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ABSTRACT
Every day, countless individuals sustain injuries or experience complications from various
health conditions. When left untreated, these maladies can cause the formation of wounds; while
the body is capable of recovery on its own, any hindrances to this process results in chronic
wounds, which will further harm those who are afflicted. A wide range of polymer-based,
protective, and healing-conducive products called wound dressings have been developed to
eliminate or prevent such hindrances. Due to anticipated increases in demand for proper wound
care and mounting environmental pressures from plastic waste, there has been an interest in
developing revolutionary, innovative, versatile wound dressing designs made from biodegradable
biopolymers such as amylose and gelatin, of which electrospun nanofibers are demonstrating the
highest potential. However, electrospun nanofibers made from biopolymers tend to be neither
mechanically strong nor resilient to water, both which are required for efficacy in wound healing.
A process called crosslinking is used to rectify these problems; a reagent called genipin has been
of especially high interest for this purpose, as it may be a viable alternative to toxic reagents
already in use like glutaraldehyde.
In this project, electrospun nanofibers were first produced from three different ratios of
gelatin and Gelose-80 (80% amylose maize starch). They were then crosslinked in solutions
containing three different concentrations of genipin, as well as one “control condition” in which
no genipin was used for reference. The resultant crosslinked fibers are then subjected to physical
tests to determine a range of physical properties, such as its appearance with respect to color (CIE
L*a*b* values), mechanical strength (normalized force at break divided by mass), strain at break
(% displacement divided by initial length), and water resilience (% Swell and % Loss). Linear
Regression Analysis was used to determine whether varying amounts of gelatin and genipin
contributed to the differences in these properties.
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CIE L*a*b* test results confirmed that reaction of genipin causes gelatin/amylose
electrospun fiber mats to turn blue, and that the amount of genipin (p < 0.001) and gelatin (p =
0.021) used both directly affect the extent to which this phenomenon happens. However, further
tests proved inconclusive; they showed no significant relationship between any extent of
crosslinking of gelatin with genipin and the subsequent alteration of mechanical strength (p =
0.512 and p = 0.267 for genipin and gelatin, respectively), strain at break (p = 0.490 and p =
0.666 for genipin and gelatin, respectively), or for either metric of water resilience (% swelling: p
= 0.601 and p = 0.619 for genipin and gelatin, respectively; % loss: p = 0.376 and p = 0.273 for
genipin and gelatin, respectively) Some anomalies in the data may explain the high variance in
the properties measured. To more decisively determine whether the crosslinking of electrospun
gelatin/amylose fiber mats with genipin results in a mechanically stronger, more water-resilient
wound dressing modifications to current procedures may be necessary.
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Chapter 1
Introduction
The purpose of this project was to develop a starch and gelatin-based electrospun
nanofiber mat with potential use as a wound dressing. The main motive was to enhance the
quality of wound care; this type of dressing may make recovery from chronic wounds simpler for
patients and healthcare practitioners. These wound dressings will reduce the costs of wound care
by eliminating the need for numerous dressings by being multifunctional, and by reducing the
amount of waste generated. However, before this potential can be realized, the mechanical
strength and water resilience of starch/gelatin fiber mats must be improved.
Therefore, this project was conducted to achieve the following: create starch and gelatinbased electrospun fiber mats, devise a method to chemically crosslink them, and determine their
mechanical strength and water resilience. Ultimately, this project will demonstrate the potential of
starch nanofiber mats as wound dressings by demonstrating that chemical modification could
improve the relative mechanical strength and water resilience of the fibers.
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Chapter 2
Literature Review
2.1. Wound Recovery Overview
The human body is a complex system of organs, tissues, and cells. Like any complex
system, the body may malfunction whenever important components are compromised. The largest
organ of the human body, the skin, serves as the first line of defense for other organs from various
environmental hazards and is thus itself at risk of being damaged. Severe skin damage causes
defects or breaks in the skin called “wounds” (Torres et al. 2013). Regardless of the cause of the
wound, the body must recover from it to prevent further damage. The body does so via a four-step
process: hemostasis, inflammation, proliferation, and maturation (Vail 2010).
Initially, some blood is lost due to blood vessel damage (Bosworth 2011). To stop this,
the body uses a process called hemostasis. First, the blood vessels are constricted, slowing blood
flow so that fibrin proteins in the blood stream can adhere to exposed collagen at the wound site.
This forms a “plug” which in turn attracts proteins called clotting factors. Clotting factors
reinforce this plug and keep the bleeding wound site secure (Reiger, Birch, and Schiffman 2013).
The blood in the area then coagulates, which isolates the wound so that the body’s immune
system can initiate the next stage of the healing process (Torres et al. 2013; Lait and Smith 1998;
Bolton and Rijswijik 1991; Reiger et al. 2013).
After hemostasis, the immune system intervenes, causing a process called inflammation.
Inflammation is vital for two reasons: first, wounds create openings in the skin which leave the
body exposed to infection. Second, the skin must regenerate, but in infected wounds, new skin
cells must compete with pathogens for nutrients and oxygen, a contest they are unlikely to win
(O’Toole 2013). Inflammation initiates when pathogens or dead tissue are detected. Blood vessels
near the wound dilate so that the immune system can deliver macrophages (cells which consume
dead and infectious cells) and polymorphonuclear cells (which differentiate into the various T and
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B cells of the immune system) to the wound. After these cells clear the wound of debris and
pathogens, the body proceeds with proliferation and maturation (Reiger et al. 2013).
Finally, proliferation and maturation are the steps toward which wounded tissue is
gradually restored to its original state (Sood, Granick, and Tomaselli 2014). The first goal of
proliferation is to fully repair the blood vessels. Next, new skin cells and protein-rich structural
cells called fibroblasts migrate to the wound. The new cells replace damaged and lost tissues,
while fibroblasts secrete fibrin and collagen for the Extra Cellular Matrix (ECM), the non-cellular
component of our bodies which supports many tissues and organs. Any ECM formed during
proliferation is provisional; its fibrin-rich structure is intended for the migration of more epithelial
cells and is fragile on its own. Maturation replaces this provisional ECM through the growth of
collagen tissue (Torres et al. 2013). Over time the wound site will either scar or fully heal with the
original state of the affected area restored, concluding the healing process (Reiger et al. 2013).
This process is key to restoring function to any wounded part of the body. Without it, the
body would not be able to resume its normal activities, as untreated wounds may result in further
harm to the body. Wounded patients with stagnated healing are common, so the causes and effects
of such arrested healing are well-documented.
2.1.1. The Consequences of Arrested Wound Healing
Although the body always responds to wound formation with initiation of the wound
healing process, any unmitigated obstacle may stagnate progress. The consequences can be dire if
this persists for more than four weeks (Bolton and Rijswik 1991). Wounds were once
distinguished this way: those that healed unhindered were labeled “acute” wounds whereas those
that stagnated were considered “chronic” wounds (Lait and Smith 1998). Chronic wound
classification is now more nuanced (O’Toole 2013), but chronic wounds remain urgent targets of
treatment and prevention. Doing so involves monitoring infection, ensuring proper blood flow,
and considering unique needs of the wounded.
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Stagnation of wound healing can occur at any stage, but the most common cause is
dysfunctional inflammation due to inadequately addressed infection (Abrigo et al. 2014). There
are three symptoms: first, pathogens will outcompete any newly developing skin cells for
nutrients and oxygen. Second, deprivation of nutrients and oxygen will kill existing tissue, a
process called necrosis (Lait and Smith 1998; Bosworth and Downes 2011), which results in
debris that prevents the wound from closing (Bolton and Rijswijk 1991). Third, the pathogens
(specifically, bacteria) will eventually form a bio-film which, unless removed, protects them from
the immune system, maximizing the time in which they can further harm the body (Sood et al.
2014). Inflammation is designed to address these, but it cannot address all cases, thus it is still
important for caretakers to treat infected wounds, especially for individuals who are most
susceptible, such as diabetics, AIDS patients (Bolton and Rijswijik 1991), and soldiers who
sustained grievous combat injuries (Manring et al. 2008).
Intriguingly, the lack of blood flow, or ischemia, has also been shown to cause necrosis.
Adequate blood flow to the affected wound area is essential for both supplying nutrients and
oxygen and providing a channel of cell transport. For instance, leg ulcers close off blood flow to
tissues surrounding the affected area, causing hypertension in leg veins. This causes fibrin
proteins (needed to start proliferation) and fluids to leak out into surrounding tissue, and for the
volume of blood passing through the blood vessels to decrease dramatically. The resulting
restriction of oxygen, nutrients and immune system cells increases the risk of necrosis (Bolton
and Rijswijik, 1991). Therefore, part of the wound recovery process involves ensuring that the
environment at the wound site is favorable to good blood flow, a feat usually accomplished by
removing debris from the area manually or using a wound dressing capable of removing debris.
Finally, the progress of wound recovery depends on the condition of the patient’s body.
The diet, lifestyle, and age of a patient all impact the ability of his or her body to recover from
injury; a patient in poor health will have poor wound recovery as well. Diet is important because
wound healing is extremely protein dependent. For example, without enough protein in a
patient’s diet, the patient’s body may not be able to produce enough proteins like fibrin to keep
4

pace with wound recovery. This can be aggravated further with unhealthy patient lifestyle choices
such as smoking and alcoholism. Age also affects wound recovery because older bodies
regenerate themselves less efficiently. Due to this fact, the risk of some chronic conditions
increases with age, which can coincide with increased need for wound care (Reuben 2013;
Antoinades 2014).
The factors stated above are the key reasons wound care can prove difficult. Facilitating
this recovery is the purpose of wound dressings. However, it may be necessary to employ several
different wound dressings designed with a specific need or specific subset of wounded patients
(i.e. the elderly) in mind. Such wound dressings have their strengths and weaknesses, and it is the
solemn duty of the health care practitioner and researcher to not only become aware of the
variety, but also to remember that patients are attached to wounds (Bolton and Rijswijik 1991).

2.2. Healthcare’s Perspective on Wound Care
The wound dressing itself is only one of many components needed for full recovery, but it
does at least one of the following: aid in stopping blood loss, prevent infection, help clear debris
from the site (an action called “debridement”), shield the wound from physical damage, diffuse
drugs into the wound, or provide a platform for new cells to grow. Recommendations for optimal
wound care vary among authors, but there is a consensus that the demand for wound dressings
will grow, that costs associated with using wound dressings need to decrease, and that wound
dressings of the future must demonstrate superior healing capacity.
2.2.1. The Need for Wound Care Advancement
It has been estimated that the wound dressing manufacturing industry generates an overall
annual revenue of approximately $2.9 billion. It is anticipated that this figure will rise over the
next five years at a rate of 2.5% (Phillips 2016). Reasons include an increased number of elderly
patients and subsequent need for labor, changes in healthcare availability and expenses, and the
costs of the wound care products themselves.
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At present, the average life expectancy of a U.S. citizen is 78 years. Long average
lifespans among a population are accompanied by high prevalence of chronic health conditions
and injuries (Curran 2016). This is because the body’s regenerative prowess decreases with age.
Consequently, aging people must invest in their care with increasing attention to remain healthy.
It is predicted that the number of patients in the U.S. over the age of 65 will increase by 3.3% by
2021 (Phillips 2016). Elderly patients will be more likely to seek wound care than younger
patients; those who are aged 65 and older are at elevated risk of suffering accidental injury and
their average spending on recovery is three to five times that of younger patients (Dimenti 2016).
Few clinics and hospitals are adequately staffed in anticipation of such a trend. This staffing
shortage has escalated to a point where the salaries of these vocations have been increased to
make them more attractive. Estimates in 2017 have stated that the industry had as many as 5.6
million positions either staffed or available for hire (Curran 2016) and it is very likely this
number will increase further in the future.
Hospitals and clinics are the primary purchasers of wound dressings. The cost is heavily
influenced by the sheer volume and variety of wound dressings they need. Wound care research
has historically emphasized using dressings to address very specific needs for patients. As wound
care stands, healthcare organizations are required to carry a vast array of wound care products,
and one product may be perfect for one patient’s injury yet useless for another’s. The costs of
implementing and replacing so many wound dressings on patients are very high (Son 2017).
Therefore, any wound dressing that could effectively fulfill more than one purpose in wound care
could reduce this financial burden, and healthcare has been seeking such a product.
2.2.2. The Concept of the “Ideal” Wound Dressing
Although most healthcare professionals agree that it is impossible to truly achieve a
wound dressing that adequately addresses every wound care patient’s need, the closer new wound
dressing designs approach such a possibility, the more beneficial to wound care they will be. Such
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hypothetical products are called “ideal” wound dressings. The following are two of the most
common desired traits for such products.
First, “ideal” dressings should be cost effective. This is different from merely being
“cheap”. The most common wound dressing type in the world, gauze, is very “cheap” and nearly
ubiquitous. Gauze is used in Band-Aids, as absorbent material after surgery, and as an all-purpose
first-aid device for sports injuries. Gauze’s popularity can be readily attributed to its price, its
adequacy for minor wounds, and resistance to wear and tear. However, among gauze’s many
shortcomings, three are relevant here; first, it ceases to be useful after it has absorbed some
quantity of fluid, so it must be removed and replaced periodically. Second, gauze tends to dry up
a wound site and adhere to it, so when the gauze is removed, it rips the wound tissue along with
some healthy tissue, causing a great deal of pain and discomfort to the patient and slowing the
wound recovery process. Third, used gauze must be discarded, which generates bio-hazardous
waste that is expensive to dispose of. When considering the amount of labor needed to constantly
reapply gauze and the amount of waste disposal involved, the use of gauze can become costly
(Sood et al. 2014; Ovington 2002). Contrast that to the cost effectiveness of an “ideal” dressing;
such a device would only need to be applied once, with no need of replacement, instead being
slowly consumed by the body and replaced with proliferative cells (Dhivya et al. 2015).
Second, “ideal” dressings should be versatile. Rather than simply shield the wound from
the outside environment like gauze does, “ideal” dressings should proactively facilitate healing at
every stage of the process. The first way a wound dressing can provide versatility is through
exudate (wound fluid) and toxic material removal, which most dressing designs accomplish (Hau
2013). Another way is by being semi-occlusive, i.e. being permeable to oxygen and water but not
bacteria, which film dressings excel at. Hydrogels excel in providing moisture to wounds that
have dried and cracked, which can relieve a great deal of pain and speed up wound healing,
sometimes up to double the healing rate of a dry wound (Ovington 2002). Wound dressings
known as tissue scaffolds enhance healing by providing a platform for easier proliferation
(Abrigo et al. 2014). Other wound dressings may help instead remove dead tissue present at a
7

wound site; a process known as debridement (Sood et al. 2013). Incorporating antimicrobial
ointments into a wound dressing could enhance wound dressing capacity against infection (Reiger
et al. 2013), a fact both well-known and well-exploited in the creation of many of these designs.
For decades, this ideal has not changed. The pool of “ideal” dressing candidates is
increasing. Dressings made from long, narrow, non-woven, nano-scale structures, called
electrospun nanofiber mats, are among these candidates, and interest in researching such
technology has grown recently because of their wound healing potential. Theoretically, such
devices would be both cost-effective and versatile to greater extents than any existing design.
Before describing their creation, the question of raw material choice must be addressed.

