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ABSTRACT 

Biofilms pose a significant clinical problem in skin and soft tissue infections. 

Despite clinical standards for treating these virulent microbial structures, biofilms remain 

extremely common and difficult to eradicate. Their inherent resistance to treatment (like 

antibiotic exposure) has spurred investigations into alternative treatment modalities. 

Nanoparticle-mediated photothermal ablation has become a novel modality for application 

in fighting pathogenic biofilms. Organic donor-acceptor (D-A) conjugated polymer 

nanoparticles (CPNP) may be more efficient and stable than metal and more biocompatible 

than carbon.  Here, we present a formulation of D-A CPNPs called PolyDOTS for rapid, 

near-infrared photothermal ablation (NIR-PTA) and combined antibiotic treatment against 

pathogenic bacteria and biofilms. We show that PolyDOTS absorb in the near-infrared 

range (NIR) for heat generation and fluorescence under visible light stimulation.  

Herein, we demonstrate how PolyDOTS have good photothermal conversion 

efficiency and exhibit exceptional heat generation. We show that PolyDOTS NIR-PTA can 

eradicate bacterial populations and reduce biofilm bacterial viability by more than 4- log ( 

> 99.99%), after exposure to 60 seconds of focal hyperthermia, between 50.6 and 57.3°C. 

Reductions were confirmed via LIVE/DEAD confocal analysis, which suggested that the 

treatment may have caused bacterial inactivation within the biofilms. COMSTAT analysis 

indicated that PolyDOTS PTA resulted in reductions in biofilm biomass, while confocal 

analysis of biofilm extracellular matrix (ECM) suggested that the treatment did not 

significantly reduce polysaccharides. SEM imaging revealed increasingly pronounced 

aggregation, and previously unobserved structural changes to the ECM after PolyDOTS 

PTA. S. aureus biofilms challenged with 100 µg/mL of PolyDOTS (PD-100) and the 
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minimal biofilm eradication concentration (MBEC) of clindamycin, resulted in up to ~ 3- 

log decrease in bacterial viability compared to untreated biofilms and those administered 

PD-100 PTA only, and up to ~ 2- log compared to biofilms administered only MBEC 

treatment. SEM imaging of the treatments indicated that morphological and structural 

changes induced by PolyDOTS PTA might be reversible, but regrowth is limited after 

treatment. This study provides evidence that polymer nanoparticle PTA can successfully 

mitigate biofilm infection and improve existing treatment by enhancing antimicrobial 

efficacy. 

 

 

 

 

 

 

 

 

 



1 
 

CHAPTER 1 

INTRODUCTION 

1.1 THE PATHOLOGICAL BIOFILM PROBLEM 

Bacterial biofilms are the viscous, 3D products of communities of bacterial cells, 

which principally serve to protect and maintain the sessile organisms enveloped within.1 

They are formed through four stages of development over 24 to 48 hours until maturation 

and have been shown to activate microbial cell dispersal as a survival mechanism (Figure 

1).2 Their development is driven by the cooperation and communication of bacterial cells 

via a process known as quorum sensing (QS).1,3 This communication happens via chemical 

and electrical signaling within and between bacterial species.4 QS is vital for the production 

and recruitment of an array of biomolecules called extracellular polymeric substances 

(EPS), which make up the extracellular matrix (ECM) structure of the biofilms.5 

EPS include polysaccharide (the main component of the ECM), various proteins, 

extracellular nucleic acids (eDNA and eRNA), lipids, and host substances (blood 

products).1,6–8 These components make up the strong network of matrix scaffolding and are 

incorporated into biofilms with complex spatial organization.9–11 Biofilms also contain 

built-in channels for nutrient and waste transport.12–14 The composition, structure, and 

characteristics of a biofilm can vary depending on the organisms within. However, it is 

consistently held that the complex ECM make-up of bacterial biofilms confers inherent 

protective benefits for both the structure and the enveloped bacterial cells (Figure 2).1,2,15 

Biofilms are known to exhibit innate tolerances and resistance to both mechanical 

and chemical assault.1,16,17 EPS within biofilms provide high viscoelasticity making them 

extremely pliable and stable against surface detachment.16,17 They are known to withstand, 
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or even thrive under, fluid shear stress and mechanical pressure and have shown 

thermotolerance. 18–20 In response to chemical or antimicrobial assault, the composition of 

a biofilm can interfere with the penetration of molecules.  The intricate biofilm structure 

can control the sequestration and diffusion of molecules, which can significantly impact a 

biofilm’s functions (many of which are not yet fully understood).14,16,21,22  

Also, enzymes present within biofilms have been shown to cause inactivation or 

degradation of antimicrobials.23,24 Bacterial cells within biofilms can be conferred these 

antimicrobial tolerances, even if the species is not genetically resistant to the treatment.22,25 

Cells that adopt these tolerances are known as persister cells, which are believed to be 

metabolically inactive and may make up about 1% of biofilm cell populations.1,25,26 

Research has shown that biofilms are inherently thousands of times more tolerant to 

antimicrobials than non-biofilm bacteria due to the described biofilm characteristics.1,22,27 

The pathogenesis of biofilms is compounded by the fact that biofilms can reprogram the 

immune response through interference with humoral immunity by secreting toxins to 

impair recognition and regulating the neutrophils and inflammatory response.  28–30 

Considering the innate characteristics described, it is no wonder that biofilms are 

notorious for their pathogenesis and recalcitrance. Pathogenic biofilms are estimated to be 

responsible for over 80% of all bacterial infections, with 99 000 annual associated 

deaths.6,31 Biofilm-producing pathogens like Staphylococcus aureus can cause virulent 

wound and soft tissue infections, which lead to over 80% of all limb amputations.6,31  These 

biofilms can colonize reusable medical devices, despite aggressive cleaning and 

disinfection practices leading to hospital-acquired infection (HAI) after patient use.21 

Medical implants of every type can also become infected and colonized by biofilms, 
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resulting in emergency implant removal, osteomyelitis, amputation, sepsis, and even 

death.6,31 These types of infections comprise 50% of HAIs. 

Antibiotic treatment is the standard of care for biofilms, though it has been well- 

established that this method alone exhibits limited effectiveness in many cases.32,33  

Aggressive, long-term exposure to high doses of antibiotics is standard, and it is not 

uncommon to combine multiple classes of antibiotics in the same regimen. Sometimes 

effective treatment requires both systemic and topical administration of antimicrobials to 

control and mitigate soft tissue infections.1,32,33  Infected or necrotic tissue often must be 

mechanically removed along with visible biofilm material, along with aggressive 

antimicrobial administration. Despite these clinical treatment methods, biofilms remain 

challenging to eradicate and exhibit high recurrence rates in patient populations.32  Biofilms 

continue to pose a significant challenge for patients, clinicians, and treatment centers, 

demonstrating a need to develop novel treatment strategies. 
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Figure 1. Five stages microbial biofilm life-cycle: I. Attachment: microbial cells reversibly 

adhere to the surfaces. II. Colonization: microbial cells irreversibly attach via flagella, pili, 

exopolysaccharides, etc. III. Development: cells multiply and accumulate in a multilayer 

fashion, and produce extracellular polymeric substances (EPS). IV. Mature: stable formation 

of a complex, 3D community. V. Active dispersal: microorganisms can be triggered to 

disseminate from the biofilm and return to a planktonic state. New biofilms can form from 

these cells, elsewhere. Open access reproduction from reference number 2. 
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Figure 2. The function of biofilm extracellular matrix. Biofilms exhibit multiple tolerances to 

different forms of anti-biofilm assault due to the functions and interactions of extracellular 

polymeric substances and other structural characteristics. Open access reproduction from 

reference number 2. 
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1.2 HYPERTHERMIA AGAINST PATHOGENIC BACTERIA AND BIOFILMS 

Infectious bacteria commonly thrive in moist environments between 33 and 

41°C.34,35 Under mild (T < 45°C) and ablative (T > 45°C) temperatures, over time, these 

pathogens experience changes like altered membrane integrity, decreased protein 

synthesis, inactivation, and eventual cell destruction.34,35 In human infection, we can see 

this methodology carried out physiologically through the onset of fever (hyperthermia). 

This hyperthermia, developed during microbial infection, is meant to mobilize the immune 

cells and other processes to impede pathogenic replication and reduce microbial counts.36–

38 In biofilms, hyperthermia has been shown to induce matrix fragmentation, cell viability 

reductions, morphological changes, and extracellular matrix (ECM) integrity alteration. 

However, biofilms are naturally more tolerant to hyperthermia than non-biofilm bacterial 

cells and have been shown to require high temperatures for prolonged periods to experience 

significant changes in morphology and viability.2,39,40  

Ambient hyperthermia is applied through a target structure’s environment via a 

temperature-controlled medium, like liquid or air. Research has demonstrated this non-

localized method can cause staphylococcal biofilms to develop a decreased elastic 

modulus, which may increase the efficacy of mechanical disruption. 41 Pavlosky et al. 

determined that an hour application of static, ambient 60°C heat could alter the cell 

viability, morphology, and mechanical properties of Staphylococcus epidermidis 

biofilms.41 A more recent study showed that, when exposed to hyperthermia, 

staphylococcal biofilms exhibit changes to adhesive properties, which are essential to 

biofilm persistence, when under shear stress.42 Clinically, biofilm matter can be 

challenging to eradicate, and research has described that persisting bacterial cells can 
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utilize and repopulate remaining biofilm material, leading to recurring infections.43 An 

advantage of hyperthermia for use in mitigation of bacterial biofilms is the potential toward 

damaging the biofilm structures and reducing biofilm material (biomass), in addition to 

bacterial cell kill (a combination which is not feasible with common antibiotics).  

In addition to its potential to mitigate bacterial infection, hyperthermia has also 

been shown to increase antimicrobial efficacy. Previously, hyperthermia had been 

demonstrated to increase the effectiveness of chemotherapeutic agents against cancerous 

cells and tumors, both in vitro and in vivo.44 These findings led to studies of whether similar 

effects could be identified with antimicrobial agents against pathogenic bacteria and 

biofilms. Ambient hyperthermia, which is applied non-locally through a temperature-

controlled medium,  has been evaluated for its potential to enhance antimicrobial potency 

against pathogenic bacteria and biofilms. One study examined the effects of daptomycin, 

fosfomycin, vancomycin, tigecycline, and cefamandole at 35, 40, and 45°C on clinical 

isolates of S. aureus biofilm.45  They found that the activity of the antimicrobials was 

significantly enhanced under hyperthermic conditions, especially at high concentrations, 

with daptomycin being the most effective.  Another study revealed that P. aeruginosa 

biofilm viability could be reduced after simultaneous exposure to ciprofloxacin, 

tobramycin, or erythromycin under ambient hyperthermic conditions of 60 °C for 5 min to 

70 °C for 1 min.46  

Though literature indicates hyperthermia’s great potential in mitigating pathogenic 

biofilms, one challenge in the clinical application of ambient heating is the lack of 

localization of heat to the structures. As described, these ambient heating methodologies 

require high temperatures, prolonged exposure duration, or both for biofilm to reach 
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effectual ablative temperatures. In a biological structure, this scenario can cause damage 

to host cells and tissues.47,48  A more focal hyperthermic modality could decrease the time 

needed to cause bacterial cellular ablation. Also, it is a known phenomenon that microbes 

can develop thermotolerance under the right conditions, mainly if ambient temperatures 

are sublethal (which may vary depending on the organism).49 On the other hand, it has been 

shown that higher ambient temperatures for more extended periods may induce 

thermotolerance if an abundant nutrient source is present.49 A more rapid, localized 

hyperthermic approach may limit the potential for thermotolerance.  

 

1.3 POLYMER NANOPARTICLES FOR FOCAL HYPERTHERMIA 

Nanoparticle photothermal ablation (NP-PTA) has recently emerged as a novel 

method for delivering focal hyperthermia.50 This modality employs nanoparticles 

synthesized from a wide array of materials capable of absorbing light, leading to heat 

generation for ablation of cells (Figure 3).50 This approach allows for heat-generating 

nanoparticles to settle in close-proximity (non-targeted) or to bind to (targeted) bacterial 

cells and biofilm matrix for a localized application of hyperthermia (Figure 4). When 

photothermally active materials absorb light, the material’s electrons are stimulated from 

the ground to excited states. During the nonradiative decay, the accumulated kinetic energy 

can be released out of the system as heat.50,51 When in nanoparticle form, these materials 

can exhibit enhanced optical properties that increase absorption and heat-generating 

efficiency and can be tuned for specific applications. 50,51  For clinical application, 

nanoparticles that absorb in the near-infrared (NIR) window (700-1100 nm) are ideal due 

to the absorption minima of tissues, which would limit damage from unintentional 
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heating.52 Further, the applicability of NIR has been established clinically by the use of  

laser therapy for a variety of diseases and conditions.53–56  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Pie chart showing the ratio of photothermally active nanoparticles (NPs) 

used for the temperature-induced bacteria and biofilm ablation.  Open access 

reproduction from reference number 50.  
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Figure 4. Schematic demonstrating a basic concept of near-infrared (NIR) nanoparticle 

mediated photothermal ablation (PTA). Aqueous nanoparticles made from 

photothermal materials are administered to target cells and irradiated with near-infrared 

(NIR) light. The nanoparticles convert light energy into heat energy and for focal 

hyperthermia of cells surfaces. Time-dependent exposure to hyperthermia results in 

alterations of cell function, damage to cell structure, and eventual cell death. 
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Though the different iterations of nanoparticles have demonstrated success for use 

in PTA studies, the wide varieties that have been synthesized for PTA each have presented 

their pros and cons.51,57,58 Some materials, like gold, exhibit excellent optical properties 

and NIR absorption but have shown a lack of biodegradability in vivo and instability after 

an initial NIR stimulation.51 Other materials, like silver, carbon, or palladium, have been 

used for PTA but exhibit low photostability or increased risks for biotoxicity.51,57,59 An 

ideal generation of photothermally active materials exists among organic polymers, which 

have been used extensively for fluorescence and energy production in optoelectrical and 

photovoltaic devices.60 Due to the need for more efficient and stable heat-generating 

materials for these devices, donor-acceptor (D-A) conjugated organic polymer 

nanoparticles were developed.61–63 These nanoparticles result from combining electron-

rich (donor) and electron-poor (acceptor) polymers to allow increased electrical 

conduction.60 Some of these polymers are utilized more for fluorescent capability, while 

others are employed for their photothermal suitability.64–66  

D-A nanoparticle constructs exhibit enhanced light absorption, photostability, and 

biocompatibility. The photothermal conversion efficiency (PCE) is also enhanced for 

photothermally active polymers, which allows for greater energy output from lower energy 

input (light stimulation).51,60 Also, the combination of conjugated fluorescing polymers 

with heat-generating polymers enable the creation of dynamic polymer nanoparticle 

constructs capable of both therapeutic and diagnostic (theranostic) application. In this case, 

experimental and clinical tracking can be enabled via conventional fluorescent imaging or 

in vivo imaging systems (IVIS). These characteristics make D-A conjugated polymer 

nanoparticles excellent contenders for use in NIR NP-PTA.51 Recently, our lab has indeed 
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demonstrated that polymers can be synthesized into such a construct using heat-generating 

poly[4,4-bis(2-ethylhexyl)-cyclopenta[2,1-b;3,4-b']dithiophene-2,6-diyl-alt−2,1,3-

benzoselenadiazole-4,7-diyl] (PCPDTBSe) and fluorescing poly(3-hexylthiophene-2,5 

diyl) (P3HT). We called these nanoparticles polymer dynamic organic theranostic spheres 

(PolyDOTS) due to their capability for NIR PTA of tissue cells and fluorescence. Herein,  

we evaluate whether a PolyDOTS formulation could be effectively utilized for 

photothermal ablation against pathogenic bacteria or biofilms, either alone or with 

antimicrobials. 

