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the presence of infection has been proven to be detrimental to successful wound repair. This 

work may also serve as a template for the design of future medical device coatings with 

tailored antimicrobial and anti-inflammatory properties. 

 

Keywords: Nanostructure, hydrogel, infection, inflammation, chronic wound 

 

 
Introduction 

Antimicrobial resistance is becoming an increasingly menacing threat to society and is 

currently attributed to at least 700,000 deaths worldwide annually. A U.K Government review 

in 2014 concluded that without significant investment in new therapies this total would 

increase to more than 10 million deaths by 2050, a figure greater than predicted for cancer [1]. 

Hospital-acquired infections, especially those related to implantation of medical devices and 

skin wounds, are major contributors to this threat demonstrating an increased prevalence of 

microorganisms that display resistance to standardly employed antimicrobial therapies. These 

are responsible for increased patient morbidity and mortality, and significant economic cost 

due to extended hospital stay/sick days. Infections are particularly problematic among those 

with increased susceptibility and compromised immunity, for example the elderly and those 

with under-lying disease.  

 

Wound infections can be categorized into a variety of forms; most problematic being surgical 

site infections (SSIs), diabetic ulcers and major trauma, for example burns. SSIs are one of the 

most frequently reported hospital acquired infections accounting for 31% of nosocomial 

infections and are a reservoir for so-called hospital superbugs including Staphylococcus 

aureus and Pseudomonas aeruginosa [2]. SSIs are present in nearly 5% of patients who 

undergo a surgical procedure and over a third of postoperative deaths are related to SSIs [3]. It 
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is clear SSIs remain a significant burden to healthcare. Failure of antimicrobial therapy and/or 

unresolved healing can result in the development of a chronic wound. 

 

Chronic infected wounds are particularly problematic with a profile of exaggerated 

inflammation and resistant infection severely limiting wound healing [4]. They are 

responsible for multiple treatment failures and commonly require a minimum of eight weeks 

to fully resolve, due to increased microbial resistance to standard drug regimens and impaired 

healing. Nonhealing wounds costs the US healthcare system $3billion annually and affects 

over 2% of the population [5,6]. Acute and chronic wounds are resolved through similar 

biomolecular pathways, however chronic wounds commonly stall in the inflammatory phase 

partly due to the presence of pathogenic biofilm infection [7]. Implanted biomaterials are also 

associated with an exaggerated host immune response, termed the foreign body response. 

Sustained inflammation, present primarily within chronic wounds and biomaterial infections, 

has been proven to be detrimental to wound repair [8]. This has commonly been minimized 

and controlled using steroidal and non-steroidal anti-inflammatory drugs (NSAIDs), limiting 

the action of inflammatory mediators such as prostaglandins. Long-term systemic use of such 

drugs leads to undesirable side effects including adverse gastrointestinal, renal and 

cardiovascular risks. Debate still exists regarding the use of systemic NSAIDs to aid wound 

repair due to possible anti-proliferative effects demonstrated in animal studies and their 

possible contribution to increasing the severity of group A streptococcal infections [9][10]. 

Despite reservations with systemic NSAID use, localized sustained release systems are 

commonly employed and NSAID topical applications demonstrate benefit in the treatment of 

chronic wounds [11]. For example an ibuprofen foam formulation provides localized delivery, 

reduced pain, a moist environment and has been proven to be advantageous for the resolution 

of chronic venous leg ulcers [12]. 
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There has been increased interest in the therapeutic potential of antimicrobial peptides. 

Displaying multiple modes of intracellular and extracellular action, antimicrobial peptides 

demonstrate a reduced propensity for developing antimicrobial resistance and are a significant 

prospect for solving the current shortage of antimicrobials in pharmaceutical development 

[13]. Several research groups have studied their incorporation into synthetic hydrogel 

matrices for the prevention of biomaterial and wound infections with promising results thus 

far [14,15,16]. Hydrogels possessing inherent antimicrobial properties represent a significant 

benefit by reducing microbial contamination within the matrix and at the wound/implantation 

site [17]. Self-assembling biomimetic hydrogels, including peptide-based strategies, have 

received attention as biofunctional materials and drug delivery platforms due to their 

similarity to the extracellular tissue matrix. Peptide-based materials possess: increased 

chemical functionality and versatility; improved biocompatibility; increased water capacity; 

moisture vapor transmission and gaseous exchange; biodegradability and tailored 

immunogenicity. Hydrogels provide improved healing at wound sites by enabling rapid 

absorption of wound exudate and protection of newly formed skin. Researchers have begun to 

employ a strategy whereby peptides are optimized to obtain multi-functionality, both 

pharmacological (antimicrobial, anti-biofilm, anti-inflammatory, analgesia) and physical 

(self-assembly, hydrogelation), within a single molecule. Most recently our group developed 

an ultrashort cationic peptide motif with selective activity against resistant pathogens 

implicated in medical device related infections [18]. Ultrashort peptides are of particular 

interest to the pharmaceutical industry as they are generally more cost-effective to synthesize 

relative to their larger peptide/protein counterparts and therefore more realistic molecules for 

clinical translation.  