2.3. Wound Care Materials
Wound care is a millennia-old need. Although modern wound care has moved beyond the
practices of our ancestors, some things remain unchanged. Both use wound dressings primarily as
protection while the body’s endemic healing process does most of the regeneration and both
exploit a wide range of materials for wound care. Our ancestors relied on trying for the first time
a wide array of roots, herbs, and animal products for their healing properties, while fabrics like
linen proved more useful as supportive material (Forrest 1982). We continue to use many of these
materials, but modern medicine still focuses on exploring new wound care possibilities. Modern
wound care history can be divided into three eras: an abandonment of traditional dressings made
of natural materials in favor of in situ innovation, an era of rapid experimentation with synthetic
materials, to a more recent interest in returning to the use of natural materials.
2.3.1. The Past: From “Traditional Dressings” to Synthetic Materials
“Traditional” dressings in this text primarily implies gauze, but it also applies to any type
of wound dressing used since ancient history. These include wool boiled in wine (Greece), linen
in oil or animal grease and plaster (Egypt), clay tablets and resin (Middle Eastern civilizations),
and salves made from herbs (China). These ancient civilizations have compiled vast archives of
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medical knowledge still of some use today (Forrest 1982; Dhivya et al. 2015). What is most
important to note is the variety; the need for advancement in wound care is timeless and
experimentation with new materials has always been vital to medicine.
However, while medical knowledge accumulated by ancient civilizations is valuable, it is
now inadequate. This is not a new phenomenon. World War I is a good example for illustrating
this; most combat during World War I was done in trenches – long, fortified ditches that were
often putrid, dirty, and very favorable to bacterial growth. Soldiers who were wounded in
trenches became susceptible to infections. Combined with a vast increase in casualty rates due to
the introduction of new weaponry such as machine guns and high-explosive artillery rounds, the
rate of infections encountered was higher than that of any war preceding it. Medical wards
designed to house 150-450 patients regularly saw patient populations well over 1000.
Amputations became a necessity to prevent necrotic diseases like gangrene (Manring et al. 2008).
The limited materials initially available to surgeons during the war was unable to address this
demand. As a result, doctors and surgeons attempted innovations both in the laboratory and in situ
in hopes of bridging this gap. The best example from this time period would be the French doctor
Auguste Lumierre, the inventor of Tulle gras dressings, linen-based wound dressings that are
gentler on the skin and superior protection against infection than gauze. Such innovations saved
countless lives during the war, but four times as many soldiers still died from infected wounds
than directly from weaponry (Manring et al. 2008; Hau 2013). This example thus illustrates that
necessity drives innovation in wound care, but the need for further improvement will always
remain. For example, scientists throughout the 20th century focused much of their research on
exploring the use of artificial materials to surpass the limitations of natural materials.
Although man-made materials like plaster were used in ancient medicine, to say that
enthusiasm over creating and using new materials in the 20th century exceeded that of any
preceding century would be an understatement. Concurrent with wound dressing innovations in
World War I, doctors also attempted to heal patients using scrap from machine parts originally
intended for vehicles, radios, and clocks. Some of these proved so successful that it may have
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inspired equally rapid experimentation in World War II; in fact, surgical protocols and types of
gauze used for wound dressings changed very often, sometimes within months of major battles
like D-Day (Manring et al. 2008). During the 20th century, a plethora of synthetic polymers were
invented or used for the first time in wound care applications; these include poly (urethane)
(1937, used to make film and foam dressings), poly (lactic-glycolic acid) (1960s, used for
dressings that require controlled drug release) and nylon (1941, first used for sutures and later for
film dressings). It would be unsurprising if this also contributed to the fervor. This fervor further
escalated in the 1960s, as the choices for synthetic materials steadily increased and doctors had
the potential to profit off the invention of new implants and wound care treatments, often at the
expense of patients (a practice now discontinued). For more information on successful medical
experimentation with synthetic materials, Ratner (2013) provides an informative summary.
To this day, synthetic polymers such as poly (ethylene oxide) (PEO), poly (caprolactone)
(PCL), poly (vinyl alcohol) (PVA), and polyurethane (PU) remain in use. Synthetic polymers
boast several advantages over natural materials. First, synthetic polymers have more definite
molecular structures and molecular weights than natural polymers. Natural polymers of the same
species vary greatly in chain length and degrees of branching, leading to a much greater range of
molecular weights. Avoiding impurities is hence far easier with synthetic polymers than with
natural ones, which in turn makes the creation of morphologically uniform products easier (Vert
2001; Ratner 2013). Second, synthetic polymers are easier to process because they are compatible
with a larger selection of solvents (Reiger et al. 2013). This quality alone makes synthetic
polymers far less challenging to use in wound dressing production as far as consistency is
concerned (Hayes and Su 2011). Finally, and most important, many synthetic polymers
demonstrate very high strength and stability in extreme conditions. For example, poly (vinyl
alcohol) is a common material in wound care, but it is also popular for pipework because it
withstands very high temperatures (Tang et al. 2010). Polyurethane is popular for replacing heart
valves in surgery because it is a very mechanically strong material (Ratner 2013).
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Despite the many strengths of synthetic polymers, researchers in the 21 st century are
seeking to replace them for several reasons. First, a biocompatible material must be non-toxic,
non-immunogenic, non-carcinogenic, and non-thrombogenic (Vert 2001). In other words, it
should not poison the patient, trigger an allergic response, give the patient cancer, or cause the
patient’s blood to clot. Synthetic polymers tend to demonstrate lower biocompatibility with
human tissue than most naturally-sourced polymers (Argawal 1998; Huang et al. 2004; Kong and
Ziegler 2014). One reason is that additives used to make synthetic polymers can also “sweat out”,
or leach into parts of the body not intended to be treated. These “sweated” molecules can then
cause an adverse immune system reaction called a foreign-body response. Nylon is one such
material (Ratner 2013). Therefore, the chance of adverse reactions among patients to artificial
polymers is greater than with natural polymers.
In addition, most synthetic polymers are not biodegradable. This means that living
organisms (or more precisely, enzymes) cannot decompose them. In advanced wound dressings,
gradual breakdown is desirable, since the skin tissues of the patient should eventually replace the
contents of the dressing, like in a skin graft (Kane et al. 1996). However, if the product does not
break down, it will inevitably become waste. The world still consumes 200 megatons of synthetic
materials per year (Kong and Ziegler 2012a), and it can be assumed at least some of this is
disposed of as waste. Because most synthetic polymers do not readily decompose naturally, they
tend to occupy vast amounts of space in landfills, especially petroleum-derived ones like poly
(ethylene terephthalate) and polypropylene (PP). Materials like PVA and PCL are chemically
degradable, so corrosive acids can decompose them, but this is also undesirable environmentally
and financially. There do exist biodegradable synthetic polymers, such as poly(lactic acid) (PLA)
and polyhydroxyalkanoate (PHA), but they are either expensive or still cause biocompatibility
problems in patients (Huang et al. 2004; Lopez-Gil et al. 2014).
Furthermore, since many synthetic materials originate from non-renewable sources like
petroleum, scarcity of such resources will affect the prices of these materials (Gil-Lopez et al.
2014; Vert 2001). This may concern manufacturers and buyers, since nonrenewable sources
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(especially petroleum) have volatile prices which fluctuate often due to political strife in countries
where these resources are abundant (Son 2017). Rather than continue to use such synthetic
materials, manufacturers could benefit from sourcing their material from renewable sources. For
example, shellfish suppliers dispose of vast quantities of shrimp and crab shells, which are rich in
the natural polymer chitin (Xu et al. 2004). Such polymers and their derivatives are called
“biopolymers”. If biopolymers can replace synthetic polymers, then using them may prove
beneficial financially and environmentally.
Unfortunately, there are issues with biopolymers that preclude an immediate switch from
synthetic materials; most unmodified materials made from biopolymers lack certain qualities that
are needed for use in wound care applications. First, such products rip and tear easily.
Researchers have commented on this observation in their attempts to produce advanced wound
dressings from amylose (Kong and Ziegler 2012b; Reddy and Yang 2010; Shi, le Visage, and
Chew 2011; Das et al. 2010), collagen/gelatin (Farris et al. 2010), chitosan (Schiffman and
Schauer 2007), and a wide array of different proteins (Vert 2001). In works preceding these
authors, biopolymers were added to blends with synthetic polymers to provide some
biocompatibility to tissue scaffolds, or as filler material in other dressings to reduce costs.
However, biopolymers were considered a liability in production, rather than an asset. The body of
work cited here consists entirely of research that shows the theoretical possibility of producing
wound dressings entirely composed of biopolymers. The current issue now is improving such
devices’ physical properties, some of which are described in Chapter 2.5 along with ways to
achieve such a feat.
2.3.2. The 21st Century: A Return to Biopolymers and a Case for Gelatin
In the last few decades, research in producing wound care products has trended toward
evaluating the viability of biopolymer-based wound dressings. There is much motivation for
exploiting the advantages of biopolymers. The most important advantage of biopolymers is the
human body’s familiarity with them and hence lower risk of foreign body response compared to
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synthetic materials; they are more biocompatible. Second, some biopolymers (especially
collagen) can enhance healing (Argawal 1998). The body regenerates skin using a wide range of
proteins, chief of which are the many forms of collagen. For example, a collagen-rich wound
dressing could be used to hasten proliferation. Third, many natural biopolymers like cellulose,
chitosan, amylose, and gelatin come from renewable sources (Bigi et al. 2002; Sannino et al.
2009; Schiffman and Schauer 2007; Kong and Ziegler 2012b), that are easy to find and less likely
to be volatile pricewise when compared to non-renewable source-derived synthetic materials.
Fourth, they are biodegradable, meaning that they can be broken down easily with enzymes or
with the help of microorganisms in the environment, and in a timely fashion, at least when
compared to materials made from fossil fuels. Of the many biopolymers explored for wound
healing, protein-based dressings are the most successful thus far.
Proteins are the primary components of many structures in the body, of which collagen is
most relevant to wound healing. Collagen is the most common protein in the body. It exists in
several forms, as the primary component of many human tissues. It was demonstrated that
collagen plays a significant role in the regenerative process (Sai and Babu 2000). Furthermore,
collagen also induces and regulates various skin functions like cellular differentiation, motion,
communication, and apoptosis, all necessary processes in the body to maintain function. It is also
a common component of tissues that support cells, such as the ECM. This means that a
biocompatible advanced dressing made from collagen can do more than cover the wound; the
collagen in the dressing can actively participate in enhancing the pace of healing by providing a
surface for regenerative functionality to take effect. In other words, a device made from collagen
could make proliferation easier (Gibson 2016a). Indeed, most early advanced wound care
application success stories involve collagen. Surgical sutures, absorbent sponges, and tearresistant films are good examples (Sai and Babu 2000). Collagen has even been mixed with
hydroxyapatite to repair damaged bones (Gibson 2016b; Gorgieva and Kokol 2011). Collagen is
also easy to find; the three most common sources are fish (Amal et al. 2015), pigs (Bigi et al.
2002), and cows (Yoo et al. 2011). Each has its benefits and detriments. Bovine (cow) collagen is
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extremely strong and thus is favored for wounds that require especially strong dressings (Yoo et
al. 2001), but there is a risk of contracting prion-based diseases like Mad Cow Disease from it.
Fish collagen is suitable for people who have religious restrictions on products made from cows
and pigs, but most fish collagens have less thermal stability than those from other sources (Liu et
al. 2015). Porcine collagen may be an issue among Jewish and Muslim consumers, as well as
vegans, but it does not carry any prion-based risk and it boasts strong thermal stability.
Unfortunately, collagen has one distinct weakness: its structure, albeit not because it is
weak. Rather, its structure might pose an immunological threat to patients. A collagen aggregate,
or a fibril, typically exists in a union of three peptide-chain helices consisting of mostly proline,
hydroxyproline, and glycine. It is stabilized by hydrogen bonding between glycine and proline as
well as between carbonyl rich and hydroxyl rich peptide residues. They are further organized on a
molecular level by the arrangement of their subunits, collagen molecules called tropocollagens.
which and are staggered longitudinally and laterally by inter- and intra-molecular crosslinks into
microfibrils (4 to 8 tropocollagens) and then into fibrils, in such a way that each tropocollagen on
any microfibril is spaced about 40 nm apart from each other and each microfibril is spaced about
67 nm apart (Gorgieva and Kokol 2011). This phenomenon is referred to as “periodic banding”
(Gibson 2016b). The helical arrangement and periodic banding have been suspected to influence
the likelihood of foreign body response. If the collagen used in wound applications is impure, the
collagen can also serve as a potential vector for transmission of disease or as a catalyst for
inflammation (Gorgeiva and Kokol 2011), which makes the chance of foreign body response even
higher. For example, in skin grafting surgery for burn victims, autografting (using skin from the
patient’s own skin) is preferred over allografting (using skin from other people) which is in turn
much preferred over xenografting (using skin from animals). The immune system may not only
reject xenograft and allograft tissue, but if the donor had an infectious disease such as AIDS, the
recipient may contract it as well (Subramanian, Krishnan, and Sethuraman 2011; Kane et al.
1996). Averse responses to collagen can be countered with the use of immunosuppressive drugs
but this leaves the patient far more vulnerable to infection (Sai and Babu 2000).
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Fortunately, with regards to preventing immunological response, hydrolysis seems to be a
suitable solution. When acid or alkaline-catalyzed hydrolysis is performed on collagen, gelatin is
produced. The periodic banding of collagen responsible for foreign body response is destroyed
during this process. Pre-treatment techniques for gelatin, such as Ultra High Temperature
sterilization, also seem to reduce antigenicity (Gorgieva and Kolkol 2011). Therefore, the
scientific community does not consider gelatin to be a material that would likely cause foreign
body response as easily as collagen does (though transmission of prions may remain a concern).
Finally, gelatin is far less expensive than collagen (Zhong et al. 2010). Gelatin has replaced
collagen in a few select roles, such as in heart valves, contact lenses, prosthetic blood vessels,
bone replacement tissue, and wound dressings, so current research surrounding gelatin’s use in
wound care has been evaluating whether gelatin can promote proliferation like collagen.
Some of the applications for collagen and gelatin involve mixing them with other
materials, such as the hydroxyapatite/gelatin mixture for bone regeneration. The main purpose of
combining them with other materials is to give the final product additional functionality.
Combining hydroxyapatite with collagens Type I and II allows the product to simulate bone
tissues, as the cartilage surrounding the damaged bone contains vast amounts of collagen type II,
yet the main component of the bone within is hydroxyapatite and mineralized collagen type I.
Another family of molecules, amino-group containing polysaccharides called glycosaminoglycans, is a major part of the extracellular matrix which contributes to the final stages of wound
healing, and thus is sometimes introduced to collagen scaffolds to enhance a wound dressing’s
proliferative capabilities (Gibson 2016a; Gorgieva and Kokol 2011). It may be beneficial to
combine a protein and a polysaccharide to make a multipurpose dressing.
2.3.3. Polysaccharides and a Case for Amylose
Polysaccharides are large molecules consisting of long chains of sugar subunits. Many
polysaccharides are easier to source than many proteins; they are in great abundance in the roots,
stems, seed endosperms, and leaves of plants, especially in domesticated crops such as corn,
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wheat, and potatoes (Kong and Ziegler 2012b). Some of them are found in insects, crustaceans,
and other arthropods (Schiffman and Schauer 2007). Algae and bacteria also generate
polysaccharides (Pal et al. 2009). This abundance has motivated investigating their potential use
in medicine. The best polysaccharide for wound care must be non-allergenic, readily broken
down by the body and the environment, and be easily sourced.
For example, chitin is a nitrogen-rich, linear polysaccharide that can be sourced from the
shells of crustaceans and other arthropods. Chitosan is its de-acetylated form. Waste produced
from harvesting shellfish and disposing of their chitin-rich shells has made these two polymers
relatively abundant. Chitosan is also appealing in biopolymer-based applications because it is
soluble in acidic aqueous solutions, can readily absorb molecules like dyes and organic
compounds, boasts some antimicrobial and antifungal properties, and is highly hemostatic. It may
even be an antioxidant, something that the food industry is investigating (Aranaz et al. 2017). The
United States military already appreciates its healing potential; the chitosan-based product
HemCon, first fielded in 2008, has a shelf life of three years, protects wounds from infection, and
is extremely hemostatic (Waibel et al. 2011; Manring et al. 2008). Unfortunately, chitin and
chitosan share one major weakness: shellfish allergies are common. About 2.8 % of the United
States adult population (and 0.6% of U.S. children) report shellfish allergies, and if one is allergic
to shrimp, it is likely the allergy extends to other shellfish. The culprit is the protein tropomyosin
(in shrimp) or a homologous protein (other shellfish). These proteins are difficult to remove
during chitosan manufacturing. Therefore, dressings like HemCon contain warnings that
“individuals with known shellfish allergies should exercise caution in the use of products
containing chitosan”. Studies suggest that chitosan products can be used among patients with
shrimp allergies, but these studies have small sample sizes taken from within the patient
population in the researchers’ clinics. It is unlikely that a chitosan-based product can be entirely
safe, as protein-chitosan interactions are very strong and very little tropomyosin is required to
trigger a response (Waibel et al. 2011). Rather than determine whether using a dressing like
HemCon is worth such a risk, it may be more prudent to eschew using chitosan altogether.
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In contrast, cellulose, the main structural component of plants, is not known to induce
allergic reactions. It seems only natural to want to exploit cellulose; it has extensive historic use.
Most gauze pads are made from cotton, a form of cellulose, and to this day it is the most common
wound dressing in use. Cellulose is biodegradable, and highly absorbent. This makes cellulose
(specifically, cellulose acetate) a popular choice for hydrogels, which are polymer-based
dressings that are specialized to retain vast quantities of moisture and distribute it to desiccated or
burned wounds. Functionality like this has allowed for the creation of devices of drastically
decreased weight. Diapers, for example, are no longer made using acrylate polymers, as
cellulose-derivatives have made lighter, more absorbent diapers possible. There is interest in
exploiting this property for development of new wound dressings also (Sannino et al. 2009).
Despite these strengths however, there is a key drawback to cellulose. The environment can
readily decompose cellulose, but animals and humans cannot. This is because they cannot digest
cellulose. Thus, cellulose is not “bioresorbable”. A cellulose dressing will always have to be
replaced, otherwise, as Sannino et al. (2009) states, it “may lead to undesired biological responses
[such as] a foreign body reaction in the long term, which limit the possible applications of
cellulose in regenerative medicine”. There are instances where foreign body responses have
resulted from use of cellulose-based products, cellophane being the earliest example (Ratner
2013). Therefore, the best polysaccharide for use in for an “ideal” dressing is not cellulose.
Fortunately, there exists a close relative of cellulose that only differs slightly in structure
yet boasts drastically different properties – starch. There are a few key reasons starch is appealing
to wound care professionals as a raw material. First, much like the other biopolymers mentioned
above, it is abundant; it is present in foods like potatoes, corn, and cassava, and it can be found in
most other plants as well. Second, it is inexpensive. Third, it is biodegradable (Torres et al. 2013).
Starch consists of two molecules: a heavily branched molecule of high molecular weight called
amylopectin, and a linear molecule called amylose. Amylose is of special interest because it
boasts yet another crucial property that could contribute to the goal of producing an “ideal
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dressing”. Figure 2.3.3.1 shows the molecular structures of both amylose and cellulose. Take note
of their similar chemical composition and different means of linkage.

