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Abstract 

HYDROGEN PEROXIDE VAPOR DECONTAMINATION OF POLYLACTIC ACID FIBERS 

 

Alexandra Craig 

Thesis Chair: Shih-Feng Chou, Ph.D. 

The University of Texas at Tyler 

November 2021 

Electrospun fibers have attracted attentions in topical drug delivery due to the ability to modulate 

drug release at high drug loading. While the pharmaceutical properties of these drug-eluting 

fibers were reported elsewhere, the compatibility of these fibers with hydrogen peroxide vapor, 

an effective decontaminant, is not fully established. In this work, polylactic acid (PLA) 

microfibers loaded with acetylsalicylic acid (ASA) were electrospun to examine their 

compatibility with hydrogen peroxide vapor. Results suggested a strengthening effect of the 

PLA/ASA fibers due to intermolecular interactions of ASA with PLA, which modulated the in 

vitro drug release rates. After exposing PLA/ASA fibers to vapor phase hydrogen peroxide, 

results showed the disruptions of the intermolecular bonds between the ASA and PLA that 

reduced the mechanical properties and facilitated the burst release behaviors of the fibers. This 

work provided the scientific understanding on the role of drug-polymer interactions in 

electrospun fibers and their corresponding effects after exposure to hydrogen peroxide vapor. 

 

Keywords: vapor phase hydrogen peroxide, decontamination, electrospun fibers, polylactic acid, 

drug-polymer interactions 
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Chapter 1 

Introduction 

1.1 Topical Drug Delivery 

Topical therapies are one of the earliest medical treatments utilized by humans. 

Throughout the 20th and 21st centuries, the understanding of the behavior of drug carriers and 

their usage have advanced the topical drug delivery field rapidly due to the possibility to control 

the drug release rates [1]. Over the last few years, topical drug delivery has obtained increased 

attention from researchers due to its accessibility and their minimum systemic toxicity in 

treatment of local diseases [2]. 

Topical drug delivery is a method of treatment where the drug delivery system is applied 

to areas such as ophthalmic, rectal, vaginal, or skin to treat diseases and infections [2]. This non-

invasive delivery system allows for an alternative route for drugs to be delivered to a specific site 

providing a more targeted treatment option [3]. There are many advantages in using a topical 

drug delivery system over the invasive drug delivery routes, including the improvement of drug 

bioavailability locally, the specific location of the drug being delivered, the easiness for the 

patients and healthcare to apply the drugs, and the long-term adherence on treatment plans due to 

patient compliance [4]. 

Various drug carriers have been investigated for the use of topical drug delivery systems, 

such as hydrogels, creams, gels, capsules, nanoparticles, and microfibers. Recently, electrospun 

microfibers receive an increased amount of attention in topical drug delivery systems due to a 

number of outstanding properties such as the ability to be made from a variety of polymers that 

can accommodate small molecule drugs and have a high surface area to volume ratio. First, 

electrospun microfibers can be made from a variety of polymers, where the choice of using a 
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natural polymer, a synthetic polymer, or a blend of both can be adjusted with the types of drugs 

that will be incorporated into the microfibers, allowing for flexibility in selecting the polymer. 

Second, electrospun microfibers can accommodate small molecule drugs with different 

physicochemical properties at a high loading (up to 60%) and a high encapsulation efficiency (up 

to 100%) for sustained drug delivery which is not always possible with other drug delivery 

systems [5]. Third, electrospun microfibers have a high surface area to volume ratio, which 

enables surface wetting to become a rate-limited step for the diffusion process of small molecule 

drugs. Finally, the requirements of sustained drug release behaviors for clinical applications can 

be tuned through the modifications of fiber diameters, fiber morphologies, fiber mat porosities, 

and/or drug loadings [6]. These outstanding properties such as flexibility in choosing the 

polymer, the ability to accommodate small molecule drugs, and the ability to maintain a 

sustained drug release through fiber modifications of electrospun fibers enable their uses in a 

variety of biomedical applications for controlled drug delivery. 

1.2 Decontamination of the Drug delivery Systems 

There are on average 53 million outpatient surgical procedures, and 46 million inpatient 

surgeries performed every year in the United States [7]. A major risk of all these procedures is 

the introduction of infection to the patient by failing to properly disinfect or sterilize equipment 

[7]. Hospital acquired infections (HAI) are considered the eighth most common cause of death in 

the United States [8]. These HAI can be transmitted through medical devices or the unclean 

hands of health care workers. There has been a substantial amount of evidence in recent years 

that contaminated surfaces contribute to the transmission of pathogens [9]. 

Dry cleaning, dusting, mopping, and using antibacterial wipes are some of the traditional 

cleaning methods that are used to clean biomedical devices. Dusting and dry cleaning can 
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disperse particles and spread microorganisms across surfaces. Mops can be used to clean large 

areas; however, there is a potential of spreading contamination to non-contaminated areas. Mops 

can be disinfected; however, the disinfecting process can degrade the effectiveness of mopping. 

Antibacterial wipes only achieve their maximum effectiveness when an elaborate procedure is 

followed, if the procedure is not followed it can increase the spreading of microorganisms [10]. 

Even by following procedures to ensure maximum effectiveness, traditional cleaning is not 

always enough to avoid a potential outbreak. 

Decontamination of equipment and areas is needed to decrease the risk of disease and 

infection from spreading. Various approaches have been used to disinfect environments such as 

hospitals and laboratories, but there are many difficulties with material compatibility related to 

the equipment and surface areas in spaces [11]. Careful consideration is needed when 

determining the best option to perform decontamination on biomedical devices. Many 

biomedical devices are susceptible to moisture and heat, therefore different methods are needed 

when these devices are decontaminated to avoid the risk of HAI spreading among patients. 

Touch disinfectants, which are liquid disinfectants, are a common method used to disinfect 

equipment and areas that cannot be disinfected by heat. However, liquid disinfectants require 

that the object be submerged for a pre-determined amount of time. This requirement means the 

object cannot be susceptible to moisture or the equipment can be damaged [12]. Liquid 

disinfectants can be highly corrosive to certain materials such as metals and plastics when the 

items are disinfected. For example, chlorine dioxide or bleach has been found to be highly 

corrosive even to highly alloyed stainless steels [13]. Individuals who use liquid disinfectants are 

at a higher health hazard risk due to prolonged exposure while disinfecting items. 
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To avoid damaging equipment, non-touch disinfectants, which remove or reduce the 

reliance on operators with an improved efficacy at terminal disinfection [14], are an effective 

option when liquid disinfectants cannot be used. Non-touch disinfectants include UV light, 

ozone, and heat. These non-touch disinfectant methods are becoming more popular due to their 

ability to disinfect a wide variety of equipment and areas effectively. However, there are some 

drawbacks to the non-touch disinfectant methods such as they require a certain concentration of 

the decontaminant to contact all of the surfaces for a set amount of time in order to be effective 

and kill microorganisms [15]. One of the most popular non-touch disinfectants is vapor phase 

hydrogen peroxide (VHP) due to its effectiveness in killing microorganisms. However, when 

performing decontamination with VHP, safety is always a major concern. VHP can be hazardous 

to human health if the correct precautions are not followed. Even with short-term exposure, as 

low as 0.5-2 ppm, VHP can cause safety issues for the personnel using them [15]. In addition, 

potential leakages of VHP out of the area of decontamination can reduce its effectiveness [15]. 

Since each cycle of decontamination will have different requirements depending on the 

biomedical devices, considerations need to be taken into account for decision-making on the 

materials compatibility with VHP. 

1.3 Thesis Hypothesis 

In general, the purpose of this work is to: (1) study the drug stability in electrospun 

microfibers and the effects of drug loading on the physico-mechanical properties of the 

microfibers, and (2) determine the effects of vapor phase hydrogen peroxide on the physico-

mechanical properties of drug-loaded electrospun microfibers. The hypothesis of the thesis is 

that drugs will be stable in the electrospun microfibers, whereas exposure of the microfibers to a 

hydrogen peroxide vapor environment will decrease the physico-mechanical properties and 
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produce a burst release behavior. The results from the thesis will provide significant information 

on the compatibility of electrospun drug-loaded microfibers after VHP treatments. 

Although electrospun polylactic acid (PLA) microfibers have been extensively 

researched in the field of topical drug delivery, a case can be made that organic solvents and drug 

loadings affect drug stability in the fibers and their corresponding therapeutic performance. In 

the first part of the thesis, electrospun acetylsalicylic acid (ASA) - loaded PLA microfibers (15% 

loading) were produced after the drug/polymer solutions were mixed in hexafluoroisopropanol 

(HFIP) for 1 day, 14 days, and 28 days to determine drug stability in the organic solvent. After 

confirming the suitable mixing days for drug/polymer solution, electrospun ASA-loaded PLA 

microfibers were produced at 15%, 30%, and 45% ASA loading to determine the fiber physico-

mechanical properties and in vitro drug release rates. 

Vapor phase hydrogen peroxide has shown effectiveness and efficacy in 

decontamination; however, material compatibility has not been fully researched using 

electrospun drug-loaded microfibers. In the second part of the thesis, a portable H2O2 vapor 

generator and a H2O2 gas sensor were used to examine the effects of hydrogen peroxide vapor 

exposure on electrospun ASA-loaded PLA microfibers. Baseline studies on the relative 

humidity, temperatures, and hydrogen peroxide vapor concentrations were performed using 

liquid hydrogen peroxide of 3.5%, 10%, 20%, and 30% in an enclosed environment over a time 

period of 200 minutes. Furthermore, 35% liquid hydrogen peroxide was used to determine the 

three concentration-time levels at the plateau of the relative humidity and concentration. The 

effects of hydrogen peroxide vapor exposure on the fibers physico-mechanical properties and 

chemical structures were determined at various VHP treatment levels. In vitro drug release assay 
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was used to examine the effects of hydrogen peroxide vapor treatment conditions on the 

cumulative release of the ASA. 
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Chapter 2 

Significance 

The significance of this work is twofold: (1) to acquire a more comprehensive 

understanding on the effects of an organic solvent and drug loading on the physico-mechanical 

properties in electrospun microfibers and (2) to report the material compatibility of electrospun 

microfibers with vapor phase hydrogen peroxide. Drug stability and drug loading can play a 

significant role on drug release rates (e.g., increasing drug loading allows for a longer delivery 

period if the release rate is slow, which could reduce patient visits and improve patient 

compliance with the treatment). Therefore, drug delivery devices that contain high drug loading 

with slow release rates have gained interest from researchers over the past decade. In this area, 

limited research has been performed on drug stability in HFIP, one of the commonly used 

organic solvents, and how drug loading affects the physico-mechanical properties of the 

electrospun fibers. 

During the process of electrospinning, there is a possibility of contaminating the fiber 

mat, thus, it might be necessary to sterilize the medical fabrics before administration topically. 

There are many sterilization methods, and vapor phase hydrogen peroxide decontamination has 

gained notability as a robust and effective disinfectant method across various industries. 

Although many research efforts have been taken place with examining the effects of vapor phase 

hydrogen peroxide on a material’s physico-mechanical properties with industrial size 

decontamination units, there exists a fundamental question on how effective a handheld vapor 

phase hydrogen peroxide decontamination unit would be and its specific effects on electrospun 

microfibers. 
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Chapter 3 

Literature Review 

3.1 Drug Delivery Systems 

Drug delivery systems (DDS) have played a key role in applications to deliver drugs for 

treatment of diseases and infections. In recent years, researchers have made advances and have 

developed various types of DDS to delivery drugs to a targeted area in the human body. These 

advancements improve local drug activities in the human body. Currently, various DDS such as 

nanoparticle, liposomes, hydrogels, scaffolds, and nanofibers have been developed.  

3.1.1 Nanoparticles 

Nanoparticles are particles having a diameter of 10-100 nm and are a common DDS. The 

advantages of using nanoparticles as a DDS include the improved drug efficacy, the increased 

drug half-life, the ability to perform controlled drug release, and the promotion of solubility for 

poorly water-soluble drugs [16]. Nanoparticles can be developed using either synthetic or natural 

polymers. Some synthetic polymers that are currently being used are polylactic acid (PLA) and 

poly(lactic-co-glycolic acid) (PLGA), while some natural polymers that are used include 

chitosan, gelatin and alginate [17]. To determine which type of natural or synthetic to use is 

dependent on the application of the DDS. Nanoparticles made of biodegradable polymers can 

also increase patient compliance to the treatment schedule due to sustained drug delivery [18]. 

Being made of the biodegradable polymers, it allows the nanoparticles to stay in circulation and 

in tissues for longer period of times than traditional methods. Barbieri et al. used tamoxifen-

loaded lecithin-chitosan nanoparticles to increase the solubility and permeation of drugs across 

the intestinal epithelium [19]. Liu et al. used carboxymethyl chitosan nanoparticles as a carrier 

for carbamazepine (CBZ) to help treat epilepsy. This resulted in a faster absorption and also an 
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increase in the bioavailability of the drug crossing into the blood brain barrier. Through the use 

of nanoparticles, it also had enhanced brain targeting characteristics rather than the traditional 

method of antiepileptic drugs [20]. Pandey et al. used PLA nanoparticles to deliver tamoxifen 

(TMX) for breast cancer treatment. TMX showed an initial burst release with an approximately 

65% being released in the first 24 hours, while approximately 80% after 4 days [21]. 

Householder et al. used PLGA nanoparticles to deliver hydrophobic payloads to an intracranial 

glioma. They encapsulated camptothecin (CPT) in the PLGA nanoparticles at 20 mg/kg drug 

loading. They showed that the nanoparticles could slow tumor growth and increase the rate of 

survival in comparison to other treatments [22].   

