors without any attempt at 

controlling release. Preliminary studies from our lab have proven that SATO-based H2S-releasing 

APA hydrogels can release H2S in a controllable manner,208, 253, 281 however, we have not studied 

the application of H2S-releasing hydrogels on wound healing and infection. Considering the gap 

in research related to treating infections using H2S, and the lack of studies about the applications 

of H2S-releasing APA hydrogels, we were inspired to investigate the antimicrobial effects of H2S 

using APA hydrogels with burn wound models. In this work, we designed new SATO-based APA 

with sequences of SATO-Phe-Glu (S-FE) and SATO-Tyr-Glu (S-YE), and used them to form 
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hydrogels for localized H2S release. We also evaluated the antimicrobial effects of H2S-releasing 

APA hydrogels using burn wound models.  

 

4.4 Experiments: 

Peptides were synthesized via Fmoc-based solid phase peptide synthesis using Rink amide MBHA 

resin. Amino acids and resin were purchased from P3BioSystems, and all other reagents were 

purchased and used as received. Commercial phosphate-buffered saline (PBS) was used for 

bacterial studies (Sigma, Cat. No. P4417), and self-prepared PBS (prepared following Cold Spring 

Harbour Protocol282) was used for all other experiments. Nutrient Broth 1 (NB1; Sigma, Cat. No. 

P70122), BactoÊ Agar (Agar; BD, REF. No. 214010), polyethylene glycol (PEG),  Dulbeccoôs 

Modified Eagleôs Medium (1X) (DMEM, Sigma, REF. No. 31053-028), and fetal bovine serum 

(FBS, heat-inactivated) were purchased from commercial vendors and used as received.  

 

Preparation of H2S-releasing SATO dipeptides (S-FE and S-YE) and non H2S-releasing 

control dipeptides (C-FE and C-YE) 

Aldehyde-containing peptides with the sequences FBA-FE and FBA-YE (FBA = 4-formylbenzoic 

acid) were synthesized via solid phase peptide synthesis using methods described previously.283 

After cleavage from the resin, FBA-FE and FBA-YE were treated with 0.01 M HCl and lyophilized 

to remove residual trifluoroacetic acid (TFA). SATO dipeptides (S-FE and S-YE) were prepared 

by reaction of the peptide-aldehydes (100 mg, 1 equiv) with S-benzoylthiohydroxylamine (72 mg, 

2 equiv) following published procedures,208, 283 using 20 mg of Dowex as the acid catalyst instead 

of TFA. Control oxime dipeptides (C-FE and C-YE), which do not release H2S, were produced by 

reacting 96 mg (1 equiv) of FBA-FE or FBA-YE with 56 mg (2 equiv) O-benzylhydroxylamine 
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hydrochloride in 500 µL DMSO for 3 h. All four dipeptides were purified by preparative HPLC 

following a published procedure.283 

 

Transmission electron microscopy (TEM) 

Peptide hydrogels with concentrations of 36 mM (50 mL) were prepared in 0.05 M pH 6.0 

phosphate buffer and allowed to self-assemble for 18 hours before diluting to 500 mM in DI water. 

The peptide solution (10 µL) was cast onto carbon-coated copper TEM grids (Electron Microscopy 

Sciences), and allowed to stand for 10 min before wicking away excess water with filter paper. 

Next, water (10 µL) was added to the grids for 40 s to wash the samples and then wicked away. 

Finally, 2 wt% uranyl acetate solution in water (10 µL) was dropped on to the grids to stain the 

samples for 6 min before removing the excess by wicking. Sample grids were allowed to dry 

overnight in air before imaging. All images were taken on a Phillip EM420 TEM with a slow 

scanning CCD camera. 

 

Thioflavin-T assay (ThT)  

The self-assembled hydrogels with concentrations of 36 mM were prepared in pH 6.0 PBS (1X) 

and matured for 2 h. ThT (0.02 mg/mL) was dissolved in pH 7.4 PBS (1X) to make the working 

solution. Each of the hydrogels was diluted to 1 mM with 0.02 mg/mL ThT solution, and then 

excited at 440 nm using an Agilent Cary Eclipse fluorescence spectrometer (Agilent 

Technologies). The emission wavelength ranged from 470 to 550 nm, with scanning speed of 600 

nm/min. ThT control solutions consisted one peptide-only for each hydrogel and a ThT-only 

solution, and these controls were tested under the same fluorescence conditions. 
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IR spectroscopy 

A Nicolet 8700 IR spectrometer equipped with an attenuated total reflectance (ATR) accessory 

(Thermo Fisher Scientific) was used for IR spectroscopy. Deuterated phosphate buffer was 

prepared by dissolving NaOH in D2O to make 0.01 M solution, and then adjusting the pD to 6.4 

using D3PO4. All samples were dissolved in this deuterated phosphate buffer at 36 mM (2 wt%), 

and a background scan of deuterated phosphate buffer was subtracted before every measurement. 