Figure 2.3.3.1: Cellulose (above) and amylose (below) polymeric structures (Kobayashi et al.
2011).

Their first and fourth carbons on each monosaccharide are linked together; amylose
consists of 1, 4 alpha-linked glucopyranose subunits, while cellulose consists of 1, 4 beta-linked
glucopyranose subunits (Kong and Ziegler 2012b). This difference is crucial to mammalian life.
Animals can digest amylose, thereby making amylose bioresorbable. Digestion of starch is
typically accomplished with the enzymes alpha-amylase and alpha-glucosidase located in the
mouth and the gastrointestinal tract. This process is faster with amylopectin because amylose
retrogrades more easily after cooling (which is inevitable with any material fabrication process),
but amylose will nevertheless gradually breakdown due to the action of these enzymes (Butler,
Maarel, and Steneeken 2004). The blood stream happens to also contain amylases. They are
generated from the pancreas (Nater et al. 2015). This allows people to digest starch at any point in
their body where amylase is distributed, not just through consumption. Therefore, if a starchbased wound dressing is produced and applied to a human wound, the recipient’s body should be
able to gradually break the starch down as proliferation gradually replaces it with new cells.
Gelatin and amylose are two molecules which show some potential use in wound care.
These two molecules are both biocompatible, relatively easy to source, unlikely to cause foreign-
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body responses in patients, and can be easily broken down both by the environment and the
human body. A wound dressing that combines gelatin’s compatibility with the regenerative
capabilities of the body and the easy digestibility of amylose could be a very effective wound
dressing that could enhance every stage of wound healing and not generate as much waste as
devices made of other materials.

2.4. Wound Dressings: Beyond Products like Gauze
In wound care, centuries-old dressings remain in use. Gauze, for example, was invented
by Johnson and Johnson in 1891 (Gurowitz 2013). It is still used because it is inexpensive,
available worldwide, and often found sufficient for treating superficial, noninfected wounds, as
well as support for other dressings (Abrigo et al. 2014). Although also used in other scenarios like
infected wounds, gauze is poorly suited for such situations. First, gauze is useless as a microbial
barrier. Impregnated, or modified to include antimicrobial agents, gauze does exist, but medical
literature reviews show little evidence that they perform much better than unmodified gauze.
Second, because gauze readily absorbs moisture from blood at the wound site, constant
replacement is needed to avoid infection. Third, gauze’s high absorbency creates the risk of
wound dehydration. Gauze sticks to skin when it dries, so removing the gauze could damage the
wound area, both injured and intact tissue. This could result in injury and either prolong or repeat
the inflammation stage of recovery. (Sood et al. 2014). The frequent replacement must also be
considered, as it weakens the low-cost justification for their employment over other materials
(Abrigo et al. 2014). Therefore, gauze is also poorly suited for delicate patients such as the
elderly, as well as any patient with severe chronic wounds. Much like other medical inventions of
the past, gauze must eventually be replaced by more advanced products to improve wound care.
2.4.1. Advanced Wound Dressings
Medical technology has improved since the invention of gauze, and part of that
improvement involves a change in mindset in wound care. All advancements in wound care
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technology involve attempting to create a device that satisfies the cost-effectiveness and/or the
versatility requirements of an “ideal” wound dressing. This has required a change in approaches
to wound healing, so dressings have been developed to address specific concerns such as the
moisture of the wounded area, protection from infection, drug delivery, and other properties.
For centuries, it was widely believed that a wound should be kept dry to optimize wound
recovery. This belief is somewhat justified, as a dirty, moist wound is indeed at high risk for
infection. However, a clean, moist wound will heal faster. Winter (1962) investigated wound
recovery on 12-14-week-old large white pigs; he made superficial incisions of equal size on the
skins of each pig such that a section of the dermis was removed. The wounds were covered with
steel cages. Both groups of pigs were given the same diet to ensure that nourishment did not
confound the results. To simulate a moist healing environment, he dressed the wounds in the
experimental group of pigs with polythene film while leaving the wounds of the control pigs out
to dry. He then compared healing rates between the two groups by measuring the amount of
epidermis that recovered. The latter took much longer to heal. This is because a moist woundhealing environment allows nutrients and cells to migrate to the wound site much faster than in a
dry environment, thus better supporting any newly formed epidermal cells during proliferation. In
dry wound healing, the top layer of the wound site dries out and a layer of dead cells seals it;
therefore, newly formed epidermal cells must grow underneath this scab, which slows down
regeneration (Winter 1962; Hau 2013). Researchers now focus on ensuring that wound dressings
encourage moist wound healing environments.
Hydrogels are specialized at providing and maintaining such moist environments. They
are cross linked polymer gels that contain up to 90% water. In addition to softening up wounds
with provision of moisture, this functionality also allows for debridement, as the moisture
provides a conduit for necrotic tissue removal. They also can cool wounds, bringing the local
temperature of a wound site down by five degrees Celsius. This is especially helpful to wounds
that have been caused by burns or for wounds that have been desiccated (Sood et al. 2012). This
functionality alone does not make hydrogels “ideal dressings”, however. This is because they are
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poor barriers to infection and cannot absorb much fluid from the wound bed itself (because they
have high moisture already), making it a weak choice for wounds that are already infected and for
wounds that require extensive blood and bodily fluid removal. Attempting to apply a hydrogel on
such a wound can cause break down of healthy tissue due to excess moisture, or maceration
(Jones, Grey and Harding 2006). Hydrogels are also mechanically weak; even after modifications
are made, they will not be as resistant to wear and tear as other dressings (Dhivya et al. 2015).
In contrast, semipermeable film dressings are devices specialized for wound care that
require mechanically strong covers. Films are sterile plastic sheets, the majority of which are
made of polyurethane. These devices are mechanically strong and impermeable to fluids and
bacteria. This makes them superior barriers to infection compared to hydrogels. They also allow
for water vapor to pass through, and thus films provide a protective barrier while still allowing for
some moisture to pass through to the wound. Films are nevertheless not considered an “ideal
dressing”; they are unhelpful for absorbing blood and bodily fluids. Like hydrogels, they can also
cause maceration if used on wounds with abundant exudate (Jones et al. 2006). They also cannot
provide any help with cell growth because there is no clearly outlined physical orientation for
which cells can regrow on it.
Alternatively, for wounds with large amounts of exudate, medical professionals may
resort to using foam structures. Foams are highly porous dressings usually made of either
polyurethane or silicone (Jones et al. 2006; Sood et al. 2014), though it is possible to fashion
foams out of collagen (Gibson 2016a). Foams are multilayer designs; one side may be
hydrophilic while the other may be hydrophobic, making the dressing simultaneously easily
attachable to a wound site while protecting it from water in the environment (Jones et al. 2006)
yet still allowing some water vapor to pass through. Foams can also thermally insulate wounds
(Sai and Babu 2000). They demonstrate superior absorptive capabilities and are thus used often
when large quantities of exudate need to be removed. They have even demonstrated a limited
capacity for promoting proliferation (Gibson 2016a). Unfortunately, foams are also not “ideal”
wound dressings because they can’t be applied to dry wounds. Their absorptive capabilities may
21

cause them to desiccate wounds, much like gauze. Also, like gauze, after fluid is absorbed over
the course of four to seven days, they must be replaced. Foams can be used for infected wounds,
but instead of every few days, they must be replaced every single day, which is detrimental to
timely wound healing because it can damage healthy tissue (Sood et al. 2014).
Many wound dressings that boast superior healing capacity over gauze have been
developed in recent years, but they still demonstrate individual weaknesses that make them non“ideal” choices for wound care. This often necessitates compensating for such weaknesses by
using a secondary dressing to support the primary one (Jones et al. 2006). It would be extremely
beneficial to medicine if there existed one type of wound dressing that did not need a secondary
dressing or worse, demonstrated unavoidable limitations. Researchers have been looking toward
nanofibrous mats as a candidate for such a dressing. Like other advanced dressings, they can
maintain a moist wound environment and serve as a bacterial barrier; this is largely attributed to
their large surface area and extremely narrow (albeit abundant) porosity. The former allows for
the quick distribution of pharmaceutical drugs to the wound site and the latter creates some
degree of semi-occlusiveness, as the pores are large enough to allow water and air to pass through
but too small to allow bacteria to enter. Although other advanced wound dressings show some
ability to assist in dealing with hemostasis and inflammation and provide a favorable environment
for proliferation and maturation, nanofibrous mats seem to show strong evidence that they may be
the best candidates for actively facilitating proliferation and maturation, as they seem to be the
best simulation of a human ECM. Various human tissues, such as those in bone, dentin, collagen,
cartilage, and skin all rely on the ECM for growth. Scanning electron microscope images reveal
that the cells of these tissues tend to arrange themselves in nanofiber-like structures; extracellular
matrices seem to orient their constituent collagen structures in this fashion, too. Cellular
inoculation tests suggest that nanofibers can serve as a medium for growth for new tissues
(Huang et al. 2003; Agrawal et al. 2008; Xue et al. 2017). It makes sense then, to investigate both
the capabilities of nanofiber-based devices and how to make them.
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2.4.2. Electrospinning
There exists more than one way to produce nanofibers. However, electrospinning is the
method that is currently of the most interest to researchers focusing on wound care.
Electrospinning is preferred for nanofiber production over other methods because it can generate
large, contiguous deposits of long and continuous nanofibers more efficiently than alternatives,
can accept more polymer/solvent combinations than other methods, and is overall less time
intensive and easier to implement.
Unfortunately, electrospinning does not confer total control of the final morphology of
the product to researchers, as the environment will always have some influence. If such control
was necessary and no other qualities mattered, template synthesis would be an extremely
powerful method of fiber production. Templates are beds of manually fabricated constructs
riddled with cylindrical pores, each of the same diameter. These pores essentially function as a
series of small “beakers”; within each, the desired product is synthesized (Martin 1996). The
driving mechanism for template synthesis varies; depending on the result sought, the fabrication
can simply be stimulated by use of pressure (Feng et al. 2002), through a generated current passed
using a metal film used to coat the template (Martin 1996), or through any number of chemical
reactions via ligands (Liu, Goebl, and Yin 2013). The template synthesis method is optimal if
nuanced control over individual fiber morphology is necessary, which may be for some
bioengineering applications. In wound dressing production however, authors seem to find the
method unappealing, as it is expensive, labor intensive, and unable to create fibers that are very
long or continuous. Figure 1-c in Feng et al. (2002) shows a cross-sectional view of poly
(acetonitrile) (PAN) nanofibers; the fibers are extremely short, not to mention tenuously
connected, and there are rather wide gaps between them. Even if they were modified so that the
individual fibers became stronger, such a structure would never be very mechanically robust.
On the other hand, creating long, continuous nanofibers one-by-one is not a practical
solution either. Such a method exists, however: mechanical drawing. The principle behind it is
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thus: molecules of a substance tend to have stronger attractions to each other (cohesion) rather
than to molecules of another substance they are in contact with (adhesion). Hence, liquids that
emerge from needles and other surfaces tend to form round droplets, a quantifiable phenomenon
known as surface tension. To produce a fiber from any polymer solution, its surface tension must
be overcome. Ondarcuhu and Joachim (1998) demonstrated this well: they produced fibers from
an aqueous sodium citrate solution (in 0.01% w/v chloroauric acid). First, they deposited droplets
of this substance onto a silicon dioxide surface. Then, they used a micropipette to gradually
withdraw strands from the solution, at a rate of 100 um/second. As the strand was being pulled,
the diameter of the strand decreased and the surface area to volume ratio increased. The rapid
increase in surface area to volume ratio hastened evaporation of the chloroauric acid solvent. The
result was a set of long, continuous, individual nanofibers of sodium citrate. The mechanism of
creation was the exertion of force which overcame the surface tension of the sodium citrate
solution. If single fiber behavior was the target of study, the method is perfect. The only
considerations for the technique are the time-intensive rheological behavior of the solution, the
cohesive strength of the solution, and the velocity of the drawing action. There are two reasons
why this method is a poor choice for wound care production though, the first of which was
mentioned already. Wound dressings need to cover a large area of exposed skin; a single fiber is
insufficient and creating something that would be large enough using this method would be far
too time-consuming (Ondarcuhu and Joachim 1998). It is possible to draw a network of fibers
rather than one at a time, as Nain et al. (2006) resorted to continuous pumping of their substrate,
creating a stream of droplets which could be drawn upon in a cyclic fashion. This process can
initially create small fibers, but the average diameter of fibers produced grows over time and
within minutes, the process no longer creates micro or nano-scale fibers. The second reason
mechanical drawing is unsuitable for wound dressing fabrication is that it only works with
solutions which can withstand forces of relatively large magnitude; if the solution cannot, any
potential fibers that form will break into fragments or simply not be drawn at all (Huang et al.
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2003). Hence, while this method is ideal for studying individual fiber behavior, a more efficient
and consistent process must be used to create fiber structures suitable for wound dressings.
In contrast, electrospinning does not use mechanical force to generate nanofibers. It does,
however, follow the same principle as mechanical drawing: the surface tension of the solution
must be overridden using some form of opposing force. Electrospinning uses electrostatic
repulsion instead of mechanical force. The following figure shows a generic electrospinning
setup:

Figure 2.4.2.1: Typical electrospinning apparatus (Lipol and Rahman 2016).
First, a pump applies force to a tube (most often a plastic syringe) which contains a polymer
solution. Droplets form at the tip of the syringe due to surface tension. Next, a power source,
usually an electric power supply that is wired to both the syringe (at its positive pole) and a metal
collector (at its negative pole) some distance away, is activated and emits an electric current. The
charges from the generator accumulate at the site of the droplets. At this point, the area becomes
saturated with positively charged particles, and the resultant electrostatic repulsion forces the
solution to morph from droplets to long, continuous jets that follow a downward spiral trajectory,
provided that there is enough total electrostatic force to override the surface tension of the
solution. The Taylor cone, a projection that only appears when there is sufficient electrostatic
force to fully overcome the liquid’s surface tension, is a reliable visual indicator of this
interaction (Huang et al. 2003; Robert and Lennox 2011; Wang and Ryan 2011).
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The features of electrospun fibers are remarkable for several reasons. First, the method
does not rely on mechanical force, so some polymer and solvent compositions that may be too
delicate for a method like mechanical drawing may still be viable candidates for electrospinning.
Second, the method is extremely efficient. In the time mechanical drawing may produce one or
two nanofibers of a certain length, with electrospinning it will be possible to produce a mat
containing thousands of nanofibers, which, though there may be some variability in length and
width, could approach the same average dimensions desired. Third, the fibers produced from this
method have the potential to be extremely small, which means they have a higher surface area-tovolume ratio (making chemical diffusion across them much more efficient) and will be potentially
capable of having stem cells attach to them, reproduce, and differentiate. Fourth, electrospinning
is not labor intensive, as no template needs to be constructed as in template synthesis (Huang et
al. 2003). Therefore, due to these apparent advantages, researchers have started to invest
considerably in electrospinning technology.
Electrospun fiber mats have received much attention from medical researchers in recent
years because they have demonstrated some potential to become a class of very cost-effective and
versatile wound dressings. By replacing the artificial raw materials used to make some of them
with biopolymers, the healing potential of wound dressings may be increased while the financial
and environmental consequences of using them may be decreased. However, initial attempts to do
so were failures, as biopolymer-based materials are not inherently stable under physical stress or
in water. However, recently it has been demonstrated that under certain conditions, it is possible
to create electrospun fiber mats made entirely of biopolymers. This seems to be the case for
amylose (Kong and Ziegler 2012b) and gelatin (Huang et al. 2004). It is not known, however, if
these two biopolymers can be spun together, but if it can be produced and modified to maintain
stability in physically strenuous and moist environments, then it may be of great benefit to
medicine.
However, unless at least two major drawbacks can be addressed, the potential of
electrospun biopolymer fiber mat wound dressings is merely hypothetical. If the electrospun
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nanofibers are destroyed upon even modest applications of force, then they will be of little use in
an actual wound care setting. This is unfortunately the case for most unmodified biopolymerbased nanofibrous structures. The same can be said for their lack of stability in water – although
starch and gelatin structures do not dissolve in aqueous environments, their fibrous structures are
almost invariably destroyed, which means any benefits incurred by having them in fiber form are
quickly lost. It will be necessary, then, to accomplish two things: modify the material such that it
can maintain its integrity upon being subjected to force, and under the same modification process
also maintain its fibrous morphology when submerged in water. The most common way to
address these weaknesses is through crosslinking.