3.1.2 Liposomes 

Liposomes were the first nanoparticle-related DDS to be discovered [16]. Composed of 

phospholipids, either natural or synthetic, liposomes have a lipophilic tail and hydrophilic head 

on the same molecule. The hydrophobic tails make up the inner region of the membrane while a 

bilayer is formed due to the polar heads orientating themselves to the aqueous medium. 

Liposomes can improve drug efficacy, therapeutic index, and drug stability through drug 

encapsulation. They are also nontoxic, biocompatible and biodegradable [23]. Sonkar et al. 

loaded AuGSH (a diagnostic agent) into the core of the liposome while, DCX (a therapeutic 

agent) was loaded into the lipophilic bilayer to help improve brain targeted drug delivery. They 

managed to achieve a 70% drug loading for both the targeted and non-targeted formulation. They 

also demonstrated a slow and sustained release [24]. Huang et al. designed a biotin-glucose 

branched ligand-modified, dual-targeting liposomes. They significantly increased the number of 

liposomes in the breast tumor sites, which resulted in an increased tumor-targeting abilities [25]. 

 



 

10 

 

3.1.3 Hydrogels 

Hydrogels have been used for DDS for a long time. They have many definitions, however 

the most common definition used by researchers is a water-swollen and cross-linked polymeric 

network produced by the simple reaction of one or more monomers [26]. When drug-loading 

hydrogels come into contact with an aqueous medium, the hydrogel dissolved and releases the 

drug [27].  Hydrogels are an important area of study for drug delivery due to their wide range of 

application use from agriculture to biomedical engineering [28]. Due to their ability to absorb 

and retain large amounts of water, they are widely used in medicine and tissue engineering as 

they are similar to living tissue [29]. Sheu et al. used Doxorubicin (DOX) thermosensitive 

hydrogels incorporated with docetaxel (DOC)-loaded mixed micelles to deliver two drugs. They 

found that the hydrogels were thermosensitive, injectable, and capable of maintaining a sustained 

drug release. They determined that there was an increased efficacy of cancer chemotherapy. 

They also found that there was minimal side effects and a reduced chemoresistance [30]. Leach 

et al. developed an injectable hydrogel for release of cyclic dinucleotides (CDNs), which 

improved the survival in murine modal of head and neck cancer. It was also seen that an 

immunological memory was developed and rejected a secondary challenge of cancer cells in the 

surviving animals [31].    

3.1.4 Scaffolds 

Scaffolds play a key role in tissues engineering due to the fact that they can be an 

alternative to traditional implants of organs and tissues [32]. There are a few requirements when 

designing a scaffold. First, the scaffolds need to have a high porosity and high surface area. 

Second, the scaffolds need to be biodegradable and biocompatible. Lastly, the scaffolds must 

have the ability to maintain the mechanical integrity in the predesigned tissue structure. Patel et 
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al. used chitosan/cellulose nanocrystal scaffolds [33]. They found that composite scaffolds had 

improved the mechanical strength as well as the antibacterial activity. They also managed to 

maintain a sustained drug release. 

A commonly used polymer for scaffold making is polylactic acid (PLA). This is due to its 

extra methyl group, which makes it more hydrophobic in comparison to other polymers such as 

polyglycolide (PGA), leading to a lower hydrolysis rate that other scaffolds [34]. Jadidi et al. 

developed a dual-functional scaffold for the purpose of bone tissue regeneration and local 

antibiotic delivery applications [35]. A bioresorbable bredigite scaffold loaded with vancomycin 

hydrochloride and was encapsulated in poly(lactic-co-glycolic acid) (PLGA) was developed. The 

scaffold improved the cell viability and the drug release by decreasing the burst release, which 

resulted in a sustained drug release. This showed the PLGA scaffold could be a viable option for 

osteomyelitis treatment. Cantón et al. showed that PLA/PLGA scaffold were able to release 

ibuprofen over a period of 160 hours [36]. There was an initial burst release and then slowed to a 

gradually release. The scaffold also degraded, which avoided the need to remove the dressing 

after treatment was completed. 

3.1.5 Nanofibers 

Nanofibers are fibers that have diameters ranging from tens of nanometers to a few 

micrometers. Nanofibers have high surface-to-volume (or weight) ratio, and they often have a 

porous structure and excellent pore interconnectivity [37]. Due to the small fiber diameter and 

large surface-to-volume ratio, nanofibers have demonstrated a significantly improved physical, 

chemical, and biological properties [38]. They are considered among one of the most universal 

and promising DDS. Nanofibers can be designed to possess a wide range of drug release 

behaviors and routes of administration not limited to but including oral, transdermal, and 
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transmucosal delivery [39]. Nanofibers are commonly made through the process of 

electrospinning. Hussein et al. electrospun coaxial nanofibers from blend polymers of polyvinyl 

alcohol (PVA) and polylactic acid (PLA) to delivery both Ag-chitosan nanoparticles and 

phenytoin [40]. They found that the nanofibers had an increase efficacy in both antibacterial and 

fibroblast proliferative properties than non-coaxial nanofibers. These fibers were promising for 

drug delivery in wound healing due to the improvement on the morphological, thermal, and 

mechanical properties of the fibers. Zahedi et al. electrospun PLA and polycaprolactone (PCL) 

fibers in a 50/50 blend with various doses of tetracycline hydrochloride, an antibiotic [41]. They 

found the nanofibers not only had a sustained and suitable drug release behavior, but also had an 

adequate water uptake, water permeability, and antibacterial activities. These nanofibers had a 

higher performance when compared to commercial wound dressing materials. 

3.2 Electrospinning 

To produce nanofibers, the process of electrospinning is performed. Figure 1 shows a set 

up for electrospinning. The process of electrospinning typically involves a syringe filled with a 

desired polymer solution that is connected to the positive end of a high voltage source. The 

negative end is then connected to the collector plate [42]. The syringe is placed into the syringe 

pump, which ejects the solution out at a specified flowrate, which is dependent on the solution in 

the syringe. The current flowing from the high voltage source charges the particles in the 

solution. This causes the particles to rapidly expand, forming a small and fine nanofiber at the tip 

of the needle. The nanofiber comes out of the needle tip whipping around, in what is called the 

whipping effect. This “spinning” characteristic that the fiber does, is concentrated into a small 

cone shaped area forming what is called a Taylor Cone [43]. An electric field is formed between 

the tip of the needle and the collector plate flowing in the direction towards the plate due to the 
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positive charge connected to the needle top and the negative connected to the collector plate. The 

fiber exits the needle tip and then travels across the electric field and makes contact with the 

plate. The fiber adheres to the surface of the wax paper and forms a fiber mesh attached to the 

plate over time. Some solutions are plagued with issues such as beading or a spraying effect. 

This occurs when a small bead at the tip of the needle, and that bead is carried across to the plate 

once it overcomes friction and a steady spray of tiny drops are carried across to the plate. These 

issues can normally be resolved through the adjustment of the electrospinning parameters. 

However, some polymers are more difficult to electrospin, thus they are plagued with a higher 

degree of beading or spraying due to their lower solution conductivity [44].  

 

Figure 1. A schematic of electrospinning setup [45]. 
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3.3 Polylactic Acid (PLA) 

PLA is a widely used thermoplastic polyester derived from lactic acid. Since lactic acid is 

a constituent unit and a chiral molecule, it exists as two enantiomers, L- and D- lactic acid [46]. 

It can be used in a variety of applications such as tissue engineering, drug delivery systems, and 

various medical implants due to its ability to be used in scaffolds, films, nanoparticles and 

nanofibers [47,48]. A key point of PLA is its physical and chemical properties, which can be 

easily controlled, allowing researchers to obtain their desired properties. PLA is biodegradable 

and biocompatible, and it also has a high tensile strength and elastic modulus. 

3.3.1 Degradation  

PLA is degradable by a variety of mechanisms. These include and are not limited to, 

thermal, oxidative, and hydrolytic mechanisms [49].  The degradation rates of PLA is heavily 

influenced by a variety factors including humidity, oxygen, and the shape and size of the 

material [50,51]. 

3.3.1.1 Temperature 

Thermal degradation of polymers leads to molecular deterioration. At higher 

temperatures the backbone of the polymer can break causing property changes to the polymer. 

Belbella et al. showed that the degradation process of PDLLA was increased with higher 

temperatures [52,53]. The results obtained were based on the amount of lactic acid released 

during the degradation as intra-molecular trans-esterification reaction led to cyclic oligomers of 

lactic acid and lactide. The PDLLA was observed after a month at three different temperatures, -

18, 4 and 37°C. It was seen that the thermal degradation of PDLLA was faster at 37°C than at 4 

and -18°C. Hyon et al. investigated long-term degradation behavior of PLLA fibers in PBS at 37 

and 100°C [54]. It was found that the tensile strength was decreased to half of the initial strength 
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after 10 hours in PBS at 100 °C, while no change was found at 37°C. Overall, it can be seen that 

the degradation of PLA is dependent on the temperature. It should also be noted that the weight 

loss rate is drastically increased with temperatures that are higher than the glass transition 

temperature which is 63°C [55].  

3.3.1.2 Oxidation 

Thermal oxidation can take place throughout the material. It occurs when there is an 

interaction of oxygen at a high temperature with the material. As a result of oxidation, 

mechanical properties of material are reduced. It can also cause embrittlement of the material 

through the breaking of bonds [56]. Rasselet et al. has shown that oxidation affects the physical 

and mechanical properties of PLA [56]. Due to thermal oxidation, PLA experiences a decrease in 

molecular weight since the oxidation leads to a random chain scission process. Changes to the 

molar mass decreased the glass transition temperature while the degree of crystallinity was 

increased. It was also seen that strain at break was decreased due to the decrease in molar mass.  

3.3.1.3 Hydrolytic  

PLA degrades mainly through hydrolysis after a few months of moisture exposure. This 

degradation occurs in two stages. The first stage is the non-enzymatic chain scission of the ester 

groups which leads to a decrease in molecular weight. During the second stage the molecular 

weight is reduced until the lactic acid and low molecular weight oligomers are naturally 

metabolized by microorganisms. The decrease of molecular weight leads to a change in 

mechanical properties [57]. Tsuji et al. showed that tensile strength, Young’s Modulus, and 

elongation-at-break decreased during hydrolysis [58]. PLLA films annealed at different 

temperatures were tested to evaluate the effect of hydrolysis on mechanical properties. As the 
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hydrolysis time increased there was a decrease in the mechanical properties, with a significant 

decrease between approximately 5 months to 12 months. 

3.4 Decontamination Products  

Many disinfectant products are available on the market, ranging from touch disinfectants, 

which include liquid disinfectants, to non-touch disinfectants. These products can disinfectant 

the surfaces and items that are used in daily life and highly specialized equipment such as 

medical devices. 

3.4.1 Contact Disinfectants  

Various chemicals are used to disinfect items and environments that cannot be disinfected 

through other methods such as thermal disinfecting. However, a major drawback to using liquid 

disinfectants is that the item needs to be fully submerged for a period of time. Thus, the item 

needs to be liquid proof to kill any microorganism without damaging the item. 

3.4.1.1 Sodium Hypochlorite 

Sodium hypochlorite, more commonly known as bleach, is a widely used and accessible 

product. It is used to disinfect equipment, surfaces and even laundry. It is a strong oxidizing 

agent with a broad-spectrum antimicrobial effect and is classed as a low or intermediate level 

disinfectant depending on the concentration level. The effectiveness of sodium hypochlorite is 

highly dependent on the amount of organic load. It is highly effective in dealing with blood 

spillage and decreasing the risk of transmission of viruses. It impairs bacterial oxidation by 

releasing chlorine which damages the bacterial cell walls. Bacteria can be killed within 1 minute, 

and fungi and viruses are extremely susceptible. However, it can be corrosive to metals, certain 

plastics and fabrics depending on the concentration. It also needs to be thoroughly removed after 

it is used. Rios-Castillo et al. used different sodium hypochlorite disinfectants to determine its 
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short- and long-term decontamination efficacy on Staphylococcus aureus and Enterococcus 

hirae, which are two common bacterium found in the food industry [59]. It was seen that the 

disinfectants were most effective in the short term, while their long-term disinfectant ability was 

ineffective after 24 hours. Tiwari et al. also found success in the effectiveness in reducing the 

viable bacteria [60].  

3.4.1.2 Alcohol 

Alcohol is a widely used disinfectant typically found in the form of ethyl or isopropyl 

alcohol, which are water-soluble compounds. The effectiveness is dependent on the 

concentration of the alcohol, and it is most active when used at concentrations between 60 and 

90%. When diluted below 50%, their anti-bacterial efficacy drops dramatically. Microbial death 

occurs from protein coagulation and denaturing of the membrane protein [12]. Alcohol is useful 

in disinfecting medical equipment such as thermometers and stethoscopes. It is also beneficial in 

disinfecting horizontal surfaces due to alcohols fast evaporation leaving surfaces dry after its use. 

Due to its flammability, alcohol needs to be stored properly [61]. Jury et al. found that Biomist, 

an alcohol disinfecting system, was capable of significantly reducing the contamination of 

methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci 

(VRE) on commonly touched surfaces in rooms that housed MRSA infected patients [62]. It was 

also found that Biomist was easy to use and required no more time to disinfect when compared 

with standard cleaning agents.  

3.4.1.3 Glutaraldehyde 

Glutaraldehyde is a rapid disinfectant when used to kill vegetative bacteria and viruses 

yet is slowly effective against spores and mycobacterium. It is used as a high-level disinfectant 

on medical equipment. Glutaraldehyde works by denaturing cell proteins [12]. When an 
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alkalinizing agent is added to glutaraldehyde, the solution becomes sporicidal. It has advantages 

over other disinfectant as it is relatively inexpensive and has excellent material compatibility. 