HYPOTHESIS 

We hypothesize that a formulation of donor-acceptor (D-A) conjugated polymer 

dynamic organic theranostic spheres (PolyDOTS) can be utilized for photothermal 

ablation (PTA) therapies to significantly reduce pathogenic bacteria populations, and 

alter biofilm structures, as compared to non-ablative controls. 
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CHAPTER 2 

DONOR-ACCEPTOR POLYDOTS FOR EFFICIENT HEAT GENERATION 

AND FLUORESCENCE 

2.1 ABSTRACT 

We have synthesized polymer dynamic organic theranostic spheres (PolyDOTS), 

made from donor-acceptor (D-A) conjugated organic PCPDTBSe (4,4- Bis(2-ethylhexyl)- 

2,6- bis(trimethylstannyl)- 4H- cyclopenta- [2,1-b;3,4-b’] dithiophene), and fluorescing 

polymer P3HT (poly-3-hexylthiophene). PolyDOTS demonstrate optimal absorbance in 

the near-infrared range (NIR) for efficient heat generation and fluorescence capability 

under visible light. Irradiation of PolyDOTS using 5 W/cm2, 800 nm, 60 second laser 

application revealed a photothermal conversion efficiency (PCE) of approximately 34%. 

Heat generation measurements showed that PolyDOTS demonstrate increasing 

temperature change (ΔT) at increasing concentrations per second of exposure. After 60 

seconds, there was a maximum ΔT of about 76°C at 475 µg/mL. The maximum 

temperature, averaged from each second of laser exposure through a subsequent 15 min 

cooling period, was approximately 57°C at 260 µg/mL. Fluorescence emission was 

confirmed from the P3HT component of PolyDOTS via fluorescence spectroscopy and 

confocal microscopy, enabling PolyDOTS utilization for tracking and detection. Combined 

with previous work demonstrating that the polymer components are biocompatible, we 

confirm that PolyDOTS are suitable for use in photothermal ablation (PTA) studies, both 

in vivo and in vitro. 

The manuscript for Chapters 2 - 5 of this dissertation is in preparation for submission.  
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2.2 INTRODUCTION 

Our group has focused on the synthesis of specialized semi-conducting polymer 

nanoparticles for use in NIR-PTA.67–69 In this study, synthesized PolyDOTS represent the 

first such nanoparticle formulation consisting of a 50/50 composition of donor-acceptor 

(D-A) conjugated organic PCPDTBSe (4,4- Bis(2-ethylhexyl)- 2,6- bis(trimethylstannyl)- 

4H- cyclopenta- [2,1-b;3,4-b’] dithiophene), and fluorescing polymer P3HT (poly-3-

hexylthiophene) (Figure 5).  PolyDOTS are tailored to optimally generate heat through 

absorption of incident light within the NIR since water absorbs the least amount of light 

within a spectral region of 700-1100 nm. Utilizing the NIR region in biological systems 

would limit unintended thermal damage to host cells and tissues.52 The fluorescent 

component would enable PolyDOTS to be utilized in imaging for detection and tracking 

under experimental conditions.  We have previously shown that the same polymers used 

for PolyDOTS formulation are non-cytotoxic and exhibit a unique ability to be repeatedly 

and consistently excited for heat generation.67,68 In this chapter, we investigate the 

photothermal conversion efficiency (PCE) and rapid heat-generating capacity of 

PolyDOTS to assess their suitability for PTA application against pathogenic bacteria and 

biofilms in the next chapters. 
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Figure 5. Aqueous donor-acceptor (D-A) organic polymer PCPDTBSe (A) fluorescent polymer 

P3HT (B), and their chemical structures. The two polymers were combined to create aqueous 

nanoparticle suspensions (C) of polymer dynamic organic theranostic spheres (PolyDOTS).  
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2.3 MATERIALS AND METHODS 

All reagents were purchased from commercial sources and used without further 

purification unless otherwise noted. 4H-Cyclopenta-[1,2-b:5,4-b’]-dithiophene and 4,7-

dibromo-2,1,3-benzoselenadiazole was purchased from TCI America. Pluronic F127 and 

poly-3-hexylthiophene (P3HT) were purchased from Sigma Aldrich. Tetrahydrofuran 

(THF) was purchased from Fisher Chemical Company. The 4,4-Bis(2-ethylhexyl)-2,6-

bis(trimethylstannyl)-4H-cyclopenta-[2,1-b;3,4-b’]dithiophene (PCPDTBSe) was 

synthesized according to established literature procedure.70 The 4,4-Bis(2-ethylhexyl)-2,6-

bis-(trimethylstannyl)-4H-cyclopenta [2,1-b;3,4-b’]-dithiophene (1.5 mmol) and 4,7-

dibromo-2,1,3-benzoselenadiazole (1 mmol) were dissolved in anhydrous toluene and 

stirred in the presence of Pd(PPh3)4 (2.5 mol %) at 110°C for 24 hours. The polymer was 

precipitated in methanol and collected by vacuum filtration. The solid was then transferred 

to a Soxhlet thimble and subjected to MeOH extraction, hexane, and chloroform. The high 

MW fraction of PCPDTBSe was collected by evaporating the chloroform fraction followed 

by precipitation in methanol.  

PolyDOTS Preparation 

A 50-50 formulation of the D-A conjugated polymer PCPDTBSe (0.5 mg) and the 

fluorescing polymer P3HT (0.5 mg) were dissolved in 1 ml tetrahydrofuran (THF). The 

polymer mixture was rapidly injected into 8 ml of water containing Pluronic F-127 (1 

mg/ml) under continuous horn sonication via a Branson Digital Sonifier using a microtip 

(20% amplitude, 110 secs). THF was evaporated overnight, and the nanoparticles were 

sterilized by autoclaving, followed by centrifugation (7500 rpm, 30 minutes) to remove 
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large aggregates. The supernatant was centrifuged again (14000 rpm, 4 hours) to pellet 

small PCPTDBSe-P3HT nanoparticles.  

PolyDOTS Characterization and Quantification 

PolyDOTS were lyophilized to obtain their mass and serially diluted with water to 

record their absorbance spectra at increasing concentrations via ultraviolet-visible (UV-

Vis) spectrophotometry (Mettler Toledo – NanoDrop). The absorbance measurements 

enabled the development of a concentration calibration curve following the absorbance at 

λmax = 754 nm (peak for PCPDTBSe) for each concentration. The emission spectrum of 

P3HT was captured under 450 nm excitation to provide a range to detect fluorescence via 

imaging techniques. Dynamic light scattering (DLS) and zeta potential were measured in 

water using a Malvern Instruments Zetasizer Nano-ZS90 light scattering instrument. 

Confocal laser scanning microscopy (CLSM) was performed to detect fluorescence of 

PolyDOTS using an Olympus FV1200. A cover-slipped slide containing 164 µg/mL of 

aqueous PolyDOTS was imaged using a 60x oil immersion objective (450 nm ex/570 nm 

em.). 

Determination of PolyDOTS Heating Profiles 

Photothermal conversion efficiency was determined following Roper’s method. 71 

To determine the PCE of BSe-P3HT NPs, a 3.9 ml of the NPs solution was taken in a quartz 

cuvette with a magnetic stirrer bar and sealed. A fiber optic thermocouple was inserted 

from the top to monitor the temperature every 30 secs. The solution was irradiated with an 

800 nm (1 W) laser until the solution reached a steady temperature and then shut off. The 

temperature was monitored until the solution reached ambient temperature. A similar 
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experiment was repeated with water. A determination of the heating profile of PolyDOTS 

using the desired experimental laser parameters was performed. Briefly, 200 µL each of 0-

700 µg/mL was aliquoted in triplicate into a 96-well plate. The temperature changes were 

measured under laser irradiation using a K-CubeTM continuous-wave diode laser (800 nm, 

5 W/cm2) which was applied for 60 sec per well. The temperatures of the solutions were 

measured continuously through the irradiation period until a cool-down period of 15 mins, 

using a Neoptix fiber optic thermocouple and thermometer. The maximum temperature 

changes were identified per concentration, and the average overall temperatures were 

approximated based on a starting temperature of  37°C. 

 

2.4 RESULTS 

Synthesized PolyDOTS absorption spectra demonstrated dual absorption peaks 

connected by an apparent shoulder, indicating hybrid nanoparticle formation (Figure 6). 

The heat-generating PCPDTBSe showed an absorption peak at 754 nm, which is in the 

near-infrared (NIR) range and is critical to minimizing non-specific tissue heating upon 

light irradiation.72 The fluorescing polymer P3HT showed an absorption peak at ~ 440 nm, 

well outside the excitation range of PCPDTBSe. The emission of P3HT was revealed to 

peak at λmax 570 nm (Figure 7A). CLSM analyses demonstrated that the 50/50 PolyDOTS 

exhibit fluorescence, as indicated by the green light emitted from the imaged structures 

(Figure 7B-C). The brightfield image, overlayed with the fluorescent channel, shows 

clusters of aggregated nanoparticles from which the P3HT fluorescence is emitted. 

Dynamic light scattering (DLS) analysis showed that the average hydrodynamic diameter 

of PolyDOTS in water was 86.2 nm (Figure 8A), with an average zeta potential of - 11.5 
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mV (Figure 8B). Determinations of aqueous nanoparticle concentrations, an absorbance-

concentration calibration curve was developed after measuring the absorption of 

PolyDOTS of known dilution and mass at 754 nm (λmax) (Figure 9A).  

The photothermal conversion efficiency (PCE) of PolyDOTS under 800 nm, 1 W 

continuous-wave laser, was approximately 34% in water (Figure 9B). The heat-generating 

capacity of PolyDOTS starting from room temperature was measured, while under 

continuous-wave 800 nm, 5 W/ cm2, 60 sec laser exposure, through a cooling period until 

initial temperatures were reached. PolyDOTS demonstrated increasing temperature change 

with increasing concentration (Figures 9C and 10). A maximum temperature change (ΔT) 

of  75.8°C  was observed at ~ 475 µg/mL of PolyDOTS.  The average temperature 

generated for each concentration, starting from 37°C, was calculated to determine the 

approximate heat exposure PolyDOTS would generate under experimental conditions 

(Table 1). A maximum average temperature of ~ 57.3°C was observed at ~ 260 µg/mL, 

with 700 µg/mL generating the same temperature. 

 

 

 

 

 

 

 

 

Figure 6. A) Absorbance spectra of PolyDOTS in water showing peak absorption of 

P3HT (red box) in the visible light range and PCPDTBSe in the NIR range (green 

box). 
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Figure 7. A) Fluorescence emission of P3HT under 450 nm excitation. Confocal 

microscopy of aqueous PolyDOTS showing fluorescence at 450 nm excitation / 550 

nm emission: B) Composite of brightfield and fluorescence channels and C) 

fluorescence channel only. Scale bar = 15 µm.  
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Figure 8. A) The average hydrodynamic radius of the nanoparticles in water as 

measured by DLS. B) Average zeta potential measurements of PolyDOTS via DLS 

indicative of surface charge. 
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Figure 9. A) Absorbance-concentration calibration curve of PolyDOTS in water based 

upon the absorbance at 754 nm (ʎmax). B) Photothermal conversion efficiency (PCE) 

of PolyDOTS under 800 nm, 1 W/cm2. C) Maximum temperature change (at 60 

seconds) of PolyDOTS under 5 W/cm2, 800 nm, laser irradiation. 
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Table 1. Maximum temperature change from room temperature at 60 seconds, and the 

calculated average temperatures starting from 37°C, over a 900 second cool-down period, for 

increasing concentrations of PolyDOTS irradiated with 5 W/cm2, 800 nm, 60 sec light.  

Figure 10. Temperature change of increasing concentrations of PolyDOTS under 5 W/cm2, 

800 nm, 60 sec laser exposure, through a 900 second cool-down period. 
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2.5 DISCUSSION 

We have demonstrated that polymer dynamic organic theranostic spheres 

(PolyDOTS) can be synthesized from a 50-50 combination of D-A conjugated PCPDTBSe 

and P3HT. PolyDOTS were shown to be capable of NIR light absorption for excellent heat 

generation and fluorescence under visible light stimulation. Spectroscopy elucidated these 

absorption ranges of the PCPDTBSe and P3HT components and the emission spectra of 

the P3HT, which enabled fluorescent imaging via confocal microscopy. Confocal imaging 

showed that the P3HT fluorescence of PolyDOTS could be visualized. Experimentally, 

PolyDOTS fluorescence may be used to identify the nanoparticles’ migration through 

biofilm matrix, association with bacterial cells, and quantification of PolyDOTS 

penetration through ECM. Clinically, the fluorescence of PolyDOTS has implications for 

real-time, in vivo fluorescent detection and tracking of biofilm infection. DLS analyses 

confirmed that PolyDOTS were 86.2 nm, within an acceptable size range to be considered 

nanoparticles (1 – 100 nm).  

Biofilm pore size can play an important role in the diffusion of nanoparticles 

through the ECM of biofilm.73,74 Nanoparticles can be more suited to diffusion through 

biofilm layers than many antimicrobial molecules. The pores created by the ECM network 

within biofilms have so far shown to vary in size depending on factors like biofilm species 

and thickness, depth, and fluid ionic strength.73,74 Though much remains to be learned 

about this feature of biofilms, it has shown to be one of the mechanisms of resistance 

against antimicrobials. Since the biofilm pore characteristics of S. aureus (especially the 

strain used in this study) have not yet been described, we cannot state how PolyDOTS may 
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diffuse through the biofilms. It would be worth studying the pore sizes of staphylococcal 

strains and PolyDOTS diffusion in future experimentation.  

Pore size is only one of many factors that can influence nanoparticle diffusion.73,74 

The charges of both the biofilm and its components (which can vary throughout a particular 

biofilm), as well as the nanoparticle itself, can change how the nanoparticles move and 

disperse throughout a biofilm.73,74 Biofilms tend to be more negatively charged due to 

their lipoteichoic acid, lipopolysaccharide, and other EPS components.75,76 Electrostatic 

interactions can allow positively charged nanoparticles to be pulled through biofilms more 

readily.76 Negatively charged nanoparticles may become more limited in movement and 

exhibit less accumulation in biofilms.73–75 DLS analysis was employed to measure the 

electrostatic potential between the boundary (slipping plane) of ions that move with 

PolyDOTS in solution and ions that move independently in solution.77 The electrostatic 

potential at the slipping plane is the indicator of PolyDOTS surface charge, which is key 

to nanoparticle interaction with biological membranes.78   

Zeta potential analysis revealed that PolyDOTS were negatively charged at (-) 11.5 

mV. Nanoparticles with a zeta potential outside the range of  −10 to +10 mV are more 

stable and less likely to break out of solution.77 Though the data indicate that PolyDOTS 

are stable, literature has shown that nanoparticles modified with positively charged 

coatings may be better able to diffuse through biofilms and more likely to accumulate near 

the bacterial cells within.73,74,76 Given that the electrostatic interactions between negatively 

charged biofilms and more positively charged nanoparticles may increase the efficacy of 

nanoparticle therapeutics, it would be sensible to evaluate stable PolyDOTS that have been 

modified to have positive surface charge.  

https://www.sciencedirect.com/topics/chemistry/lipoteichoic-acid


 

26 
 

The photothermal conversion efficiency (PCE) was revealed to be 34%, which is 

improved over some similarly functioning inorganic nanoparticles like those synthesized 

from metal materials, which can have PCEs much lower than PolyDOTS 51,79,80 Polymer 

materials used in solar cells that have been modified to incorporate nano-metals to improve 

efficiency, have been reported to exhibit PCE’s below that of PolyDOTS, with some lower 

than 5%.81–83 The PCE measurement indicates nanoparticle tendency to absorb incident 

light, impacting the available energy for heat conversion.84 More efficient nanoparticles 

can absorb penetrating NIR light deeper into tissues.85 Actual heat-generating capacity was 

measured separately using PolyDOTS NIR stimulation. It was shown to be significant, up 

to a maximum temperature change (ΔTmax) of about 76°C, at ~ 475 µg/mL of 800 nm, 5 

W/ cm2, 60 sec laser exposure. Determining the ΔTmax reveals the limitations of PolyDOTS 

heating at different concentrations under the chosen laser parameters. It is important to note 

that nanoparticle PTA produces incremental temperature changes over time, rather than a 

known, constantly maintained temperature.  