2.5. The Need for Crosslinking
An electrospun nanofiber mat made from amylose and gelatin has the potential to
revolutionize wound care. However, if it is easily compromised by moisture and physical contact,
it will not be useful for this purpose. Unfortunately, nanofibers electrospun from unmodified
gelatin and starch suffer from both weaknesses. These are crucial to address: first, the weak
mechanical strength is especially troublesome for closing a wound and keeping it protected, since
an easily torn wound dressing will not provide adequate protection from the environment.
Second, the hydrophilicity of the biopolymers means that the unmodified fibers will either
dissolve or disintegrate when applied to a moist surface like that of a freshly cleaned wound,
which is also unhelpful for wound healing because the benefits of using an electrospun fiber mat
are lost. There are countless ways in which materials made from biopolymers can be modified,
including plasticization (Lopez-Gil 2014), mixture of biopolymers with synthetic polymers
(Aramwit et al. 2013), and UV-light treatment, to name a few. However, chemical crosslinking
allows for the greatest flexibility and control of the various known methods.
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2.5.1. Crosslinking Reagents and a Case for Genipin
Chemical crosslinking is a popular solution for addressing mechanical weakness and poor
water resilience. An enormous variety of reagents exist for this purpose, such as epoxides,
carboxylic acids, aldehydes, zinc sulfate, sodium metaphosphate, and countless others (Reddy,
Reddy, and Jiang 2015). It may behoove manufacturers and researchers to eventually discontinue
using many of these reagents in favor of new candidates like genipin.
Epoxides, for example, are cyclic three atom ethers; cyclic molecules this small tend to be
very unstable due to the amount of tension the individual molecules experience maintaining this
arrangement. Relieving this tension from the ring strain is easily done, so epoxides can react with
substrates even under relatively mild conditions (Gorgeiva and Kokol 2011; Binkley
1998). Cadexomer, a carbohydrate-based gel impregnated with iodine, is an example of a wound
dressing made using the epoxide epichlorohydrin. Cadexomer is used to treat ulcers (Torres et al.
2013). The instability of epoxides makes them extremely efficient in crosslinking polymers, but
that same instability poses a significant occupational risk as they may be explosive. Epoxides are
also toxic (Binkley 1998).
Alternatively, one can turn to aldehydes, which are not quite as unstable as epoxides.
Generally speaking, aldehydes are favored over most other groups of chemical crosslinking
reagents because of their high reactivity and compatibility with a wide range of functional groups.
Of several aldehyde species, it seems that glutaraldehyde (often abbreviated GTA or GA) is the
most popular. Its molecular structure is shown in figure 2.5.1.1:

Figure 2.5.1.1: Chemical Structure of Glutaraldehyde (Modified from Destaye et al. 2013).
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There are two reasons for its popularity over other aldehydes like formaldehyde. First, it is
a dialdehyde, Formaldehyde, as a monoaldehyde, must crosslink via a two-step process, where it
forms a methylol intermediate with the first polymer before the second polymer forms methylene
bridges with the first. A dialdehyde can form these bridges between polymers directly, like in the
example shown in figure 2.5.1.2. This tends to be much more efficient than monoaldehydic
crosslinking (Azerado and Waldron 2016).

Figure 2.5.1.2: Glutaraldehyde and PVA crosslinking reaction via intermolecular and
intramolecular interaction (Adapted from Destaye et al. 2013).

Second, among several dialdehydes tested, it seems to have optimal reactivity with a
wide range of functional groups, including amines (NH2), thiols (SH), phenols (Benzyl-OH),
hydroxyls (OH), and imidazoles (N heterocyclic ring with NH group). This translates to high
flexibility with regards to what substrates can be reacted with glutaraldehyde. It will react most
easily with hydroxyl groups in acidic conditions while basic or neutral conditions favor
glutaraldehyde and amine interactions. This reactivity has been crucial to many industries. In
microbiology for example, glutaraldehyde is used to immobilize cells and enzymes (proteins tend
to very rich in amine groups) so that they can be easily investigated under the microscope, a
practice called fixation (Pal et al. 2009). Glutaraldehyde’s properties also make it an effective
antimicrobial agent, so some industries use it to eliminate unwanted microbes, e.g. as a fracking
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ingredient in the oil industry to clear deposits of oil of disruptive bacteria or as a disinfectant for
surgical tools in medicine (Reddy et al. 2015).
Unfortunately, glutaraldehyde seems to be losing popularity among researchers. The chief
reason for its loss in popularity is due to its toxicity, one of many flaws it shares with most of the
other members of the aldehyde family. Using toxic reagents for medical applications defeats the
purpose of supplanting synthetic materials with biopolymers, as the cross-linking reagents will be
lethal to any newly forming cells either as a result of direct contact or through their release upon
breakdown of the wound dressing (Lima et. al 2008). Less toxic aldehydes do exist;
cinnamaldehyde is the compound responsible for the aroma of cinnamon. However, in quantities
necessary for adequate crosslinking, there is evidence to suggest that even cinnamaldehyde can be
dangerous to the kidneys. Aldehyde toxicity on its own also makes it difficult to dispose of; there
are grave environmental and public health consequences if it is simply dumped along with other
waste. Disposing of aldehyde-crosslinked materials may also be hazardous, if cross-linking
reagent is release upon the material’s degradation (Azerado and Waldron 2016). Under room
temperature and atmospheric pressure conditions, glutaraldehyde manifests itself as a pungent,
colorless liquid. The substance is volatile and can quickly diffuse from most containers in which
it is stored. The risk to workers who are regularly exposed to the substance is well known;
prolonged exposure may cause respiratory damage (Pal et al. 2009). Even worse, excess reaction
with glutaraldehyde can accomplish the reverse of the intended effect of strengthening the wound
dressing; making it weaker rather than stronger. For more robust dressings intended as long-term
implants, the scaffold may even calcify (Yoo et al. 2011).
For some applications where glutaraldehyde is appropriate, there may be some viable
alternatives, the most prominent of which is genipin. Genipin is a naturally-sourced molecule
derived via beta-glucosidase enzymatic hydrolysis from an iridoid glycoside (appropriately
named geniposide) taken from the fruits of gardenia flowers or genipa trees, or Gardenia
jasminoides Ellis and Genipa Americana, respectively. The former is more common in Asia,
while the latter is easier to find in Central and South America. When compared to glutaraldehyde,
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genipin is relatively harmless. Toxicity studies suggest that genipin is 5000-10000 times less
cytotoxic than glutaraldehyde (Mi, Shyu, and Peng 2004; Lima et al. 2008; Sisson et al. 2009).
The fruit from which it is sourced is edible; Central and South Americans eat them raw, use them
for drinks, and make syrups out of them. In Asia, the fruits are more commonly used either as a
diuretic or respiratory-relief ingredient for medicine or as a raw material for heat, pH, and light
resistant food dye. There is even evidence suggesting that genipin has anti-inflammatory
properties (Sisson et al. 2009). Its versatility has piqued the interest of those involved in modern
medicine and the food industry in the United States and Europe (Bigi et al. 2002; Chiono et al.
2007; Butler, Ng, and Pudney 2003). Figure 2.5.2.1 depicts the molecular structure of genipin.

Figure 2.5.2.1: Chemical Structure of Genipin (Yoo et al. 2011).

2.5.2. Gelatin and Genipin Reaction Mechanism
Although genipin’s crosslinking mechanisms are not fully understood, it is at least known
that it readily reacts with primary amino groups, and that the extent of the reaction depends on the
abundance of both the primary amine groups available for reaction and the amount of substrate
used. Gelatin has free primary amino groups on its lysine (approximately 4% of gelatin weight,
on average), arginine (approximately 8% of gelatin weight, on average), and approximately half
of all amino acids located on the terminal ends of the polypeptide chains (Gorgieva and Kolkol
2011). Therefore, it will be through these amino acids that genipin and gelatin interact and thus
induce the crosslinking reaction desired in this application (Sundararaghavan et al. 2007). Figure
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2.5.2.2 shows two proposed mechanisms for genipin’s interaction with molecules with amino
groups.

Figure 2.5.2.2: Two possible reaction schemes involving genipin and an amino-group containing
molecule (Butler et al. 2003).

It is not enough for a crosslinking reagent to only react with one substrate molecule. It
must somehow react with two, either by attaching two substrates to itself or by catalyzing the
reaction which unites the substrates. It is suspected that crosslinking between genipin and
substrate (i.e. collagen, gelatin, chitosan, or any other polymer containing many amino groups) is
possible through two possible pathways: the first is by having substrate molecules react with both
reactive sites of genipin, such that the genipin serves as a link between the substrate molecules.
These two reactive sites are the ester group (located on the top of the genipin molecules shown in
figure 2.5.2.2) and the carbons in the heterocyclic ring, which behave like carbonyl groups
(Butler et al. 2003). This reaction scheme is shown in Figure 2.5.2.3.
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Figure 2.5.2.3: One possible means of crosslinking between genipin and substrate (modified from
Muzzarelli et al. 2015).

The second possible pathway is through a mixture of interaction between genipin and substrate
and genipin and other genipin molecules. Substrate and genipin would react via reaction scheme
2 while genipin molecules form bridges with each other (Yoo et al. 2011; Mi et al. 2004). Below
is a visual representation of this scheme.

Figure 2.5.2.4: Another possible means of crosslinking between genipin and substrate (modified
from Yoo et al. 2011).

It is important to note that these are only two of several proposed mechanisms. There is no wellestablished consensus for the entire crosslinking mechanism between genipin and substrates, as
there is evidence to support both proposed pathways. Most research in understanding the
intricacies of this genipin-substrate interaction is based on the work of Touyama et al. (1994), so
their paper is cited here for the reader’s reference should he or she desire to investigate this
interaction more. Despite the lack of consensus on the exact mechanism of genipin crosslinking,
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there is universal agreement that this reaction confers a distinct visual property to substrates: they
all turn blue, and the degree to which they turn blue seems to be a function of time, concentration
of genipin, and the amount of compatible substrate available. An example of this color change
can be seen in Figure 2.5.2.5.

Figure 2.5.2.5: Genipin crosslinking of tendon samples as a function of genipin concentration and
time (Modified from Fessel et al. 2014).

There is strong evidence that the blue color transformation caused by genipin’s interaction
with amine-rich substrates is a cross-linking reaction, and that this cross-linking reaction does
alter physical properties of the substrate. It has even been hypothesized that this color change
phenomenon can be used as a means to quantify the degree of crosslinking and relate such
changes to parallel increases in mechanical properties. For example, Sundararaghavan et al.
(2007) related color transformation change (or more specifically, fluorescence as a result of color
change) to improved mechanical properties in collagen gels. They ultimately found strong
correlations between fluorescence of their crosslinked gels to changes in mechanical properties
and proposed measuring color change as a noninvasive means to quantify degree of crosslinking
and therefore increase in mechanical strength. Other studies seem to assume that this is the case
(Bigi et al. 2002; Mi et al 2004; Panzavolta et al. 2011; Yoo et al. 2011; Fessel et al. 2014).
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Therefore, this study will focus on crosslinking electrospun gelatin and amylose fiber mats with
genipin and determining whether this assumption continues to hold true.

2.5.3. Measuring Properties Altered by Crosslinking: Color Change
Light rays are absorbed, reflected, and refracted when they come into contact with an
object. This light may change in appearance as some individual rays are reflected while others are
absorbed or refracted. The resultant interaction between the light and the object in contact
ultimately dictates the light’s appearance to the human eye, or its color. The human eye detects
brightness through structures called rods, while red, blue, and green light rays are detected by
structures called cones. Colors that people describe are ultimately combinations of these three
colors, and this is the basis of the “tristimulus color values” X, Y, and Z (red, blue, and green,
respectively). A special type of colorimeter called “tristimulus colorimeters” operates on this
principle (Bohrweg 2001). Figure 2.5.3.1 shows the workings of a Tristimulus Colorimeter:

Figure 2.5.3.1: Operation of a Tristimulus Colorimeter. Modified from Bohrweg (2001).

A colorimeter flashes a light on a specimen of interest. The light reflected from the
specimen passes through red, green, and blue filters after which photodetectors detect the amount
of light striking them. These are then converted to X, Y, and Z values. These values are difficult to
communicate effectively to general audiences, though. Therefore, these X, Y, and Z values are
converted into terms more useful for this purpose.
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Most tristimulus colorimeters have a built-in function which converts X, Y, Z tristimulus
color values to the CIE L*a*b* color scale. This particular color scale is currently the most
popular translation of X, Y, Z tristimulus color values among researchers. The method relies on a
concept called the Opponent-Color Theory, which states that receptors in the human eye perceive
color as three pairs of opposites: the L* in the CIE L*a*b* color scale represents the “light”
perceived; on a scale of 0 to 100, bright colors have values of 51 or above while darker colors
read at values of 50 or below. On a scale of -infinity to infinity, the a* value in the CIE L*a*b*
color scale represents the duality between red and green color; positive a* values correspond to
the perception of red color while negative a* values correspond to the perception of green color.
Because genipin and collagen/gelatin are known to react with each other and turn the
materials they constitute blue, it will be one basis upon which the extent of crosslinking is
monitored in this application. It just so happens that the b* value of CIE L*a*b* corresponds to a
duality of yellow and blue. On a scale of –infinity to infinity, positive b* values correspond to
overall perception of yellow color whereas negative b* values correspond overall perception of
blue color (Whetzel 2012). It is expected that with greater color change comes greater interaction
between the amino groups on gelatin molecules and the reactive sites located on genipin.
Therefore, it is also expected that when a sample has a low average b* value, it will demonstrate
greater mechanical strength and water resilience than a sample with a higher average b* value.

2.5.4. Measuring Properties altered by Crosslinking: Mechanical Strength
Unmodified fiber mats made of biopolymers tend to be mechanically weak; specifically,
they will tear when force is applied to them. This is unhelpful in keeping a wound site protected.
The standard test for measuring mechanical strength is the tensile test. Various versions of the
method can be found among the work of the following authors: Schiffman and Schauer (2007),
Destaye et al. (2013), and Wang et al. (2005). The basis of this measurement is the following:
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𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =

𝐹𝑜𝑟𝑐𝑒 (𝑎𝑡 𝑏𝑟𝑒𝑎𝑘; 𝑁)
𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 (m )

Equation 2.5.4.1: Equation for Tensile Strength (Destaye et al. 2013).
This test is standard for measuring the extent to which a material can remain unbroken when
subjected to uniaxial force. With respect to nonuniform, non-woven, electrospun fiber mats,
however, there is an issue which precludes guaranteeing accurate measurements through this
method. Equation 2.5.4.1 assumes that the material being measured is uniform in composition.
Electrospun fibers have gaps in between their structures; these are called “pores”. Two electrospun
samples made from the same material may have pores of various sizes, and thus, differ in the density
of fibers which contribute to the sample’s tensile strength. While the method remains in use among
authors, some have proposed alternative approaches to this method and have applied them to their
own applications. Nasser et al. (2007) studied simulations of compressive force exerted on tightly
packed metal-tube based constructs called sandwich structures. They could not merely use
compressive strength (which has a formula nearly identical to that used to measure tensile strength;
the only difference is the direction of the force) as a metric because they were working with
sandwich structures made from tubes of vastly different mass and lengths. Likewise, biopolymerbased electrospun fiber mats tend to have fibers which vary greatly in thickness and density due to
random fiber distribution (Wang, Kong, and Ziegler 2018). In both cases, the density of the tubes
or fibers was directly proportional to the mechanical strength, and the density is directly
proportional to a sample’s mass. Therefore, the same formula from Nasser et al. (2007) and Wang
et al. (2018) was adopted for this project, which is:

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =

𝐹𝑜𝑟𝑐𝑒 (𝑎𝑡 𝑏𝑟𝑒𝑎𝑘; 𝑁)
𝑚𝑎𝑠𝑠 (𝑔)

Equation 2.5.4.2: Mechanical Strength, normalized by mass (Nasser et al. 2007; Wang et al. 2018)
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Although this text will primarily refer to this property as “mechanical strength”, the full term is
“mechanical strength, normalized by mass.” This is because after the force at the point in which
the fibers snap in two is measured and subsequently divided by the sample’s mass.
Equation 2.5.4.3 shows the equation for strain at break.

𝑆𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 𝑏𝑟𝑒𝑎𝑘% =

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (𝑚𝑚)
∗ 100%
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)

Equation 2.5.4.3: Strain at break (Schiffman and Schauer 2007).

There are times when materials display great strength but very little flexibility. In such
materials, they are capable of withstanding great quantities of force, but they cannot be deformed
or stretched very far, as they will break easily in such a scenario. Conversely, a weak material
may actually be able to withstand being stretched over a relatively long distance but will fracture
with even gentle applications of force. Reporting the % strain at break provides information on
the sample’s ability to handle mechanical deformation. When experimenting with glutaraldehyde
and genipin, authors reported that their crosslinked scaffolds, while stronger than the controls,
tended to break at lower strains (Bigi et al. 2002; Wang et al. 2005; Schiffman and Schauer 2007;
Yoo et al. 2011. Destaye et al. 2013), so the same is expected here. These authors also reported
the elastic moduli of their devices, but this measurement requires accurate measurement of stress
while the fibers are in an elastic state, so this value is not reported in this study.