However, it can cause respiratory irritation and is highly toxic. It also attaches tissue and blood 

to surfaces [7]. Best et al. showed that less than 6-log reduction was achieved when used against 

S. aureus [63]. 

3.4.2 Non-contact Disinfectants 

The effectiveness of touch disinfectants is limited by the human operator ability to 

choose the correct disinfectant and to clean all the necessary surfaces. Non-touch disinfectants 

allow for the elimination of a human operator to clean all the surfaces. They also can be used 

when conventional touch disinfectants cannot be used. These methods have become more 

popular due to their advantage in decontaminating a wide variety of equipment’s and areas.  

3.4.2.1 Ozone 

Ozone is a powerful tool against bacteria, fungi, protozoa, and viruses due to its oxidizing 

capacity. Through oxidation, ozone attacks the wall and membranes of microbial cells, and it 

also alters the cell permeability. A drawback of using ozone as a disinfectant is that it is very 

unstable and must be generated in the area needed to be disinfected. It is also very toxic to 

humans, and a concentration of 1 ppm can cause chest pain, coughing, and shortness of breath. 

However, it has environmentally friendly by-products as it decomposes into oxygen [64,65]. The 

effectiveness of ozone was tested using Escherichia coli and Staphylococcus aureus [66]. Ozone 

at concentrations between 300 and 1500 ppm were used for 10-480 seconds, and a death rate 

above 99.99% was achieved on both bacteria. 
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3.4.2.2 Chlorine-releasing Agents 

As a bactericide, fungicide, virucide, and algicide, chlorine dioxide is a powerful 

disinfectant. Chlorine dioxide achieves its disinfecting abilities through the oxidation of 

sulfhydryl (SH) groups on proteins that are essential to cells [67]. It is widely used to disinfect 

drinking water, poultry processing water, and fruits, and vegetables. Additionally, there is no 

bacteria that is known to be resistant to chlorine dioxide. However, chlorine dioxide gas can 

cause eye, skin, and respiratory irritation [68]. It can also be corrosive to steel surfaces. Since it 

is a hazardous gas, it needs to be produced on site. It has been shown that concentrations as low 

as 2 mg/L can inactive greater than 5-log CFU/cm2 of Listeria monocytogenes biofilm cells 

[67,69]. Ahned et al. showed that 6 hours have the highest disinfection rate of E. Coli in 

comparison to 10 minutes, 1, 3, and 12 hours when using 250 mL of chlorine dioxide gas [70].   

3.4.2.3 UV Light  

UV light is in the section of the electromagnetic spectrum that has wavelengths 100-400 

nm. Between 100-280 nm wavelength range, UV light has germicidal properties. This is due to 

the DNA mutations that occur when the light is absorbed. It damages the DNA by stopping their 

ability to replicate [71,72]. UV Light can be applied in two different ways, in a continuous or 

pulsed form. High levels of microbial inactivation can be achieved with UV light. However, 

exposure to UV light can lead to cancer, suppress the body’s immune system, and can cause eye 

damage. It can also have poor penetrative power which could lead to microorganisms being 

shielded by soil. Chauret et al. showed that inactivation of 6-log of E. coli O157:H7 and Listeria 

monocytogenes could be achieved [69]. 
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3.5 Hydrogen Peroxide 

3.5.1 Process 

Four key steps are involved in the operational cycle for the optimal generation of 

hydrogen peroxide vapor. They include: vaporization, gas concentration, micro-condensation 

formation, and re-evaporation. During the first step, liquid is vaporized into small molecules 

until it meets the target volume. The second step involves in developing the gas conditions in the 

environment to achieve saturated vapor conditions. This step is heavily dependent on the 

humidity and the surface temperature within the area. The third step is when a layer of micro-

condensation forms on the surfaces. Lastly, the fourth step is the re-evaporation of the 

condensation and removal of the residual gas until a safe level is attained. The last step is 

primarily for safety [73]. 

Four main phases are in a typical vaporized hydrogen peroxide decontamination cycle. 

They include: Dehumidification, conditioning, decontamination, and aeration. In the first phase, 

the relative humidity is reduced to approximately 30-40% through the circulation of sterile air in 

a closed loop. By reducing the relative humidity, the vapor hydrogen peroxide is prevented from 

condensing out and allows it to operate at its most effective state. In the second phase, the 

decontaminant is produced through the process of vaporization until a desired concentration is 

achieved through a vapor phase hydrogen peroxide generator. The third phase involves the 

continuous injection of hydrogen peroxide and a certain recirculation flow rate to maintain the 

target concentration. This phase is carried out for the desired exposure time. Lastly, during the 

aeration phase hydrogen peroxide is no longer introduced. Residual vapor is safely decomposed 

into water and oxygen through a chemical destroyer. This phase is continued until the vapor 
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concentrations have been reduced to an acceptable level. The chemical destroyer is used to 

reduce the length of time of this phase [73,74]. 

3.5.2 Safety 

The effects that hydrogen peroxide have on humans vary largely depending on the 

concentration. Hydrogen peroxide can be toxic if ingested, inhaled or through contact of the skin 

or eyes. The concentration of hydrogen peroxide that can be typically bought in supermarkets is 

approximately 3%. At 3%, inhalation can cause respiratory irritation and ingestion could result in 

vomiting and mild gastrointestinal irritation. Exposure can cause mild ocular irritation; severe 

injuries are rare. Skin contact can cause irritation and temporary bleaching of the skin and hair at 

3%. At concentrations between 10-20%, ingestion has similar symptoms as the lower 

concentration, but exposed tissues may also be burned. Inhalation of vapors of concentrations 

higher than 10% may result severe pulmonary irritation. Exposure can result in perforation or 

ulceration of the cornea. At concentrations greater than 20%, ingestion can lead to rapid loss of 

consciousness followed by respiratory paralysis. Skin contact could cause severe burns with 

blisters. Ernstgård et al. conducted a study to evaluate the acute effects of low concentration of 

hydrogen peroxide on humans [75,76]. Volunteers were exposed to 0 ppm, 0.5 ppm, and 2.2 ppm 

of hydrogen peroxide for 2 hours at rest. The results showed nasal and throat irritation were 

increased slightly at 2.2 ppm but not at 0.5 ppm and 0 ppm. Lastly, no exposure-related effects 

were seen on blinking frequency, breathing frequency, pulmonary function, or nasal swelling. 

This suggests that at 2.2 ppm, hydrogen peroxide is slightly irritating.  

3.5.3 Potential Dangers 

The main safety hazard in using hydrogen peroxide is associated with heating. When 

hydrogen peroxide is heated, it undergoes a process of chemical decomposition, resulting in a 
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decreased stability. Hydrogen peroxide decomposes into its respective components of hydrogen 

and oxygen, or more specifically it decomposes into water and oxygen. The decomposition into 

oxygen is especially emphasized when talking about safety hazards. The release of oxygen could 

result in an explosion due to the buildup of pressure if the hydrogen peroxide was stored in a 

confined space. Additionally, pure oxygen is extremely flammable, and therefore due to this the 

oxygen produced needs to be properly ventilated to ensure that no spark can be found near the 

resulting oxygen. 

Hydrogen peroxide with concentration levels of 74% or higher can create ignitable 

vapors. However, caution should be taken for concentration lower than 74%. It is highly 

recommended to avoid mixing high concentrations of hydrogen peroxide with fire due to 

flammability or other oxidizing agents due to the potential safety hazards [77–79]. Gomez Garcia 

et al. conducted experiments to assess the thermal safety for the decomposition of hydrogen 

peroxide through the utilization of dynamic analysis [80]. Bifurcation and continuity diagrams 

were mapped, and different thermal steady states were identified. It was found that the thermal 

cyclical behavior was the most predominant dynamic state of the reactive system. 

Another insightful study analyzing the safety hazards of vaporized hydrogen peroxide 

was conducted by Jia et al. where explosive characteristics of mixtures containing hydrogen 

peroxide were explored [81]. This was investigated through the use of a drop weight test, and the 

explosion range was interpreted by thermal calculations and compared with the experimental 

results of the drop weight test. The explosion ranges can be seen represented in the diagrams 

below. In Figure 2a, a combination of hydrogen peroxide and working solutions was used. The 

mixture for Figure 2b consisted of hydrogen peroxide and TMB (1,3,5-trimethyl benzene). 

Finally, in Figure 2c the mixture contained hydrogen peroxide and TOP (trioctylphosphate). The 
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calculated results agreed with the experimental results determined by the drop weight test. It was 

determined that the explosion range of the working solution/hydrogen peroxide mixture with 

surfactant was significantly larger than the mixture without it. It was concluded that the addition 

of the surfactant made the contact area of the mixture larger which resulted in a more violent 

reaction. 

 

Figure 2. Explosion ranges of hydrogen peroxide [81]. (a) Explosion range of a combination of 

hydrogen peroxide and working solution. (b) Explosion range of hydrogen peroxide and TMB. 

(c) Explosion range of hydrogen peroxide and TOP. 

 

3.5.4 Material Compatibility 

Material compatibility when using hydrogen peroxide is a big concern for researchers. 

Due to hydrogen peroxide’s corrosiveness and oxidative properties, the effect it will have on 

materials has been intensively studied. 

3.5.4.1 Metal 

Hydrogen peroxide is a useful disinfectant to be used around metal. However, 

consideration needs to be taken into account that most structural supports for buildings and 

airplanes are constructed of metals. The damage of these structures will increase the probability 
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of fracture or breaking and could lead to the loss of human lives. The key properties to focus on 

to guarantee structures stay standing are the microstructure, tensile properties, and corrosion 

resistance. Gale et al. experimented on type 304 austenitic stainless steel and age-hardened 

aluminum alloys 2024 and 7075 and examined the 3 key properties [82]. There was no changed 

observed in the bulk composition or the microstructure. There was also little to no change 

observed in the surface softening and was confined to the immediate surface of the materials. 

There was negligible weight changes, when expose to one cycle of VHP, although after 25 

cycles there was a small weight change which is assumed to be due to oxidation of the metals. 

3.5.4.2 Polymers 

Careful consideration needs to be taken when using VHP on polymer fabric due to the 

increased chance that the fibers might become oxidized by the hydrogen peroxide. Oxidation of 

the fibers would, not only result in a decrease in mechanical strength but also increase the chance 

to absorb the atmospheric moisture prior to the decontamination stage. This absorption would 

affect the rate of oxidation of the polymer structure throughout the VHP process. Finally, it is a 

safety concern as the residual hydrogen peroxide can cause health related issues for individuals 

who might come into contact with the fibers. Chou et al. performed experiments using a VHP 

device to determine the compatibility of commonly used fabrics in aviation [83]. It was found 

that wool, nylon, polyester, and Nomex® had an increase of weight. This is assumed to be due to 

the absorption of water during the VHP treatment and then by-products during the aeration stage. 

Leather samples experienced a net loss of weight after VHP treatment. The tensile strength of 

wool, leather, polyester, and nylon all experienced a decrease. Wool’s tensile strength had a 20-

30% loss, which with the longer of exposure to hydrogen peroxide. The leather experienced a 
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50% loss in tensile strength after VHP exposure. Polyester and nylon experienced slight 

degradation, approximately 10% with minimum degradation and less than 10% respectively.  

Many historical items made of fabric are extremely susceptible to destruction by 

microorganisms that come from soil, air, and water. These microorganisms can lead to changes 

in color and even changes in the physical properties of the objects. Anna et al. tested clothes and 

suitcases that were on display in Auschwitz-Birkenau State Museum that had low to medium 

levels of microbial contamination [84]. Through disinfection with VHP, it was found that the 

color of the historical cotton fabric, the chemical composition, and the morphology of the degree 

of cellulose polymerization were not changed to an extent that would have been deemed 

unacceptable by the conservators of the fabrics. It was recommended that the decision to 

disinfect historical items should be determined by conservators after the analysis of the items as 

VHP has different effects on various materials.  

3.5.4.3 Composite Materials 

Composite materials are used widely throughout many electronic components. Loo et al. 

conducted an experiment to determine the effects of VHP on electronic avionic materials [85]. It 

was found that VHP had no effect on the circuit boards, and no statistical difference could be 

found when analyzing the resistance and impedance readings. Results also indicated that there 

was no statistical change in weight and no degradation or oxidization chemically occurred 

between the boards and wires that were exposed to VHP. It was shown that the wires failed 

quicker on average after being exposed to VHP, however these tests were conducted with 

voltages that were higher than realistic voltage levels. 
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3.5.5 Efficacy 

VHP systems are used extensively throughout the medical field from disinfecting 

equipment to rooms that have been used to treat and house patients who have highly contagious 

diseases. This is because hydrogen peroxide produces both a hydroxyl (OH) and hydroperoxyl 

(OOH) functional groups. The cell walls of microorganism are targeted and attacked by the 

hydroxyl and hydroperoxyl functional groups, thus destroying the microorganism. 

To maximize the effectiveness of vaporized hydrogen peroxide as a disinfectant, a high 

concentration of liquid hydrogen peroxide needs to be converted into a vapor form without 

decomposition occurring. Moreover, the gas concentration needed for a target area is dependent 

on the humidity and the minimum surface temperature in the target area. Ideally, the delivered 

vapor achieves micro-condensation to form a micro-layer of disinfectant to destroy 

microorganisms. Lastly hydrogen peroxide vapor is required to be removed from the target area 

until a safe level is achieved [73,86]. 