PolyDOTS ΔT were measured for each second of laser exposure through the 15 min 

cool-down period, which enabled calculations of the average amount of heat generation. 

From these data, we were able to approximate the average amount of heat applied in biofilm 

trials.  The calculated average temperatures starting from 37°C were shown to reach about 

57.3°C, at  ~ 260 µg/mL. Previously, our group examined the cell toxicity of the P3HT and 

PCPDTBSe nanoparticles, individually, which are the main components of PolyDOTS. 

Cells were grown in the presence of the two polymer nanoparticles and found to have no 

significant cytotoxic effect.67 Our previous findings, in conjunction with those of this study, 
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demonstrate that this formulation of PolyDOTS exhibits characteristics that make them 

ideal for use in photothermal ablation (PTA) studies against pathogens. 
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CHAPTER 3 

POLYDOTS FOR PHOTOTHERMAL ABLATION OF PATHOGENIC 

BACTERIA AND BIOFILMS 

 

3.1 ABSTRACT  

Hyperthermia through nanoparticle photothermal ablation (PTA) has been examined 

as a potential therapeutic agent in the fight against pathogenic biofilms. It has yet to be 

elucidated whether more efficient heat-generating and donor-acceptor conjugated polymer 

nanoparticles can be utilized to mitigate pathogenic biofilms. We have previously 

synthesized such nanoparticles called polymer dynamic organic theranostic spheres 

(PolyDOTS), capable of efficient heat-generation for near-infrared (NIR) PTA. Here we 

challenged pathogenic bacteria and biofilms with PolyDOTS under 5 W/cm2, 800 nm, 60 

second light. We show that PolyDOTS NIR-PTA generates mild to ablative focal 

hyperthermia, between 39.4 and 57.3°C, which can eradicate planktonic populations of S. 

aureus and S. pyogenes. Further, we offer that S. aureus biofilm viability can be reduced 

by greater than 4- log with PolyDOTS NIR-PTA under the stated increased temperatures. 

Microscopy and biomass analyses indicated a significant loss of biofilm material with 

PolyDOTS PTA treatment and remarkable structural and morphological changes to the 

extracellular matrices (ECM). 

 

3.2 INTRODUCTION 

Literature has shown that mild (T < 45°C) and ablative (T > 45°C) hyperthermia 

can alter the membrane integrity, cause cellular inactivation and induce cell death in 

bacterial populations.35 In biofilms, hyperthermia has been shown to cause reductions in 
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cell viability, as well as morphological changes to the extracellular matrix (ECM) that may 

impact biofilm integrity.35 The innate tolerance of biofilms to heat has required the use of 

increased hyperthermic temperatures for prolonged exposure times to yield significant 

ablative effects.39,40,42  A more focal hyperthermic approach where biofilms receive more 

direct surface heating could increase efficacy while decreasing exposure time. We have 

previously synthesized a formulation of donor-acceptor polymer dynamic organic 

theranostic spheres (PolyDOTS), capable of NIR photothermal generation and 

fluorescence, for focal hyperthermic treatment and tracking of cancer cells.67 Here, we 

expand the application of PolyDOTS for the treatment of infectious bacteria and biofilms, 

with a new formulation consisting of  PCPDTBSe and fluorescing polymer P3HT.  

PolyDOTS are the first polymeric theranostic to be used for NIR-PTA of pathogens. We 

investigate PolyDOTS NIR-PTA efficacy to mitigate S. aureus bacteria and biofilm 

populations and alter biofilm structure.  

 

3.3 MATERIALS AND METHODS 

Planktonic and Biofilm Cultures 

Gram-positive S. aureus (ATCC 25923) cultures were begun from inoculations of agar 

colonies of the bacteria into tryptic soy broth (TSB). Gram-positive S. pyogenes (ATCC 

BAA-947) cultures were begun similarly to that of S. aureus, except brain heart infusion 

(BHI) broth was the growth medium. Inoculations were incubated at 37oC for 18 – 24 hours 

while shaking at 160 RPMs. After incubation, the cultures were centrifuged at 3000 – 3500 

rpm for 10 - 15 minutes and re-suspended in sterile water. Planktonic working stock 

suspensions of approximately 0.2 optical density at 600 nm (OD600), equivalent to 107 
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colony-forming units per milliliter (CFU/mL), were created by diluting the cultures in 

sterile water. Aliquots of the 0.2 OD600 cultures were delivered in 750 µL volumes into 15 

mL conical tubes and labeled according to each PolyDOTS concentration to be 

administered. The conical tubes containing planktonic culture were pelleted via 

centrifugation, and the supernatants were carefully removed. Removal of supernatants 

limited substantial dilution of PolyDOTS suspensions and allowed for direct administration 

onto bacterial cells.  

Biofilms were started from planktonic S. aureus overnight cultures in TSB, 

supplemented with 10% filtered, apheresis-derived pooled human plasma (HP) in Na 

heparin anticoagulant (Innovative Research). The human plasma has been previously 

determined to make in vitro biofilms more surface adherent and more clinically similar86,87. 

Heparin has been found to aid and improve biofilm establishment in S. aureus strains and 

thus was the anticoagulant of choice for the plasma utilized in this study.88,89 Bacterial 

TSB-HP suspensions were inoculated into 48- well tissue culture plates that had been 

previously coated with HP (20% in 100 mM sodium bicarbonate, for 24-hours at 4°C), 

similarly to a previously described protocol.86,87 All samples were incubated in a static 

37oC incubator for 24 hours to allow the formation of robust surface-adhered biofilms.  

PolyDOTS NIR-PTA Treatment 

Planktonic. PolyDOTS of increasing concentrations (0 – 50 µg/mL) in 750 µL 

volumes were added to the pelleted planktonic S. aureus and S. pyogenes aliquots and re-

suspended. After thorough mixing, 250 µL of each suspension was added to a 48-well 

tissue culture plate in triplicate. The suspensions were incubated at 37oC, shaking at 60 

rpm, for an hour to allow the association of the PolyDOTS with bacterial cells. Immediately 
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afterward, appropriate groups were exposed to 5 W/cm2, 800 nm light for 60 sec, in excess 

of aqueous PolyDOTS. Samples were kept in a 37oC static incubator during treatment to 

mimic normothermic body temperature. Laser-free control groups received no laser 

irradiation but remained under the same incubation for the same amount of time as 

irradiated samples.  

Biofilms. After biofilms were formed, growth media was removed, and biofilms were 

washed 3x with sterile water. Subsequently, 250 µL of PolyDOTS of increasing 

concentrations (50 – 700 µg/mL) or sterile water for zero controls were added onto biofilms 

in the 48- well plates. All samples were incubated while gently shaking for 1 hour, as 

previously described. Immediately afterward, biofilms were irradiated in excess of aqueous 

PolyDOTS as described above. PolyDOTS solutions were removed, and biofilms were 

carefully washed with water 3x to remove the remaining PolyDOTS solution. 

Bacterial Viability Determinations 

Planktonic. Bacterial viability was determined by first creating 1:10 microplate serial 

dilutions of each sample in sterile water. Briefly, the drop plate method was performed by 

inoculating 10 µL of each serial dilution onto TSB agar plates in triplicate. 90 Agar plates 

were incubated at 37oC for 18 – 24 hours. Colonies were counted only on the dilution plates 

yielding colony numbers in the countable range (3 – 30 colonies per inoculation spot).90 

The colony-forming units (CFU/ mL) were calculated. 

Biofilm. CFU/ mL data was obtained on biofilms by collecting samples from the wells 

and the individual bacterial cells disaggregated from any existing biofilm polysaccharide 

matrix. Briefly, sterile water was added to washed biofilms following treatments. They 

were then vigorously pipetted, and the wells scraped using a sterile pipette tip. Samples 



 

32 
 

were then aspirated and aliquoted into labeled sterile Rino® homogenization tubes 

containing three sterile stainless steel beads and homogenized via a Bullet Blender (Next 

Advance) for 1 minute, on speed 6, at 4 oC. Serial dilutions and CFU/mL determinations 

were carried out as described previously.  

Confocal Laser Scanning Microscopy (CLSM)  

Biofilms were prepared as stated above in 8-well chambered glass coverslips for 

confocal laser scanning microscopy (CLSM) after PolyDOTS PTA. Viability. After 

treatment, biofilms were stained with the FilmTracer™ LIVE/DEAD® Biofilm Viability 

Kit (Invitrogen™) according to the manufacturer’s instructions. Briefly, 3 µL of SYTO 9 

(485 ex ⁄ 498 em) and 3 μL of PI (535 ex  ⁄ 617 em) stain were added to each 1 mL of filter-

sterilized water. After gently washing biofilms three times in sterile water, 250 µL of the 

stain mixture was added. The samples were then incubated for 20 minutes in the dark, at 

room temperature. Biofilms were then washed gently to remove excess stain, and 250 µL 

of sterile water was added for imaging.  

Biomass and ECM. To visualize the polysaccharide content of biofilms via CLSM, 

they were stained with wheat germ agglutinin (WGA) 555 (InvitrogenTM) fluorophore (555 

ex / 565 em) according to the manufacturer instructions. Briefly, 5 µg/mL WGA conjugates 

were diluted in Hanks balanced salt solution (HBSS) and incubated with PolyDOTS PTA-

treated or control biofilms for 10 minutes, at 37°C, in the dark. The stain was removed, and 

the biofilms were gently washed before adding 250 µL of sterile water for imaging.  

Biofilms were visualized using an Olympus FV1200 spectral laser scanning confocal 

microscope (Olympus IX83 inverted platform) with a 20x objective. Z-stack images were 
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acquired and used to create 3D renderings of the biofilm samples and enable COMSTAT 

and relative fluorescence units (RFUs) measurements. 

COMSTAT is a non-statistical tool that analyzes biofilm confocal image stacks.91,92  

RFUs were determined by measuring the integrated densities (IntDent) of the channels 

of the confocal stacks. Percent red (dead) signal in LIVE/DEAD stacks was calculated by 

dividing the content of the red channels multiplied by 100 by the combined IntDent of both 

red and green channels (Figure 11). The percent decrease in RFUs of WGA in treated 

groups vs. untreated controls was calculated to evaluate a loss of polysaccharide content in 

biofilms. COMSTAT analysis for biomass and thickness was performed on the 

LIVE/DEAD Z-stacks using the COMSTAT 2.1 software plug-in for Image-J. All stacks 

were thresholded for COMSTAT analyses using the Otsu method.93 

 

 

 

 

Scanning Electron Microscopy (SEM) 

Biofilms were grown, treated, and washed as described above on glass slides to enable 

SEM imaging. Samples were fixed with 10% glutaraldehyde for two hours, washed in 

water, and then air-dried for at least 6 hours under a fume hood.94 Slides were mounted on 

SEM stubs, sputter-coated with silver, and imaged (ZEISS, GeminiSEM 300) at 10k 

magnification. 

 

 

Figure 11. Equation for percent red signal of LIVE/DEAD confocal Z-stack images. 
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Statistical Analysis 

Two-way ANOVA and Tukey honest significance difference (HSD) were performed 

appropriately on all bacteria and biofilm PTA experiments. The confidence interval was 

considered at 95% and a p-value of less than 0.05 for significance. All statistical analyses 

were performed in RStudio version 1.4.1106. 

3.4 RESULTS 

Bacterial Viability via Colony-Forming Unit Determinations 

PolyDOTS were first used to generate heat, under 800 nm, 5 W/ cm2, 60 sec laser 

exposure, for in vitro photothermal ablation (PTA) of planktonic S. pyogenes and S. aureus 

cells, as well as S. aureus biofilms. The ideal significance for reducing bacterial density is 

widely accepted to be ≥ 3-log (99.9%) and is also the case in this study. 95–97  PolyDOTS 

PTA demonstrated a statistically significant near 2- fold decrease in bacterial viability of 

planktonic S. aureus, at the lowest concentration of ~ 15 µg/mL, 43.7°C average focal heat 

exposure (Figure 12A). Eradication of planktonic S. aureus cells was achieved at the 

second-lowest concentration of 25 µg/mL, 47.0°C average focal heat exposure. Cultures 

that received PolyDOTS without laser irradiation did not demonstrate a statistically 

significant change in viability. 

PTA of S. pyogenes resulted in a more pronounced effect, with eradication occurring 

at the lowest PolyDOTS PTA concentration of 15 µg/mL (Figure 12B). These results 

suggest an innate heat tolerance of S. aureus and possible sensitivity of S. pyogenes. 

Planktonic S. pyogenes cultures that received PolyDOTS in the absence of laser also did 

not exhibit reductions in viability, indicating a lack of antimicrobial activity of PolyDOTS 
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at low concentration. Conversely, for S. pyogenes, there was a statistically significant 

increase in laser-only and PolyDOTS-only biofilms’ bacterial viability, with no difference 

between concentrations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. A) Bacterial viability in CFU/mL of planktonic S. aureus and B) S. pyogenes (GAS) 

after exposure to increasing concentrations of PolyDOTS, and 5W, 800 nm, NIR irradiation for 

60 sec. Errors bars represent standard deviation. (*) represents significant difference from 

untreated zero. (**) represents significant difference from laser-only zero. 
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Clinical infections very often present in biofilm form, and thus planktonic 

mitigation alone is not a sufficient measure of PolyDOTS PTA efficacy against pathogenic 

bacteria. S. aureus biofilms were challenged with PolyDOTS PTA treatment initially using 

the same concentrations as planktonic cells, but they were not effective. Biofilms were 

further challenged with higher concentrations (50 – 700 µg/mL), and therefore higher 

average temperatures (50.6 – 57.3°C) of PolyDOTS PTA (Figure 13). Results showed a 

significant decrease in viability with the application of PolyDOTS PTA.  PTA treatment 

with ~ 50 µg/mL yielded a statistically significant but less than 1- log (0.85) reduction 

compared to the untreated control. PolyDOTS concentrations of ~ 100 µg/mL, equivalent 

to 55.1 °C focal heat exposure, resulted in a 2.3- log decrease in bacterial viability. S. 

aureus biofilms exposed to ~ 260 – 700 µg/mL PolyDOTS PTA, corresponding to 56.4 – 

57.3°C, resulted in 3.7- to 4.4- log decreases. As mentioned, the highest concentrations 

resulted in similar average temperatures, which unsurprisingly resulted in similar bacterial 

viability reductions. There was no statistical difference in viability reduction between the 

three highest concentrations. Biofilms that received 50 – 475 µg/mL PolyDOTS in the 

absence of laser exposure did not exhibit viability changes. However, at 700 µg/mL, the 

highest concentration tested, a statistically significant decrease in bacterial viability yielded 

the same effectiveness as 50 µg/mL PTA.  
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Confirmation of biofilm bacterial viability via LIVE/DEAD staining and the 

confocal z-stack acquisition was evaluated. The green signal from the Syto 9 stain indicated 

living bacterial cells, and the red signal from propidium iodide (PI) indicated dead cells. A 

lack of signal (shown as black) meant space or holes within the biofilm (Figures 14 and 

15). The relative fluorescence units (RFU) were measured from the confocal stacks, and 

the percent red (dead) signal was determined (Figure 16A). Results showed that S. aureus 

biofilms treated with PolyDOTS PTA exhibited significant increases in the dead signal 

compared to the zero controls.   Biofilms treated with 100 µg/mL PTA resulted in 49.4% 

Figure 13. Biofilm bacterial viability of S. aureus biofilms after exposure to increasing 

concentrations of PolyDOTS, and the same light exposure. Errors bars represent standard 

deviation. (*) represents significant difference from untreated control. (***) represents 

significant difference from both zero controls. ns = these not significantly different from each 

other. 
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dead signal, while 700 µg/mL resulted in about 46.5%. Visual inspection of 3D – rendered 

z-stacks showed obvious changes in the spatial distribution of the PolyDOTS PTA-treated 

biofilms. At the highest PTA, increases in collections of space between clusters of biofilm 

were apparent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. LIVE/DEAD confocal 3D images of 0, 100 and 700 µg/mL PolyDOTS, laser treated 

groups. Yellow arrows indicate gaps or holes created within biofilm structures after PolyDOTS 

PTA. 1) Live (green) and dead (red) channels 2) composite LIVE/DEAD 3D surface images 3) 

volumetric views of surface images. The x- and y- axis of the volumetric images are 0 to 550 

microns. The z scale is 0 - 400. Scale bar = 50 µm.  
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Figure 15. LIVE/DEAD confocal 3D images of 0, 100 and 700 µg/mL PolyDOTS, non-lasered 

biofilms. 1) Live (green) and dead (red) channels 2) composite LIVE/DEAD 3D surface images 

3) volumetric views of surface images. The x- and y- axis of the volumetric images are 0 to 

550 microns. The z- scale is 0 - 400. Scale bar = 50 µm. 
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Figure 16. A) Percent red (dead) signal measurements of LIVE/DEAD confocal 3D images. 