2.5.5. Measuring Properties altered by Crosslinking: Water Resilience
For electrospun nanofibers to remain useful after being exposed to moisture, they must be
water resilient. Water resilient fibers are by definition, fibers which retain their structures after they
are exposed to aqueous environments. This implies that the fibers should remain intact after water
has been dropped on them or they are submerged in water for some time. Barnes et al. (2007) have
reported that electrospun collagen nanofibers immediately shrink upon contact with water and
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disintegrate, albeit do not quite dissolve. A similar phenomenon has been observed with unmodified
electrospun amylose and gelatin nanofibers (Kong and Ziegler 2012b; Huang et al. 2004). Figure
2.5.5.1 shows a collection of micrographs that depict varying levels of water resilience as a result
of different degrees of crosslinking between PVA and GTA, catalyzed with hydrochloric acid.

Figure 2.5.5.1: SEM micrographs of glutaraldehyde crosslinked PVA electrospun nanofibers before
and after being soaked (Tang et al. 2010).

As can be seen from the images, with increasing levels of glutaraldehyde and acidic
catalyst, the amount of initial structure that is retained increases. Observation under the SEM is a
qualitative measure; to quantify water resilience, the following definitions are needed:

% 𝑆𝑤𝑒𝑙𝑙 =
% 𝐿𝑜𝑠𝑠 =

(𝑊 − 𝑊 )
∗ 100%
𝑊
(𝑊 − 𝑊 )
∗ 100%
𝑊

Equations 2.5.5.2 and 2.5.5.3: % Swell and % Loss, (Wang et al. 2005 and Bigi et al 2002).
Where W0 is the initial weight of the sample being weighed, Ww is the weight of the sample after
it has been submerged in water, and Wd is the weight of the sample after it is dried and desiccated.
Both the method and these equations were developed with the intent of quantifying the extent to
which films, foams, and fibers are permeable to water (Wang et al. 2005). This method has been
used for gelatin-genipin systems (Lien, Li, and Huang 2008), so it will be used to quantify the
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extent to which electrospun amylose and gelatin fibers retain their structures in water,
supplemented by qualitative analysis via Scanning Electron Microscopy to determine whether the
structures retained are indeed nanofibers and not amorphous gels.

2.6. Literature Review Summary
Every day, at least a few people injure themselves. In some cases, the injury is severe enough to
result in a wound which if left unaddressed, could have dire consequences for their health and
well-being. Biopolymers have been used for most historical wound dressings, but because of the
weaknesses of old wound care product designs, scientists had focused on creating new innovative
wound care designs from artificial materials over the course of the 20th century. While proven
suitable for the task, artificial materials are now known to cause a wide range of undesirable side
effects on patients and generate immense environmental waste. Recent advances in research show
that biopolymers, which usually show fewer toxic responses in patients and are more easily
decomposed, may be able to substitute for artificial materials. Of all recently developed wound
care designs, electrospun nanofibers seem to show the most potential in helping wound healing.
However, electrospun nanofibers made from biopolymers like amylose and gelatin tend to lack
mechanical strength and water resilience, both of which are necessary for proper wound care.
Crosslinking can compensate for these weaknesses. Treating amylose and gelatin-based
electrospun nanofibers with the nontoxic reagent genipin may result in a product that, should it
boast enhanced mechanical strength and water resilience, could be a powerful candidate for
advancing the field of wound care.
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2.7. Project Objectives and Hypotheses
Objective 1: To electrospin gelatin and amylose-based fiber mats.

Hypothesis 1: Under specific combinations of flow rate, height, and voltage, it is possible to
electrospin gelatin and amylose-based fiber mats.

Objective 2: To crosslink gelatin and amylose-based electrospun fibers with genipin.

Hypothesis 2: Due to the presence of primary amines, gelatin and amylose-based electrospun
fibers can be crosslinked with genipin.

Objective 3: To improve the mechanical strength and water resilience of electrospun
gelatin/amylose fibers by crosslinking with genipin.

Hypothesis 3: With increased concentrations of gelatin and genipin, the degree of crosslinking is
increased, so the CIE b* average values will decrease, while mechanical strength and water
resilience will increase.
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Chapter 3
Materials and Methods

3.1. Electrospinning
Gelose-80 (80%-amylose maize starch) was supplied by Ingredion Incorporated
(Bridgewater, New Jersey, USA), and 200-bloom type-A porcine gelatin was obtained from Great
Lakes Gelatin (Grayslake, Illinois, USA). ACS-grade dimethyl-sulfoxide (DMSO) and USPgrade 200-proof ethanol were purchased from VWR International (Radnor, Pennsylvania, USA).
The DMSO was mixed with deionized water to obtain a 90% DMSO solution; all other materials
were used as received.
3.1.1. Electrospinning Sample Preparation
Gelose-80 (0.900 g) was added to each of three separate 50 mL glass test tubes, along
with either 0.050, 0.100, or 0.150 g of gelatin. Using a glass graduated cylinder, 10 mL of 90%
DMSO was dispensed into each tube. The test tubes were then sealed and shaken for five seconds
to disperse starch and gelatin caught along the edges, and then vortexed for five seconds at 2500
RPM to prevent any precipitate formation at the bottom of the tube. The test tubes were then
reopened, and a 9.5 mm x 38.1 mm magnetic stir-bar was added to each test tube before they
were sealed again and transferred to a boiling water bath for 1 hour with a stir rate of 200 rpm.
The solutions were then cooled to room temperature, left to continue mixing at 200 rpm at least
overnight, after which the solutions were transferred to 10 mL glass beakers, and subsequently
withdrawn into 10 mL Becton Dickinson Luer-Lock tip plastic syringes. Stainless steel needles
(20-guage) are attached to each syringe, and the syringes were used immediately for
electrospinning.
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3.1.2. Electrospinning Apparatus and Implementation

Figure 3.1.2.1: Illustration of Electrospinning Apparatus (Original; inking by Lily Wang)
Syringes prepared as per 3.1.1 were secured to a KDS 100-Model 780100 V Legacy
Syringe Pump (KD Scientific, Holliston, Massachusetts, USA). An ES40P model power supply
(Gamma High Voltage Research Inc., Ormond Beach, Florida, USA) was used to provide voltage;
the positive electrode was secured to the syringe needle tips, while the negative electrode was
placed inside a 120 mL 200-proof ethanol bath (which will be referred to later as the “coagulation
bath”) contained in a 150 mm x 75 mm Pyrex glass crystallization dish. This dish was positioned
directly underneath the syringe needle, supported by a lab jack. A square piece of stainless-steel
wire mesh was used as a collector. Another 120 mL 200-proof ethanol bath was prepared inside
another Pyrex glass crystallization dish of similar dimensions (which will be referred to later as
the “wash bath”) and set aside on a separate counter. The pump was then set to a desired flow rate
between six to eight mL/h, depending on the concentration of gelatin. The ideal flow rate for each
gelatin concentration was determined empirically. At the start of each electrospinning attempt, the
pump was first activated, and a droplet emerged from the syringe needle tip. The tip was cleaned
with a lab tissue and the voltage generator was turned on, supplying a desired voltage between
seven to eight kV, the optimum of which was determined by the appearance of a Taylor cone. By
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adjusting the lab jack, the height between the needle and the coagulation bath was also adjusted;
the appearance of rapidly forming, opaque, white deposits on the surface of the coagulation bath
dictated the process of determining optimal height. Fibers were collected inside the coagulation
bath for eight minutes. Following this collection process, the resultant coagulant or fiber mat was
moved to the wash bath to soak for 1 minute to remove excess DMSO. An additional 200-proof
ethanol rinse using a wash bottle was applied to each sample for 30 seconds to further remove
excess DMSO, and then the fibers were desiccated in vacuum-dry chambers containing drierite
for at least 12 but no more than 24 hours. (Fiber mats produced from this procedure are called
“as-spun fiber mats.”)

3.2. Post-electrospinning Characterization and Treatment
As-spun fiber mats were examined under an Olympus BX-41 Light Microscope (Hitech
Instruments, Edgemont, PA, USA) at 10 X, under which most fibers were visible, as a
preliminary evaluation of fiber mat morphology. Fiber mats with significant deposits of beads or
film-like structures were immediately discarded. Otherwise, they were promptly crosslinked.
3.2.1. Crosslinking Materials
`

Ethanol (200-proof) and single-strength phosphate buffer saline, pH 7.4 (1 x PBS) was

purchased from VWR International (Radnor, Pennsylvania, USA). Genipin was purchased in
powder form from Challenge Bioproducts Inc. (Touliu, Taiwan). All were used as received.
3.2.2. Crosslinking Procedure and Initial Evaluation
The genipin concentrations used in this experiment (the precise three levels thereof
specified in section 3.5) were not arbitrarily selected. A preliminary experiment was conducted to
determine the genipin concentration ranges for the actual experiment. Seven electrospun
nanofibers of the same gelatin to total polymer ratio (14.29% w/w) were placed atop stainless
steel wire meshes and submerged in seven different crosslinking solutions containing a solvent
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consisting of 60% ethanol and 40% PBS, along with genipin concentrations ranging from 0.15
mM to 25.50 mM. For 90 mg fiber mats treated in 30 mL genipin solutions, these ranges translate
to approximately 1.1% - 192.0% weight genipin/weight gelatin and amylose fiber mat. These
eight as-spun fiber mats were treated accordingly at eight different genipin concentrations within
this range for 48 hours, after which they are removed from their crosslinking solutions and rinsed
in 200-proof ethanol for 30 seconds to remove excess genipin, and then desiccated in a vacuumdry drierite packed chamber for 12 to 24 hours. There were no replicates for this preliminary
study.
For the experiment proper, a crosslinking master solution (approx. 45 mM) was prepared
by adding genipin into 200-proof ethanol and stirring at 200 rpm for at least ten minutes or until
dissolved. As-spun fiber mats with an average mass of 90 mg were placed atop pieces of
stainless-steel wire mesh and submerged into glass containers holding 30 mL of solution, of
which the contents consist of the desired amount of crosslinking master solution and a 60/40 by
volume % 200-proof ethanol/ PBS solvent. The average pH of these crosslinking solutions was
8.50. The fiber mats were crosslinked for 48 hours, after which the fiber mats were then
extracted, rinsed in ethanol for 30 seconds, and then desiccated in a vacuum-dry drierite packed
chamber for 12 to 24 hours.
After both preliminary and actual experimental crosslinking, the CIE b* values of the
treated fibers were measured using a Konica Minolta CR-400 Colorimeter (Konica Minolta,
Tokyo, Japan). Readings were taken at three different places on the fiber mats and the b* values
were averaged and reported accordingly. Only the b* values were recorded because it is the sole
measure of blue color in the CIE Lab scale. Finally, the fibers were transferred to a desiccator
containing saturated magnesium nitrate (aw = 0.52) for equilibration until tensile tests are
performed.
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3.3. Evaluation of Mechanical Strength
All rheological tests were carried out using a Q-800 Dynamic Mechanical Analyzer or
DMA (TA Instruments, New Castle, Delaware, USA). Crosslinked fiber mats were cut into 15.0
mm x 5.3 mm pieces using a 5.3 mm cutting die. The edges were carefully trimmed using a
separate razor blade. These pieces were then weighed in mg to four decimal places using a XP2U
microbalance (Mettler-Toledo, Columbus, Ohio, USA). The test samples were then affixed using
tape onto half-pieces of paper frames cut from cardstock. The paper frames were used to secure
fiber pieces onto the DMA by keeping them in place. A film tension clamp was used as the tensile
test grip. After the pieces were secured, the paper frames were cut across their centers and the
fiber pieces were subjected to a ramping tensile force of 0.050 N/min. The tests terminated when
the test sample yielded (i.e. it broke) or was subjected to a total force of 5.000 N. The force
applied at yield (N) was recorded and the exact weight of the fiber fragments used to normalize
this value (expressed in N/g), intended to control for variation among the samples due to varying
density of individual fibers in the mats. These measurements were performed in triplicate, so the
value reported for each replicate of the overall experiment is the average of three measurements.
The following value was derived from this procedure:
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =

𝐹𝑜𝑟𝑐𝑒(N) at point of break
𝑚𝑎𝑠𝑠 (𝑔)

Equation 3.3.1: Normalized mechanical strength (Nasser et al. 2007; Wang et al. 2018).

Where the normalized mechanical strength was reported in units of Newtons/grams. To account
for the possibility of greater flexibility despite inferior mechanical strength, strain at break was
reported as well, via equation 3.3.2.
% 𝑆𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 𝑏𝑟𝑒𝑎𝑘 =

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (𝑚𝑚)
∗ 100%
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)

Equation 3.3.2: % Strain at break (Schiffman and Schauer 2007).
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After tensile tests, the fiber pieces were observed under a Phenom-World G2 Pro SEM
(Phenom-World, Eindhover, The Netherlands) at an accelerating voltage of 5 keV to qualitatively
study the morphological composition of the area that experienced the fracture. To quantify the
average fiber diameters of the electrospun fiber mats, ImageJ software (public domain) along
with the addon DiameterJ (Hotaling et al. 2015) was used. First, several representative
micrographs were obtained via SEM. Next, the images were converted into white and black
pixels, representing fibers and pores, respectively (a process called “segmentation”). ImageJ
simultaneously uses sixteen different algorithms to execute segmentation, so the most
representative result from each segmentation was used for fiber diameter measurement. ImageJ
calculates fiber diameter in terms of numbers of pixels, so values generated by the software were
converted using the length reference generated within each SEM micrograph. A histogram
containing the measurements of all detected fibers for each image was generated, and the
histograms for each treatment group were consolidated in separate Excel files into one larger
histogram. This consolidated histogram was further corrected using an application called Fityk
(Wojdyr 2010), after which the average fiber diameters and standard deviations were obtained
(Hotaling et al. 2015).

3.4. Evaluation of Water Resilience
Two methods: one quantitative, one qualitative, were used for water resilience evaluation.
For the quantitative test, approximately 20 mg of fiber fragments leftover from tensile testing
were added to 2 mL plastic test tubes. Room-temperature (20 ° C) deionized water (2 mL) was
added to each test tube using a micropipette. The tubes were vortexed for five minutes, and then
the test tubes were centrifuged at 3000 RPM using a Galaxy-mini Centrifuge (VWR, Radnor,
Pennsylvania, USA). The resulting supernatant was removed from the test tubes using 1 mL
plastic Pasteur pipettes and then the test tubes were dried at 103 °C for 24 hours and cooled in a
vacuum-dried drierite-packed desiccator for an additional hour to cool. The test tubes and their
contents were weighed whenever material was added or removed.
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The following values were derived accordingly:
%𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =

%𝐿𝑜𝑠𝑠 =

𝑊 −𝑊
∗ 100%
𝑊

𝑊 −𝑊
∗ 100%
𝑊

Equations 3.4.1 and 3.4.2: % Swelling and % Loss (Wang et al. 2005 and Bigi et al. 2002).

Where Ww represents the mass of the wet fibers immediately after supernatant was removed, W d
is the mass of the fibers after they have been dried and desiccated, and W i is the initial mass of
the fibers. All masses in this experiment were measured in grams to four decimal places. To
supplement this data with qualitative references, fiber fragments were completely submerged into
deionized water using a small stainless-steel wire mesh for five seconds, then transferred to a
separate bath of 200-proof ethanol, where they were held for two minutes. The fibers were then
desiccated overnight and sampled for observation under the SEM, where the post-wetting
morphology of the fibers was observed and recorded.