Barbut et al. used vaporized hydrogen peroxide in a hospital room to test the 

effectiveness of the vapor [87–89]. They found that the HPV system achieves a greater than 6-

log reduction on C. difficile spore in vitro, and further testing showed a complete eradication of 

C. difficile on hospital surfaces. These results were verified using 6-log Geobacillus 

stearothermophilus biological indicators. When compared to the other systems used, the HPV 

achieved up to a 4-log and the UV achieved up to 3-log on C. difficile spores in vitro, where 

neither of these systems could completely eradicate C. difficile on hospital surfaces. To achieve 

the log reduction in the hydrogen peroxide vapor or HPV decontamination, 30% liquid hydrogen 

peroxide was injected into a room for 15 minutes until a dose of 8 g/m3 until hydrogen peroxide 

was covering all exposing surfaces. After 15 minutes contact time, the HPV was converted to 
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oxygen and water vapor. The total time required for the entire process was approximately 90 

minutes. Fu et al. were able to achieve a greater than 6 log reduction in 9 out of 11, 6 out of 11 

and all locations against MRSA, A. baumannii, and C. difficile, respectively. The HPV system in 

Fu et al. study also used 30% liquid hydrogen peroxide, but a concentration of 10g/m3 was 

recommended [79,89–98]  
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Chapter 4 

Materials and Methods 

4.1 Materials 

 Polylactic acid (PLA) was purchased from PolySciTech®, Akina Inc. (West Lafayette, 

IN, USA) with an average molecular weight (Mw) of 100 ~ 125 kDa. Hexafluoroisopropanol 

(HFIP) was purchased from Richest Group Ltd. (Shanghai, China). Acetylsalicylic acid (ASA) 

and phosphate-buffered saline (PBS) buffer solution (pH ~ 7.4) was purchased from Avantor 

(Radnor, PA, USA). All other chemicals were of reagent grade and used as received without 

further purification. 

4.2 Preparation of polymer solutions 

 PLA solutions were prepared by dissolving PLA in HFIP. Briefly, masses of the PLA 

pellets were measured using a Mettler Toledo AG245 analytical balance (Columbus, OH, USA), 

whereas the corresponding volumetric amounts of HFIP were dispensed into glass vials using a 

micropipette (resolution = 0.1 μL) to achieve 15% (w/v) of PLA in HFIP. The 15% of PLA was 

chosen in accordance with other studies in literature [99–102]. The glass vials were placed on a 

Thermo ScientificTM LabquakeTM rotisserie mixer (Waltham, MA, USA) for dissolution of PLA 

in HFIP at room temperature overnight. 

For preparations of PLA/ASA solutions on the effects of ASA mixing days in HFIP, 

predetermined amount of ASA was measured at 15% (w/w: ASA/total polymer) and added into 

the PLA solution. PLA/ASA solutions were then further mixed on the rotisserie mixer for 1 day, 

14 days, and 28 days, corresponding to the sample names of PLA/ASA (1 day), PLA/ASA (14 

days), and PLA/ASA (28 days), respectively. 
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For preparations of PLA/ASA solutions on the effects of ASA loadings in PLA fibers, 

predetermined amount of ASA was measured at 15%, 30%, and 45% (w/w: ASA/total polymer) 

and added into the PLA solution 1 day prior to electrospinning. Samples were labeled as 

PLA/ASA (15%), PLA/ASA (30%), and PLA/ASA (45%), corresponding to each drug loading 

capacity in the PLA fibers, respectively. These drug loadings were chosen to study their effects 

on fiber physico-mechanical properties [103,104]. 

4.3 Electrospinning of PLA/ASA fibers 

All polymer solutions were visually examined with care for undissolved particles prior to 

electrospinning. Polymer solution was drawn into a 3-mL BD Luer-lockTM disposable syringe 

(Franklin Lakes, NJ, USA) that was attached to a 21-G blunt needle. The syringe and needle 

assembly were placed onto a NE-1000 programmable single syringe pump (Farmingdale, NY, 

USA). The syringe pump was calibrated to a diameter of 8.725 mm for the 3-mL BD syringe to 

dispense polymer solution at a flow rate of 20 μL/min. During electrospinning, a total of 3-mL of 

the polymer solution, recorded by the programmable pump, was dispensed through an applied 

voltage at around 10 kV with a deposition distance of 10 cm. Fibers were collected on a 

grounded stationary collector plate that was covered with a layer of wax paper. After each 

electrospinning, fiber sheets were covered with additional wax papers and stored in a vacuum 

desiccator to evacuate the organic solvent prior to fiber characterizations 

4.4 Characterizations of electrospun fibers  

 Electrospun blank and  ASA-loaded PLA fibers were characterized by fiber morphology 

to inform drug stability and drug loading capacity. The fiber physico-mechanical properties were 

correlated using mechanical tests, fiber diameters, fiber mat density and in vitro drug release 

assays.  
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4.4.1 Fiber morphologies 

The morphologies of the electrospun blank and ASA-loaded PLA fibers were evaluated 

using a scanning electron microscope (SEM). Circular disk punches of the fiber meshes were 

placed on the carbon tape for imaging. SEM images were captured using a Hitachi TM4000Plus 

System (Tokyo, Japan) at 15kV with a working distance of approximately 5.5 ~ 6.0 mm. 

4.4.2 Fiber diameters 

Average fiber diameters were measured using the ImageJ software, National Institutes of 

Health (Bethesda, MD, USA), on the collected SEM images. Specifically, 30 random 

measurements were taken from SEM micrographs to determine the average fibers diameter and 

the standard deviations of each sample (n = 30).  

4.4.3 Fiber mat densities     

Average fiber mat densities were determined using the apparent density method. 

Specifically, masses of the fiber discs were measured using a Mettler Toledo AG245 (Columbus, 

OH, USA) analytical balance. Volumes of the fiber discs were determined using a digital 

thickness gauge (resolution = 10 μm) and area measurements from ImageJ software, National 

Institutes of Health (Bethesda, MD, USA). Three measurements were taken from samples to 

determine the average fiber mat density and the standard deviation of each sample (n = 3). 

4.4.4 Mechanical testing 

Dog-bone tensile specimens of 22 mm in nominal length and 5 mm in width according to 

ASTM D1708-96 [105] were punched from the fiber mats using an ODC stainless steel die 

(Waterloo ON, Canada). The thickness of each sample at the nominal region was measured using 

a digital thickness gauge (resolution = 10 μm). 
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A single column screw-driven Instron® 3342 universal material tester (Norwood, MA, 

USA) was used to perform uniaxial tensile tests. During the tests, a strain rate of 0.01/s was 

applied to the specimen, whereas the corresponding loads at timepoints were recorded using a 

100 N load cell under 23 ± 2 °C and 50 ± 5% RH in accordance with ASTM D882-18 [106]. The 

recorded load and displacement data from the instrument were used to calculate the stress-strain 

curve of each sample. Young’s modulus (slope of the initial linear region), tensile strength (zero 

slope or the highest stress), and elongation to failure (fracture strain) were determined from the 

corresponding stress-strain curve of each sample in Microsoft Excel (Redmond, WA, USA) (n = 

4). 

4.4.5 In vitro drug release studies 

Circular discs of 7/16” in diameter were taken from each of the PLA/ASA fiber mat for 

in vitro drug release studies. Masses of fiber discs were measured to determine the corresponding 

volumes of the release media of phosphate-buffered saline solution (PBS) (pH ~ 7.4) based on 

the ASA standard curve. Glass vials containing predetermined amount of PBS were placed into a 

Thermo ScientificTM MaxQ 4450 orbital shaker (Waltham, MA, USA) prewarmed to 37 °C at 

120 rpm. 

A 40-µL liquid sample, containing unknown ASA concentration, was removed from each 

glass vial and placed in a 1.5 mL cuvette using a clean pipette tip for each extraction at 

predetermined time points of 1, 2, 4, 8, 24, and 48 hours. After each extraction of the sample 

vials, a 40-µL of fresh PBS was pipetted into each glass vial to replace the extraction volume to 

ensure consistent volume of the total release media.  

ASA standard solutions were prepared via serial dilation methods (i.e., 400, 200, 100, 50, 

and 25 ppm) in PBS. Both the standard ASA solutions and the unknown ASA liquid specimens 
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collected at various time points were analyzed using a Thermo ScientificTM NanoDropTM 1000 

UV-Vis spectrophotometer (Waltham, MA, USA) at 231 nm and 298 nm. The initiation process 

of the UV-Vis measurement included cleaning of the pedestals using 95% ethanol followed by a 

background detecting of the release media for calibration. The resulting intensities of ASA at 

231 nm and 298 nm from the unknown samples of various released time points were compared 

to the standard ASA curves to determine the in vitro cumulative release rate of ASA. Results 

were average on three independent measurements (n = 3). 

4.5 Handheld hydrogen peroxide device 

Concentrated liquid hydrogen peroxide (35%) was purchased from Avantor (Radnor PA, 

USA) as the source to produce hydrogen peroxide vapor. An iTeknic bubble machine was 

purchased from Amazon (Seattle, WA, USA) to represent a small handheld hydrogen peroxide 

vapor device. The bubble machine was modified to allow for the most efficient hydrogen 

peroxide delivery. Modifications of the bubble machine included the removal of the bubble 

wands from the bubble machine to allow the placement for a Protec® wicking filter purchased 

from Amazon (Seattle, WA, USA) into the liquid compartment of the bubble machine. This 

allowed for the liquid hydrogen peroxide to be soaked up and dispersed out in the vapor form. 

Figure 3 shows the setup of the bubble machine. 



 

33 

 

 

Figure 3. Modified bubble machine for generation of hydrogen peroxide vapor. 

 

4.6 Hydrogen peroxide vapor calibration 

In order to conduct the calibration experiments on hydrogen peroxide vapor, a glove box 

was purchased from Scienceware (Warminster, PA, USA). This allowed for the control of 

humidity and the concentration throughout the experiment. To monitor the hydrogen peroxide 

concentration, a PortaSens III Portable Gas Leak Detector Model D16 hydrogen peroxide vapor 

sensor was purchased from Analytical Technologies (Collegeville, PA, USA). To monitor the 

humidity, an AcuRite humidity sensor (Lake Geneva, WI, USA) was used. 

All the calibration runs were performed inside of the glove box, which allowed for a 

control environment to conduct the calibration process. The glove box had an opening that 

allowed for the placement of items inside. This opening was later sealed to provide a controlled 

environment. There were two valves located on the backside of the glove box. A hose was 

attached to one of the valves to allow for the concentration of hydrogen peroxide to be measured 

inside the glove box. At the end of the calibration, both of these valves are opened to allow for 
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the dispersion of hydrogen peroxide vapor inside the glove box. Figure 4 shows the setup of the 

glove box. 

 

Figure 4. The experimental setup of the materials compatibility studies using a glove box with 

the attachment of a hydrogen peroxide gas sensor. The bubble machine was placed inside the 

glove box with the fiber samples located at the furthest distance. 

 

Prior to performing hydrogen peroxide vapor exposure experiments on the polylactic acid 

(PLA) fiber samples, hydrogen peroxide vapor calibration runs were performed to evaluate the 

effectiveness on the setup of the handheld device. In brief, the bubble machine was placed inside 

the glove box allowing the measurement of hydrogen peroxide vapor concentration and humidity 

using the hydrogen peroxide vapor sensor and the humidity sensor, respectively. The calibration 

runs were performed to determine if the device would efficiently produce hydrogen peroxide 
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vapor and to determine when the relative humidity and hydrogen peroxide vapor concentration 

would plateau. The concentration and humidity of the hydrogen peroxide calibration runs were 

recorded over 200 minutes to determine the plateau. The device was placed inside the glove box, 

as well as the humidity sensor. The liquid hydrogen peroxide was diluted to 3.5% v/v, 10% v/v, 

20% v/v and 30% v/v to examine the effects of hydrogen peroxide vapor concentration. The data 

was analyzed using one phase association to determine the plateau and the rate constant.  

4.7 Hydrogen peroxide vapor exposures on PLA fibers 

The experimental setup involved a glove box, bubble machine, humidity reader, and a 

hydrogen peroxide vapor sensor. A hose was attached to the back of the glove box to allow for 

the monitoring of the hydrogen peroxide vapor concentration. The humidity reader and bubble 

machine were placed inside the glove box. The fibers samples were placed in Ziploc bags to 

allow for accurate determination of the hydrogen peroxide vapor exposure concentration-time 

level. Once the samples were placed in the glove box, the box was closed to allow for a sealed 

environment. The bubble machine was then turned on. The hydrogen peroxide vapor 

concentration and humidity were monitored to achieve the parameters necessary to perform 

materials compatibility studies. The humidity ranged between 75%-95% and the concentration-

time levels were 10,800 ppm-min, 32,400 ppm-min, and 54,000 ppm-min, which were named as 

low, medium, and high groups, respectively.  

4.8 PLA/ASA fibers after hydrogen peroxide vapor exposures 

Electrospun PLA/ASA fibers after undergoing hydrogen peroxide vapor exposures of 

low, medium, and high concentration-time level were characterized by fiber morphology to 

inform the effects of hydrogen peroxide vapor on the mechanical properties as well as fiber 
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diameters, area and weight change, and in vitro drug release rates to correlate fiber physico-

mechanical properties. 

4.8.1 Fiber Morphology 

Similar to Section 4.4.1, the fiber morphologies of blank PLA and PLA/ASA fibers after 

exposing to low, medium, and high levels of hydrogen peroxide vapor were evaluated using a 

scanning electron microscope (SEM). Circular disk punches were placed on carbon tape for 

imagining. SEM images were captured using a Hitachi TM4000Plus System at 15kV with a 

working distance if approximately 5.5 ~ 6.0 mm.  