Each spectrum is an average of 64 scans with frequency ranging from 1400 to 1700 cm-1. 

 

Circular dichroism  

For each dipeptide, stock solution (36 mM) was made by dissolving 1 mg of the pure dipeptide in 

50 µL of pH 6.0 PBS (1X). Unassembled dilute solution (UA, 0.1 mM) was prepared by adding 2 

mL of 36 mM peptide stock solution into 718 mL of DI water, and sonicated for 1 min to break any 

self-assembled structures, and immediately measured by CD. The rest of peptide stock solution 

was allowed to self-assemble for 2 h to form hydrogel, then 2 µL of hydrogel was mixed with 718 

mL of DI water just before the CD observation to preserve the supramolecular structures while at 

0.1 mM concentration. CD spectra were recorded by a Jasco J-815 CD spectrometer (Jasco. Inc) 

at room temperature, with N2 flow and scan range set at 120 mL/min and 250-190 nm, respectively. 

The scan rate was 50 nm/min with an 8 s response time. All tests were taken in a 1 mm CD cuvette. 

 

Fluorescence spectra 

For each dipeptide, 1 mg of pure sample was dissolved in 50 mL of pH 6.0 PBS (1X), and allowed 

to self-assemble for 2 h to form hydrogel. Then hydrogel was transferred to a sub-micro quartz 

cuvette (Starna Cells, 16.40F-Q-10/Z15), and an Agilent Cary Eclipse fluorescence spectrometer 
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(Agilent Technologies) was used for fluorescence spectroscopy. The scanning speed was at 120 

nm/min with 1 nm data pitch, and the excitation and emission slits were 10 nm and 20 nm, 

respectively. The excitation wavelength (ɚex) was at 290 nm, and the emission range was 300-530 

nm.  

 

H2S detection using an H2S sensitive electrode probe method 

The H2S release profiles of S-FE and S-YE hydrogels were determined by H2S sensitive electrode 

probe method 281. Each dipeptide sample (1 mg) was dissolved in 50 mL of pH 6.0 PBS (1X), and 

then transferred to the gel-holding well in a specially designed vial. The peptide solutions in the 

well were allowed to self-assemble for 2 h to form hydrogels, and 7.2 mL of 500 mM cysteine was 

added to the top of the hydrogels to trigger H2S release. Then the well was quickly covered by a 

Breathe-EASIER membrane (Diversified Biotech), and sealed with an O-ring. 5 mL of pH 7.4 

PBS (1X) was added to the vial to trap any released H2S, and an electrode probe (World Precision 

Instruments, ISO-H2S-100) was submerged into the PBS to detect the real-time H2S concentration. 

The signals were recorded by LabScribe software (World Precision Instrument). 

 

Rheology 

The mechanical properties of the hydrogels were studied by an AR-G2 rheometer (TA instruments) 

equipped with a Peltier plate and a 20 mm measuring top geometry. The gap between top geometry 

and bottom plate was 500 mm and the temperature was kept at 37 oC. For each dipeptide, 5 mg of 

sample was dissolved in 250 mL of PBS (1X, pH 6.0), then transferred to the Peltier plate by a 

micropipette and stabilized for 10 min before each measurement. Each rheological procedure 

consisted of two time-sweeps and a steady-state shear to check both the mechanical properties and 
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the recoverability of the hydrogel. The first time-sweep was measured at 0.5% strain and a 

frequency of 1 Hz, followed by a 30 s steady-state shear (500 /s) to completely disassemble the 

hydrogel. Next, a second 45 min time-sweep was applied to observe the recovery of the hydrogel 

under the same conditions as the first time-sweep. 

 

Determining the effect of cysteine on bacterial growth 

Cysteine was used to trigger H2S release from SATO-containing peptide hydrogels. To confirm 

that cysteine addition does not have an inherited antimicrobial effect, we tested cysteine on the 

growth of  Staphylococcus aureus ï ATCC 12600 (Xen29) bioluminescent pathogenic bacteria. 

Staphylococcus aureus is one of the bacteria that most commonly associated with burn wounds. 