3.5. Experimental Design and Statistical Evaluation
These studies were performed using a two variable, 3×3 full factorial design, with two
replicates. The first factor was the ratio of gelatin to amylose. The amount of amylose used was
fixed at 0.900 g, while three different levels of gelatin at 0.050 g, 0.100 g, and 0.150 g (5.26,
10.00, and 14.29 % w gelatin/w total polymer, respectively) were used throughout this
experiment to quantify the impact of gelatin on the physical properties of crosslinked electrospun
fibers. These values are reported as ratios of gelatin to total polymer throughout this text.
Factor two was the amount of genipin used; the three levels were measured in relative
strengths; the relative strengths are on a logarithmic scale; the genipin content across the three
levels differ on factors of 10. This translates to the addition of 0.1 mL, 1.0 mL, and 10.0 mL of 45
mM genipin solution to each crosslinking bath. When taking into account that they are part of 30
mL solutions, this corresponds to a 300x, 30x, and 3x dilution, respectively, so the genipin
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concentrations are 0.15 mM, 1.5 mM, and 15 mM. Because the type of application affects how
the concentration of genipin used in any experiment is reported, the weight/weight ratios of
genipin/overall fiber mass and genipin/gelatin are reported here for reference. The genipin/overall
fiber mass (the overall fiber mass was 90 mg on average) ratios are thus 1.13% w/w, 11.31% w/w,
and 113.11 % w/w and the genipin/gelatin mass ratios are shown in table 3.5.1.
Gelatin mass/overall polymer ratio
Genipin Concentration (mM)

5.26%

10.00%

14.29%

0.15

21.50%

11.31%

7.92%

1.5

215.04%

113.11%

79.16%

15

2150.44%

1131.13%

791.55%

Table 3.5.1: Genipin/Gelatin ratio (w/w) of each treatment in the experiment design
With nine total treatments and two replicates, the total number of “core” runs was 18. Two
additional runs in which a set of 10.00% w/w gelatin electrospun fibers were processed in an
identical fashion to that of the core 18 runs but without genipin crosslinking create a singular
control condition. Linear regression analysis was used to analyze all quantitative data acquired,
with a significance level of alpha = 0.05 for both variables and their interactions using the
statistical analysis software Minitab (Minitab Inc., State College, Pennsylvania, USA).
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Chapter 4
Results and Conclusions

4.1. Electrospinning
At the concentrations employed (0.5%-1.5% by mass of gelatin in 9% by mass of Gelose
80) the gelatin and starch appeared to be compatibly soluble in 90% aqueous DMSO, at least for
the duration of electrospinning. Huang et al. (2004) pointed out that gelatin in water at room
temperature was unspinnable, largely due to its tendency to gel and solidify at concentrations
sufficient for spinning. It is desirable for any polymer/solvent composition to encourage random
coil behavior of the polymers (Kong and Ziegler 2014), as the fixed configurations of polymers
(such as in the case of a gelled polymer) can dramatically increase the viscosity of a solution and
render it unspinnable (Sajkiewicz and Kolbuk 2014). Researchers that followed Huang et al.
(2004) have blamed the difficulty of electrospinning gelatin in water on the formation of
collagen-like triple-helix structures (Sajkiewicz and Kolbuk 2014).
It is possible to electrospin gelatin in water above 30°C, the approximate melting
temperature of the triple helices, where gelatin is soluble and in random coil configuration. It was
assumed here that DMSO had an effect similar to raising the temperature of the solution and no
observations throughout this project contradicted this (Huang et al. 2004; Sisson et al. 2009;
Panzavolta et al. 2011). Rather than spin in heated solutions or DMSO, most previous studies
used solvents such as acetic acid or a mixture of several polar solvents (such as acetic acid and
ethyl acetate) in lieu of or in addition to water to stop triple-helix formation. This initially
involved using solvents such as trifluoroethanol, which is flammable and somewhat toxic, and
hexafluoroisopropanol, which is highly corrosive. Since then, more benign solvents such as acetic
acid and phosphate buffer saline, have proven to be viable alternatives (Zha et al. 2012;
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Sajkiewicz and Kolbuk 2014). In the current study, both the gelatin and starch needed to be
solubilized, goals that cannot be simultaneously accomplished using acetic acid.
The images in figures 4.1.1, 4.1.2, and 4.1.3 were selected from a set of SEM
micrographs; the photos selected here are intended to be most representative of the fiber mat
morphology overall at each experimental set of conditions.

Figure 4.1.1: SEM photos of fibers, Replicate 1
From left to right: Increasing concentrations of genipin, from 0.15 mM to 15 mM.
From top to bottom: Increasing gelatin/total polymer ratio from 5.26% w/w to 14.29% w/w
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Figure 4.1.2: SEM photos of fibers, Replicate 2
From left to right: Increasing concentrations of genipin, from 0.15 mM to 15 mM.
From top to bottom: Increasing gelatin/total polymer ratio from 5.26% w/w to 14.29% w/w.
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Figures 4.1.3: SEM photos of uncrosslinked fibers, replicates 1 (left) and 2 (right)

All gelatin/amylose ratios were spinnable, though the actual quality of each electrospun
fiber mat varied. The variable quality of the fiber mats can be readily seen in the micrographs; the
images of the low gelatin/amylose electrospun fiber mats in both replicates and the high gelatin
concentration in the first replicate show greater consistency and better overall quality in
morphology than those of the other treatments. In other cases, however, there are so many
imperfections that their contribution to mechanical strength and water resilience cannot be
ignored. The round projections attached to fibers that can be seen in these images are called
beads, and independent round projections are likely a result of electrospraying. Beads are more
common when electric field strength is insufficient to create fibers and electrospraying is more
common when the electric field strength is excessive. The viscosity of the solutions at 10.00%
w/w and 14.29% w/w gelatin are higher than that of the 5.26% w/w gelatin solution, so the
viscosity may be one barrier to achieving consistent electrospinning.
Beads can prove egregious to electrospinning. This is because beads have much lower
surface area to volume ratios than fibers do. This is a critical flaw of beads, as maximizing fiber
mat surface area-to-volume ratio maximizes the efficiency in which drugs, antibiotics, nutrients,
and other molecules can diffuse from the fibers to the body of the patient. Proliferative cells will
be able to grow on fibers whose diameters are smaller than those of the cells; the large diameters
of the beads may impede upon proliferative cell growth. This may be reflective of the observation
that cells tend to grow and organize better on smaller linear structures that characterize the ECM
53

(Huang et al. 2003). Furthermore, crosslinked beads will confer far lower mechanical strength to
devices they are part of than fibers will, as their diameters are much bigger than fibers and the
normalized mechanical strength of a crosslinked structure is inversely proportional to its diameter
(Wong, Baji, and Leung 2008). To put it concisely, having fewer beads and smaller average fiber
diameters is more useful for wound healing.
The electrospinning process parameters of flow rate, height, and voltage used for these
three gelatin/amylose ratios were not fixed. Different process parameters must be used for each
solution to obtain similar fiber morphology which was the ultimate goal of spinning. Achieving
consistency in fiber morphology, even with identical process parameters, proved challenging;
gelatin/polymer ratios at 10.00% w/w and above were especially difficult. Attempts were made
to spin at gelatin/polymer ratios higher than 14.29% w/w; none of these were successful as the
viscosity was too high and thus ratios beyond this value were taken out of consideration when
determining the levels of gelatin/polymer in the final experimental design. When the viscosity of
a solution is extremely high, it becomes impossible to spin long, continuous nanofibers from
them; instead of depositing such fibers, they simply manifest as thick, unstable fragments (Huang
et al. 2003). This can be seen if a crosslinking reagent is added directly to most electrospinning
solutions, as the viscosity of the solution will increase as the polymers within it crosslink either
with themselves or each other, eventually gelling and rendering the solution unspinnable
(Schiffman and Schauer 2007). Polymer concentration is one of the main factors that determine
spinnability (Kong and Ziegler 2012b; Huang et al. 2004) Thus, it is possible that the current
gelatin and amylose ratios used caused the difficulties encountered.
One of the main barriers to this project was the knowledge that electrospinning with
biopolymers is far more difficult to control than electrospinning with synthetic polymers (Huang
et al. 2004). While it was desirable to spin both replicates at identical process parameters of flow
rate, voltage, and height, doing so did not result in consistent fibers. To successfully spin fiber
mats with the goal of consistent morphology, suitable process parameters had to be determined
separately for each treatment. The contrast between replicates one and two, both in terms of
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process parameters and fiber mat morphology, was especially apparent in the most viscous
solutions (10% w/w gelatin and 14.29% w/w gelatin). To give a concrete example of this
difficulty, at 14.29% w/w gelatin, electrospun fibers were obtained with little difficulty in
replicate one at six mL/h, seven kV, and five cm. When attempting to spin at the exact same
parameters using another polymer solution of the same gelatin and starch concentration, the flow
rate was too low to obtain a coherent fiber mat; instead, the process parameters produced a weak,
pliant mass of beads that slid easily off the collector into the coagulation bath. The flow rate had
to be increased, with the electric field adjusted to compensate for the increase in fiber diameter
that resulted from the increased flow rate in an unsuccessful attempt to obtain a fiber mat of
similar morphological composition. The settings ultimately settled upon can be found in table A1
of the appendix. Table 4.1.1 shows the measurements of average fiber diameters of each fiber mat
created for this study.
Treatment
Gelatin (% w/w)
Genipin (mM)

Replicate 1
Mean
Standard
Diameter (um)
Deviation
(um)
5.26
0.15
5.4153
2.4524
5.26
1.50
5.9131
2.7713
5.26
15.00
5.5771
2.5715
10.00
0.15
7.3505
3.5943
10.00
1.50
7.0778
3.4214
10.00
15.00
6.3116
3.0492
14.29
0.15
5.4271
2.5081
14.29
1.50
5.5655
2.5386
14.29
15.00
6.0007
2.8545
10.00
0.00
5.1495
2.4003
Table 4.1.1: Average as-spun fiber diameters

Replicate 2
Mean
Standard
Diameter (um)
Deviation (um)
5.0478
4.7964
5.5376
5.2891
5.5379
5.6485
8.8073
8.1756
8.0732
5.5371

2.3174
2.1753
2.5523
2.4384
2.6692
2.6584
4.5195
4.1028
4.0409
2.6417

Fiber diameter is affected most by the following process parameters: flow rate, electric
field strength (primarily controlled by voltage and height), and solution viscosity. It is known
through the work of Kong and Ziegler (2014) that at least for amylose-based solutions, higher
viscosities require lower flow rates and electric field strengths to be consistently electrospun
while solutions of lower viscosities require higher flow rates and electric field strengths. The
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same holds true when attempting to minimize fiber diameters; as concentration of polymer
increases, to maintain small fiber diameters the flow rate and electric field strengths must
decrease (Kong and Ziegler 2013; Kong and Ziegler 2014). Although the studies cited here
focused specifically on amylose-based solutions, similar trends seem to appear in this study as
well. To verify this, the relationship between gelatin and amylose in solution together with
regards to spinnability must be investigated.

4.2. Crosslinking

4.2.1. CIE L*a*b* Colorimetric Studies
It was first necessary to determine appropriate concentrations of genipin to include in the
experimental design. Most literature found on this topic focused on crosslinking materials where
all constituent polymers readily reacted with genipin. For example, Yao et al. (2004) determined
that amounts exceeding 0.5% w/w (of the overall scaffold) ensured complete crosslinking of pure
gelatin-based scaffolds, but these scaffolds were amorphous gelatin films. Bigi et al. (2002) also
studied crosslinking with gelatin films and found a similar critical value of 0.67% genipin
weight/pure gelatin film weight (w/w). The same research lab discovered that genipin
concentrations of 5% w/w (overall fiber mat) were necessary to reproduce the crosslinking
achieved in their previous work when attempting to modify electrospun gelatin nanofibers
(Panzavolta et al. 2011). Chiono et al. (2008) used genipin to crosslink gelatin and chitosan-based
scaffolds, finding a critical genipin/scaffold w/w ratio of 2.5%. Prior to determining the levels
ultimately settled upon in this study, attempts to crosslink gelatin/amylose electrospun fiber mats
with genipin/gelatin w/w ratios below 1% were attempted. No blue color formation was found in
the treated fiber mats, and they did not demonstrate any difference in either water resilience or
mechanical strength from controls (where the fibers undergo identical treatments, sans genipin),
possibly because amylose does not react with genipin (no amino groups) and the amylose
contained within these as-spun fiber mats served as a reactive barrier.
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Uncertainty over which values to use for this experiment thus justified the use of a
preliminary experiment to determine levels of genipin more appropriate for. The range of genipin
concentrations mentioned in Chapter 3.2.2. comprised values similar to those used by other
researchers as well as genipin concentrations in great excess. Below is the result of this
preliminary experiment.
0
-1

-0.5

0

0.5

1

1.5

2

-2

Cie b* Average

-4
-6
-8
-10
-12
-14

y = -4.1635x - 5.6712
R² = 0.9794

log genipin concentration (mM)

Figure 4.2.1.1: Preliminary study determining the effect of genipin concentration (mM) on
average CIE b* values of gelatin/amylose electrospun fiber mats.

The raw data for this experiment and the logarithmic conversions of the x axis are available in
table A2 of the appendix. There appears to be a higher point (i.e. at log 0.15 mM), a midpoint (at
log 1.5 mM) and a low point (at log 15 mM) along this line which may adequately contrast the
appearance of crosslinked gelatin/starch electrospun fiber mats. It is thus assumed from this point
forward that at 0.15 mM, 1.5 mM, and 15 mM genipin, the colors of the treated fiber mats will
contrast greatly from each other and, assuming that genipin does actually confer greater tensile
strength and water resilience, that it will be reflected in the data collected in subsequent
experiments.
As such, the as-spun fiber mats were crosslinked as per the above genipin concentrations
of 0.15 mM, 1.5 mM, and 15 mM and then desiccated in a vacuum-dry chamber containing
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drierite overnight. They were then subjected to colorimetric tests where the CIE L*a*b* values
were taken at three different regions of each crosslinked fiber mat and the b* values are averaged.
0.00
-1

-0.5

0

0.5

1

1.5

Average CIE b* Value

-2.00
-4.00
-6.00

5.26% gelatin

-8.00

10% gelatin
14.29% gelatin

-10.00
-12.00

log Genipin Concentration (mM)

Figure 4.2.1.2: Average CIE b* value vs. log genipin concentration (mM). Error bars represent
the range of average CIE b* values observed.

The results aligned with expectations that higher quantities of both gelatin and genipin
result in lower average b* values. Linear regression analysis revealed that there was a statistically
significant relationship between the b* values and genipin concentration (p < 0.001). Although
gelatin concentration did not have a statistically significant linear relationship with b* value (p =
0.202), the interaction between gelatin and genipin concentrations was significant (p = 0.021),
and so gelatin’s impact on variation in b* values cannot be ignored. These two factors and the
interaction explain approximately 95.75% of all variation seen (R2 adjusted = 95.75%). In other
words, gelatin and genipin do crosslink when the reaction is used to modify electrospun
nanofibers made from gelatin/amylose, and as expected from the literature, the fibers turn blue.
Also, as expected, with greater genipin and gelatin present for reaction comes greater degree of
color change in the fibers. For the raw data and the complete statistical analysis including the
Minitab-derived regression equation, consult table A3 and figure A2 in the appendix.
Additional qualitative visualization is provided in figure 4.2.1.3. The gelatin/amylose ratio
(0.10/0.90) was identical for all the fibers shown. The top image shows the fibers prior to
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crosslinking, the middle image shows the fibers in the wet state after they have been crosslinked
for 48 hours, and the bottom image shows the fibers after the fibers were finished crosslinking
and dried for 24 hours. It can be readily observed that with greater concentrations of genipin, that
the degree to which the treated fibers turn blue changes accordingly. However, upon drying, a
considerable amount of color is lost. This observation was also expected; it is well known that
wet objects appear darker or more saturated in color than dry objects.

Figure 4.2.1.3: As-spun fibers (14.29 % w gelatin/w fiber), crosslinked using 0.15 mM, 1.50 mM,
and 15 mM genipin (from left to right): before crosslinking, wet after 48 hours of crosslinking,
and after drying for 24 hours (from top to bottom).

4.2.2. Mechanical Strength Tests
There were two anticipated trends with respect to the extent of crosslinking and the
mechanical strength conferred to the treated fiber mats: it would either always appear that greater
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degrees of crosslinking would increase mechanical strength, or it would do so to a point and then
show the reverse effect for every concentration of genipin thereafter. The general behavior of
crosslinking polymeric materials can be compared to the firing of a clay pot in a kiln: the raw clay
represents the as-spun fiber mats while the heat in the kiln corresponds to the amount of
crosslinking. Initially, the clay construct is fragile and easily broken. Firing in the kiln hardens
this clay, and after cooling a rigid, hard, relatively durable pot is created. However, excess heat
has the reverse effect; a pot that is heated for too long may crack easily after being cooled, rather
than become more durable (Bloomfield 2017). The effect of crosslinking is similar; sometimes, if
too much reagent was used, or the crosslinking period was too long, the material ceases to
improve in mechanical strength and suddenly becomes much more fragile, a complaint especially
common among authors who have studied crosslinking with glutaraldehyde (Schiffman and
Schauer 2007).
Assuming genipin crosslinking acts in the same way, it was expected that two scenarios
will manifest themselves in the data: if none of the crosslinking concentrations were excessive,
then there should have been a generally positive linear trend in mechanical strength as one reads
the data from left to right, showing increases in mechanical strength as greater amounts of genipin
are used. If the ranges used did contain a genipin concentration which would cause the materials
to become brittle, there would have been a trend line that resembled a downward parabola or
similarly shaped curve, as the mechanical strength improves from the lowest genipin
concentration to the moderate concentration and then decreases from the moderate concentration
to the highest concentration. Figure 4.2.2.1 A and B visualizes the average mechanical strength of
the crosslinked fiber mats and the strain experienced at break. The raw data for this mechanical
force test as well as the strain measurements are located in table A4 and table A5 of the appendix,
and the statistical analysis derived from them is located in figure A4 and figure A5.
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Normalized Mechanical Strength
(N/g)

180.000
160.000
140.000
120.000
100.000

5.26% gelatin

80.000

10% gelatin

60.000

14.29% gelatin

40.000
20.000
0.000
0.15

1.50

15.00

Genipin concentration (mM)

% Strain at Break

2.5
2
1.5

5.26% gelatin

1

10% gelatin

0.5

14.29% gelatin

0
0.15

1.50

15.00

Genipin Concentration (mM)

Figure 4.2.2.1 a (above) and b (below): Mechanical strength tests; a: Mechanical strength,
normalized by mass (N/g) vs. genipin concentration (mM). b: strain at break (%) vs. genipin
concentration (mM). The smaller black bars superimposed on top of each colored bar represent
the ranges between replicates one and two for each treatment.