4.8.2 Fiber Diameter 

Similar to Section 4.4.2, the average fiber diameters were measured using the ImageJ 

software on the collected SEM images. Specifically, 30 random measurements were taken from 

SEM micrographs to determine the average fiber diameter 

4.8.3 Weight Change  

Average percentage weight change of PLA fibers was determined using a Mettler Toledo 

AG245 (Columbus, OH, USA) analytical balance. The samples were weighed before and after 

exposure of low, medium, and high level of hydrogen peroxide vapor, respectively. Three 

measurements were taken from each sample group to determine the average weight change and 

standard deviation (n = 3).  

4.8.4 Area Change 

Average percentage area change of PLA fibers was determined using an HP Deskjet 2540 

(Palo Alto, CA, USA) and ImageJ software, National Institutes of Health (Bethesda, MD, USA). 

Circular disk punches of ½” diameters were used. The area was recorded for each sample before 

and exposure of low, medium, and high level of hydrogen peroxide vapor, respectively. Three 
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measurements were taken from samples to determine the average area change and standard 

deviation (n = 3).  

4.8.5 Mechanical Testing  

Similar to Section 4.4.4, mechanical testing on the blank PLA and PLA/ASA fiber 

specimens, dog-bone samples after exposure of low, medium, and high level of hydrogen 

peroxide vapor were used for uniaxial tensile tests on the Instron® 3342 universal materials tester 

(Norwood, MA, USA). The applied strain rate was 0.01/s, and the corresponding load and 

displacement data were transferred to Microsoft Excel (Redmond, WA, USA) for calculation of 

the mechanical properties. 

4.8.6 Fourier-Transform Infrared Spectroscopy (FTIR) 

The chemical structure of the blank PLA fibers after low, medium, and high level 

exposure of hydrogen peroxide vapor was analyzed using a Thermo Fisher Scientific Nicolet 

iS10 ATR-FTIR spectrophotometer (Walthem, MA, USA). The spectra were collected between 

4000 and 600 cm-1 with a resolution of 8 cm-1. Information for the peaks of the samples was 

obtained using OMNICTM software.  

4.8.7 In vitro Drug Release Assay 

Similar to Section 4.4.5, 7/16” circular fiber discs were taken from each of the blank PLA 

and PLA/ASA fibers after low, medium and high level of exposure to hydrogen peroxide vapor 

for in vitro drug release studies. Masses of the fiber discs were measured to determine the 

corresponding volume of the release media of phosphate-buffered saline solution (PBS) (pH ~ 

7.4) based on the ASA standard curve. Glass vials containing predetermined amounts of PBS 

were placed in a Thermo ScientificTM MaxQ 4450 orbital shaker (Waltham, MA, USA) 

prewarmed to 37 °C at 120 rpm.  
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Chapter 5 

Results and Discussion 

5.1 Electrospun drug-eluting polylactic acid fibers 

In this section, studies were performed to understand the physico-mechanical properties 

and in vitro drug release rates of electrospun drug-eluting polylactic acid (PLA) fibers to 

determine the effects of drug stabilities and drug loadings in hexafluoroisopropanol (HFIP) 

solvent during the solution preparation stage. Experimental results were reported from 

electrospun blank and drug-eluting PLA fibers using a small molecule model drug, 

acetylsalicylic acid (ASA). 

5.1.1 Solution preparation and fiber electrospinning 

The initial observation on the solution behavior of ASA in PLA-HFIP solution at 15% 

(w/w) loading suggested the miscibility of the drug and polymer in the organic solvent. After one 

day of mixing, no particles and/or residuals were observed in the blank PLA and PLA/ASA 

solutions, where polymer solutions became viscous enough that were ideal for electrospinning. 

To investigate the effects of ASA stabilities in HFIP solvent during the solution 

preparation stage, ASA loaded PLA-HFIP solutions at 15% (w/w) were prepared after mixing for 

1, 14, and 28 days. PLA/ASA solutions were visually examined for signs of drug degradation, 

such as residuals and changes in solution viscosity, color, and appearance. Qualitatively, there 

were no signs of ASA degradation in the PLA/ASA solution. 

After electrospinning, disc samples of blank PLA and PLA/ASA fibers were prepared for 

imaging on their fiber morphologies and fiber mat microstructures using a scanning electron 

microscope (SEM). Representative SEM images are shown in Figure 5 for blank PLA and 

PLA/ASA fibers after mixing for 1, 14, and 28 days. According to the observations, PLA/ASA 
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fibers showed smooth fiber surfaces and uniform fiber mat structure without defects similar to 

those from the blank PLA fibers. 

 

Figure 5. Scanning electron microscope images of electrospun PLA and PLA/ASA fibers on the 

effects of ASA stabilities in HFIP solvent, showing (a) blank PLA fibers (control groups), (b) 

PLA/ASA fibers (1 day), (c) PLA/ASA fibers (14 days), and (d) PLA/ASA fibers. Scale bar = 

10μm. 

 

After the successful initial trial of incorporating ASA in PLA-HFIP solutions at 15% 

(w/w) loading, loadings of ASA were increased to 30% and 45% (w/w) in the PLA-HFIP 

solutions. In particular, these solutions were prepared for 1 day only to test the solubility of ASA 

in the polymer system with a reasonable electrospinning time. After mixing, no particles and/or 

residuals were observed, suggesting the complete dissolution of the ASA in PLA-HFIP solutions 

up to 45% (w/w) loading. Increasing ASA loading increased the solution viscosity slightly; 

however, the PLA/ASA solutions were still in the manageable condition for electrospinning. 

Disc samples of blank PLA and PLA/ASA fibers at various drug loadings (i.e., 15%, 

30%, and 45% of ASA) were prepared for SEM imaging on their corresponding fiber 

morphologies and fiber mat microstructures. Representative SEM images are shown in Figure 6 

for blank PLA and PLA/ASA fibers at various ASA loadings after 1 day of mixing. There were 
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no drug aggregates and drug recrystallizations on the surface of the fibers, indicating that the 

drugs were homogeneously encapsulated in the fibers up to 45% loading. 

 

Figure 6. Scanning electron microscope images of electrospun PLA and PLA/ASA fibers on the 

effects of ASA loadings, showing (a) blank PLA fibers (control groups), (b) PLA/ASA fibers 

(15%), (c) PLA/ASA fibers (30%), and (d) PLA/ASA fibers (45%). Scale bar = 10μm. 

 

These experimental results suggested that PLA/ASA solutions prepared after 1, 14, and 

28 days of mixing remained electrospinnable. Also, increasing drug loading up to 45%, followed 

by 1 day of mixing, showed no effects of drug aggregates on the fiber surfaces. In a similar 

study, electrospun PLA fibers were loaded with 14% (w/w) dexamethasone acetate (DEX) and 

14% (w/w) betamethasone 17-valerate (BET) [107]. The fiber morphologies were homogenous 

with a bead-free surface, similar to our ASA-incorporated PLA fibers. Other studies reported the 

use of dichloromethane (DCM) solvent to introduce pores onto the fiber surfaces [108], where 

the porous microstructure on the fibers behaved as defects leading to a decrease in mechanical 

properties [109]. The porous fiber microstructure was not seen in our PLA/ASA fibers on mixing 

longevity and drug loading studies, indicating that HFIP solvent was compatible with PLA and 

ASA resulting in a porous-free and homogenous fiber structure. 

 

 

a) b) c) d) 
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5.1.2 Physico-mechanical properties and in vitro release behaviors of PLA/ASA fibers 

5.1.2.1. Average fiber diameters 

SEM images of blank PLA, PLA/ASA (1 day), PLA/ASA (14 days), and PLA/ASA (28 

days) fibers were analyzed by the ImageJ software to obtain the average fiber diameter, and the 

results are shown in Figure 7. The average fiber diameters for blank PLA, PLA/ASA (1 day), 

PLA/ASA (14 days), and PLA/ASA (28 days) groups were 0.69 ± 0.17 μm, 0.89 ± 0.16 μm, 0.74 

± 0.15 μm, and 0.63 ± 0.12 μm, respectively. Between the blank PLA and PLA/ASA (1 day) 

groups, the average fiber diameters were statistically different (P < 0.05). However, between the 

blank PLA and PLA/ASA (14 days) and PLA/ASA (28 days) groups, there were no statistical 

differences. 

 

Figure 7. Average fiber diameters of electrospun blank PLA, PLA/ASA (1 day), PLA/ASA (14 

days), and PLA/ASA (28 days) fibers (n = 30). An asterisk indicates statistical significance (P < 

0.05). 
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SEM images from blank PLA and PLA/ASA fibers at various drug loadings (i.e., 15%, 

30%, and 45% of ASA) were analyzed by the ImageJ software to obtain their average fiber 

diameters, and the results are shown in Figure 8. The average fiber diameters for blank PLA, 

PLA/ASA (15%), PLA/ASA (30%) and PLA/ASA (45%) groups were 0.69 ± 0.17 μm, 0.89 ± 

0.16 μm, 0.91 ± 0.19 μm, and 0.97 ± 0.28 μm, respectively. Between the blank PLA and the 

PLA/ASA (15%) groups, the average fiber diameters were statistically different (P < 0.05). 

However, there were no statistical differences within the PLA/ASA groups at various drug 

loadings. 

 

Figure 8. Average fiber diameters of electrospun blank PLA, PLA/ASA (15%), PLA/ASA 

(30%), and PLA/ASA (45%) fibers (n = 30). An asterisk indicates statistical significance (P < 

0.05). 

 

According to the data, the average fiber diameters of the electrospun PLA/ASA fibers 

were larger than the blank PLA fibers with and/or without statistical differences, likely due to the 

addition of drug as a solid component in the fibers. Specifically, the average fiber diameters of 

the PLA/ASA fibers showed a trend of decreasing after mixing for 28 days, suggesting the 
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potential dissociation of the drug crystals after prolonged exposure in the PLA-HFIP solution. In 

addition, increasing drug loading from 15% to 45% in the PLA fibers increased the average fiber 

diameters. This effect indicated that the addition of the drugs increased the overall solid contents 

in the solution for electrospinning, which produced fibers with larger average fiber diameters. 

Another aspect on the increases of the average fiber diameters were attributed to the 

intermolecular hydrogen-bonding and/or secondary non-covalent interactions of the drugs with 

the polymer molecule chains that increased the overall separation distances between the 

neighboring molecular chains [110]. 

5.1.2.2. Average fiber mat densities 

Thickness and weight measurements of blank PLA, PLA/ASA (1 day), PLA/ASA (14 

days), and PLA/ASA (28 days) fibers were taken and analyzed to determine the average fiber 

mat densities, and the results are shown in Figure 9. The average fiber mat densities for blank 

PLA, PLA/ASA (1 day), PLA/ASA (14 days), and PLA/ASA (28 days) groups were 0.18 ± 0.01 

g/cm3, 0.31 ± 0.00 g/cm3, 0.23 ± 0.01 g/cm3, and 0.27 ± 0.01 g/cm3, respectively. The differences 

between the control, PLA/ASA (1 day) and PLA/ASA (14 days) groups were statistically 

different (P < 0.05). However, there was no statistical difference between the PLA/ASA (14 

days) and PLA/ASA (28 days) groups (P > 0.05). 
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Figure 9. Average fiber mat densities of blank PLA, PLA/ASA (1 day), PLA/ASA (14 days), and 

PLA/ASA (28 days) fibers (n = 3). An asterisk indicates statistical significance (P < 0.05). 

 

Thickness and weight measurements of blank PLA, PLA/ASA (15%), PLA/ASA (30%), 

and PLA/ASA (45%) fibers were taken and analyzed to determine the average fiber mat 

densities, and the results are shown in Figure 10. The average fiber mat densities for blank PLA, 

PLA/ASA (15%), PLA/ASA (30%), and PLA/ASA (45%) groups were 0.18 ± 0.01 g/cm3, 0.31 

± 0.00 g/cm3, 0.33 ± 0.03 g/cm3, and 0.31 ± 0.03 g/cm3, respectively. The difference between the 

blank PLA and the PLA/ASA (15%) groups was statistically different (P < 0.05). However, there 

were no statistical differences among the PLA/ASA (15%), PLA/ASA (30%), and PLA/ASA 

(45%) groups (P > 0.05). 
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Figure 10. Average fiber mat densities of blank PLA, PLA/ASA (15%), PLA/ASA (30%), and 

PLA/ASA (45%) fibers (n = 3). An asterisk indicates statistical significance (P < 0.05). 

 

According to the data, the average fiber mat densities increased with the addition of ASA 

in PLA fibers. Results also showed that the average fiber mat densities decreased slightly due to 

the increase of the mixing longevity. Studies suggested that the average fiber diameter played an 

important role in the average fiber mat densities [111]. Specifically, the trend in average fiber 

mat densities, as seen in Figure 9, followed the results from the average fiber diameters for the 

ASA-loaded PLA fibers on the effects of mixing days, as seen in Figure 7. In addition, similar 

trends were found in the PLA/ASA fibers with ASA loading up to 45%. The addition of 15% 

drugs increased the average fiber diameters and the fiber mat densities. However, as the drug 

loading increased to 45%, there was no further increase of average fiber diameter and fiber mat 

density. In a similar study, electrospun polyvinyl alcohol (PVA) fiber mats incorporated with 

sodium salicylate had a minimal difference in bead density as the amount of sodium salicylate 

increased [112]. 
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5.1.2.3. Mechanical properties 

A critical factor when considering a material for its potential use in drug delivery 

applications is the mechanical properties. Uniaxial tensile tests were performed on the 

electrospun blank PLA, PLA/ASA (1 day), PLA/ASA (14 days), and PLA/ASA (28 days) fibers. 