The Xen29 bacteria frozen stock solution was used to grow an overnight culture in Nutrient broth1 

(NB1) at 37 ęC, and 500 mM L-cysteine (Cys) solution was made by dissolving L-cysteine powder 

in DI water. 1440 µl of the cysteine solution was added to a stock bacterial culture with 

concentration 1x106 Colonies Forming Unit per milliliter (CFU/mL). A control group was 

prepared by mixing 1440 ml of PBS (1X) to NB1 bacterial broth and making the final bacterial 

concentration 1 x106 CFU/ml. Samples of both treatments were incubated in an orbital shaker at 

37 oC for 24 hours with the shaking speed of 166 rpm. Serial dilution was done and the bacterial 

solutions were plated on NB1 plates. Then all plates were incubated to form colonies and the 

number of CFU was enumerated. 

 

Effects of H2S-releasing dipeptides on planktonic Staphylococcus Aureus bacterial cultures 

S-FE and S-YE are chemically and structurally similar, thus S-FE and C-FE were chosen to 

represent the H2S-releasing thiooxime and non H2S-releasing oxime dipeptides in the following 
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biological experiments. 1 mg of S-FE was dissolved in 50 mL of pH 6 PBS buffer (1X) and then 

self-assembled for 30 min at room temperature to form opaque hydrogel (36 mM of S-FE). Next, 

7.2 ml of 500 mM cysteine (2 equiv.) was added to S-FE gel to induce H2S release, and then 100 

ml or 30 ml of the mixture were used to prepare groups of high S-FE concentration and low S-FE 

concentration, respectively. Both the 100 ml and the 30 ml of S-FE mixture were mixed with 20 ml 

of bacteria culture (2x106 CFU/mL), and then brought up to a final volume of 400 mL. A bacteria-

only group was also prepared by adding 100 ml of PBS (1X) instead of S-FE hydrogel. Three 

samples were prepared for all groups and incubated at 37ęC in tube revolver for 1 hour. After 

incubation, 10 ml of bacterial culture was taken from each sample and diluted in media to make a 

serial of 10-fold dilutions. All dilutions were then plated on NB1 agar plates and cultured in an 

incubator for 18 h to quantify bacterial burden by counting colonies formed.  

The remaining bacterial cultures of different treatment groups were added to 96-well plates, then 

incubated for 48 hours at 37ę C. Biofilms were formed in each well after the incubation, and masses 

of biofilms were quantified using Crystal Violet (CV) staining assay.284 Before CV staining, the 

biofilms were washed twice with sterile water to remove gel remnants and planktonic bacteria, and 

then fixed in 100% methanol for 30 minutes. Next, the methanol was removed, and the biofilms 

were washed with sterile water twice, followed by a 15 min staining using 0.1% CV water. The 

stained biofilms were washed and air-dried for 24 h, and then 100 µl of the solubilizing solution 

(200 mM sodium citrate in 20 ml of 50% ethanol) was added to each well. The mixtures of biofilms 

and solubilizing solution were mixed using the shaker (8 rpm) at room temperature for 30 min 

before quantifying the absorptions of CV-stained biofilms at 590 nm, with the absorption of the 

solubilizing solution as the background. 
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Developing an ex vivo infected burn model  

The Xen29 stock culture was cultured overnight at 37 ęC in NB1 and grown to ~108 CFU/mL for 

ex vivo burn model experiments. Tissues were harvested 4-5 cm lateral from the paravertebral, 

dorsolateral trunk of a freshly euthanized swine from another independent experiment that was 

approved by the Institutional Animal Care and Use Committee (IACUC) at Wake Forest 

University. The skin tissues were shaved and cleaned with 1:4 chlorhexidine gluconate, then all 

subcutaneous tissues were removed and rinsed, leaving the full -thickness skin flaps. Next, burns 

were induced on the surface of the skin flaps using a pressure and temperature controlled metallic 

cylinder, which was heated to 145-147 ęC in polyethylene glycol (PEG) solution. The skin was 

cleaned again with 1:4 chlorhexidine gluconate and sterile water and then cut into 3×3 cm pieces. 

An indentation was created in the middle of each piece by a 4 mm punch biopsy blade to guide 

injections of the Xen29. All skin samples were placed in 60 mm plates and incubated in plates for 

14 hours at 37 oC, allowing the burn to mature.  

 

Effects of H2S-releasing dipeptide on established biofilm in ex vivo burn model  

To develop Staphylococcus Aureus biofilms in the burn, Xen29 was inoculated in the indentation 

at the middle of skin pieces using a (25G) needle with fixed 5 mm injection depth marked with a 

piece of sterile rubber. 100 uL of 1x107 CFU/mL bacterial culture was injected 5 mm below the 

skin surface at a 15o angle in four different directions. After the injection, DMEM with 10% heat 

inactivated (HI-FBS) was added to the sample plates until immersing the lower dermis, and the 

samples were incubated for 24 h at 37 oC. Next, samples were cleaned with sterile water and 

imaged by In Vivo Imaging System (IVIS) to confirm the biofilm formation. 100 mL of S-FE gel 

(36 mM) mixed with 2 equiv. of cysteine was injected by the special needle in 4 directions to make 
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the S-FE treatment condition. 100 mL of C-FE mixed with 2 equiv. of cysteine was also injected 

to samples to construct the C-FE treatment, and a third set of samples were left without any 

treatment. All samples were incubated for 14 hours with DMEM with 10% HI-FBS and then 

imaged by IVIS again to determine the changes in bioluminescent signal emitting form the 

sampleôs Xen 29. 