B) COMSTAT biomass analysis. Errors bars represent standard deviation. (***) represents 

significant difference from both zero controls, “S” represents significant difference between 

these groups. 
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COMSTAT biomass analysis of LIVE/DEAD images (Figure 16 B) showed that 

biofilms that received 700 µg/mL PolyDOTS PTA resulted in significantly decreased 

biomass compared to zero controls. Though there were differences in viability based on 

CFU quantification and confocal analyses after 100 µg/mL PTA, the biomass did not 

indicate significant changes at this concentration. Wheat germ agglutinin (WGA) staining 

allowed for confocal imaging of polysaccharide content. WGA confocal analysis enabled 

RFU measurements for treated biofilm to assess changes to the overall polysaccharide 

content (Figures 17A-B). Unexpectedly, RFU data showed no significant differences in the 

polysaccharide content of any experimental group. Statistical analyses revealed no 

interaction effect between the application of laser exposure and the concentration of the 

PolyDOTS administered to biofilms. 
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A 

Figure 17. A) Wheat germ agglutinin (WGA) polysaccharide-stained 3D surface images of 0, 

100 and 700 µg/mL PolyDOTS treated biofilms. Scale bar = 50 µm. B) Relative fluorescence 

units (RFU) of WGA confocal images. Error bars represent standard deviation. 
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Scanning electron microscopy confirmed that PolyDOTS PTA induced morphological 

changes to biofilms, some of which have not been previously described (Figure 18). Both 

untreated and laser-only control biofilms showed well-distributed clusters of clearly visible 

bacterial cells and appeared rough and multi-layered in appearance. After treatment with 

PolyDOTS PTA, biofilms appeared strikingly smooth and condensed. The biofilms also 

did not show multi-layered clusters of bacterial cells, as was seen in the non-lasered groups, 

but did reveal that there was still some depth to the structures and evidence of 

fragmentation. When the quantitative and confocal viability analyses are considered, the 

SEM results suggest that the biofilm ECM coalesced and enveloped bacterial cells after 

treatment while losing some biofilm material during the process at higher concentrations.  
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3.5 Discussion 

These data show that PolyDOTS PTA treatment can eradicate bacterial cells and that 

the treatment can be employed against S. aureus biofilms to decrease bacterial viability 

significantly. CFU quantification of planktonic bacteria did not indicate that PolyDOTS in 

the absence of laser stimulation exhibit antimicrobial properties at low concentrations in 

this strain. The administration of laser-only to biofilms resulted in significant increases in 

Figure 18. Scanning electron microscopy (SEM) images at 10k magnification. A) 

Untreated, B) laser only, C) 100 and D) 475 µg/mL PolyDOTS PTA biofilms. Yellow 

arrows = characteristic depth of the altered biofilm matrix. White arrows = fragmented 

biofilm matrix. Scale bar = 10 µm 
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viability in S. pyogenes. The laser-only application caused a temperature increase to 39.4C, 

which is within the growth and survival range of such a common pathogen (as mentioned 

earlier). This mild spike in temperature was likely enough to trigger the growth stage of S. 

pyogenes. PolyDOTS-only administration also resulted in consistently significant 

increases in the viability of S. pyogenes across concentrations, likely due to a hormetic 

effect. The hormetic phenomenon can be observed in bacterial (and tissue) cells where a 

low-dose therapeutic or toxin stimulates growth.98–101  

Interestingly, S. aureus biofilms treated with 700 µg/mL of PolyDOTS-alone resulted 

in a statistically significant antimicrobial effect of unidentified mechanism against S. 

aureus biofilms. It has been reported in the literature that nanoparticles can induce the 

production of reactive oxygen species (ROS), which can lead to impaired redox 

homeostasis and severe oxidative stress that is toxic to cells.102–105 Nanoparticle generated 

ROS production in literature is limited mainly to intrinsic properties of metal nanoparticles 

or polymer nanoparticles that have been exposed to light stimulation. 102–105 It is unclear 

whether polymer nanoparticles like the ones used herein can produce ROS in the absence 

of light stimulation. The interaction of PolyDOTS with bacteria and biofilm populations 

was not characterized, so it is unknown whether high concentrations of PolyDOTS may 

induce a chemical interaction. Investigation into the mechanism of PolyDOTS toxicity at 

high concentrations would be valuable. 

According to the percent of dead signal, the LIVE/DEAD analysis confirmed a 

significant increase in biofilms’ dead cells. The dead signal, in this case, depends on the 

ability of propidium iodide (PI) to permeate bacterial cell membranes to stain nucleic 

acids.106 However, PI can only cross the bacterial membrane if it becomes compromised. 
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It is employed along  with a universal nucleic acid stain (in this case Syto 9) that can cross 

intact bacterial membranes.106,107  

It is necessary to understand that while CFU determinations provide a quantifiable 

measure of how many bacterial cells remained cultivable after treatment, LIVE/DEAD 

staining provides a measure of the remaining living cells but no information about whether 

those living cells can still replicate. It must be noted that processes governing bacterial cell 

replication are internal and can become deactivated independently of immediate injury to 

the cell membrane. There is precedence in the literature pertaining to LIVE/DEAD 

staining, where bacterial cells can remain impermeable to PI (dead) stain for hours or days 

after viability (culturability) is lost.108  These types of bacterial cells have been termed 

cadaver cells, as it takes long periods before they display the necessary membrane damage 

that would allow PI stain to permeate.109,110 In the case of the delayed permeability effect, 

there can be a discrepancy between different viability measures, like those performed 

herein.  

A study where Salmonella enterica serovar Typhimurium cells were exposed to UVA 

light resulted in immediate inactivation and depletion of cellular processes and a loss of 

culturability after 24 hours. Nevertheless, cells remained structurally intact and 

impermeable to PI stain after 48 hours.111 Another study where E. coli was exposed to 

UVA light caused a stepwise deterioration, where twice the dosage was required for PI 

stain permeability.108,112 It is possible that PolyDOTS PTA treatment also inactivated 

bacterial cells within some biofilms without immediate significant damage to the cell 

membranes. This scenario, which would yield higher green (live) or lower red (dead) signal 
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than might be expected, could explain why there was no dramatic increase in dead cells, as 

was evident in CFU quantification.  

COMSTAT analyses showed a significant decrease in the biomass of biofilms treated 

with 700 µg/mL PolyDOTS PTA.  The reduction in biomass may have caused the 

statistical, albeit slight, difference in viability between PTA concentrations in the 

LIVE/DEAD analyses; there were likely fewer cells present to pick-up the dead stain in 

that group. Though WGA confocal analysis indicated slightly less polysaccharide after the 

laser is applied (both with and without the presence of PolyDOTS), surprisingly, there was 

no significant difference in polysaccharide content compared to non-lasered biofilms. 

Statistically and graphically, there was no indication of an interaction between laser and 

PolyDOTS concentration to lower biofilm polysaccharide content. The trends of slight 

decreases observed with and without laser application were similar between each 

concentration, but the baseline polysaccharide content began at a lower point than non-

lasered biofilms.  

It would be expected that, since COMSTAT analyses indicated a loss of biomass at 

high concentration, polysaccharides would also decrease. Though the reason for this 

discrepancy was not elucidated in this study, a potential explanation could be that the loss 

of biomass might have had more to do with a loss of bacterial cells than polysaccharide 

matrix. The biofilms’ average temperature exposure in the confocal experiments was 

39.4C, 55.1, and 56.4°C for laser-only, 100, and 700 µg/mL PolyDOTS PTA. Literature 

has indicated that these temperatures would not be enough to decrease polysaccharide 

content when hyperthermia is applied ambiently.41 However, literature on the effects of 

focal heat (within the range generated by PolyDOTS) on biofilm polysaccharide content is 
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minimal. Morphological analyses via SEM suggest that biofilms subjected to the 60 second 

NIR exposure (and subsequent cooling) undergo significant structural changes. The 

appearance of the biofilms suggested that the focal treatment may have triggered a melting 

and solidifying process, similar to what happens with melted sugar or caramelization 

(though this was not experimentally confirmed). Biofilm viability data showed that 

bacterial cells were still present after these apparent changes but were not as visible on 

SEM. The data suggests that the PolyDOTS PTA treatment also changed the envelopment 

of bacterial cells by ECM. It is unknown how the physical alterations may have affected 

the mechanical stability of the biofilms. Elucidation of these effects would be a vital future 

investigation. In conclusion, this study’s results indicate that rapid, focal hyperthermia via 

PolyDOTS NIR PTA delivery can significantly decrease both planktonic and biofilm 

bacterial populations while impacting overall biomass and severely altering biofilm 

structural integrity.   
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CHAPTER 4 

COMBINATION POLYDOTS PHOTOTHERMAL ABLATION AND 

ANTIBIOTIC TREATMENT AGAINST BIOFILM 

 

4.1 ABSTRACT  

Biofilm-producing pathogens, like S. aureus, commonly cause wound and soft 

tissue infections and are notorious for their hardiness against antimicrobials. It has been 

shown that administration of heated antimicrobials can result in increased antimicrobial 

efficacy. Here we investigate whether heating by way of near-infrared photothermal 

ablation (NIR-PTA), via our synthesized polymer dynamic organic theranostic spheres 

(PolyDOTS) and combined antibiotic treatment, can mitigate S. aureus biofilms. Our 

PolyDOTS under NIR stimulation have demonstrated efficacy toward significantly 

reducing S. aureus biofilm bacterial viability, using concentrations leading up to an average 

of 57.3°C. We challenged S. aureus biofilms with different combinations of the lowest 

effective (1- log) dose of clindamycin and PolyDOTS NIR-PTA treatments. We show that 

simultaneous combination treatment results in improved antibiotic efficacy against S. 

aureus biofilms, demonstrating that polymer nanoparticle-mediated hyperthermia may 

help overcome innate biofilm antimicrobial tolerance. 
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4.2 INTRODUCTION 

Pathogenic biofilms are notorious for their tolerance to antimicrobials, 

demonstrating recalcitrance and persistence in wound and soft tissue infections. 1,113,114 

Literature has shown that biofilms like Staphylococcus aureus can be up to 1000 times 

more tolerant to treatment than non-biofilm bacteria.75 These hardy biofilms have also 

exhibited innate thermotolerance to hyperthermia applied ambiently (via a non-localized, 

temperature-controlled medium). 1,19,20,115 Standard clinical approaches such as mechanical 

removal of visible biofilm material and necrotic tissue, and aggressive antimicrobial 

administration, can be insufficient toward mitigating infection.32 Time-dependent ambient 

hyperthermia has been demonstrated to increase antibiotic efficacy against biofilms at high 

concentrations.35 We have previously shown that rapid, focal hyperthermia mediated by 

PolyDOTS photothermal ablation (PTA) can significantly reduce biofilm bacterial 

viability. Clindamycin, a lincosamide antibiotic, is commonly used against S. aureus 

infections when penicillin is contraindicated.116,117 Despite broad usage, research has 

shown that biofilm penetration by clindamycin and other antibiotics can be limited, leading 

to decreases in efficacy and increases in biofilm enhancement effects.118 Here, we 

investigate biofilm treatment using PolyDOTS PTA hyperthermia combined with 

clindamycin antibiotic to reduce biofilm viability. 
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4.3 MATERIALS AND METHODS 

Clindamycin Minimal Biofilm Eradication Concentration (MBEC) Against S. aureus 

Biofilms  

The MBEC was performed similarly to the previously described Chapter 3 protocol 

based on NCCLS standards.119 Clindamycin (Sigma) was diluted in sterile cation adjusted 

Mueller Hinton broth (CAMHB- Millipore Sigma) for a stock concentration of 8,192 

µg/mL (Clinda-8+), and serial dilutions from this stock were prepared down to a final 

concentration of 128 µg/mL. Biofilms were established and washed as previously 

described, and then 500 µL of each clindamycin concentration, or CAMHB, only was 

administered to biofilms. All biofilms samples were incubated statically for 24 hours, at 37 

oC. In this study, MBEC was considered the lowest clindamycin concentration that 

eradicates biofilm bacterial viability by a standard 3- log (99.9% reduction).95–97 

Additionally, a limited effect concentration was designated to be the lowest concentration 

to decrease biofilm bacterial viability by at least 1.0- log – a 90% reduction (MBEC- 90). 

This limited effective dose was chosen to evaluate in combination with 100 µg/mL 

PolyDOTS PTA in this study. 

Combination Clindamycin and PolyDOTS NIR-PTA  

Biofilms were prepared and gently washed as described in Chapter 3. The limited 

effective clindamycin dose and similarly effective PolyDOTS concentration were 

delivered in three combinations of either A) simultaneous treatment, B) a concurrent 

treatment, or C) consecutive treatment (Figure 19). In treatment A), biofilms received 

MBEC- 91.5 clindamycin plus 100 µg/mL PolyDOTS PTA (PD-100) by gently adding a 

1:1 mixture of the previously described Clinda-8+ stock, and 200 µg/mL PolyDOTS, for a 
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total volume of 500 uL. Biofilms were irradiated with 5 W/ cm2, 800 nm, for 60 sec, while 

kept at 37 oC in a static incubator and then incubated for 24-hours. Treatment B) was first 

administered by adding 500 µL of MBEC- 91.5 onto biofilms and incubating for 24-hours, 

at 37 oC. After the incubation period, 250 µL of the MBEC- 91.5 solution was gently 

removed, and 250 µL of 200 µg/mL PolyDOTS was added back - creating a 100 µg/mL 

PolyDOTS dose. Biofilms were exposed to the same laser irradiation as mentioned. 

Treatment C) was begun by adding 500 µL of PD- 100 and performing laser irradiation. 

Immediately afterward, 250 µL was gently removed, and 250 µL of Clinda-8+ stock was 

added to create the MBEC- 91.5 concentration. Samples were then incubated for 24-hours, 

as previously described. All biofilms were incubated for 1 hour at 37 oC, while gently 

shaking at 60 rpm, following the initial PolyDOTS administration step. Controls for A), 

B), or C) included biofilms that received either CAMHB, PolyDOTS in CAMHB, or 

MBEC- 91.5 only, with and without laser irradiation. 

 

 

 

 

 

 

 

 

 

 

Figure 19. Diagram showing the three treatment groups of combination clindamycin 

and PolyDOTS administration. All groups were analyzed quantitatively for colony 

forming units per milliliter (CFU/mL). All samples in each group were incubated for 

1- hour, at 37°C immediately after PolyDOTS administration steps. 
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Scanning Electron Microscopy (SEM) 

SEM imaging was performed on biofilms exposed to treatment combinations to assess 

whether biofilms would respond differently morphologically. Biofilms were grown, 

administered combination treatments, and washed as previously described on glass slides 

to enable SEM imaging. Samples were fixed with 10% glutaraldehyde for two hours, 

washed in water, and then air-dried for at least 6 hours under a fume hood.94 Slides were 

mounted on SEM stubs, sputter-coated with silver, and imaged (ZEISS GeminiSEM 300) 

at 10k magnification. 