A representative stress strain curve can be seen in Figure 11a. The stress strain curves after 

incorporation of ASA showed a necking behavior, which was associated with local plastic 

deformation of the PLA fibers. 

Information regarding the elastic modulus can be observed in the initial viscoelastic 

region, which is the slope at the beginning of the stress strain curve. The average elastic modulus 

and average tensile strength are seen in Figure 11b and Figure 11c, respectively. The average 

elastic moduli were 82.65 ± 5.05 MPa, 138.64 ± 5.78 MPa, 124.71 ± 0.09 MPa, and 131.13 ± 

0.25 MPa for the blank PLA, PLA/ASA (1 day), PLA/ASA (14 days), and PLA/ASA (28 days) 

groups, respectively. The ultimate tensile strengths were 2.74 ± 0.18 MPa, 4.92 ± 0.19 MPa, 3.52 

± 0.31 MPa, and 4.20 ± 0.32 MPa for the blank PLA, PLA/ASA (1 day), PLA/ASA (14 days), 

and PLA/ASA (28 days) groups, respectively. The increase in average elastic moduli and 

average tensile strengths indicated a strengthening effect due to the addition of the drug. This 

effect was the opposite of plasticizing in polymers that decreased the elastic modulus and 

ultimate tensile strength when incorporating a plasticizer in the polymer system [113]. This 

strengthening effect was reported in other studies when small amounts of drugs were added to a 

polymer [114–116]. 

The average elongation to failure is shown in Figure 11d, and the values were 159.22 ± 

5.27%, 181.74 ± 9.92%, 153.59 ± 2.28%, and 172.26 ± 6.82% for the blank PLA, PLA/ASA (1 

day), PLA/ASA (14 days), and PLA/ASA (28 days) groups, respectively. The elongation to 
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failure slightly increased in the PLA/ASA (1 day) and PLA/ASA (28 days) groups as comparing 

to the control groups, suggesting an increase in fiber ductility from the addition of the drug. 

 

Figure 11. Tensile testing of blank PLA, PLA/ASA (1 day), PLA/ASA (14 days), and PLA/ASA 

(28 days) fibers, showing (a) representative stress strain curves, (b) average elastic moduli, (c) 

average tensile strengths, and (d) average elongation to failures (n = 4). 

 

For the mechanical properties of blank PLA, PLA/ASA (15%), PLA/ASA (30%), and 

PLA/ASA (45%) fibers, representative stress strain curves are shown in Figure 12a. The necking 

behaviors were visible from the stress strain curves of PLA/ASA (15%) and PLA/ASA (30%) 
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groups, where the PLA/ASA (45%) groups showed a slightly smaller necking behavior. This 

result indicated that the strengthening effect had reached a maximum level irrespective of the 

continuous increase in drug loading. When small molecules were incorporated into a semi-

crystalline polymer (e.g., PLA) at a low concentration, favorable intermolecular interactions 

between the small molecules and the polymer matrix strengthened the amorphous region of the 

polymer resulting in a change in mechanical behavior leading to strengthening effects [117]. 

The average elastic moduli were 82.65 ± 5.05 MPa, 138.64 ± 5.78 MPa, 127.48 ± 8.59 

MPa, and 97.42 ± 2.65 MPa for the blank PLA, PLA/ASA (15%), PLA/ASA (30%) and 

PLA/ASA (45%) groups, respectively, as seen in Figure 12b. There was an increase from the 

blank PLA to the PLA/ASA (15%) groups followed by a slight decrease in the PLA/ASA (30%) 

and PLA/ASA (45%) groups. This slight decrease in the average elastic moduli due to drug 

loading showed that the strengthening effect had perhaps reached a saturation level in the 

amorphous regions of the PLA and that the further increase of the drug loading promoted 

minimal increase in the average elastic moduli. Similar effect was found in the average fiber 

diameter study, shown in Figure 7 and Figure 8, associated with intermolecular couplings of the 

small molecule drugs and polymer matrix. In a similar study, cellulose acetate phthalate (CAP) 

films plasticized with tributyl citrate (TBC) were loaded with 64 μg of quercetin, and the elastic 

moduli of the films increased due to the strengthening effect [116]. However, the results showed 

a decrease of elastic moduli when the drug loading increased from 64 μg to 640 μg, indicating 

that a saturation level of the strengthening effect had been reached. 

The ultimate tensile strengths were 2.74 ± 0.18 MPa, 4.92 ± 0.19 MPa, 3.64 ± 0.99 MPa, 

and 3.95 ± 0.57 MPa for the blank PLA, PLA/ASA (15%), PLA/ASA (30%) and PLA/ASA 

(45%) groups, respectively, as seen in Figure 12c. The general trend of the average tensile 
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strengths decreased as drug loading increased for the PLA/ASA (15%) to the PLA/ASA (30%) 

and PLA/ASA (45%). The decrease in the average tensile strengths when increasing drug 

loading further supported the saturation of the strengthening effects in the PLA fibers, similar to 

the study performed using TBC films [118]. In general, the strengthening effect was the opposite 

of the plasticizing effect in polymer systems, where the ultimate tensile strength decreased due to 

the ease in molecular chain sliding and rupturing in the matrix. 

The average elongation to failures were 159.22 ± 5.27%, 181.74 ± 9.92%, 124.42 ± 

13.37%, and 144.18 ± 12.33% for the blank PLA, PLA/ASA (15%), PLA/ASA (30%) and 

PLA/ASA (45%) groups, respectively, as seen in Figure 12d. The general trend of the average 

elongation to failure decreased when increasing ASA loading from 15% to 45%. The decrease in 

elongation to failure indicated a loss in the ductility of the fibers. 
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Figure 12. Tensile testing of blank PLA, PLA/ASA (15%), PLA/ASA (30%), and PLA/ASA 

(45%) fibers, showing (a) representative stress strain curves, (b) average elastic moduli, (c) 

average tensile strengths, and (d) average elongation to failures (n = 4). 
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small molecule drugs or degradation of polymer matrix. The degradation process of a semi-
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the degradation of the amorphous region [119]. 
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The average cumulative releases plateaued at around 60.93 ± 4.06%, 77.07 ± 4.70%, and 

68.53 ± 7.38% for PLA/ASA (1 day), PLA/ASA (14 days), and PLA/ASA (28 days) groups, 

respectively, as seen in Figure 13. The PLA/ASA (14 days) and PLA/ASA (28 days) groups 

showed a faster initial burst release than that of the PLA/ASA (1 day) group. The increasing drug 

release rate in PLA/ASA (14 days) and PLA/ASA (28 days) fiber groups supported the potential 

dissociation effects of the drug crystals in the polymer matrix as observed in Figure 7. 

Specifically, ASA broke down into smaller agglomerates due to the increased exposure in 

PLA-HFIP solution, which promotes free surface molecules that increased the release rate. 

Others reported the effects of smaller particles in drug release studies [120,121]. A non-linear 

curve fit analysis using one phase association showed that the rate constant, K values, were 0.15 

± 0.04, 0.66 ± 0.19, and 0.96 ± 0.54 for the blank PLA, PLA/ASA (1 day), PLA/ASA (14 days), 

and PLA/ASA (28 days) groups respectively. A larger K value indicated a faster release rate. 

The increasing K values showed that increasing mixing time in the solvent reduced the 

intermolecular bond strength between the PLA and the small molecule drugs allowing for a 

faster release rate. 
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Figure 13. Cumulative drug release profiles of PLA/ASA (1 day), PLA/ASA (14 days), and 

PLA/ASA (28 days) fibers (n = 3). 

  

For in vitro drug release assays using PLA/ASA fibers at various drug loadings, the 

average cumulative release rates plateaued at around 60.93 ± 4.06 %, 83.48 ± 3.49 %, and 89.42 

± 3.56 % for PLA/ASA (15%), PLA/ASA (30%) and PLA/ASA (45%) fiber groups, 

respectively, as seen in Figure 14. The PLA/ASA (30%) and PLA/ASA (45%) groups had large 

initial burst release than the PLA/ASA (15%) groups. This indicated that more of the drug was 

released in the beginning time points, rather than a more controlled release as seen in the 

PLA/ASA (15%) groups. The increase in drug loading resulted in an increased amount of the 

free drugs in the fibers, which promoted the burst release behavior. Similar results were seen by 

other researchers with drug-loaded fibers [122,123]. A non-linear curve fit analysis using one 

phase association showed that the rate constant, K values, were 0.15 ± 0.04, 0.41 ± 0.07, and 

0.21 ± 0.03 for PLA/ASA (15%), PLA/ASA (30%) and PLA/ASA (45%) fiber groups, 

respectively. These K values were smaller than those after 14 and/or 28 days of mixing in the 

solvents, suggesting that the role of drug dissociation is more important than drug loading in 

fibers. These in vitro drug release assays demonstrated the effects drug-polymer interactions in 

the polymer matrix for controlled release behaviors of small molecule drugs. 
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Figure 14. Cumulative drug release profiles of PLA/ASA (15%), PLA/ASA (30%), and 

PLA/ASA (45%) fibers (n = 3). 
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indicated that the release media had little effect in degrading the PLA polymer over the course of 

study. In a similar study, the tensile strength of PLLA fibers showed almost no changes during 

the in vitro degradation assays in PBS at 80°C [124]. The average elongations to failure of the 

blank PLA fibers were 124.38 ± 3.71%, 147.87 ± 25.35%, and 123.28 ± 10.84% for the control, 

2 hrs, and 48 hrs groups, respectively, as seen in Figure 15d. There were no statistical differences 

between the groups, indicating again that the release media had little effect on the degradation of 

the PLA polymer matrix. 

 

Figure 15. Mechanical properties of blank PLA fibers after degradation assays, showing (a) 

representative stress strain curves, (b) average elastic moduli, (c) average tensile strengths, and 

(d) average elongation to failures for control, 2 hrs, and 48 hrs groups (n = 4). 
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In comparison to the mechanical properties of blank PLA fibers after degradation in the 

PBS release media, the mechanical properties of PLA/ASA drug-eluting fibers after in vitro drug 

release assays were studied using the PLA/ASA groups using 15% ASA loading for 1 day 

mixing of the ASA in PLA-HFIP. The representative stress strain curves are shown in Figure 16a 

for the PLA/ASA control fibers, PLA/ASA fibers after 2 hours of drug release, and PLA/ASA 

fibers after 48 hours of drug release. These fibers were denoted as control, 2 hrs, and 48 hrs 

groups, respectively. 

The necking behavior disappeared when increasing the drug release time in the release 

media. This effect indicated that the mechanical properties were affected as the small molecule 

drugs diffused out from the PLA matrix, which loosened the intermolecular bonding between the 

PLA molecular chains. 

The average elastic moduli for the PLA/ASA fibers were 138.64 ± 7.08 MPa, 54.11 ± 

15.19 MPa, and 72.24 ± 16.58 MPa for the control, 2 hrs, and 48 hrs groups, respectively, as 

shown in Figure 16b. There was a significance difference (P < 0.05) between the control groups 

and the 2hrs groups. However, there was no significance difference between the 2 hrs groups and 

the 48 hrs groups (P > 0.05). 

The ultimate tensile strengths for the PLA/ASA fibers were 4.92 ± 0.24 MPa, 3.55 ± 0.54 

MPa, and 5.65 ± 1.09 MPa for the control, 2 hrs, and 48 hrs groups, respectively, as shown in 

Figure 16c. There was a significant difference between the control groups and the 2 hrs groups 

(P < 0.05). Along with the findings from the average elastic moduli, this result demonstrated the 

decrease of mechanical properties as the drugs diffused out from the PLA matrix. It has been 

found in similar studies that over time the elastic modulus and tensile strength of polyester fibers 

decreased after drug release [125]. 
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The average elongation to failure for the PLA/ASA fibers were 181.63 ± 12.15%, 121.10 

± 46.04%, and 84.72 ± 13.66% for the control, 2 hrs, and 48hrs groups, respectively, as shown in 

Figure 16d. There were significant decreases in the average elongation to failures for the drug 

release groups (i.e., 2 hrs and 48 hrs groups) as compared to the control groups (P < 0.05). This 

decrease indicated the loss of the intermolecular bonding of the PLA matrix. 

 

Figure 16. Mechanical properties of ASA-loaded PLA fibers after drug release assays, showing 

(a) representative stress strain curves, (b) average elastic moduli, (c) average tensile strengths, 

and (d) average elongation to failures for control, 2 hrs, and 48 hrs groups (n = 4). 
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5.2. Hydrogen peroxide vapor calibration studies 

Prior to the materials compatibility studies on the effects of hydrogen peroxide vapor on 

electrospun drug-eluting PLA fibers, a series of tests were performed to validate the ability of the 

portable device to generate hydrogen peroxide vapor. The initial pilot studies included hydrogen 

peroxide vapor calibration runs using various concentrations of liquid hydrogen peroxide to 

determine the steady state conditions inside an enclosed glove box. In addition, hydrogen 

peroxide vapor generated from 35% concentration of liquid hydrogen peroxide was used to 

determine various levels of concentration-time exposure for the electrospun drug-eluting PLA 

fibers. 

5.2.1 Effects of liquid hydrogen peroxide concentrations 

The correlations of hydrogen peroxide vapor concentration in an enclosure with the use 

of various concentrations of liquid hydrogen peroxide as the source enabled the determination of 

steady-state conditions. A steady-state condition on the hydrogen peroxide vapor concentration 

was accompanied with the stabilization of the relative humidity and the temperature within the 

enclosure. To evaluate the effects of various concentrations of liquid hydrogen peroxide on the 

steady-state conditions, four concentrations of liquid hydrogen peroxide of 3.5%, 10%, 20%, and 

30% (v/v) were chosen. This initial experiment allowed us to observe if a stock 35% liquid 

hydrogen peroxide, which was widely employed in the Steris® VHP systems, may be used as the 

source in our portable device to generate hydrogen peroxide vapor at the appropriate level. 