As can be observed in figures 4.2.2.1 a and b, despite the differences between replicates
one and two, the results slightly resemble the parabolic expectation (for normalized mechanical
strength: p = 0.512 and p = 0.267 for genipin and gelatin, respectively; for strain at break: p =
0.490 and p = 0.666 for genipin and gelatin, respectively. However, no conclusions can be drawn
with respect to genipin crosslinking’s relationship with changes to these electrospun fiber mats’
mechanical strength. The variance among the mechanical strength measured was too high. There
are two possibilities for this discrepancy: flaws in the method of measurement, and the high
variation in key properties within the fiber mats tested.
61

Care was taken to eliminate variation as a result of the method used, but there might be
issues with it all the same. mechanical strength is typically normalized by cross section area, but
as a consequence of the nonuniform distribution of fibers and the presence of pores in electrospun
fiber mats, an alternate means of normalization was used, where mass was used instead. The most
common alternate measurement is the elastic modulus, which is the tensile strength divided by
the strain in the elastic, or linear region of a sample’s force vs. strain profile. Some authors have
found that crosslinked devices show higher elastic moduli than their untreated counterparts
despite being equal or even weaker in tensile strength (Schiffman and Schauer 2007; Bigi et al.
2002). This definition, however, still depends on measurements of stress, which depends accurate
measurement of the cross-section area. Only the normalized mechanical strength equations
described by Nasser et al. (2007) and Wang et al. (2008) circumvent relying on a measurement of
non-uniform dimensions (i.e. width or thickness) to normalize measurements of physical strength.
The cause of the high variation is most likely the variable nature of the morphological
compositions of the electrospun fiber mats themselves, specifically, the sporadic appearance of
beads and electrospraying among the fibers. The desired composition of the fiber mats is exactly
that: fibers. Nonetheless, as can be seen in figures 4.1.1 to 4.1.3, there are several imperfections
in many of the samples. Beads are anathema to the goal of creating electrospun fibers; beads
demonstrate lower normalized mechanical strength than fibers made of the same material (Wong,
Baji, and Leung 2008). Fibers with sparse beads (such as the high gelatin samples created in
replicate 1 will not suffer greatly as the fibers still predominate, but for highly beaded fibers such
as the moderate gelatin fibers spun in both replicates, the contribution of the beads to mechanical
strength (or lack thereof) cannot be ignored. It would make sense then, that inconsistent
morphological composition was a significant contributor to the enormous variance in the
mechanical strength values measured. The differences in average fiber diameter are probably a
contributor to variable mechanical strength, too. There is some research that suggests that
mechanical strength is inversely proportional to fiber diameter (Wong et al. 2008). Tables 4.1.1
and A5 show that fibers with much higher average fiber diameters tended to have much lower
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mechanical strengths. To determine whether there was any correlation between the mechanical

Normalized Mechanical Strength (N/g)

strength and the average fiber diameters, a correlative plot was made, seen in Figure 4.2.2.2.
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Figure 4.2.2.2: Correlation between mechanical strength and average fiber diameter

A Pearson’s correlation test was done on the relationship between average fiber diameter and
mechanical strength. It was determined that this correlation was statistically significant (p =
0.007) and that there exists a moderately strong, negative linear correlation between these two
variables (r = - 0.58). Thus, to some extent, it can be stated that fiber mats with larger average
fiber diameters tend to have slightly weaker mechanical strengths than those with smaller average
fiber diameters, though a separate experiment like that of Wong et al. (2008) will be necessary to
determine whether larger fiber diameter is the cause.

4.2.3. Water Resilience
For most quantitative studies of water resilience, the standard method is as follows: first,
the device is immersed in water for varying amounts of time (this depends on the application that
is being simulated, such as measuring its viability as a bandage or as a water filter). Second, the
device is removed from the solution and dried using filter paper. The device is then air-dried. At
each point the device and the mesh used for submersion is weighed. The definitions cited in
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section 2.4.1 are then used to quantify water resilience with respect to how much the devices
swell under exposure and how much material is lost due to dissolution (Bigi et al. 2002; Wang et
al. 2005; Lien et al. 2008; Yao et al. 2004). The goal is to use the masses of the materials before,
during, and after they were soaked as a basis for measuring these properties. Instead of this
method, plastic test tubes were used so that as much unbound water can be removed from the
samples as possible while minimizing sample loss. Pasteur pipettes were used to remove water
unbound to the samples with the hope of not disrupting the fibers.
Whether or not genipin impacted water resilience cannot be determined from this data.
Any statistical significance in such a relationship (% swelling: p = 0.601 and p = 0.619 for
genipin and gelatin, respectively; % loss: p = 0.376 and p = 0.273 for genipin and gelatin,
respectively) is obscured because the difference in both % swell and % loss showed
astronomically different values between the first and second replicates. Somehow, the extent of
swelling due to water absorption and the amount of fiber that was lost in the first replicate ranged
between 400 to 900% and 0 to 9%, respectively, while the second replicate had values ranging
from 1400% to 3000% and 30 to 60%, respectively. The overall linear regression was found to be
significant (P<0.001), but this is misleading, as the genipin, the gelatin, and their interactions
were not among the factors found to contribute to this regression, only the difference between the
replicates (P <0.001). The raw data for this experiment is in table A6 and table A7 in the
appendix, and the statistical analysis derived from it can be found in figure A6 and figure A7.
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Figures 4.2.3.2: Loss (% weight of fiber mat lost due to moisture) of fiber mats vs. log genipin
concentration (mM). The bars represent the ranges in loss between replicates one and two.

There is one optimistic way to interpret the observations reported in figure 4.2.3.1 and
4.2.3.1: water swelling well over 1000% of the dry fiber weight implies that the moisture
absorption of these electrospun fiber mats could potentially reach the capabilities of a hydrogel.
For all treatments, the average value of swelling was over 1000%, with average losses between
20-30%. The fiber mats may very well eventually prove useful for delivering moisture to
desiccated wounds, much like hydrogels can (Maitra and Shukla 2014). However, as stated
previously, the effect of genipin crosslinking on water resilience could not be determined.
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During the procedure it was observed that the suction caused by using Pasteur pipettes to
extract water may have contributed to the destruction of the samples more than the dissolution in
water did. A small portion (albeit significant) thus was withdrawn into the pipettes. The samples
used were large portions of the crosslinked fiber mats (20 mg of 90 mg fibers), yet they were
small enough that even a few hundred micrograms of loss substantially compromised accuracy of
measurement by vastly increasing the % swell and % loss values. This was relatively easy to
avoid while replicate 1 was tested, but during replicate 2, this problem became extremely
relevant. This likely impacted the large differences in water resilience observed between
replicates one and two. After this test, a portion of each crosslinked fiber was isolated, submerged
briefly in water, and then transferred to a bath of ethanol for two minutes. They were then
desiccated in vacuum-dry chambers containing drierite overnight before being observed under the
SEM. The macroscopic images of the samples are in figure 4.2.3.3, and the SEM micrographs are
in figures 4.2.3.4 to 4.2.3.6.
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Figure 4.2.3.3: Macroscopic images of samples used for the qualitative water resilience test.
Replicate 1 (top), 2 (middle), and controls (bottom), arranged in order from lowest to highest
gelatin % w/w fiber (A, B, C, actual ratios in each photo), and samples in each letter arranged
from left to right by decreasing genipin concentration (15 mM, 1.5 mM, 0.15 mM).
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Figures 4.2.3.4: SEM photos of Water Resilience Test, Replicate 1
From left to right: Increasing concentrations of genipin, from 0.15 mM to 15 mM.
From top to bottom: Increasing gelatin/polymer ratio from 5.26% w/w to 14.29% w/w.
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Figures 4.2.3.5: SEM photos of Water Resilience Test, Replicate 2
From left to right: Increasing concentrations of genipin, from 0.15 mM to 15 mM.
From top to bottom: Increasing gelatin/polymer ratio from 5.26% w/w to 14.29% w/w.
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Figures 4.2.3.6: SEM photos of Water Resilience Test, Controls

Fiber mats with high water resilience should have more of their structures retained than
those with low water resilience. The high gelatin/fiber ratio group in replicate 1 show the best
fibrous water resilience when compared to all other treatment conditions. However, this is the
only instance of this. There is no consistency between replicate 1 and replicate 2; in fact, the
middle (10 % w/w) gelatin/amylose ratio shows greater water resilience than those in replicate 2.
Such discrepancies are important to note while looking at these images; although samples of
higher gelatin/fiber ratios and higher genipin concentrations display strong qualitative water
resilience, so too do some regions in the controls. Therefore, there are three images of the
controls even though only two replicates were made; the appearance of the fibers after
submersion in water and ethanol is not uniform. Hence, the macroscopic images of the original
SEM stubs are presented here for reference. Judging from the micrographs, it seems that despite
submerging the fibers in large quantities of water, not all the samples were completely soaked, so
the water did not displace all the air entrapped within the fiber mats. This observation is most
readily apparent when comparing the micrographs of the controls to some of the images in the
crosslinked photos, particularly those in replicate 2, where there are striking similarities between
the control images (the two on the right specifically) to that of several images in the treatments,
most notably all the images with many holes. Some areas have clearly been completely
submerged and thus, the fibrous structures have clearly gelled, while other areas remain
undisturbed. This is not a unique phenomenon; in fact, there is a species of spider that relies on
70

such an occurrence to survive. Figure 4.2.3.7 is an image of the aquatic arachnid species
Agyroneta aquatica, known informally as the “diving bell spider”.

Figure 4.2.3.7: Dive bell spider, with diving bell on the top-left (Ashish 2017).

Diving bell spiders depend on the use of air bubbles in order to survive the environmental
niche that they have occupied. They spend most of their lives underwater but still must supply
themselves with oxygen. To do so, diving bell spiders use hairs on their abdomen to capture air
from above water, and they spin their own silk to weave large nets that can entrap this air. The
large, oval-shaped bubble seen in figure 4.2.3.7 is this diving bell, and the bubble surrounding the
spider’s abdomen functions like an oxygen tank, with the diving bell serving as additional oxygen
supply (Ashish 2017). Like the air trapped in the diving bell used by the spiders, the fiber mats
may have created air bubbles that were difficult to eliminate by displacement alone.
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Chapter 5
Conclusions and Recommendations
Due to anticipated growth in the necessity for wound care among the general population
and especially among aging citizens, researchers are seeking ways to advance the technology of
wound dressings being used to treat patients, with an emphasis on finding designs that would
improve the quality of care provided. In this study, the first steps toward evaluating the candidacy
of gelatin/amylose-based electrospun nanofibers crosslinked with genipin as wound dressings
were taken. First, the electrospinning of starch and gelatin together was attempted. Second, the
resultant fibers were crosslinked with various quantities of genipin. Finally, the color change,
mechanical strength, and water resilience of the crosslinked fibers was evaluated. While color
change was confirmed to be a consequence of genipin (P <0.001) and genipin and gelatin
interaction (P = 0.021), the results of subsequent tests could not verify whether genipin
crosslinking granted greater mechanical strength (for normalized mechanical strength: p = 0.512
and p = 0.267 for genipin and gelatin, respectively; for strain at break: p = 0.490 and p = 0.666
for genipin and gelatin, respectively), or water resilience (% swelling: p = 0.601 and p = 0.619 for
genipin and gelatin, respectively; % loss: p = 0.376 and p = 0.273 for genipin and gelatin,
respectively).

5.1. Potential of Genipin as a Crosslinking Agent
It was well established in Chapter 2.5 why substituting current reagents employed for
wound dressing production like glutaraldehyde should be supplanted by ingredients like genipin.
The question thus became whether genipin could serve as a viable replacement for glutaraldehyde
for reinforcing biopolymer-based electrospun fiber mats. Whether genipin truly improves either
the mechanical strength or the water resilience of gelatin and amylose-based electrospun
nanofibers has not been conclusively answered in this study. Changes must be made to the
experiments conducted here in order to truly resolve these questions. Suggestions for such
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changes constitute all following sections. However, after those issues are addressed, some of
genipin’s own properties need to be investigated, as they may be relevant to wound healing and
thus need to be evaluated in the future. These include genipin’s reactivity with gelatins of
different types, its supposed anti-inflammatory properties, and its potential toxicity.
Porcine gelatin was chosen over other animal sources for various reasons including heat
stability and lack of risk of prion-transmitted diseases. Due to the heat required to gelatinize the
starch in the electrospinning solution used in this study, fish gelatin was initially taken out of
consideration as most sources (except perhaps, for those of fish that typically reside in very warm
climates) have weaker thermal stability than non-seafood sources (Liu et al. 2015). There is
enough information to attribute the lower thermal stability of fish gelatin to lower imino acid
content, specifically the amino acid hydroxyproline (Ninan, Joseph, and Aliyamveettill 2014).
Some of the hydroxyproline is replaced by cysteine (Sajkiewicz and Kolbuk 2014), but some
species of fish may also be higher in arginine and lysine content. In fact, it seems that despite
being of lower thermal stability, Alaskan pollock and salmon have comparable levels of lysine
and arginine to those of porcine gelatin (Chiou et al. 2006). Between porcine and bovine gelatin,
porcine gelatin has greater quantities of arginine and lysine groups than bovine gelatin (Hafidiz
and Yaakob 2011). This may translate to comparable crosslinking between genipin crosslinking
with Alaskan pollock or salmon gelatin to that of porcine gelatin; wound dressings made from
pollock or salmon gelatin would be acceptable to consumers who have issues with using pork
products. It may be worth comparing electrospun fiber mats made from gelatin of these fish to
that of porcine gelatin with respect to their ability to crosslink with genipin. Fish gelatin may well
be a better option.
As stated previously, genipin has been used in medicine for several purposes, and the
property most pertinent to evaluation in wound care is genipin’s anti-inflammatory properties.
Inflammation, as mentioned previously, is a crucial part of wound healing as it is designed to deal
with potential infection, but reducing the symptoms associated with this stage such as pain,
swelling, and discomfort. Sustained inflammation can even be dangerous as it may be a sign of an
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underlying or emerging chronic health condition, so if claims of genipin’s anti-inflammatory
capabilities can be verified, they should be capitalized upon. MTT reduction assays, which
chemically measure the metabolic activity of proliferative cells under controlled conditions, seem
to be the appropriate method for verifying anti-inflammatory capabilities (Koo et al. 2004). If
genipin’s anti-inflammatory properties don’t contribute significantly to proliferation, then gelatin
and amylose electrospun fiber mats can be supplemented with a wide range of antimicrobial
agents, such as silver (Agrawal 2008) or iodine (Torres et al. 2013), as not only would it help
against infection of a patient’s wound, it may enhance proliferation as well.
Although genipin has been shown to be 5,000-10,000 times less toxic than glutaraldehyde,
in excess they may still be lethal to cells and thus limit proliferation (Mi et al. 2005). This study is
relatively simple; there are many studies like it done already with various scaffolds for different
types of cells (Lien et al. 2008; Aramwit et al. 2013; Chen et al. 2005) The process is
conceptually simple; the scaffolds are sterilized and then inoculated with a model proliferative
animal cell, such as mouse fibroblasts. The toxicity of a crosslinking reagent would then be
inversely proportional to the rate or extent of growth of fibroblasts on the scaffold. What will
complicate this study is the same problem encountered in determining appropriate concentrations
to use for crosslinking; most knowledge of genipin’s cytotoxicity stems from studies done with
scaffolds of pure gelatin or collagen, and the concentrations reported to begin to present problems
with cell growth are far lower than any concentrations used in this experiment (Fessel et al. 2014,
who reports that metabolic activity of fibroblasts slows by 50% with genipin concentrations of
0.044 mM). It is likely that the presence of amylose is the reason for this complication. Therefore,
there are two possibilities: the first possibility is that the unreacted genipin does not remain in
contact with the fiber mats after they are removed from solution, so the higher concentrations of
genipin needed to crosslink the fibers would not present issues with cytotoxicity. The other
possibility is that the fibers mats trap unreacted genipin, and due to the high genipin
concentrations necessary for crosslinking them, using them as wound dressings may prove
impractical. Regardless, a histological evaluation study of genipin-crosslinked gelatin and
74

amylose electrospun fiber mats must be done to determine whether genipin will interfere with
proliferation. Precisely how this will be executed and evaluated should be determined later.