Statistical Analysis 

Combination treatment experiments were analyzed using one-way ANOVA and 

Tukey HSD with multiple means comparisons. The confidence interval was considered at 

95% and a p-value of less than 0.05 for significance. All statistical analyses were 

performed in RStudio version 1.4.1106. 

 

4.4 RESULTS 

Clindamycin Minimal Biofilm Eradication Concentration (MBEC) Against S. 

Aureus Biofilms 

The limited effective dose of clindamycin was chosen to use in combination the 2.3- 

log effective 100 µg/mL PolyDOTS PTA (PD-100), which corresponds to 55.1°C focal 

heat exposure, against S. aureus biofilms. The minimal biofilm eradication concentration 

(MBEC) has been previously developed to determine biofilm antimicrobial susceptibility 

by quantifying viability reductions after treatment. Biofilms exposed to 0 – 8192 µg/mL 

clindamycin over 24-hours demonstrated that a significant reduction (at least 3- log) was 
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not attainable by the highest concentration (Table 2). As mentioned previously, a standard 

of ideal significance for antibiotic efficacy reduces at least 3- log (99.9%).  

A limited effective reduction was not reached until 4096 µg/mL (considered a high 

dose) exposure, which resulted in a 1.1- log (~ 91.5%) effective reduction, as compared to 

untreated controls (MBEC- 91.5). S. aureus biofilms showed a maximum decrease in 

viability by 2.3- log compared to untreated controls. Below these concentrations, 

clindamycin was ineffective at lowering bacterial viability in S. aureus biofilms. Due to 

experimental limitations and the fact that a limited effective concentration was identified, 

we did not evaluate other concentrations to obtain a 3- log effective dose.  

 

 

 

 

 

 

 

 

 

 

Table 2. Minimal biofilm eradication concentration (MBEC) of clindamycin against S. 

aureus biofilms. 
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Combination MBEC-91.5 Clindamycin and PolyDOTS-PTA Significantly Decrease 

Biofilm Viability. 

Treatment using both PD1-100 PTA and MBEC-91.5 were administered to S. aureus 

biofilms in three combinations: A) simultaneous, B)  concurrent, and C) consecutive 

(Figure 19). Table 3 shows the biofilm bacterial viability resulting from each control and 

treatment group. The viability of treatments A, B, and C were compared against each 

control to determine the overall log reductions (Table 4). Simultaneous treatment A yielded 

a significant reduction of  2.9- log when compared to untreated controls. Treatments B and 

C resulted in a 3.0- and 2.4- log viability reduction, respectively. There was no statistically 

significant difference between treatments A, B, and C. Viability of the three treatment 

groups was also compared to viability after treatment with PD-100 PTA and MBEC- 91.5 

to determine if the combination treatment was more advantageous than either method 

alone. Treatments A and B yielded significant reductions of  2.7- log, while treatment C 

resulted in 2.2- log reduction, as compared to PD-100 PTA controls (Table 4). When 

viability was compared to that of MBEC-91.5 controls (Table 4), treatments A and B 

resulted in 1.9- log reductions, while treatment C resulted in 1.4- log reduction. Again, the 

data indicate no statistically significant difference in viability based on the order of 

administration of PolyDOTS PTA and clindamycin.  

SEM imaging revealed that morphological and structural changes occurred during the 

combination treatments (Figure 20). The 24-hour biofilms exposed to laser-only and an 

additional 24-hour incubation showed characteristic biofilm morphology and relatively 

consistent layering of cells within the extracellular matrix. However, after treatments A 

and C, these biofilm clusters appear to become more densely packed and vertically 
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aggregated. The most striking structural and morphological alterations were apparent in 

biofilms exposed to treatment B. Images of the B groups showed a greater incidence of 

more densely packed clusters. The clusters of ECM and enveloped bacterial cells also 

showed evidence of melding or coalescence, similarly to what was seen previously. 

Additionally, there were sizeable rifts that had developed in the ECM of these biofilms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Logarithmic S. aureus biofilm bacterial viability for untreated biofilms, and 

after 4096 µg/mL clindamycin (MBEC- 91.5), 100 µg/mL PolyDOTS PTA (PD-100) 

and combination treatments. Treatment A) Simultaneous. Treatment B) Concurrent. 

Treatment C) Consecutive. 
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Tables 4. Log reductions in S. aureus biofilm bacterial viability for combination 

treatments A, B and C as compared to untreated, 100 µg/mL PolyDOTS PTA (PD-

100) and 4096 µg/mL clindamycin (MBEC- 91.5) controls.  
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Figure 20. Scanning electron microscopy (SEM) images at 10k magnification. S. 

aureus biofilms administered laser-only and combination treatments A, B, and C 

using PD-100 PolyDOTS PTA and MBEC- 91.5. Yellow arrows = dense, vertically 

packed aggregation of biofilm  ECM and bacterial cells. White = sizeable rifts in 

biofilm matrix. Scale bar = 10 µm. 
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4.5 DISCUSSION 

Principally, we aimed to determine if combining PolyDOTS PTA and clindamycin 

treatment would yield as significant an effect in reducing biofilm viability when compared 

with either treatment alone. First, we confirmed that S. aureus biofilms exhibit increased 

tolerance to antimicrobial assault, particularly against clindamycin, as shown by the need 

for very high concentrations to yield 2- log reductions. Under the antibiotic concentrations 

tested, a 3- log significant dose could not be identified. However, a limited effective dose 

of 4096 µg/mL (MBEC- 91.5) and a maximum effective dose of 8192 µg/mL were 

determined. Due to experimental limitations and the fact that a significantly effective 

concentration was sufficient for this study, we did not evaluate other concentrations to 

obtain a 3- log effective dose. Though it can be assumed that even higher concentrations 

may have yielded a further decrease in viability, these results are consistent with research 

demonstrating limited clindamycin penetration and efficacy toward bacterial eradication in 

S. aureus biofilms.120,121 

Using the PD-100 PTA and MBEC-91.5, the combination treatments resulted in 

significantly decreased biofilm viability than untreated biofilms and when either treatment 

is used separately. Whether the order of the treatment combination affected the degree of 

viability reduction was modeled through the combination types A) simultaneous, B) 

concurrent, and C) consecutive. The data indicated no advantage in reducing biofilm 

viability in administering PolyDOTS PTA and clindamycin in a specific order. Overall, the 

data show that combination treatment is more beneficial toward reducing biofilm bacterial 

viability than either PolyDOTS PTA or antibiotic treatment alone. We elucidate that 

combination treatment can significantly overcome innate biofilm resistance to antibiotic 
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treatment and be more effective than PolyDOTS PTA treatment alone. SEM imaging 

revealed that combination treatments could alter the morphological and structural 

characteristics of the biofilms. Since it would not be expected that a non-enzymatic 

antimicrobial would alter the ECM, it is assumed that these changes occurred due to the 

PolyDOTS PTA component. The changes to biofilm aggregation and spatial distribution 

using the treatments are reminiscent of the effects seen with PolyDOTS PTA alone. 

Biofilms that were given antibiotics after 24-hours and PD-100 PTA after 48- hours 

(treatment B) showed the most striking changes to the ECM.  

It is imperative to mention that this treatment model was the most similar to that of the 

biofilms that received PolyDOTS-PTA in Chapter 3. All of the groups imaged for SEM 

were prepped for imaging at the same time, but only treatment B biofilms were prepped 

immediately after receiving the PD-100 PTA, like the biofilms from Chapter 3. SEM 

imaging of combination-treated biofilms confirms that rapid, focal hyperthermia via 

PolyDOTS PTA can induce remarkable physical changes not previously identified in the 

literature. Treatments A and C were treated with PolyDOTS PTA after 24- hours and then 

further incubated for another 24- hours to allow time for clindamycin activity.  When 

comparing combinations A and C with B, SEM imaging indicates that there can be 

regrowth after treatment and that the effects visualized after PolyDOTS PTA may be 

reversible. However, it is clear that despite any repairing of the ECM, the overall bacterial 

burden in biofilms is still significantly lowered. 

In conclusion, the findings herein indicate that the order or each treatment component 

did not matter. Instead, it was the combination of the components in general that made the 

difference in biofilm viability. Furthermore, we conclude that combination treatment 
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results in significant physical changes in biofilms.  We demonstrate that combination 

treatment with antibiotics and PolyDOTS PTA has potential for use in significant 

mitigation of pathogenic biofilms.  
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CHAPTER 5 

CONCLUSION AND FUTURE DIRECTIONS 

In conclusion, we have synthesized polymer dynamic organic theranostic spheres 

(PolyDOTS) capable of excellent heat generation under NIR excitation and fluorescent 

capability in this work. We sought to evaluate PolyDOTS for photothermal ablation (PTA) 

of bacterial cells using planktonic S. aureus and Group A Streptococcus pyogenes (GAS), 

as well as S. aureus in biofilm form. The investigation examined the effects of PolyDOTS 

PTA alone and in combination with an antibiotic. Planktonic cultures and biofilms 

incubated with aqueous PolyDOTS were irradiated with NIR light for 60 seconds, 

generated rapid increases in temperature exposures. Planktonic bacterial cells 

demonstrated strain-specific eradication at low concentrations of PolyDOTS PTA 

corresponding to mildly ablative (T < 45°C) focal temperature exposures. Biofilms, 

however, required higher concentrations (thus higher temperatures) to cause > 4- fold 

decrease in bacterial viability.  

We showed evidence through microscopy analyses that suggest the decrease in 

viability may have been due to cellular inactivation and that a reduction of biomass 

accompanied this effect. Polysaccharide content was also unexpectedly statistically 

determined not to be affected by a decrease after PolyDOTS PTA treatment. Morphological 

evaluation via SEM suggested that rapid focal hyperthermia (and subsequent cooling) may 

trigger a chemical process that structurally changes the ECM of biofilm, which alters 

envelopment of and association with bacterial cells. These findings begged the question of 

whether the striking morphological alterations might inhibit antibiotic treatment. However, 

this study elucidated that combination treatment using PolyDOTS PTA and clindamycin 
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antibiotic were more successful toward biofilm viability reduction. The order or delivery 

was inconsequential to this end. A key aspect of this study’s design was employing rapid 

(within 60 seconds) focal hyperthermia, which is not commonly the methodology 

employed in the literature (as demonstrated in previously mentioned works herein). Our 

PolyDOTS PTA technique offers a solution for the deployment of rapid hyperthermia to 

potentially overcome the risks of biofilm thermotolerance, as well as innate antimicrobial 

tolerance by enhancement of antibiotic efficacy.  

To better understand the appropriate application of rapid focal hyperthermia against 

biofilms in a clinical setting, specific evaluations into the effects of the morphological 

changes identified herein on biofilms’ structural mechanics would be warranted. 

Understanding how biofilm characteristics like viscoelasticity, water diffusion, and ECM 

composition are altered during treatment would help paint a clearer picture of clinical 

suitability. Notably, this study shows that the polysaccharide content after PolyDOTS PTA 

was not reduced in biofilms. Important next steps would be to determine why these findings 

occurred and if they could be improved. Additionally, the potential of PolyDOTS PTA 

toward mitigating bacterial infection should be investigated to include a scope of both 

gram-negative and gram-positive bacteria, as well as antibiotic-resistant strains.  

It would be interesting to probe the hypothesis arising from this study that bacterial 

cells may become inactivated while remaining intact after rapid, focal heat exposures of  ~ 

55 - 57°C. This would help better understand the clinical applicability of rapid focal 

hyperthermia using nanoparticles to augment antimicrobial therapies. It is worth noting 

that this work did not examine the penetration of PolyDOTS through biofilms or the 

interactions of PolyDOTS with the ECM of the biofilms. Investigating these dynamics 
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would be valuable for understanding the mechanisms of action involved in D-A conjugated 

polymer nanoparticle treatment of biofilms and how these mechanisms may be leveraged. 

Furthermore, examining how well PolyDOTS can be utilized in vivo for tracking or 

detection would be an essential endeavor for assessing clinical utility. Overall, this study 

builds the groundwork for future investigation of rapid focal heat generation by donor-

acceptor polymer nanoparticles and shines more light upon the potential effects of such 

treatment upon bacteria populations and biofilm structures. We demonstrate that 

PolyDOTS NIR-PTA possesses excellent potential for employing rapid, localized 

hyperthermia against biofilm infection, which could help reduce the risk of surrounding 

tissue damage while improving the efficacy of existing antimicrobial therapy.  
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APPENDIX 

CHAPTER A1 

 H2S-RELEASING AMPHIPHILIC DIPEPTIDE HYDROGELS ARE POTENT S. 

AUREUS BIOFILM DISRUPTORS 

 

A1.1 ABSTRACT 

As a gasotransmitter, hydrogen sulfide (H2S) has been studied to treat wounds and 

inflammation, but its potential antimicrobial effects in this context have not been evaluated. 

An H2S-releasing dipeptide hydrogel (S-FE), and several non-H2S-releasing control 

dipeptides, (C-FE, C-GE, FBA-FE, and FE where S = S-aroylthiooxime, an H2S donor; 

C = control, an oxime incapable of H2S release; FBA = 4-formylbenzamide, also incapable 

of H2S release; and E, F, G = glutamic acid, phenylalanine, and glycine, respectively), were 

studied to correlate differences in their chemical structures and H2S-releasing abilities with 

their antimicrobial effects on Staphylococcus aureus bacteria. Dipeptides with Phe (S-FE, 

C-FE, and FE) self-assembled into nanoribbons in water and displayed -sheet formation 

and enhanced fluorescence, while the other two dipeptides (FBA-FE and C-GE) did not 

form assemblies in water. In vitro experiments with Staphylococcus aureus, which is a 

commonly found bacterium associated with wounds, showed significant antimicrobial 

effects from some of the dipeptides. Dipeptide S-FE inhibited bacterial growth more 

effectively than any of the controls, thereby limiting biofilm formation or disrupting 

established biofilms. These antimicrobial H2S-releasing dipeptide hydrogels provide a 

promising new approach to treat wound infections. 
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Reproduced from Ref. 122 with permission from The Royal Society of Chemistry. 
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The manuscript of Appendix 1 was published in The Royal Society of Chemistry. 
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synthesis and characterization of the hydrogels, and Afnan Altamimi performed the other 

bacterial and biofilm experimentation and all related statistical analyses. Yun Qian and 

Afnan Altamimi wrote the manuscript, and Nicole Levi-Polyachenko and John B. Matson 

were editors. Formatting changes were limited to what was required for this document. 
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A1.2 INTRODUCTION 

Bacterial infections threaten human health in tissues throughout the body, 

comprising many different diseases. For example, bacterial infections range from dental 

caries and tonsillitis in the mouth to otitis media in the ears to prostatitis and endocarditis 

in the organs to ulcers and burn wound infections on the skin.123 Many types of bacteria 

can cause infections, where they attach to surfaces and form biofilms, protecting 

themselves by limiting direct contact from the host immune system or antimicrobial agents, 

making the treatment of infections challenging.124 Among various bacterial infections, burn 

wound infections are some of the most traumatic, prevalent, and difficult to treat. In the 

United States, about 486,000 burn injuries were reported by the Centers for Disease Control 

and Prevention between 2011 and 2015, and worldwide there are approximately 180,000 

deaths caused by burns annually.125–127 Even though burn injuries have a high survival rate 

(97 %), burn wounds are susceptible to infections, which not only lead to chronic 

inflammation and impair wound recovery, but also increase morbidity and mortality, with 

70% of morbidity caused by infections.125,128,129 Staphylococcus aureus and Pseudomonas 

aeruginosa are the two most common pathogens isolated from infected burn wounds, and 

they are common in other types of bacterial infections as well. 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. 129,130 

Delivery of hydrogen sulfide (H2S) could promote wound healing and reduce 

infections. H2S is endogenously produced with specific biological functions, joining nitric 

oxide (NO) and carbon monoxide (CO) in the group of signalling gasses called 

gasotransmitters.131,132 H2S plays several physiological roles, including regulating ion 
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channels, affecting the production of other gasotransmitters, and promoting vasodilation. 