Both the relative humidity and temperature inside the glove box played important roles in 

the saturation level of hydrogen peroxide vapor concentration when reaching a steady-state 

condition. Figure 17 illustrated the effects of relative humitidies and temperatures within an 

enclosed glove box on hydrogen peroxide liquids with concentrations of 3.5%, 10%, 20%, and 
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30%, respectively. The relative humidity quickly increased for all the groups and then started to 

plateau after 30 minutes into the process. The relativity humidity plateaued in between 80% and 

88% for various concentrations of liquid hydrogen peroxide over 200 minutes ireespective of the 

initial starting relative humidity. The outdoor relative humidity was taken also, but it was 

determined it had no effect on the indoors relative humidity.  In addition, the temperatures 

fluctuated slightly at the beginning of the experiment for all four groups of the corresponding 

liquid hydrogen peroxides. The temperature experienced a drop due to a evaporative cooling 

effect cause by the fan on the device. However, all four groups reached an equilibrium at 21°C 

within 60 minutes. These observations indicated that the temperature and relative humidity were 

able to reach a steady-state condition using various liquid hydrogen peroxide as the source. 

Moreover, this study also provided preliminary information on the experiemntal safety when 

using highly concentrated hydrogen peroxide liquid to generate hydrogen peroxide vapor. 
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Figure 17. The effects of relative humidity (%) and Temperature (°C) on (a) 3.5%, (b) 10%, (c) 

20%, and (d) 30% liquid hydrogen peroxide over 200 minutes inside the glove box. 
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peroxide vapor is typically 180-200 ppm within an enclosure. In our initial test run, the 
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source. The concentration of hydrogen peroxide vapor plateaued at around 60 ppm after 60 

minutes and at around 100 ppm after 90 minutes when using the 20% and 30% liquid hydrogen 

peroxide as the souce, respectively, as seen in Figure 18. The plateau of the hydrogen peroxide 

vapor concentration increased with the increase of the liquid hydrogen peroxide concentration as 
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pressure in the enclosure when reaching equilibrium. Since water and hydrogen peroxide have a 

very similar molecular structure, hydrogen peroxide also affects the relative humidity [126]. 

Since the temperature remained constant throughout the experiments, the saturated vapor 

pressure was the same. As the hydrogen peroxide partial pressure increased, the water partial 

pressure decreased [127], which allowed for the total partial pressure to stay constant. Thus, the 

relative humidity plateaued at approximately the similar point for all the concentrations. 

 

Figure 18. Hydrogen peroxide vapor concentration profiles using 3.5%, 10%, 20%, and 30% of 

liquid hydrogen peroxide as the source for over 200 minutes inside a glove box. 
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suggested that the relative humidity increased at approximately the same rate regardless of the 

starting concentration of the liquid hydrogen peroxide. 

 

Figure 19. Normalized relative humidity profiles using 3.5%, 10%, 20%, and 30% liquid 

hydrogen peroxide as the source for over 200 minutes inside the glove box. 
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Figure 20. Representative hydrogen peroxide vapor concentration and relative humidity profiles 

using 35% liquid hydrogen peroxide as the source for over 150 minutes inside the glove box. 
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choosen as they correlated to approximate time-concentration levels of a typical commercialized 

vapor phase hydrogen peroxide unit. 

5.3. Decontamination of Polylactic Acid Fibers 

In this section, electrospun blank polylactic acid (PLA) fibers as well as fibers 

incorporated with acetylsalicylic acid (ASA) as a model drug, 15% (w/w) loading and mixing for 

1 day, were subjected to low, medium, and high level of hydrogen peroxide vapor treatments to 

determine the materials compatibility of the fibers. Physico-mechanical studies were performed, 

including fiber morphologies and average fiber diameters, fiber mat physical properties, and 

mechanical properties, to correlate with the chemical analysis and the in vitro drug release 

behaviors of the PLA/ASA fibers to determine the effects of the hydrogen peroxide vapor 

treatments on the drug-eluting fibers. 

5.3.1. Fiber morphologies and fiber mat microstructures 

Analysis of the fiber morphologies allows for the observations of surface degradation 

and/or oxidation due to chemical-related damage on the electrospun fibers after hydrogen 

peroxide vapor treatments. Disc samples of blank PLA fibers without hydrogen peroxide 

treatment (i.e., control) and those treated with hydrogen peroxide vapor at various levels (i.e., 

low, medium, and high) were prepared for SEM imaging on their corresponding fiber 

morphologies and fiber mat microstructures. 

Representative SEM images of the blank PLA fibers with and without hydrogen peroxide 

vapor treatments are shown in Figure 21. According to the observations, the blank PLA fibers 

treated with various levels of hydrogen peroxide vapor exposure showed smooth fiber surface 

and uniform fiber mat structure without defects similar to the blank PLA control groups. This 

observation indicated no degradation and oxidation occurred on the fiber surfaces after hydrogen 
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peroxide vapor treatments. Similar results were seen on the surface morphologies of polyester 

fibers [129]. 

 

Figure 21. SEM images of electrospun blank PLA fibers, showing (a) control fibers, (b) fibers 

after low level, (c) medium level, (d) high level of hydrogen peroxide vapor treatments using 

35% liquid hydrogen peroxide as the source. Scale bar = 10 μm. 

 

Disc samples of ASA-loaded PLA fibers without hydrogen peroxide treatment (i.e., 

control) and those treated with various levels of hydrogen peroxide vapor (i.e., low, medium, and 

high) were prepared for SEM imagining on their corresponding fiber morphologies and fiber mat 

microstructures. Representative SEM images of the ASA-loaded PLA fibers with and without 

hydrogen peroxide vapor treatments are shown in Figure 22. Microscopic evaluations suggested 

smooth and defect-free fibers with no drug aggregates on the surface of the fibers. This 

observation indicated the compatibility of hydrogen peroxide vapor after various levels of 

treatments on the physical shapes of the drug-eluting fibers. 
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Figure 22. SEM images of electrospun ASA-loaded PLA fibers, showing (a) control fibers, (b) 

fibers after low level, (c) medium level, (d) high level of hydrogen peroxide vapor treatments 

using 35% liquid hydrogen peroxide as the source. Scale bar = 10 μm. 

 

5.3.2. Average fiber diameters 

Analysis of the fiber diameter allows for the quantitative understanding on the effects of 

hydrogen peroxide vapor treatments on the electrospun blank and ASA-loaded PLA fibers. SEM 

images from the blank PLA fibers without hydrogen peroxide treatment (i.e., control) and those 

treated with various levels of hydrogen peroxide vapor (i.e., low, medium, and high) were 

analyzed by the ImageJ software to obtain the average fiber diameters, and the results are shown 

in Figure 23. The average fiber diameters showed no statistically difference (P > 0.05) at 0.82 ± 

0.12 μm, 0.85 ± 0.14 μm, 0.83 ± 0.12 μm, and 0.87 ± 0.15 μm for blank PLA fibers of control, 

low, medium, and high groups, respectively. 

SEM images of ASA-loaded PLA fibers without hydrogen peroxide treatment (i.e., 

control) and those treated with various levels of hydrogen peroxide vapor (i.e., low, medium, and 

high) were analyzed by the ImageJ software to obtain the average fiber diameter, and the results 

are shown in Figure 23. The average fiber diameter for ASA-loaded PLA fibers of control, low, 

medium, and high groups were 0.81 ± 0.14 μm, 0.70 ± 0.11 μm, 0.72 ± 0.17 μm, and 0.74 ± 0.10 

μm, respectively. Between the control and the low groups of ASA-loaded PLA fibers, there was 
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a statistical difference on the average fiber diameters (P < 0.05). However, between the various 

concentration-time exposure levels, there were no statistical differences on the average fiber 

diameters (P > 0.05). 

 

Figure 23. Average fiber diameter of the blank PLA and ASA-loaded fibers after various levels 

of hydrogen peroxide vapor treatments using 35% liquid hydrogen peroxide as the source. 

 

According to the data, the average fiber diameters showed no changes after various levels 

of the hydrogen peroxide vapor concentration-time exposures on the blank PLA fibers. This 

indicated that the hydrogen peroxide vapor had minimal degradation and/or oxidation effects on 

the PLA fibers. However, with the ASA-loaded PLA fibers, the average fiber diameters 

decreased significantly after subjecting to various levels of hydrogen peroxide vapor 

concentration-time exposure as compared to the control groups. This decrease indicated that 

some levels of interactions between the hydrogen peroxide vapor and its by-product of water 

molecules with the ASA encapsulated inside the fibers. This interactions was likely to interrupt 

the hydrogen bonds between the drug molecules and the PLA molecular chain [110]. There was 

no continuous decrease in average fiber diameter as the levels of hydrogen peroxide vapor 

concentration-time exposure increased, indicating perhaps the bond interruptions had reached a 

saturation level after the low level exposure. 
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5.3.3. Physical Properties 

A major concern with the use of hydrogen peroxide vapor as a decontamination choice is 

with its materials compatibility, especially for polymers that tend to absorb hydrogen peroxide 

vapor into the materials causing degradation and oxidation effects. Since the purpose of the drug-

eluting fibers is to be used in biomedical applications, there is a concern that hydrogen peroxide 

vapor could damage the fibers during the hydrogen peroxide vapor exposure process. In this 

regard, analyses of the area and weight change allow for the evaluation of potential degradation 

in the physical properties of the fibers due to the absorption of the hydrogen peroxide vapor. 

Circular fiber discs of ½” in diameter were used to examine the area change evaluated by 

ImageJ software before and after various levels of hydrogen peroxide vapor concentration-time 

exposures. The average percentage area changes for the blank PLA fibers were 0.70 ± 1.92%, 

1.26 ± 0.54% and 3.10 ± 1.00% for the low, medium, and high groups, respectively, as seen in 

Figure 24. The average percentage area changes for the ASA-loaded PLA fibers were 0.40 ± 

1.05%, 0.18 ± 0.26% and -0.54 ± 0.33% for the low, medium, and high groups, respectively, as 

seen in Figure 24. 

The blank PLA fibers had a minimal change in the area as the exposure level of 

concentration-time increased. This indicated that the hydrogen peroxide vapor did not deform the 

samples through shrinkage or swelling effects. However, the ASA-loaded PLA fibers 

experienced a decrease in area as the exposure levels of concentration-time increased. A similar 

study found that the percentage area decreased due to the increase in hydrolysis time [130]. This 

finding indicated that the addition of the ASA in the PLA fibers caused an increase level in the 

hydrolysis degradation of the PLA. 
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Figure 24. Percentage area change of the blank PLA and ASA-loaded PLA fibers after various 

levels of hydrogen peroxide vapor treatments using 35% liquid hydrogen peroxide as the source. 

 

Circular fiber discs of ½” in diameter were weighed before and after various levels of 

hydrogen peroxide vapor concentration-time exposures. The average percentage weight changes 

of the blank PLA fibers were 4.55 ± 5.25%, 1.92 ± 3.85%, and 0.63 ± 4.48% for the low, 

medium, and high groups, respectively, as seen in Figure 25. The average percentage weight 

changes of the ASA-loaded PLA fibers were 0.79 ± 4.42%, -3.87 ± 10.56%, and -4.96 ± 9.11% 

for the low, medium, and high groups, respectively, as seen in Figure 25. 

The blank PLA fibers had a minimal change in weight as the levels of hydrogen peroxide 

vapor concentration-time exposure increased. This result indicated that the blank fibers were not 

absorbing the moisture irrespective of the levels of hydrogen peroxide vapor concentration-time 

exposures since PLA is one of the hydrophobic polyesters. The drug-loaded fibers exhibited a 

decrease in weight changes as the levels of hydrogen peroxide vapor concentration-time 

exposure increased. ASA consists of carboxyl groups (-COOH) [131], which is a hydrophilic 

functional group. In other words, the addition of the ASA to the polymer attracts moisture during 

the decontamination process. The decrease in weight of the ASA-loaded PLA fibers indicates 
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that there was some interactions between the hydrogen peroxide vapor with ASA that led to the 

degradation of the small molecule drugs resulting in the loss of overall fiber mass. 

 

Figure 25. Percentage weight change of the blank PLA and ASA-loaded PLA fibers after various 

levels of hydrogen peroxide vapor treatments using 35% liquid hydrogen peroxide as the source. 

 

5.3.4. Mechanical Properties 

A critical factor when considering a material for the potential use in drug delivery 

applications is the mechanical properties. When introducing a drug delivery device to the human 

body, the device has to have the ability to perform under various kinematic conditions. A 

concern was that after vapor phase hydrogen peroxide treatment, the material would become too 

brittle to be used in drug delivery applications. 

The mechanical properties of the drug-eluting fibers after vapor phase hydrogen peroxide 

treatments were determined using tensile testing. Three samples were taken from the blank PLA 

and PLA/ASA fibers after exposing to various levels of the low, medium, and high time-

concentration treatments. These samples underwent a constant strain rate until the samples 

fractured. The stress strain curves were plotted to determine the average Young’s moduli, 

average tensile strength, and average elongation to failure. 

Blank PLA PLA/ASA

-15

-10

-5

0

5

10

15 Low Medium High

W
e

ig
h

t 
C

h
a

n
g

e
 (

%
) 



 

70 

 

An initial viscoelastic region can be seen on the stress-strain curve where the stress 

increased rapidly with a minimal increase of strain. After the linear viscoelastic region, stress 

increased minimally with an increasing of strain as seen in Figure 26a for the blank-PLA. 