 

Self-assembling hydrogel systems based on drug molecules eliminates the necessity for a drug 

delivery vehicle, typically a synthetic polymer [19,20] and may be tailored to respond to 
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environmental and physiological stimuli, for example pH change or the presence of specific 

enzymes. Synthetic-based polymers demonstrate limited drug loading, are difficult to 

functionalize and acidic degradation products can induce an unwanted inflammatory response 

[21]. The presence of aromatic groups, such as those present within NSAIDs, facilitates 

assembly of NSAID-peptide conjugates where the NSAID moiety replaces more traditional 

aromatic groups found in self-assembling systems such as carboxybenzyl [22], 9-

fluorenylmethyloxycarbonyl (Fmoc) [23] and 2-naphthoyl (Nap) [24]. Work thus far has 

focused on NSAIDs clinically used as topical preparations for acute pain, for example 

ibuprofen and naproxen [25]. Recently a multifunctional approach has been successful in 

creating an anti-inflammatory and anti-HIV hydrogel using naproxen conjugated to reverse 

transcriptase inhibitors via a peptide linker [26]. The idea of a multifunctional antimicrobial 

and anti-inflammatory platform is adopted from nature where herb extracts curcumin 

(Curuma longa), dayflower (Commelina diffusa) and bark (Spathodea campanulata) have 

demonstrated benefit in wound healing [27,28] Building on previously investigated NSAID 

conjugated peptides and antimicrobial peptides we have developed novel self-assembling 

NSAID-peptides utilizing racemic (±)-ibuprofen (Ibu), indomethacin (Ind) and (S)-(+)-

naproxen (Npx) (Figure 1).    

 
 
This report examines the synthesis and characterization of NSAID conjugated ultrashort 

cationic self-assembled peptide hydrogels as potential antimicrobial and anti-inflammatory 

biomaterials. Incorporation of an NSAID into the ultrashort carboxylic acid terminated motif 

(FFKK-OH) was hypothesized to confer improved hydrogel strength and cyclooxygenase 

(COX) inhibitory properties to the molecule. The development of a NSAID conjugated 

hydrogelator may also serve as a carrier for other therapeutic agents since the arrest of the 

inflammatory response is one of the most important factors in successful application of 

biomaterials [29].  
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amine terminus was conjugated to the corresponding carboxylic acid of the NSAID before 

cleavage. Standard HBTU coupling was performed in dimethylformamide (DMF) with 4-fold 

molar excess of DIEA and 3-fold excess of Fmoc-protected amino acid or NSAID used for 

coupling for 3 hours at room temperature. Precipitation was achieved using cold diethyl ether 

(-20 °C). Crude product was dissolved in ethyl acetate and subjected to a series of washes 

with 1 mM HCl (3 x 50 ml) and water (3 x 50 ml and dried over anhydrous magnesium 

sulfate (MgSO4). NSAID-peptide identities were confirmed using 1H NMR analysis (Varian 

Unity Inova 400 spectrometer, Varian systems, Palo Alto, California, U.S.A.) in d6-DMSO 

and electrospray mass spectroscopy (Thermo Finnigan LCQ Deca ion trap, Thermo Fisher 

Scientific, Waltham, Massachusetts, U.S.A.). NSAID-peptide purity was determined by 

reverse-phase-HPLC (Agilent 1260 series, Agilent Technologies Ltd, Cork, Ireland), using a 

Gemini C18 column (250 mm x 4.6 mm) with a flow rate of 1.5 mL/min and gradient of 2-

60% acetonitrile (30 minutes) in 0.05% TFA-water. All NSAID-peptides were found to have 

purity greater than 95%. 