Through these pathways, delivery of exogenous H2S has been investigated as a potential 

therapeutic strategy due to the ability of this gas to promote angiogenesis, increase cell 

proliferation and migration,  and reduce inflammation.133–136 Specifically, H2S can increase 

blood perfusion to the wound, which may help clear bacterial infections and accelerate the 

healing process by increasing neutrophil migration through the activation of KATP 

channels.134,137,138 Outside the host-pathogen interaction, one mechanism by which H2S 

may exert an antimicrobial benefit is through the inhibition of cellular respiration, which 

is especially important for a facultative anaerobic bacteria like S. aureus.  H2S also interacts 

with oxygen to form reactive sulfur species like hydropolysulfides and persulfides. For 

example, formation of the potent antimicrobial pentathionic acid (H2S5O6) is a mechanism 

by which H2S may react with oxygen to impart bactericidal benefits.139 Recently, it has 

been discovered that reactive sulfur species impact the virulence regulator of S. aureus, 

MgrA.140 Finally, it has also recently been discovered that disruption of CsoR-like 

sulfurtransferase repressor (CstR), which is sensor that regulates sulfur homeostasis for S. 

aureus, can further influence virulence gene expression.141 These effects indicate that H2S 

delivery may be an excellent strategy for burn wound treatment, but efforts to use H2S in 

wound healing thus far have focused primarily on the anti-inflammatory, or protective 

effects of H2S against organ injuries.142–144 Given that wound healing involves challenges 

in both promoting healing processes and preventing infections, we aimed here to evaluate 

the ability of H2S to reduce infections in this context.  

Many delivery methods have been reported for therapeutic application of H2S; 

however, for clinical application of burn wounds and infection treatments, controlled 
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release and localized delivery are two factors that need extra attention.145–148 Controllable 

H2S release is necessary because burst release of H2S could lead to an inflammatory 

response, which has been observed using sulfide salts in a mouse model of sepsis and a rat 

stroke model.149,150 Localized delivery is vital because treatment of burn wounds and 

dermal infections would require application of H2S to specific areas, which eliminates 

systemic delivery methods like inhalation, oral administration, and intravenous injection. 

For this reason, H2S-releasing materials with controlled release (from minutes to a few 

hours) and dose are better candidates compared with sulfide salts and pure H2S gas.  

Recognizing the need for H2S-releasing materials, our lab has begun exploring 

peptide-based hydrogels for H2S delivery. Peptide hydrogels are intrinsically 

biodegradable and biocompatible in many contexts, and they can be designed and 

synthesized by solid phase peptide synthesis. Hydrogel formation is induced by non-

covalent interactions like hydrogen bonding, aromatic stacking, hydrophobic interactions, 

and charge screening.151 To prepare H2S-releasing hydrogels, we rely on S-aroylthiooximes 

(SATOs), which are compounds that release H2S in response to thiol triggers (Scheme 

S1).152–154 By connecting a SATO group to a short peptide sequence, we have shown that  

aromatic peptide amphiphile (APA) hydrogels release H2S in a controllable manner, and 

are non-toxic and in some cases cytoprotective to mammalian cell lines, making these 

peptide-based, H2S-releasing hydrogels suitable for bioengineering purposes.154–159 

Considering the gap in research in treating infections using H2S, combined with the ability 

of H2S-releasing APA hydrogels to localize release of the gas, we aimed to investigate the 

antimicrobial effects of H2S using APA hydrogels against one of the most common 

pathogens, S. aureus. In this work, we designed a new SATO-based APA with the peptide 
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sequence Phe-Glu (FE), using it to form a hydrogel for localized H2S release to disrupt S. 

aureus growth and biofilm formation.  

 

A1.3 EXPERIMENTAL  

A1.3.1 MATERIALS 

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. Phosphate-buffered saline (PBS) 

was used for evaluation of the hydrogels and bacterial studies. Nutrient Broth 1 (NB1), 

Bacto™ Agar, and Tryptic Soy broth (TSB) were purchased from commercial vendors and 

used as received. Pooled human plasma containing sodium heparin (Innovative Research) 

was used to promote clinically similar characteristics and adhesion of S. aureus biofilms 

to surfaces. Two Staphylococcus aureus variants were purchased: UAMS-1 (ATCC 49230) 

and a bioluminescent version (Xen 29) (Perkin Elmer 119240). 

 

A1.3.2 PREPARATION OF H2S-RELEASING SATO DIPEPTIDE (S-FE) AND 

NON-H2S-RELEASING CONTROL DIPEPTIDES (C-FE, C-GE, FBA-FE, AND 

FE) 

An aldehyde-terminated peptide with the sequence FBA-Phe-Glu (FBA-FE, FBA 

= 4-formylbenzamide) was synthesized via solid-phase peptide synthesis using methods 

described previously. SATO-Phe-Glu (S-FE) was prepared by reaction of the peptide-

aldehyde with S-benzoylthiohydroxylamine (Figure S1) following published 
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procedures.154,160 An oxime-containing dipeptide (control-Phe-Glu (C-FE)), which does 

not release H2S, was produced by reacting FBA-FE with O-benzylhydroxylamine 

hydrochloride in DMSO (Figure S1). FBA-FE, control-Gly-Glu (C-GE) and Phe-Glu (FE) 

were also prepared via similar procedures. All dipeptides were purified by preparative 

HPLC following a published procedure.160  

 

A1.3.3 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

Peptide solutions with concentrations of 36 mM (50 L) were prepared in 0.05 M 

pH 6.0 phosphate buffer and allowed to self-assemble for 18 h before diluting to 500 M 

in DI water. The diluted 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 air-dry overnight before imaging. All images were 

taken on a Phillips EM420 TEM with a slow scanning CCD camera. 

 

A1.3.4 THIOFLAVIN-T ASSAY (ThT) 

Self-assembled dipeptides with concentrations of 36 mM were prepared in pH 6.0 

PBS (1X) and allowed to sit for 2 h. ThT (0.02 mg/mL) was dissolved in pH 7.4 PBS (1X) 

to make the working solution. Each dipeptide sample was diluted to 1 mM with 0.02 

mg/mL ThT solution, and then excited at 440 nm using an Agilent Cary Eclipse 
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fluorescence spectrometer (Agilent Technologies). The emission wavelength ranged from 

470 to 550 nm, with a scanning speed of 600 nm/min. Control experiments included each 

peptide without ThT and a ThT only solution, and these controls were tested under the 

same fluorescence conditions. 

 

A1.3.5 FOURIER-TRANSFORM INFRARED SPECTROSCOPY 

A Nicolet 8700 IR spectrometer equipped with an attenuated total reflectance 

(ATR) accessory (Thermo Fisher Scientific) was used for Fourier-transform infrared 

(FTIR) spectroscopy. Deuterated phosphate buffer was prepared by dissolving NaOH in 

D2O to make a 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 1600 to 1700 cm-1. 

 

A1.3.6 CIRCULAR DICHROISM 

For each dipeptide, a stock solution (36 mM) was made by dissolving 

corresponding amounts of the pure dipeptides in 50 µL of pH 6.0 PBS (1X). For 

experiments under dilute conditions (0.1 mM), samples were prepared by adding 2 L of 

the 36 mM peptide stock solution into 718 L of DI water, then sonicating for 1 min to 

break up any self-assembled structures, and finally immediately measuring the CD 

spectrum. The rest of the peptide stock solution (36 mM) was allowed to mature (2 h) for 

self-assembly development, then 2 µL of the peptide solution was mixed with 718 L of 
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DI water just before the CD measurement to preserve the supramolecular structures while 

at 0.1 mM concentration. CD spectra were recorded on a Jasco J-815 CD spectrometer 

(Jasco Inc.) at rt, 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. 

 

A1.3.7 FLUORESCENCE SPECTRA 

For each dipeptide, 1 mg of pure sample was dissolved in 50 L of pH 6.0 PBS 

(1X) and allowed to self-assemble for 2 h. Samples were transferred to a quartz cuvette 

(Starna Cells, 16.40F-Q-10/Z15), and an Agilent Cary Eclipse fluorescence spectrometer 

(Agilent Technologies) was used for fluorescence spectroscopy. The scanning speed was 

set to 120 nm/min with 1 nm data pitch, and the excitation and emission slits were 10 nm 

and 20 nm, respectively. The excitation wavelength (λex) was set to 290 nm, and the 

emission range was 300-530 nm. 

 

A1.3.8 H2S DETECTION USING AN H2S SENSITIVE ELECTRODE PROBE  

H2S release profiles of the hydrogels were determined using an H2S-sensitive 

electrode probe (World Precision Instruments). Each dipeptide sample (1 mg) was 

dissolved in 50 L of pH 6.0 PBS (1X), and then transferred to the gel-holding well in a 

specially designed vial.34 The peptide solutions in the well were allowed to self-assemble 

for 2 h to form hydrogels, and then 7.2 L of 500 mM cysteine (Cys) was added to the top 

of the hydrogels to trigger H2S release. The well was quickly covered by a Breathe-
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EASIER membrane (Diversified Biotech), and sealed with an O-ring. PBS (5 mL, 1X, pH 

7.4) 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 solution to detect the real-time 

H2S concentration. Signals were recorded by LabScribe software (World Precision 

Instruments). 

 

A1.3.9 RHEOLOGY 

The rheological properties of two dipeptide hydrogels with SATO and oxime 

functionalities, S-FE and C-FE, were studied using an AR-G2 rheometer (TA Instruments) 

equipped with a Peltier plate and a 20 mm measuring top geometry. The gap between the 

top geometry and bottom plate was 500 m, and the temperature was kept at 37 oC. For 

each dipeptide, 5 mg of sample was dissolved in 250 L of PBS (1X, pH 6.0), then this 

solution was transferred to the Peltier plate by a micropipette and allowed to stand for 10 

min before measurement. Each rheological procedure consisted of two time-sweeps and a 

steady-state shear to check both the rheological properties and the recoverability of the 

hydrogel. The first time-sweep was measured at 0.5% strain with 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. 
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A1.3.10 DETERMINING THE EFFECT OF CYS ON BACTERIAL GROWTH 

Cysteine was used to trigger H2S release from the SATO-containing peptide 

hydrogels. To confirm that Cys did not have an inherent antimicrobial effect, we tested Cys 

on the growth of Xen29. The Xen29 bacteria were grown in an overnight culture in Nutrient 

broth 1 (NB1) at 37 °C, and a 500 mM l-cysteine solution was made by dissolving l-

cysteine powder in DI water. The Xen29 culture was diluted to an OD600 (optical density 

at 600 nm) of approximately 0.1, which correlates to 1x108 colony forming units per mL 

(CFU/mL). Cys solution (1440 µL) was added to the Xen29 culture. A control group using 

sterile water instead of Cys solution was prepared in the same manner. Samples of both 

treatments were incubated in an orbital shaker at 37 °C for 24 h with a shaking speed of 

166 rpm. Serial dilutions were carried out, and bacteria were plated on NB1 agar plates. 

Finally, all plates were incubated at 37 °C overnight to form colonies, and the number of 

CFUs was enumerated. 

 

A1.3.11 EFFECTS OF H2S-RELEASING DIPEPTIDES ON PLANKTONIC S. 

AUREUS BACTERIAL CULTURES 

S-FE or the various control molecules were dissolved in pH 6.0 PBS (1X) at a 

concentration of 36 mM. Next, 14.4 L of 500 mM Cys in sterile water was added to 100 

μL of the S-FE or control gels to induce H2S release. This was then added to 20 L of 

UAMS-1 bacterial culture (1x108 CFU/mL) in 280 L TSB. A bacteria-only group was 

also prepared by adding 100 L of pH 6.0 PBS (1X) to bacterial culture instead of the S-

FE hydrogel. Five samples were prepared for all groups and incubated at 37 °C in a tube 
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revolver for 4 h. After incubation, 10 L of the bacterial culture was taken from each 

sample, serially diluted, plated on TSB agar plates, and cultured in an incubator for 18 h to 

quantify the bacterial burden by counting the number of CFUs/mL.  

For each treatment group, the remaining bacterial cultures were added to a 96-well 

plate, then incubated for 48 h at 37 °C to form biofilms. The masses of the biofilms were 

quantified using a crystal violet (CV) staining assay.161 Before CV staining, the biofilms 

were washed twice with sterile water to remove gel remnants and planktonic bacteria and 

then heat-fixed at 60 °C for 60 min. Next, the biofilms were stained for 15 min using 0.1% 

CV in water. The stained biofilms were washed and air-dried for 24 h, and then 100 µL of 

solubilizing solution (200 M sodium citrate in 50% ethanol in water) was added to each 

well. The mixtures of biofilms and solubilizing solution were shaken (8 rpm) at rt for 30 

min then diluted before quantifying the absorptions of the CV-stained biofilms at 590 nm, 

using the absorption of the solubilizing solution as the background. 

 

A1.3.12 EFFECTS OF H2S-RELEASING DIPEPTIDES ON S. AUREUS 

BACTERIAL BIOFILMS 

The experimental groups included S-FE, C-FE, FBA-FE, C-GE, and FE. Each was 

tested against a control group treated with PBS only. One aspect of the experiment was to 

test the effect of the dipeptides on established biofilms. The other aspect of the experiment 

evaluated the ability of the dipeptides as a prophylactic in biofilm formation. UAMS-1 S. 

aureus was used for its superior ability to form biofilm in vitro compared to Xen 29. To 

enhance biofilm robustness and adhesion, human plasma in  sodium bicarbonate (at 20%) 

was added to the wells of tissue culture plates prior to inoculation, as described previously, 
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with a few modifications.86 The human plasma solution was added to the wells of tissue 

culture plates then incubated at 4 °C overnight. The solution was removed, then plates were 

allowed to dry for 2 h in a sterile hood. To grow biofilms, UAMS-1 overnight culture was 

diluted to an OD600 of approximately 0.1, which correlates to 6.7x107 CFU/mL, in TSB 

broth with 10% human plasma. Next, 1 mL of the bacterial broth was added to the plasma 

coated wells and incubated for 24 h at 37 ˚C. For established biofilms, each treatment was 

added directly to the biofilm. For prophylactic analysis, each treatment was added to a 

stock of planktonic UAMS-1, in TSB containing 10% human plasma, at a ratio of 1:5. The 

planktonic treatment mixtures were then added to the designated plasma coated wells, and 

statically incubated at 37 °C to develop biofilms. After 24 h, all biofilms were gently 

washed and stained using the CV assay described above. 

 

A1.3.13 SCANNING ELECTRON MICROSCOPY (SEM) IMAGING  

To form biofilms for SEM, glass coverslips (5 mm) were coated with 20% human 

plasma solution in a 24-well plate and air-dried in a sterile hood. Then, the UAMS-1 

overnight culture was diluted to 0.1 OD at 600 nm in TSB broth with 10% human plasma, 

and 1 mL of the diluted culture was added to each coverslip, followed by a 24 h incubation 

at 37 ˚C. The biofilms were gently washed once with sterile water, and then treated with 

PBS, C-FE, or S-FE. Established biofilms received a mixture of each treatment that had 

been previously added to a stock of TSB, containing 10% human plasma, at a ratio of 1:5. 

Additionally, as described above, Cys in PBS was added to the biofilm and prophylactic 

groups, as well as to a PBS only control. After 24 h of incubation, the samples were 

prepared for SEM as published previously.94 Samples were fixed using 10% glutaraldehyde 
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for 2 h and then air dried for 6 h under a fume hood. The samples were then sputter coated 

with silver and imaged using a JEOL JSM-6330F microscope.  