Information regarding the average elastic moduli can be observed from the initial 

viscoelastic region, which is the slope at the beginning of the curve. The average moduli for the 

blank PLA fibers were 83.4 ± 3.8 MPa, 84.2 ± 8.2 MPa, 86.2 ± 6.9 MPa, and 85.7 ± 16.1 MPa 

for the control, low, medium, and high groups, respectively, as seen in Figure 26b. 

The last region of the stress-strain curve is associated with the strain-hardening effect, 

and this is quantified by the tensile strength of the material, which is found at the peak of the 

curve, the point at which the material fails. The average tensile strength of the blank PLA fibers 

is shown in Figure 26c, and they are 2.74 ± 0.21 MPa, 3.39 ± 0.23 MPa, 3.53 ± 0.24 MPa, and 

3.60 ± 0.68 MPa for the control, low, medium, and high groups, respectively. 

Lastly, the elongation to failure corresponds to the overall percentage of deformation that 

was applied to the fibers before failure occurred. The average elongation to failure of the blank 

PLA fibers is shown in Figure 26d, and they are 159.2 ± 6.1%, 126.0 ± 13.9%, 137.8 ± 13.4%, 

and 127.0 ± 11.6% for the control, low, medium, and high groups, respectively. 
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Figure 26. Mechanical properties for blank PLA fibers, showing (a) representative stress strain 

curves, (b) average elastic moduli, (c) average tensile strength, and (d) average elongation to 

failure of the control, low, medium, and high level of hydrogen peroxide vapor treatment using 

35% liquid hydrogen peroxide as the source. 

 

A representative stress strain curve for the ASA-loading PLA fibers after various levels 

of vapor phase hydrogen peroxide treatments can be seen in Figure 27a. The average moduli for 

PLA/ASA fibers were 138.63 ± 7.07 MPa, 119.27 ± 0.33 MPa, 65.46 ± 17.28 MPa and 73.68 ± 

21.58 MPa for control, low, medium, and high groups, respectively, as seen in Figure 27b. The 

average tensile strength of the PLA/ASA fibers is found in Figure 27c, and they are 4.92 ± 0.23 

MPa, 4.82 ± 0.63 MPa, 3.62 ± 0.88 MPa, and 4.21 ± 0.36 MPa for control, low, medium, and 
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high groups, respectively. The average elongation to failure of the PLA/ASA fibers investigated 

is found in Figure 27d, and they are 181.64 ± 12.15%, 138.41 ± 43.97%, 128.39 ± 5.48%, and 

117.69 ± 24.25% for control, low, medium, and high groups, respectively. 

 

Figure 27. Mechanical properties for ASA-loaded PLA fibers, showing (a) representative stress 

strain curves, (b) average elastic moduli, (c) average tensile strength, and (d) average elongation 

to failure of the control, low, medium, and high level of hydrogen peroxide vapor treatment 

using 35% liquid hydrogen peroxide as the source. 

 

In Figure 27a, there was a visible necking behavior from the control groups of the 

PLA/ASA fibers. As the level of the vapor phase hydrogen peroxide treatment increased, the 

necking behavior became less pronounce. This finding indicated that the strengthening effect 
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attributed to ASA was reduced due to hydrogen peroxide vapor. In Figure 26a, there was no 

necking behavior in the control groups of blank PLA fibers as well as these fibers after hydrogen 

peroxide vapor treatments. This observation supported the strengthening effect in the PLA/ASA 

fibers and the effects of hydrogen peroxide vapor treatments on the intermolecular interactions 

between the ASA and the PLA matrix. 

For the blank PLA fibers, increasing levels of the hydrogen peroxide vapor exposure 

resulted in minimal changes on the average elastic moduli, suggesting no changes on the 

molecular configurations of the PLA matrix. However, increasing levels of the hydrogen 

peroxide vapor exposure on the PLA/ASA fibers decreased the average elastic moduli. Studies 

showed that the elastic modulus decreased when increasing the plasticizing effects [132]. This 

finding indicated that the hydrogen peroxide vapor affected the intermolecular bonds between 

the ASA and the PLA matrix. The strengthening effect attributed to the incorporation of ASA 

was reduced by the exposure to hydrogen peroxide vapor. 

The blank PLA fibers experienced minimal changes in the average tensile strength, 

indicating that the semi-crystalline molecular structure of the PLA was unaltered by the 

hydrogen peroxide vapor treatments. However, in the PLA/ASA fibers, the control groups had a 

higher average tensile strength than the hydrogen peroxide vapor treatment groups. This result 

suggested that increasing the level of hydrogen peroxide vapor treatment caused the 

intermolecular bonding between the ASA and PLA to be interrupted. In other words, hydrogen 

peroxide vapor treatment of the PLA/ASA fibers caused a change in the molecular structure of 

the PLA/ASA matrix. This change promoted a plasticizing effect that has been seen in a similar 

study with the addition of small molecule drugs [133]. 
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The blank PLA fibers had a decrease in the average elongation to failure for the hydrogen 

peroxide treatment groups as compared to the control groups. There were minimal changes on 

the average elongation to failure of the blank PLA fibers within the hydrogen peroxide treatment 

groups irrespective on the levels of hydrogen peroxide vapor exposure. Meanwhile, the average 

elongations to failure of the PLA/ASA fibers were significantly different (P < 0.05). This 

observation supported the finding that fiber molecular structure changed from amorphous 

configurations to semi-crystalline structures after various levels of hydrogen peroxide vapor 

treatments. In a similar study, results showed that increasing the amount of PEG 400 as a 

plasticizer in the polymer matrix, the elongation to failure increased briefly followed by a 

decrease as more PEG 400 was added to the polymer matrix [134]. 

5.3.5. FTIR 

FTIR studies were performed on blank PLA fibers before and after various levels of 

hydrogen peroxide vapor concentration-time exposure to confirm the stability of the chemical 

structure of the polymer matrix. The low wavenumbers of the FTIR spectrum is referred to as the 

fingerprint region. In this region, characteristic bands related to different vibration modes of the 

chemical structures within the molecular chains of polymers are observed (i.e. bending and 

stretching) [135,136]. Due to the uniqueness of the molecular constitution of a polymer, FTIR 

spectra can be used to verify the molecular makeup of polymers [137]. FTIR spectroscopy is a 

nondestructive material characterization technique that can be used to examine the chemical 

structure of polymers. 

The characteristic bands of PLA functional groups can be observed in Figure 28, 

including C=O stretching, CH3 asymmetrical scissoring, C-O asymmetrical stretching, C-O-C 

symmetrical stretching, and C-CH3 symmetrical stretching, at 1751 cm-1, 1452 cm-1, 1180 cm-1, 
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1073 cm-1, and 1040 cm-1, respectively [138,139]. The CH3 asymmetrical scissoring and C-CH3 

symmetrical stretching are the areas that would of underwent a shift in peaks if the hydrogen 

peroxide vapor altered the intramolecular bonding. However, as the levels of hydrogen peroxide 

vapor concentration-time exposure increased, there was no shift from these peaks. This indicated 

that the hydrogen peroxide vapor was not modifying or oxidizing the molecular configurations of 

the PLA matrix. 

 

Figure 28. FTIR spectra of blank PLA fibers on the control, low, medium, and high level of 

hydrogen peroxide vapor treatments using 35% liquid hydrogen peroxide as the source. 

 

5.3.6. Drug Release Assay 

The drug-loaded PLA fibers were cut into 7/16” diameter discs followed by various 

levels of hydrogen peroxide vapor concentration-time exposure. The disc samples were then 

placed into a predetermined amount of PBS for in vitro drug release studies. Aliquot of liquid 

samples were taken at 2, 4, 8, 24 and 48 hours from the sample vials. The liquid samples were 

then analyzed using a UV-Vis spectrophotometer to determine the concentrations of ASA in the 

PBS at various time points. 
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The cumulative release curves of the PLA/ASA fibers after various levels of hydrogen 

peroxide vapor concentration-time exposure are shown in Figure 29. As seen from the figure, 

ASA-loaded PLA fibers after exposure to hydrogen peroxide vapor demonstrated burst release 

behaviors as compared to the control groups (i.e., PLA/ASA fibers without hydrogen peroxide 

vapor treatment). The final cumulative release of the ASA from PLA fibers at 48 hours were 

65.07 ± 4.64 %, 64.59 ± 4.13 %, 65.90 ± 3.41 %, and 70.91 ± .88 % for the control, low, 

medium, and high groups, respectively. 

As the levels of hydrogen peroxide vapor concentration-time exposure increased, there 

was a tendency toward the initial burst release behavior. Furthermore, the burst release behavior 

increased as the levels of hydrogen peroxide vapor concentration-time exposure increased. This 

indicated that the hydrogen peroxide vapor was interrupting the intermolecular bonds between 

the ASA and the PLA matrix. A similar study found that strong interactions between fibers and 

water molecules facilitated a faster and more intense burst release of the small molecule drug 

[140].  The interruption of the intermolecular bonds between the drug molecules and the polymer 

matrix caused the drugs to be quickly diffused out from the core of the fibers to the surfaces, 

resulting in the increase in the initial release rates as the levels of hydrogen peroxide vapor 

concentration-time exposure increased. 
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Figure 29. In vitro drug release assays of PLA/ASA fibers from control, low, medium, and high 

level of hydrogen peroxide vapor treatments using 35% liquid hydrogen peroxide as the source. 
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Chapter 6 

Conclusions and Suggested Future Works 

In the first part of this thesis, acetylsalicylic acid (ASA) was formulated in polymer 

solutions containing polylactic acid (PLA) and hexafluoroisopropanol (HFIP) at various days: 

PLA/ASA (1 day), PLA/ASA (14 days), and PLA/ASA (28 days), and at various drug loading 

percentages: PLA/ASA (15%), PLA/ASA (30%), and PLA/ASA (45%), for potential topical 

drug delivery applications. The stability of the ASA in HFIP showed no signs of degradation. 

SEM images displayed that all PLA/ASA fibers had smooth and uniform fiber surfaces with no 

defects. The average fiber diameter of PLA/ASA fibers showed a slight increase followed by a 

decrease when increasing the mixing days of ASA in HFIP. It was found that the addition of 

ASA into the PLA fibers produced a strengthening effect, and the strengthening effect was 

reduced when increasing the mixing days of ASA in HFIP. Additionally, observations from the 

in vitro drug release assay showed that the drug release rate changed to a burst release behavior 

as the mixing days of ASA in HFIP increased, demonstrating the presence of more surface drugs.  

For PLA/ASA fibers at various drug loadings, PLA/ASA (15%), PLA/ASA (30%), and 

PLA/ASA (45%), SEM images showed no drug aggregates formed on the surface of the fibers. It 

was demonstrated that increasing drug loading in the PLA fibers increased the average fiber 

diameter and the average fiber mat density. Furthermore, results from mechanical testing 

indicated that the strengthening effect, produce by the intermolecular interactions of the ASA 

and PLA, reached a plateau due to the saturation of the molecular coupling sties. The in vitro 

drug release assays showed that increasing drug loading promoted the burst release behaviors. 

A fiber degradation study was performed, and it was found that the mechanical properties 

of PLA fibers were unchanged after incubating in PBS for up to 48 hours. However, the 
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mechanical properties of the PLA/ASA fibers, using 1 day mixing and 15% ASA loading 

suggested a significant decrease of the stiffness and elongation to failure after 48 hours of drug 

release assays. The loss of mechanical properties was attributed to the drug release behaviors of 

the drug-eluting fibers.  

 In the second part of this thesis, a handheld vapor phase hydrogen peroxide device was 

designed and built to examine how various levels of concentration-time exposures affected the 

physico-mechanical PLA/ASA fibers. Fiber morphology and fiber mat microstructure 

observations suggested no degradation and no drug recrystallizations on the PLA/ASA fibers 

after various levels of hydrogen peroxide vapor treatments. The average fiber diameter of the 

PLA/ASA fibers decreased when increasing the effective exposure of the fibers to hydrogen 

peroxide vapor, indicating an interaction between the hydrogen peroxide vapor and its by-

product of water molecules with the ASA encapsulated in the fibers. Changes on physical 

properties, such as area and weight of the fiber mats, were minimal for the blank PLA fibers 

while the PLA/ASA fibers experienced a decrease due to the vapor phase hydrogen peroxide 

treatments that was attributed to an increased level in hydrolysis degradation of the ASA from 

PLA. 

In addition, mechanical properties of the PLA/ASA fibers after vapor phase hydrogen 

peroxide treatments suggested the alleviation of the strengthening effects due to the 

incorporation of the ASA in PLA fibers. FTIR analyses showed that the PLA underwent no 

changes in molecular configurations after vapor phase hydrogen peroxide treatments. In vitro 

drug release assays on PLA/ASA fibers after various levels of vapor phase hydrogen peroxide 

treatments showed a change to burst release behavior with the increase in the vapor phase 
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hydrogen peroxide exposure. This finding indicated the role of hydrogen peroxide vapor on the 

interruption of the intermolecular bonds between the ASA and PLA matrix.  

For future work, it is suggested to perform drug release assays under mechanical loading 

to investigate the role of external force on the intermolecular secondary bonds between the drug 

and the polymer matrix. It is also suggested to include more electrospun drug-eluting fiber 

systems for the vapor phase hydrogen peroxide exposure to establish a database for a more 

comprehensive understanding on the physico-mechanical properties and materials compatibilities 

of drug-eluting fibers suitable for topical drug delivery systems.  
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