 

Effects of H2S-releasing peptide on biofilm formation in ex vivo burn model 

The effects of H2S-releasing dipeptides on biofilm formation were also determined using the same 

ex vivo burn model. Samples of ex vivo burn model were matured for 14 hours first, then 100 ml of 

S-FE hydrogel were injected to the indentation of samples. Corresponding controls include a 

sample groups treated with C-FE hydrogel or a sample group with no treatment. Then 100 ml of 

~107 CFU/mL Xen29  was injected into the indentation. Each treatment was repeated in triplicate, 

and all samples were cultured with enough DMEM with 10% heat inactivated FBS to immerse the 

lower dermis and incubated for 14 hours at 37 oC. Samples were washed twice before IVIS 

observation. 

 

Statistical analysis 

The mean values of planktonic assays and ex vivo models were shown with error bars indicating 

standard deviations from three trails or five trails. All data were analyzed by a one-way analysis 

of variance (ANOVA) with the Tukey-Kramer HSD test, where p < 0.05 denotes statistical 

significance. ANOVA analysis was performed using JMP software (version 10.0.2, Copyright Ò 

2012 SAS Institute Inc.). 
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4.5 Results and discussion 

4.5.1 Results 

Preparation of dipeptide hydrogels 

Four APAs were successfully synthesized, with the details of synthesis and purification are 

described in SI. Among four dipeptide amphiphiles, S-FE and S-YE were SATO-based, and able 

to release H2S; the other two dipeptide amphiphiles, C-FE and C-YE, were oxime-based control 

molecules which could not release H2S. All products were white powders after purification and 

lyophilization. For each APA hydrogel, pure dipeptide powder (1 mg) was dissolved in 50 mL of 

10 mM PBS (pH 6.0) to form 20 mg/mL (36 mM) dipeptide solution, and the solution was allowed 

to self-assemble for 30 min at rt to form an opaque hydrogel. 

 

Critical aggregation concentrations (CACs) of dipeptides 

The critical aggregation concentrations (CACs) mark the critical point, where molecules start to 

aggregate. Above the CAC, peptide molecules aggregate and self-assemble into supramolecular 

structures. To find the CACs of the dipeptides, a Nile Red assay was used as previously reported.208 

The results of the Nile Red assay revealed that all dipeptides had CAC ranging from 0.2 to 0.7 

mg/mL (Table S1). Based on the CAC data, subsequent experiments were conducted at either 20 

mg/mL (36 mM) or 0.18 mg/mL (0.1 mM) to represent dipeptide amphiphiles in their self-

assembled (SA) or unassembled states (UA), respectively. 

 

Transmission electron microscopy (TEM) imaging 

To understand the self-assembly and supramolecular structures, which lead to the gel formation, 

we started with morphological analysis using conventional TEM. Images of self-assembled 
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dipeptide morphologies are shown in Figure 4.1 and all measurements were done by counting 200 

nanostructures using ImageJ. Twisted nanoribbons were observed for S-FE (Figure 4.1A) and C-

FE (Figure 4.1C), with the lengths of the twisted nanofibers on µm scale, and the widths about 

13°5 and 24°6 nm, respectively. As seen in Figure 4.1B, S-YE formed nanotubes confirmed by 

the lighter outside ñwallsò and a dark interior, with widths of about 18°4 nm. However, C-YE had 

no specific morphology, and only non-specific aggregates were observed (Figure 4S3). The 

thicknesses of the three dipeptides, S-FE, C-FE, and S-YE were 6.9°1 nm, 7.6°2 nm and 6.8°1 

nm. As shown in Figure 4.1C, the calculated lengths of dipeptides were all near 2.3 nm, indicating 

the thickness of the stacked dipeptide bilayer should between 3.2 ï 4.6 nm. Thus, the observed 

thicknesses of the self-assembled dipeptides suggest that two bilayers were packed to form these 

morphologies.  
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Figure 4.1. TEM images (stained with uranyl acetate) of S-FE (A), S-YE (B), and C-FE (C). 

Schematic illustration of the proposed self-assembled structure (D).  

 

Circular dichroism spectroscopy 




























