 

A1.3.14 CONFOCAL LASER SCANNING MICROSCOPY (CLSM) 

UAMS-1 biofilms were formed on glass chamber coverslips. Samples were 

prepared using established biofilms treated with the hydrogels (as compared to use of the 

hydrogels applied prophylactically) to evaluate the potential for inhibition of biofilm 

formation. Following exposure to each treatment for 24 h, biofilms were then rinsed with 

sterile water and prepared for observation by CLSM.86,162–164 After the sterile water wash, 

samples from each treatment group were multi-stained with FilmTracer LIVE/DEAD 

Biofilm Viability Kit and either Wheat Germ Agglutinin (WGA) Alexa Fluor Conjugate 

488 or 555 (Invitrogen), according manufacturer specifications. The sample was rinsed 

with sterile water after stain removal and kept hydrated for observation using an Olympus 

FluoView 1200 Laser Scanning Confocal Microscope (Olympus America Inc., Melville, 

NY). The CLSM images were acquired under 10X magnifications, and image 

analysis/processing was performed using Olympus FluoView and FIJI/Image-J software.   

 

A1.3.15 STATISTICAL ANALYSIS 

The mean values of planktonic assays are shown with error bars indicating standard 

deviations from three trials. All data were analyzed by 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 © 2012 SAS Institute Inc.). 
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A1.4 RESULTS AND DISCUSSION 

A1.4.1 RESULTS 

Preparation of dipeptides. To prepare H2S-releasing peptides, we prepared a 

series of dipeptides with appended SATO groups, which release H2S in response to a thiol-

trigger such as Cys. Previous work from our lab on H2S-releasing APAs focused on 

peptides that required CaCl2 to trigger gelation. Because Ca2+ has biological roles, we 

aimed here to design an APA that would gel without the need for CaCl2. After studying 

several small SATO-based APAs, we found that S-FE gelled upon standing for a short time 

in pH 6.0 buffer without adding any additional reagents. To support our studies here on S-

FE, we synthesized several control dipeptides as well. S-FE, C-FE, C-GE, FE, and FBA-

FE were successfully synthesized and purified as described in section 2.2 and the SI. 

Among the five dipeptides, S-FE included an H2S-releasing SATO unit and was capable 

of releasing H2S; C-FE and C-GE were oxime-based control molecules, which had similar 

structures to S-FE but could not release H2S. We also prepared FE and FBA-FE, 

representing the dipeptide component of S-FE and the degraded, aldehyde-containing 

product of S-FE, respectively. All dipeptides were isolated and handled as white powders 

after purification and lyophilization. For each sample, the peptide solution (36 mM) was 

prepared by dissolving pure peptide powder in 10 mM PBS (pH 6.0), and each solution 

was allowed to self-assemble for 30 min at rt. After the 30 min maturation, S-FE, C-FE, 

and FE formed hydrogels, while FBA-FE and C-GE did not gel. 

Critical aggregation concentrations (CACs) of dipeptides. The critical 

aggregation concentration (CAC) marks the critical point above which molecules start to 

aggregate. To measure the CACs of the dipeptides, a Nile red assay was used as previously 
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reported.154 All dipeptides had CACs ranging from 0.5 to 1.0 mM (Table S1), with S-FE 

and C-FE near 0.5 mM, FE at 0.7 mM, and C-GE and FBA-FE near 1 mM. Based on the 

CAC data, subsequent experiments were conducted at either 36 mM or 0.1 mM to represent 

dipeptide amphiphiles in their self-assembled or unassembled states, respectively. 

Transmission electron microscopy (TEM) imaging. To visualize the 

supramolecular structures of each dipeptide, we started with morphological analysis using 

conventional TEM. Images of self-assembled dipeptide morphologies are shown in Figure 

1, and measurements of their dimensions were done by averaging 200 nanostructures in 

several different images for each dipeptide. Twisted nanoribbons were observed for S-FE 

(Figure 1A) and C-FE (Figure 1B), with the lengths of the twisted nanofibers on the µm 

scale, and widths of 135 and 246 nm, respectively. FE (Figure 1E) also formed 

nanoribbons with widths of 132 nm and lengths on the µm scale, but no twists were 

observed. C-GE and FBA-FE had no specific morphologies, and only poorly defined 

aggregates were observed (Figure 1C, 1D). The twisted structures of S-FE and C-FE 

allowed us to measure their thicknesses, which were 71 nm and 82 nm, respectively. 

The calculated lengths of both S-FE and C-FE were around 2.2 nm (Figure 1F). Each 

comprised a hydrophobic segment (1.0 nm) and a hydrophilic segment (1.2 nm). Thus, the 

minimum bilayer thickness, with completely interdigitated hydrophobic segments, would 

be 3.4 nm; using similar logic, the maximum bilayer thickness, with no interdigitation of 

hydrophobic segments, would be 4.4 nm. Thus, the observed thicknesses of the self-

assembled dipeptides (7−8 nm) suggest that two bilayers (~4 nm per layer) pack together 

to form the full thickness of the twisted nanoribbons. 
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Circular dichroism spectroscopy. Circular dichroism (CD) was used to evaluate 

the secondary structures in the self-assembled dipeptides. A typical β-sheet conformation 

has a positive peak at 195 nm and a negative peak at 218 nm, while a random coil shows a 

negative band around 190–200 nm.165 In the CD spectra of the unassembled dipeptide 

solutions (Figure S2), four dipeptides (S-FE, C-FE, C-GE, and FBA-FE) showed negative 

peaks around 190–200 nm, indicating random coils in solution. For assembled dipeptides, 

positive peaks appeared in S-FE (204 nm) and C-GE (208 nm), revealing possible β-turns 

Figure 2. TEM images (stained with 2 wt% uranyl acetate) of (A) S-FE, (B) C-FE, (C) 

C-GE, (D) FBA-FE, and (E) FE. Images with higher magnifications can be seen in 

Figure S6. (F) Schematic illustration of the proposed self-assembled structures of S-FE 

and C-FE.
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in the self-assembled structures. However, the negative peaks in the 190-200 nm range 

remained for all four peptides, indicating that substantial contributions from random coil 

conformations remained in the self-assembled nanostructures. We observed a different 

pattern for FE compared to others, with no easily identifiable peaks for either the 

unassembled or the assembled samples. No evidence of β-sheet secondary structures were 

found in any of the dipeptides, although β-sheet signatures have been reported in similar 

dipeptides.166–168 In this study, CD provided limited information about secondary 

structures, likely due to interference from the aromatic amino acid (Phe) present in all of 

these dipeptides. Therefore, we relied on other techniques to assess secondary structure. 

Thioflavin-T assay. Because the CD results did not provide useful information on 

the conformations of the dipeptides, the existence of β-sheet structures was probed using 

the thioflavin-T (ThT) assay. ThT is a dye that fluoresces brightly  in the presence of β-

sheet structures.169 Minimal fluorescence emissions were observed for ThT only or peptide 

only conditions for each dipeptide (Figure 2). However, when the self-assembled peptides 

of S-FE and C-FE were treated with the ThT solution, fluorescence intensities increased 

dramatically, indicating that the ThT dye interacted with the β-sheet structures. FE showed 

a much lower fluorescence increase compared with S-FE and C-FE, while C-GE and FBA-

FE exhibited no intensity increase. These fluorescence changes demonstrated the existence 

of β-sheets in S-FE, C-FE, and FE, while C-GE and FBA-FE did not have any evidence of 

β-sheet formation. 
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Fourier-transform infrared spectroscopy. Fourier-transform infrared 

spectroscopy (FTIR) was used to complement CD spectra and the ThT assay, with the goal 

of evaluating supramolecular structure via amide bond stretching frequency analysis. 

Spectra are shown in Figure 3. In D2O (used to avoid interference in the amide region by 

H2O) low-frequency amide I peaks ranging from 1615–1641 cm-1 are characteristic of 

parallel β-sheets, and higher frequency amide I peaks in the range of 1672–1694 cm-1 are 

characteristic of antiparallel β-sheets. Medium frequency amide I peaks are representative 

of random coils (1639–1654 cm-1) or -helices (1642–1660 cm-1), which have an 

overlapping region.170,171 All peptides were analyzed at 36 mM in deuterated phosphate 

Figure 3. Fluorescence spectra showing thioflavin-T (ThT) assay of dipeptides (A) S-FE, (B) C-

FE, (C) C-GE, (D) FBA-FE and (E) FE. Self-assembled hydrogels or solutions (36 mM) were 

matured for 18 h and diluted to 1 mM with 0.02 mg/mL ThT solutions. The ThT only and the 

peptide only solutions were prepared in H2O at 0.02 mg/mL and 1 mM, respectively. The solutions 

were excited at ex = 440 nm and emission spectra (em) were collected from 470–550 nm.
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buffer, and all except FE had absorbance peaks around 1642–1656 cm-1, suggesting 

possible random coils or -helices. However, considering the CD results, these peaks are 

likely random coils, as all of these dipeptides showed negative ellipticity bands at 190–200 

nm and no -helical bands, which typically have a strong positive ellipticity band below 

200 nm and negative bands around 207 nm and 222 nm.172 We observed a higher frequency 

amide I peak for FE (1672 cm-1), indicating an antiparallel β-sheet pattern in this dipeptide.  

 

 

 

 

 

 

 

 

 

Based on the combined CD, ThT, and FTIR results, the self-assembled structures 

of S-FE and C-FE contain both β-sheets and random coils, while FE contains anti-parallel 

β-sheets; C-GE and FBA-FE are dominated by random coil secondary structures. 

Fluorescence spectroscopy. Fluorescence spectroscopy was employed to evaluate 

the aromatic stacking of self-assembled dipeptides, exciting at 290 nm and monitoring 

Figure 4. FTIR spectra of dipeptides at 36 mM in 0.05 M deuterated 

phosphate buffer (pD = 6.4).
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emission from 300–530 nm (Figure 4). S-FE, C-FE, FBA-FE, and FE all exhibited redshifts 

when their concentrations were increased from 0.1 mM to 36 mM. The emission peak shifts 

of S-FE (from 316 to 382 nm), C-FE (from 356 to 376 nm), FBA-FE (from 320 to 395 nm) 

and FE (from 306 to 317 nm) indicated the onset of aromatic aggregation as the 

concentration rose above the CAC. The large redshifts for S-FE and FBA-FE (66 nm and 

75 nm, respectively) suggest more displaced parallel aggregation (J-aggregation) compared 

with C-FE (20 nm) and FE (11 nm). No J-aggregation was observed from C-GE as the 

concentration change did not induce a redshift, indicating the importance of Phe for 

stacking. Also, the intensities of C-FE, C-GE, and FE dropped dramatically when the 

concentration increased, suggesting the existence of sandwich stacking conformations (H-

aggregation). Taken together, these results highlight the importance of aromatic stacking 

in the self-assembly of these dipeptides. 
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Rheology. Rheological tests were used to evaluate the mechanical properties of the 

H2S-releasing (S-FE) and control (C-FE) hydrogels. Of particular interest were their 

storage moduli, shear-thinning capacity, and recoverability because we envisioned that 

these properties would be important in in vitro and in vivo studies. Thus, a rheology 

procedure was developed with two time-sweeps performed before and after a steady shear 

step. The two time-sweeps were used to measure the storage and loss moduli, while the 

steady-state shear operation in between the two time-sweeps was included to disrupt the 

hydrogel structure, allowing us to measure recoverability. 

Figure 4. Fluorescence spectra of dipeptides (A) S-FE, (B) C-FE, (C) C-GE, (D) FBA-FE and (E) 

FE. Unassembled solutions and self-assembled solutions were prepared in pH 6.0 PBS buffer (1X) 

at 0.1 mM and 36 mM, respectively. Self-assembled samples (36 mM) were allowed to self-

assemble for 2 h before analysis. All samples were excited at ex = 290 nm, and emission spectra 

were collected from 300–530 nm.
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S-FE and C-FE had storage moduli higher than their loss moduli, indicating that 

robust hydrogels were formed for both dipeptides (Figure S3). In the first time-sweep, the 

storage moduli of S-FE and C-FE were 40080 Pa and 700200 Pa, respectively. When 

the steady shear force was applied, each hydrogel was disrupted completely, forming a 

liquid. After the shear stress was removed, both hydrogels quickly reformed, with storage 

moduli steadily increasing over the next hour. After 60 min, the storage moduli of the 

second time-sweep reached 500200 Pa and 300200 Pa for S-FE and C-FE, respectively. 

Although the gels did not recover their pre-stress moduli immediately, these results show 

that both gels shear-thin and recover their gel properties in a similar manner.  

H2S detection using an H2S-sensitive electrode probe method. The H2S release 

from S-FE gel was monitored using an electrode probe method. The H2S release peaking 

time of S-FE was 41 min, with a peaking concentration of 8.3 M (Figure 5). The curve 

shape and peaking time are consistent with related peptides developed in our lab.155,173 All 

control peptides, including S-FE without added Cys, showed no H2S release, as expected. 

 

 

 

 

 

 

 

Figure 5. H2S release profiles of dipeptides determined by an 

electrode probe method. 
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Effect of Cys on bacterial growth. Cys was used as the trigger to release H2S from the 

SATO-containing S-FE hydrogel in all studies conducted here. To determine its effect on 

bacterial growth, Cys was added to the bacterial culture, and the bacterial burden was 

quantified after 24 h. As shown in Figure S4, the Cys-supplemented bacterial culture 

showed significantly increased bacterial burden compared to the PBS control group, 

indicating that Cys enhances bacterial growth. 

Effect of the H2S-releasing dipeptide hydrogel in planktonic cultures and 

biofilms. The effect of the H2S-releasing hydrogel on planktonic bacterial cultures of 

UAMS-1 is shown in Figure 6. All treatment groups significantly decreased the bacterial 

burden compared to the bacteria-only group. The S-FE group showed a 97% reduction but 

had no significantly lower bacterial burden compared to the C-FE control gel. Both the C-

GE and FE groups also had significant reductions (98-98.6%) compared to untreated 

bacteria, and these groups were not statistically different from the S-FE treated group. In a 

similar manner, the alternative S. aureus variant, Xen 29, was used to evaluate the response 

of planktonic bacteria to the various treatments.  As shown in Figure S5A, all treatment 

groups had a statistically significant reduction in the growth of planktonic bacteria.  In 

Figure S5B, there was a profound reduction of Xen 29 derived from biofilms grown from 

the previously treated planktonic cultures.  
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The potential for biofilm formation after different hydrogel treatments was 

evaluated using the CV assay. The remaining bacterial cultures from the planktonic dilution 

assay were used to develop biofilms after 48 h incubation. The biofilms were stained by 

CV, and their percent of biomass compared to bacteria only group are shown in Figure 7. 

The S-FE treated biofilms displayed the least absorption among all groups, which is 

indicative of less biofilm biomass. The absorption of S-FE was 66% lower compared to 

the bacteria-only group. However, C-FE had a 22% decrease in bacterial burden, and all 

other treatments (FE, FBA-FE, C-FE) showed a 6-18% decrease when compared to the 

Figure 6. CFU/mL of UAMS-1 after treatment with dipeptides. Mean values from five replicates 

were presented with standard mean of error. An ANOVA and Student’s t-test were performed with 

n=5 and p < 0.05. * indicates p < 0.05 with respect to the five treatment groups; ns indicates no 

significant differences among the five treatment groups. 
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bacteria-only group. These results indicate that while S-FE significantly inhibited biofilm 

formation, control gels had a moderate effect at preventing UAMS-1 biofilm formation. 

 

 

 

 

 

 

 

 

 

 

Effect of hydrogen sulfide on biofilms. UAMS-1 was treated with the dipeptide 

hydrogels S-FE and C-FE prophylactically before biofilm formation, leading to significant 

reductions when C-FE was applied (a 39% reduction) or 57% when S-FE was applied 

(Figure 8A). In addition, we evaluated the S-FE gel on established biofilms, and there was 

a significant decrease in biomass compared to both C-FE and the bacteria only group 

(Figure 8B). This correlated to an 8% reduction in biomass for the S-FE treatment, 

compared to a 2% decrease for the C-FE, as compared to the untreated, bacteria only group. 

There were no significant differences between the C-FE group and the bacteria only group 

Figure 7. Bacterial percent biomass using CV assay after treatment with dipeptides. 

Percent biomass values were calculated by comparing each treatment group to the bacteria 

only group. Mean values from five replicates are presented with standard mean of error. 

An ANOVA and Student’s t-test were performed with n=5. * indicates p < 0.05 with 

respect to bacteria only group, # indicates p < 0.05 with respect to all other groups. 