 

Self-Assembling pH-Triggered Gelation 

NSAID-peptide hydrogels prepared by a process of pH-triggered induction [18]. The method 

of gelation followed the sequence of steps outlined for of 2% w/v NSAID-peptide 

formulations in Table 1. A stock solution was prepared by suspending each NSAID-peptide in 

deionized water. Complete dissolution was achieved at pH 9 via titration with 1 M NaOH due 

to deprotonation of the terminal carboxylic acid moiety. Changes in pH were monitored using 

Whatman pH paper. Protonation of the terminal carboxylate ion, by titration with 0.5 M HCl 

to pH 7, enabled formation of homogeneous hydrogels at concentrations above the minimum 

gelation concentration (% w/v) for each molecule. Minimum gelation concentration (% w/v) 

was defined as the lowest concentration of NSAID-peptide that formed a self-supporting 

hydrogel, observed via a gel inversion assay after 24 hours development [30]. Gels and 
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solutions were differentiated based on flow characteristics with gels remaining suspended and 

solutions demonstrating flow. 

 

Cryo-Scanning Electron and Transmission Electron Microscopy 

NSAID-peptides were prepared via pH induction as described and analyzed for 3D 

morphology using a Hitachi Analytical Benchtop SEM TM3030 (Hitachi High-Technologies 

Europe, Berkshire, U.K.) with Deben Cool Stage (Deben, Suffolk, U.K.). Cryo-SEM samples 

were freeze-dried by vacuum lyophilization at 2 °C. Images were obtained at -10 °C, using an 

accelerating voltage of 15 kV and a range of magnifications (15-30 000x) [31]. TEM was 

performed using a FEI Morgagni 268 transmission electron microscope (FEI electronics, 

Burlington, Massachusetts, U.S.A.). A negative staining technique was employed [31]. TEM 

samples were placed on 400 mesh copper grids, glow discharged and coated with a carbon 

film (35nm), rinsed thrice with double distilled water, then stained trice with a 2% w/v 

solution of uranyl acetate. Excess stain was removed by blotting with filter paper. The grids 

were left to air dry prior to examination of the 3D architecture of the NSAID-peptide samples. 

 

Fourier Transform Infra-Red Spectroscopy 

FTIR spectra were obtained at a resolution of 2 cm-1 and over wavelengths 4000-400 cm-1 

(128 scans) using a Jasco 4000 series FTIR spectrometer (Jasco Inc. Tokyo, Japan). Samples 

were prepared as described above but using deuterated solvents (D2O, DCl, NaOD). 

Hydrogels were sandwiched between two calcium fluoride discs (0.05 mm spacer). A D2O, 

DCl, NaOD mixture, prepared to the same concentrations as NSAID-peptide containing 

samples, was used as a background and subtracted from all spectra.   
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as data was shown to be non-normally distributed using the Kolmogorov and Smirnov method.  

In all cases a probability of p < 0.05 denoted significance. 

 

Results and Discussion 

Gel Inversion Assay 

A variety of methods exist to successfully induce peptide hydrogelation including pH, thermal 

(heat-cool) and enzymatic means. In order to ensure the conditions that mediate hydrogelation 

were replicated as closely as possible we decided to utilize a pH-triggered approach, to a final 

physiological pH of 7.4, at room temperature and using L-amino acid isomers. 

Diastereoisomers of NSAID peptides have previously demonstrated different behavior in 

relation to self-assembly and hydrogelation [25]. All NSAID-peptides formed clear solutions 

at pH 9 and above. Hydrogelation is driven by subsequent titration of acid, highlighting the 

role of the terminal carboxylic acid moiety in self-assembly [18].  

 

To enable hydrogelation a critical balance is required between molecular hydrophilicity and 

hydrophobicity with the surrounding medium, primarily water, providing excellent capacity 

for hydrogen bonding [35,36]. NpxFFKK demonstrated the greatest capacity to form stable 

hydrogels possessing a critical gelation concentration of 0.4% w/v (Table 2, Figure 2c and S7). 

IbuFFKK was unable to form hydrogels in standard deionized water (H2O) instead forming an 

opaque, white precipitate (Figure S4). Interestingly IbuFFKK formed a transparent soft gel at 

2% w/v using deuterated water (D2O) (Figure 2a and S5). This phenomenon may be due to 

increased hydrogen bond strength between deuterated hydrogen and electron donors (amines, 

carbonyl and carboxylic acid groups) present within the NSAID-peptide primary structure 

[37,38]. The number of hydrogen bonds per molecule of water is also higher for deuterated 

water compared to standard water [38]. As hydrogel formation is a delicate balance between 

solubilization and precipitation the use of deuterated water may favor increased hydrogen 
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upregulation of inflammatory mediators. Separate studies in murine and rat wound models by 

Blomme and Futagmi showed a significant induction of COX-2 expression after 12 hours, 

peaking three days after injury [61,62]. However within chronic wounds, COX-2 has recently 

been associated with the unwanted development of scar tissue in the latter stages of adult 

wound repair [63,64]. Therefore NSAID-peptide conjugates with increased selectivity for 

COX-2 inhibition may be of benefit in the chronic stages of wound healing, replicating fetal 

wound healing where scarless healing is linked to a reduced inflammatory response [64]. 