# 
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here, unlike in the previous assays. This corroborates the data from Figure 7 that planktonic 

S. aureus treated with C-FE exhibited only a slight decrease in biofilm development. The 

most significant result from Figure 8B is that although the S-FE has the potential to reduce 

biofilm biomass when used against an established biofilm, the reduction is minor. This is 

in stark contrast to the data in Figure 8A, where both the C-FE and S-FE could reduce the 

biofilm mass, indicating their potential to halt biofilm growth, with S-FE offering the 

greatest benefit.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Biofilm biomass after different hydrogel treatments, as evaluated by the absorbance of 

biofilms after staining with CV for (A) prophylactically-treated biofilms, or (B) on established 

biofilms. Mean values from three replicates are presented with standard mean of error. An 

ANOVA and Student’s t-test were performed with n=5 and p < 0.05. * indicates a significant 

difference. 
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Scanning Electron Microscopy (SEM) imaging. SEM images of established 

UAMS-1 biofilms treated with PBS or C-FE hydrogel (Figure 9, left and center, 

respectively) displayed well rounded bacteria with a uniform lawn of growth. Biofilm 

treated with S-FE (Figure 9, right) also had a uniform biofilm appearance; however, higher 

magnification of this sample indicated that many holes were visible on the cell surface and 

in the biofilm. The bacteria appear to have a much rougher surface than the control samples. 

Biofilms grown in the presence of C-FE (Figure 10, center; prophylactic treatment) also 

displayed some holes throughout the sample, varying considerably from the completely 

smooth surface of bacteria grown with PBS (Figure 10 left), although both had uniform 

growth of biofilm across the observed surface. Although bacteria treated with S-FE during 

development had a uniform lawn appearance (Figure 10, right), they also displayed what 

appear to be holes and roughening of the bacterial surface. (Larger SEM images with 

labelled regions of interest are shown in Figures S7 and S8.) 
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Confocal laser scanning microscopy (CLSM) Confocal microscopy 

demonstrated that there was significant UAMS-1 viability for established biofilms treated 

with PBS or C-FE, as demonstrated by the dominance of green, live bacteria, as shown in 

Figure 9: SEM of established biofilms treated with PBS, C-FE or S-FE and imaged at 2000X 

and 10,000X magnification. Larger images with labelled regions of interest can be seen in Figure 

S7. 

Figure 10: SEM of biofilms treated prophylactically with PBS, C-FE or S-FE and imaged at 2000X 

(top row) and 10,000X magnification (bottom row). Larger images with labelled regions of interest 

can be seen in Figure S8. 
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Figure 11 a, b, d, and e. The S-FE-treated biofilms had a significant reduction in green, 

viable bacteria, as seen in Figure 11 c and f. Because there was also a minimal amount of 

red cells, this result suggests that there was minimal biofilm available for staining. This 

could be due to the S-FE gel making the biofilm more fragile and easier to disrupt from the 

glass surface during washing and staining steps. This result was further corroborated by 

the staining of the polysaccharide matrix, which is minimally present in the S-FE treated 

biofilm (Figure 11 i and l), as compared to the robust matrix seen for biofilms treated with 

C-FE or PBS. Reduced biofilm matrix was not observed when the biofilm was grown in 

the presence of S-FE gel (prophylactic treatment), as seen in Figure 12 i and l. Prophylactic 

treatment of biofilms with S-FE did not seem to inhibit the synthesis of the biofilm matrix, 

but it did appear to cause significant cell killing, as demonstrated by the abundance of red, 

dead cells in Figure 12 c and f. Biofilms treated with C-FE had more polysaccharide matrix 

material compared to either the S-FE- or PBS-treated samples (Figure 12 h and k), and 

there was substantial viability of the cells treated with C-FE compared to PBS (Figure 12 

b and e compared to a and d). H2S is often thought of as a double-edged sword, because it 

may protect bacteria from reactive oxygen species and antibiotics in some species of 

bacteria, but it can improve the host’s response to the infection.139 It is not unexpected for 

there to be an increase. in extracellular polymeric substances (EPS) due to the insult of 

H2S, as shown in Figure 12, part l, and this result seems to indicate that H2S may help the 

development of S. aureus biofilms. For clinical utility though, H2S will most likely be 

utilized against established biofilms, which cause the greatest challenges. From the results 

of Figure 11, part l, S-FE works well for reducing the extracellular polysaccharide 

components of an established biofilm. Additionally, sustained H2S delivery imparts a 
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bactericidal effect in both established and developing biofilms, as indicated by the 

reduction of live bacteria in part f of both Figures 11 and 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 11 Confocal microscopy of established biofilms treated with PBS (a, d, g, j), C-FE (b, 

e, h, k) or S-FE (c, f, i, l). a–f are live/dead staining of UAMS-1 biofilms, with green 

representing live bacteria and red representing dead bacteria. a–c are volumetric 

representations. d–f are representative two-dimensional views. Similarly, g–i are volumetric 

views of biofilms stained with wheat germ agglutinin to visualize the polysaccharide matrix of 

the biofilms volumetrically, compared to representative two-dimensional images (j–l). 
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Figure. 12 Confocal microscopy of established biofilms treated with PBS (a, d, g, j), C-FE (b, e, 

h, k) or S-FE (c, f, i, l). a–f are live/dead staining of UAMS-1 biofilms, with green representing 

live bacteria and red representing dead bacteria. a–c are volumetric representations. d–f are 

representative two-dimensional views. Similarly, g–i are volumetric views of biofilms stained with 

wheat germ agglutinin to visualize the polysaccharide matrix of the biofilms volumetrically, 

compared to representative two-dimensional images (j–l). 
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 Synthesis of dipeptides 

 

Figure S1. Synthesis of S-FE, C-FE and C-GE dipeptides. 

The aldehyde-containing FBA-FE (FBA = 4-formylbenzoic acid) dipeptide was 

synthesized via solid phase peptide synthesis following published procedures for similar 

FBA peptides.1, 2 After purification, the peptide was treated with 0.01 M HCl and 

lyophilized to remove residual trifluoroacetic acid (TFA). SATO-containing S-FE was 

prepared by mixing FBA-FE (100 mg, 1 equiv), S-benzoylthiohydroxylamine (72 mg, 2 

equiv) and Dowex (20 mg) in 500 µL DMSO. After 3 h, the peptide was isolated and 

purified as described previously for similar SATO peptides.1,2 Oxime-containing C-FE was 

produced by adding 96 mg (1 equiv) of FBA-FE and 56 mg (2 equiv) of O-

benzylhydroxylamine hydrochloride into 500 µL DMSO. After 3 h, the peptide was 

isolated and purified as described previously for similar peptides.1,2 Oxime-containing C-

GE was prepared by the same method as C-FE. FE dipeptide was synthesized by solid 

phase peptide synthesis directly. All dipeptides were purified by HPLC using pure ACN 

and milliQ water as mobile phase, with a flow rate of 10 mL/min and a gradient change of 
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ACN from 30% to 90% over 25 min, as noted in previously published procedures for 

similar peptides.2 

 

 

 

 

 

 

 

 

Scheme S1. Proposed mechanism of cysteine-triggered H2S release from SATOs. 

Critical aggregation concentration 

The critical aggregation concentrations of dipeptides were determined by the Nile 

Red assay, following a published method.1 In brief, a 1 mg/mL Nile Red stock solution 

was prepared in acetone and then diluted in DI 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. Next, a series of 

peptide solutions, with concentrations of 4, 3, 2, 1, 0.5, 0.25, 0.1, 0.01, 0.001, 0.0001 

mg/mL, were prepared with the 0.01 mg/mL Nile Red solution. Samples of dilution series 
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were transferred into a 96-well plate and analyzed by fluorescence spectroscopy. The 

excitation wavelength was set at 550 nm and the emission wavelength was 648 nm.  

Table S1. CAC of dipeptides 

 

CAC 

(mg/mL) 

CAC (mM) 

S-FE 0.3±0.1 0.5±0.2 

C-FE 0.3±0.1 0.5±0.2 

C-GE 0.5±0.0 1.0±0.1 

FE 0.2±0.1 0.7±0.3 

FBA-FE 0.4±0.0 1.0±0.1 

Circular dichroism spectroscopy 

Circular dichroism (CD) was used to determine the possible β-sheet interaction in 

the self-assembling process. For unassembled dipeptide solutions, 0.1 mM dipeptide 

solutions were prepared and sonicated before the testing. Self-assembled dipeptides were 

prepared by adding 2 L of dipeptide hydrogels (36 mM) to 718 L DI water, and CD 

spectra were acquired immediately after dilution. CD spectra are shown in Figure S2. 
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Figure S2. Circular dichroism spectra of (A) S-FE, (B) C-FE, (C) C-GE, (D) FBA-FE, (E) 

FE in H2O. 
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Rheology of hydrogels 

 

 

 

 

Figure S3. Rheology results of (A) S-FE and (B) C-FE hydrogels. Time-sweeps were set 

up under 0.5% strain and 1 Hz frequency for 45 min. A 30 s steady shear operation (500 

/s) was applied between two time-sweeps to disrupt the hydrogel structures. Solid curves: 

storage moduli; dash curves: loss moduli. 

Biological Assays to Determine the Antimicrobial Effects of S-FE 

We tested the effect of cysteine on the growth of Staphylococcus aureus (ATCC 

12600, Xen29) bioluminescent pathogenic bacteria. The Xen29 bacteria frozen stock 

solution was used to grow an overnight culture in Nutrient broth1 (NB1) at 37 ˚C. 1440 µL 

of the cysteine solution (500 mM) was added to a stock bacterial culture with a 

concentration 1x106 colony forming units per mL (CFU/mL). A control group was 

prepared by adding 1440 L of PBS (1X) to NB1 bacterial broth and making the final 

bacterial concentration 1 x106 CFU/mL. Samples were incubated in an orbital shaker at 37 

oC for 24 h with a shaking speed of 166 rpm. Serial dilution was carried out, and bacterial 

solutions were plated on NB1 plates. Finally, all plates were incubated to form colonies, 

and the number of CFUs were enumerated. 
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Figure S4. Bacterial burdens of bacteria with or without Cys treatment. 106 CFU/mL 

Xen29 with or without 500 mM Cys was cultured in NB1 broth for 24 h at 37 oC, with a 

shaking speed of 166 rpm. Bacterial burdens were measured by a serial dilution assay using 

NB1 plates. Mean values were calculated from three trials with error bars indicating 

standard errors. Tukey-Kramer HSD test was performed with n=3 and p < 0.05. 
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Figure S5. Bacterial burdens after treatment of Xen29 with dipeptide hydrogels. (A) 

Bactericidal data; (B) Bacteriostatic data. Peptide samples (2 mg) were dissolved in pH 6.0 

PBS (1X) at a concentration of 36 mM with 14.4 L of 500 mM Cys. The resulting 

solutions were then mixed with Xen bacterial culture (20 L, 1x108 CFU/mL),  NB1 broth 

(280 L) and PBS (1X) to prepare different concentration groups with total volume of 400 

L: high concentration (100 L, 9 mM final peptide concentration) and low concentration 

(30 L, 2.7 mM final peptide concentration).  There are significant differences between 

groups treated with S-FE and C-FE compared to the bacteria only groups. Mean values 

from three replicates are presented, with error bars indicating standard errors. An ANOVA 

and Tukey-Kramer HSD test were performed with n=3 and p < 0.05. * indicates p < 0.05 

with respect to the four treatment groups; ns indicates no significant differences among the 

four treatment groups. 
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TEM images of self-assembled dipeptides  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. TEM images (stained with 2 wt% uranyl acetate) of (A) S-FE, (B) C-FE, (C) 

C-GE, (D) FBA-FE, and (E) FE.    

 

 

  

 

(E) FE 
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SEM images of dipeptide treated bacterial biofilms 

 

 

 

 

 

 

 

 

 

Figure S7. SEM images of established biofilms treated with PBS, C-FE or S-FE and 

imaged at 10,000X magnification. Yellow boxes indicate the holes and rough surfaces of 

bacteria, while the red box shows the salt crystal area. 
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Figure S8. SEM of biofilms treated prophylactically with PBS, C-FE or S-FE and imaged 

at 10,000 magnification. Yellow boxes indicated the holes and rough surfaces of bacteria. 
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A1.4.2 DISCUSSION 

Dipeptide supramolecular structure and H2S release. The SATO-FE dipeptide 

design allowed for the construction of a supramolecular, peptide-based hydrogel that 

releases H2S without the need for any additional components. It self-assembled in water 

into twisted nanoribbons, which gelled upon incubation in pH 6.0 buffer. A control 

dipeptide with an oxime linkage in place of the SATO group, C-FE, formed a hydrogel 

with similar mechanical and sheer-thinning properties. Extensive characterization of the 

self-assembled structures of S-FE, C-FE, and three other related dipeptides revealed that 

self-assembly is driven by the formation of β-sheets and aromatic stacking between 

SATO/benzyloxime groups and Phe residues. We observed that the S-FE hydrogel released 

H2S over the course of a few hours after triggering with Cys, similar to previously reported 

SATO peptides.155,173 As expected, no H2S release was detected from C-FE or the other 

control dipeptides.  

Antimicrobial effects of dipeptide hydrogels. Biofilms that form during clinical 

infections cause problems for wound healing. To address the problem of biofilm formation, 

or aid in biofilm disruption and S. aureus killing, the H2S-releasing S-FE hydrogel was 

explored. Significant inhibition of UAMS-1 bacteria was discovered in both planktonic 

and biofilm forms. In the planktonic culture assay, the sample containing S-FE eliminated 

97% UAMS-1 compared to the bacteria-only group. In this experiment, C-FE and the other 

dipeptides also showed antimicrobial effects, suggesting antimicrobial properties derived 

from the peptides themselves. These results indicate the S-FE and C-FE hydrogels were 

able to penetrate the biofilm and inhibit bacterial activity, making them excellent 

candidates for treating existing biofilms as well as for prophylactic treatment. While both 
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C-FE and S-FE inhibited bacterial activity and biofilm formation, all experiments revealed 

that the S-FE had superior antimicrobial effects.  

The mechanisms of the antimicrobial effects of C-FE and S-FE are not yet clear, 

but we propose that these effects are likely related at least in part to their self-assembled 

structures, as antibacterial activity has been reported for other antimicrobial peptides 

(AMPs).174–176 For peptide hydrogels in this study, the hydrophobic components (SATO 

and phenylalanine) and the self-assembled -sheet structures may facilitate attachment to 

bacterial membranes, causing pores and defects. It is likely that once these pores and 

defects are formed, ions and metabolites start to leak, and membrane respiration and 

functions are inhibited, leading to death of the bacteria.177 At the same time, released H2S 

contributes to UAMS-1 death as observed by the lower bacterial burden from S-FE than 

C-FE. Considering the antimicrobial results and potential wound treatment applications, S-

FE gel is better than C-FE gel, as it may not only kill UAMS-1 bacteria, but also provide 

therapeutic effects like anti-inflammation and angiogenesis promotion, which benefit the 

wound healing process. 

A1.5 CONCLUSIONS 

In this study, we synthesized an H2S-releasing dipeptide (S-FE), a control dipeptide 

that could not release H2S (C-FE), and three additional control dipeptides (C-GE, FBA-FE, 

and FE) as possible antimicrobial treatments for infected wounds. S-FE and C-FE both 

self-assembled into nanoribbons driven by both -sheet formation and - stacking 

interactions. Upon incubation in pH 6 buffer, both dipeptides formed soft hydrogels that 

sheer-thinned with modulus recovery over minutes to hours. Both S-FE and C-FE showed 
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antimicrobial effects in in vitro assays with S. aureus, with S-FE eliminating 97% of the 

bacterial burden. Even though both S-FE and C-FE showed inhibition of bacteria and 

biofilms, the S-FE hydrogel demonstrated a better antimicrobial effect in general. This 

material may be able to improve infection management for patients and provide adjunct 

therapy for bacterial infections by preventing biofilm formation. 
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