Despite this there is an appreciation that wound healing is a complex pathway and the exact 

role of multiple inflammatory mediators (cytokines, macrophages, matrix metalloproteinases) 

has not yet been fully elucidated [6]. In particular, the diverse nature of the immune and 

inflammatory response to foreign medical implants favors the use of corticosteroids, rather 

than NSAIDs, due to their broad-spectrum of activity against inflammatory mediators such as 

leukotrienes [65]. NSAID-peptides may serve a greater purpose within chronic wound healing, 

providing localized pain relief, antimicrobial and anti-inflammatory activity. Removal of an 

avascular fibrous capsule that surrounds implanted medical devices may be promoted by 

inclusion of pro-angiogenic factors including vascular endothelial growth factor (VEGF). Our 

nanomaterials have the potential to act as a drug delivery platform for the design of future 

medical device coatings incorporating such factors [11]. The effect of NSAID-peptides 

nanostructures on mediators of the immune response. The overall wound healing pathway and 

foreign body response to medical implants warrants further clinical investigation. A more 

obvious therapeutic benefit for NSAID-peptides is provided via inhibition of nociception and 

pain receptors linked to COX [66]. Reduction in pain can be linked to improvement in wound 

healing and patient prognosis [67]. 
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Hemolysis and Cell Viability 

To evaluate cell biocompatibility of NSAID-peptides, they were incubated with an 

International Standard (ISO) cell line utilized for biomaterial testing (NCTC 929 murine 

fibroblast subcutaneous connective tissue). Fibroblasts are appropriate as they are one of the 

major cell types involved both in wound healing and adherence to implanted medical devices 

[11]. The results suggest that NSAID-peptide nanomaterials are biocompatible and may be 

suitable for use within a range of biomaterial and topical applications. No significant 

reduction was observed in cell viability after 24 hour exposure to varying concentrations of 

NSAID-peptides (20-500 mM) utilizing an alamarBlue® cell viability assay (Figure 7). 

Cationic NSAID-peptides demonstrate reduced toxicity against mammalian cells due to 

inherent differences in the membrane potential gradient and lipid composition of bacterial and 

mammalian cell membranes. Eukaryotic cells are composed of zwitterionic lipids (sterols, 

cholesterol, phosphatidylcholine, sphingomyelin) whereas bacterial cells are derived from 

anionic phospholipids [68]. Positively charged NSAID-peptide therefore interact 

preferentially with negatively charged bacterial cell membranes as confirmed by a hemolysis 

assay (Figure S16), commonly utilized to determine the membrane selectivity of antimicrobial 

peptides [18,32,69]. No significant hemolysis was observed upon NSAID-peptide (20-500 

mM) exposure to equine erythrocytes relative to a PBS negative control.   

 

Conclusions 

In conclusion, we have created a new class of NSAID-peptides with the ability to form 

defined nanostructures with multiple biofunctional properties (antimicrobial, anti-

inflammatory, hydrogel forming). NpxFFKK displays particular promising forming a 

viscoelastic biocompatible hydrogel with improved COX-2 selectivity and the ability to target 

antimicrobial resistant bacteria implicated in the most severe nosocomial infections. These 

hydrogel formulations may be beneficial in the treatment of chronic infected wounds, where a 
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heightened inflammatory response to infection leads to impaired healing. Their ultrashort, low 

molecular weight structure makes their synthesis more amenable to cost-effective upscale by 

the pharmaceutical industry compared to larger peptides and proteins. This work provides an 

example of multifunctional peptide hydrogelators that will contribute to the development of 

future biofunctional nanomaterial therapies, especially within biomaterial applications (wound 

dressings, medical implants, prostheses), thereby increasing the available treatment options to 

clinicians and patients and limiting the increasing threat of antimicrobial resistance.   
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Figure 1. Chemical structures of NSAID-peptides investigated: (a) IbuFFKK, (b) IndFFKK, 

(c) NpxFFKK. 
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Figure 2. Gel inversion assay for 2% w/v pH 7.4 (a) IbuFFKK, D2O primary vehicle, (b) 

IndFFKK, H2O primary vehicle (c) NpxFFKK, H2O primary vehicle. 

 
 

 

Figure 3. Transmission electron microscopy (TEM) images of 2% w/v (a) IbuFFKK (28,000x, 

D2O), (b) IndFFKK (18,000x, H2O), (c) NpxFFKK (28,000x, H2O). 

 


