5.2. Improving Electrospinning
This study has shown that the electrospinning of a mixture of gelatin/amylose in DMSO is
feasible. The micrographs show that under certain ratios between these two polymers and under
some electrospinning parameters, creating electrospun fiber mats is possible, but electrospinning
may be a difficult process to control.
One possible solution is to modify the electrospinning apparatus such that there is less
adjustment to voltage or height, both of which were done by hand. Electrospinning by hand is a
simple process, but as with all procedures done by hand, high variability in quality of the final
product is an inevitability. Eliminating the requirement of human input could remove the
influence of this factor. Three-dimensional printing technology may be of some appeal. The
benefits of such a resolution are twofold: first, rather than measure the height by hand and
manually maneuver the collector by hand, 3-D printing technology could ensure that the
electrospinning height and directionality are fixed and kept extremely consistent to an extent far
beyond even the capabilities of people who are highly skilled in electrospinning. Second, fiber
diameter has an impact on tensile strength; it is known that fibers of smaller diameter may
potentially become stronger than fibers of larger diameter, and this difference is pronounced when
the fibers are crosslinked (Wong, Baji, and Leng 2008). This is a consequence of the number of
van der Waals interactions or hydrogen bonding between individual polymers; assuming similar
material and mass, an area with thinner fibers will be denser and more of these bonds will
contribute to any mechanical strength, as the bonds will be subjected to any uniaxial force applied
to it (Ridruejo, Gonzalez; Llorca 2012; Krasna and Georgiadis 2015; Demicri et al. 2010).
With the benefit of a more consistent version of electrospinning, we may be able to
achieve higher consistency in average fiber diameter size. This in turn can provide two benefits:
reduce variability in mechanical strength studies and ensure that tissue regeneration is more
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successful, as cells of different types will be more likely to grow on fibers with diameters in very
specific ranges, though there seems to be a general preference among cells for fibers with
diameters slightly smaller than they are (Huang et al. 2004; Lipol and Rahman 2016).
However, if this does not resolve the issue, then the problem may indeed be the
rheological changes encountered when the gelatin/amylose ratio meets or exceeds 14.29%, in that
the gelatin separated from the amylose and thus the two were never properly incorporated during
electrospinning. Determining whether phase separation occurs at all might be as simple as mixing
dyed gelatin (albeit not with crosslinkers like genipin) and amylose in test tubes containing 90%
DMSO/water. Phase separation would be determined by examining whether the color “separates”
into a layer inside any of the test tubes. A quantitative phase behavior study of gelatin and
amylose in DMSO/water may also be worth investigating. Some studies exist that study these
polymers in different solutions both individually and together, but no studies that specifically
focus on the two polymers in mixtures of DMSO and water seem to have been conducted. This
question should be addressed before the next suggestion is implemented.
Alternatively, studying the electrospinning viability of the polymer and solvent
combinations themselves may behoove future research. A solvent mixture of DMSO and water
was settled upon because DMSO has been proven to dissolve starch in such a way that is suitable
for electrospinning (Kong and Ziegler 2014) and it is common knowledge in the food industry
that gelatin is capable of dissolving in water after being heated. It is possible that our current
solvent mixture is adequate for good electrospinning and increasing the temperature may be a
better option; there have been successes in electrospinning gelatin in water at temperatures of
36 ° C, with fibers being even smaller than room temperature-spun gelatin in acetic acid
(Sajkiewicz and Kolbuk 2014), but failing that, it may be necessary to experiment with different
solvent compositions like a dilute mixture of acetic acid and water in addition to DMSO, keeping
in consideration that the overall solvent should neither hydrolyze the amylose present nor
contribute to restabilizing the gelatin’s helical structure. Alternatively, we could simply lower the
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amylose content which will reduce the solution viscosity. The exact composition of this mixture
should be determined at a later date.

5.3. Improving Mechanical Strength Testing
The results with respect to mechanical strength tests were inconclusive. With extremely
high variability in values of mechanical strength, especially at higher gelatin/amylose ratios, it
cannot yet be determined whether genipin crosslinking with gelatin confers greater mechanical
strength to electrospun gelatin/amylose nanofiber mats. Possible causes include the inconsistent
morphological composition of the fibers, the widely differing average fiber diameters, and
inconsistency of fiber mat production between replicates. The question now becomes how to
make changes to rectify these problems.
In theory, it may be more desirable to create an isotropic (i.e. the fibers are arranged such
that direction doesn’t matter) electrospun fiber mat. The product will after all, be subjected to
force from every direction. Nurses may accidentally tear into the wound dressing before it is even
given to the patient, and if the fibers are oriented in a specific direction (“anisotropic”), then
applying any force in any direction not parallel to how the fibers are arranged will cause the mat
to easily tear (Huang et al. 2003). However, this is unavoidable with nonwoven materials like
those produced from electrospinning (Demicri et al. 2010).
However, anisotropy of electrospun nanofibers presents an opportunity, not an obstacle.
Uniform directionality may expand the potential applications for electrospun fiber mats. There is
good reason for this. As it turns out, several types of tissues in the human body tend to orient
themselves uniaxially. Collagen fibers in our tendons tend to do this, so in order to regenerate
connective tissues that have torn in an injury (which can happen in the case of deep wounds),
electrospun fiber mats must be uniaxially oriented. Even for cells that do not require such an
orientation, such as Schwann cells (the cells that coat our neurons) and cardiomyocytes (cardiac
muscle cells), still benefit from such an arrangement, growing in a far more organized fashion
and speeding up the wound recovery process (Xue et al. 2017), so it is reasonable to assume that
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regardless of whether skin cells grow uniaxially, that doing so would at minimum facilitate
proliferation during wound healing.
From a mechanical perspective, mats with fibers in a clear, unified direction tend to be
stronger than otherwise identical fibers not arranged in any fixed direction, at least in the
direction they are oriented. This is because in the former case, the fibers would be arranged along
the same axis, so when uniaxial force is applied in the direction of the fibers, all of the individual
fibers will contribute their entire mechanical strength to maintaining the integrity of the aggregate
structure, whereas a set of fibers with relatively random orientations will have some fibers
contribute all of their mechanical strength to resisting the external force while other fibers in the
network contribute only partially (assuming the fiber is not parallel or perpendicular to the others)
or not at all (when a fiber is perpendicular to the others). Below is a diagram which hopefully
visualizes this argument well.

Figure 5.3.1.: Fibers universally aligned (left) vs. a theoretical fiber mat where one fiber is
oriented at an angle θ (right). When a force F is applied to the entire fiber mat, rather than
experience the same force F as the other fibers, the misaligned fiber experiences force = F*sin θ.

A few researchers have already attempted to achieve uniaxial fiber orientation in
electrospinning, resorting to innovations such as using a spinning cylindrical drum, a rotating
disk, metallic plates, or an affixed frame. A rotating drum (or as some authors call it, a “mandrel”)
orients electrospun fibers that it collects in the direction it rotates. Metallic plates, specifically
magnetic ones, can be used if the electrospinning solution itself is mixed with a modicum of
magnetic nanoparticles, so that in addition to an electric field, a magnetic field is present to
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influence the direction of the fibers collected by stretching the fibers across a gap such that the
fibers deposit onto a single fixed axis. These methods use different principles to force the
nanofibers into the same orientation, but their goal is clearly the same (Huang et al. 2003).
Having unidirectional nanofiber mats would reduce variation in mechanical strength as a result in
variations of orientation. Therefore, it may be worth adopting one of these methods so that
variability in mechanical strength measurements is reduced, making evaluating genipin’s ability
to increase mechanical strength of electrospun gelatin and amylose nanofiber mats much easier.

5.4 Improving Water Resilience Tests
The results of both the quantitative and qualitative methods of measuring water resilience
were inconclusive. Both methods used in these experiments were modifications of existing water
resilience methods intended to bypass their limitations. Even with such strategies, it cannot be
conclusively determined from this study alone from either a qualitative or quantitative standpoint
whether genipin crosslinking can confer water resilience to an electrospun fiber mat made from
amylose and gelatin. An explanation of these modifications, justifications for such changes, and
suggestions to correct the current methods are described below.
In truth, there is not much issue with the definitions used for quantitative water resilience,
but rather, the imprecision of the method employed. As can be seen from the data collected for the
water swelling and loss tests, there is such high variance in the data for both tests that it cannot be
determined from this method whether crosslinking conferred any greater water resilience to
electrospun gelatin and amylose fiber mats. It may be possible to eliminate the need to measure
the mass of electrospun nanofiber mats affected by water and instead try a method that more
specifically measures the hydrophilicity/hydrophobicity of materials, such as measuring the water
contact angle (Chiono et al. 2008). Admittedly, this will eliminate the ability to evaluate whether
the scaffold will disintegrate in water, but amylose and gelatin are not especially soluble in room
temperature water anyway, so it is possible most of the loss that occurred in the second replicate
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was caused by the suction of the Pasteur pipette rather than spontaneous fragmentation of the
fibers themselves. With a test like contact angle measurement this may not be a problem.
In contrast, there may be an easy means to resolve issues with qualitative water resilience
measurements taken here. With most uncrosslinked electrospun nanofibers made from
hydrophilic polymers, the effects of crosslinking on water resilience are usually immediately
apparent after the fiber mats are exposed to water (Destaye et al. 2013). It is for this reason the
fiber mats in this application were submerged for no more than five seconds in water before being
transferred to ethanol; it was a measure intended to preserve any structures that may have
remained after brief exposure to highly aqueous conditions. Figure 5.4.1 shows light-microscope
images which exemplify the typical behavior of unmodified and crosslinked electrospun fiber
mats made from amylose in aqueous environments.

Figure 5.4.1: Optical micrographs of fiber mats submerged in water for 10 minutes: a) as-spun
fiber mat, b) heat-treated, highly crystalline amylose fiber mat; c) amylose fiber mat crosslinked
with glutaraldehyde via vapor-phase technique. (Adapted from Kong and Ziegler 2014).

Other authors exposed their scaffolds to aqueous environments for vastly different periods
of time, as their desired goals. Destaye et al. (2013) and Yoo et al. (2011) submerged their devices
in aqueous solutions for 48 hours; the latter group also extended their study to determine thermal
stability. Schiffman and Schauer (2007) exposed their chitosan-based electrospun fiber mats to
aqueous solutions of various pH levels for a period of 15 minutes as well as 72 hours, likely to
determine both whether their fiber mats demonstrated short-term as well as long-term water
resilience. Tang et al. (2010) simply soaked their crosslinked fibers in water overnight and then
left it out in air to dry. (Ironically, Destaye et al. noted that un-crosslinked PVA electrospun fiber
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mats did in fact, respond instantly to exposure to water.) Returning to the diving bell spider
analogy, it is known that the lifespan of the diving bells created by these spiders is finite. The
spider gradually consumes oxygen from this source and over time, the bell shrinks, and any air
trapped within will have been depleted, which forces the spider to return to the surface for
additional air (Ashish 2017). Thus, it would be easy to assume that simply submerging
electrospun fiber mats for several days will resolve the issue encountered in this study.
However, there are is a problem with simply resorting to this solution. Simply submerging
the fiber mats for an extended period is no guarantee that all the air bubbles entrapped within
these fiber mats will be displaced. Whatever mixture of gases that were contained inside the air
bubbles of the fiber mat pores can easily remain inside the fibers despite being surrounded by
water. Again, diving bell spiders rely on silk-based networks designed to entrapped air inside, not
entirely different from the structures observed here. These bells are designed to last for many
hours to minimize the trips the spiders must take to replenish. The bells collapse eventually
because the spiders consume the air entrapped within their diving bells (Ashish 2017). There is no
such outward flow of oxygen with the fiber mats; removal of bubbles here relies entirely on water
displacement. It may be far more efficient to resort to a proactive means of disrupting these
bubbles. Introducing an ultrasound method which sends vibrations to disrupt the entrapped air
bubbles within the fiber mats could be a possible solution; a low frequency can be used to avoid
destroying the fibers themselves. If this works, it can then be assured that when the fibers are
submerged in water that the entire mat is soaked and therefore not confound this investigation.
This would allow more decisive qualitative determinations of whether genipin and
gelatin/amylose crosslinking can confer water resilience to electrospun nanofiber mats.

5.5. Future work
There remains much work to be done to fully evaluate the potential of a pure biopolymerbased, genipin crosslinked electrospun fiber mat as a wound care product. Regardless of whether
genipin confers greater water resilience and tensile strength to electrospun fiber mats, the actual
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wound healing capabilities of the overall product need to be evaluated. Medical professionals and
biomedical engineers will be inclined to ask the following questions about a gelatin/amylose
electrospun fiber mat crosslinked with genipin: “Does the wound dressing absorb blood and
exudate? Does it provide a moist healing environment? Can it protect the wound from bacteria
and dirt entering and thus infecting the wound? Would a patient’s body respond well to this tissue
and use it as a platform for generating new cells instead of triggering his or her immune system?”,
among many others. This will involve years of study just like with any other potential medical
product of the future.
Even if all these questions are answered, there will be the matter of convincing healthcare
organizations to adopt them in their practice and purchase them in quantities that will have some
significant market impact. This challenge has proven to be difficult in the past (Ovington 2002),
so it is reasonable to assume the same difficulties will be encountered for this product. Finally, if
all of these previous barriers are overcome, the efficacy and cost-effectiveness of this product will
come into question, especially in relation to other products available (Bolton and Rijswijik 1991;
Lait and Smith 1998; Sai and Babu 2000; Zhong et al. 2010; O’Toole 2013; Torres et al. 2013;
Abrigo et al. 2014;Sood et al. 2014), a challenge that, as hopefully implied by the number of
authors cited and the time span between the earliest and latest publications, it will be subjected to
frequently, persistently, and quite possibly, nigh eternally. After all, gauze is more than a century
old, yet it is still used in healthcare today and is in every wound care literature review; it is
possible that electrospun nanofibers may become an equally permanent presence in medicine and
centuries thereafter also be considered a dated means of wound healing. There is plenty of
precedent to justify this expectation.
These challenges will very likely follow studies like this one. Introducing a new,
innovative design that will revolutionize wound care involves many obstacles that must be
surmounted. This will motivate future studies in this topic, as the prospect of advancing quality of
care in treatment of injuries is both a necessity and an appealing idea to help address the
imminent challenges of addressing the demands in wound healing of the future.
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` Appendix
Table A1. Electrospinning Settings
Gelatin (g/0.900 g
amylose)

Replicate 1
Flow Rate
(mL/h)

Height
(cm)

Replicate 2
Flow Rate
(mL/h)

Voltage
(kV)

Voltage
(kV)

Height
(cm)

5.26%

8

7

3.8

8

8

3.8

10.00%

8

8

4

8

8

4

14.29%

6

7

5.5

7

8

5

Table A2: Raw Data for Effect of Genipin Concentration on average CIE B* value

Concentration Genipin
(mM)
0.15
0.75
1.50
3.00
6.00
13.50
25.50

Log (G)

CIE b* Average

Std. Dev

-0.823908741
-0.124938737
0.176091259
0.477121255
0.77815125
1.130333768
1.40654018

-1.78
-5.43
-6.8
-7.37
-9.64
-10.1
-11.15

0.16
0.06
0.05
0.13
0.03
0.41
0.38
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Figure A1: Matrix plot for all variables and responses
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An initial plotting to determine visually whether there is a linear trend in any variable and
response. As later analyses show, there is indeed only a statistically significant relationship
between CIE average and Genipin concentration, although an interaction involving
gelatin/amylose ratio are also significant.
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Table A3: Raw Data for Genipin L*a*b* Colorimetric Analysis of Crosslinking
Treatment

Log
conversion

Genipin
(mM)
0.15
1.50
15.00
0.15
1.50
15.00
0.15
1.50
15.00
0.00

Gelatin (%)
5.26%
5.26%
5.26%
10.00%
10.00%
10.00%
14.29%
14.29%
14.29%
0.00%

CIE b* average

Genipin log
-0.823908741
0.176091259
1.176091259
-0.823908741
0.176091259
1.176091259
-0.823908741
0.176091259
1.176091259
not converted

rep 1
-0.76
-3.17
-5.6
-0.67
-4.03
-7.84
-0.82
-5.05
-7.95
-0.32

Summary

rep 2
-0.51
-4.4
-5.84
-1.79
-4.23
-9.62
-1.9
-5.43
-9.72
-0.2

Average
-0.64
-3.79
-5.72
-1.23
-4.13
-8.73
-1.36
-5.24
-8.84
-0.26

stdev
0.18
0.87
0.17
0.79
0.14
1.26
0.76
0.27
1.25
0.08

Figure A2 a-c. Residual plot and Statistical analysis for L*a*b* Colorimetric Analysis
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Table A4: Mechanical Strength Tests Raw Data
Treatment
Gelatin % w/w
5.26%
5.26%
5.26%
10.00%
10.00%
10.00%
14.29%
14.29%
14.29%
0.00%

Mechanical Force (N/g)
Genipin
(mM)
0.15
1.50
15.00
0.15
1.50
15.00
0.15
1.50
15.00
0.00

Summary

Rep 1

Rep 2

Average

71.538
60.395
46.264
48.551
45.994
38.802
110.983
133.171
94.687
78.081

69.652
142.402
51.284
64.742
66.005
55.267
25.465
59.140
36.816
67.717

70.595
101.399
48.774
56.647
56.000
47.035
68.224
96.156
65.752
72.899

(N/g)
Std.
Dev.
1.334
57.988
3.550
11.449
14.150
11.643
60.470
52.348
40.921
7.329

Figure A3: Mechanical strength tests visual of samples, Replicate 1, Replicate 2, and control.
With each letter (A, B, C) from left to right: 0.01500 M, 0.00150 M, 0.00015 M Genipin
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Figure A4 a-c.: Residual plot and Statistical analysis for Mechanical Force Tests
Residual Plots for Mech. Force (N/g)
Normal Probability Plot
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Table A5: Mechanical Strain Tests Raw Data
Treatment

Strain at break (%)

Summary (%)

5.26%

Genipin
(mM)
0.15

5.26%

1.5

1.2

2

1.6

0.5

5.26%

15

0.9

1.4

1.1

0.4

10%

0.15

1.5

1.1

1.3

0.3

10%

1.5

1.1

1.3

1.2

0.2

10%

15

0.8

1.2

1

0.3

14.29%

0.15

1.6

1.1
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14.29%

1.5

1.8

1.7

1.8

0.1

14.29%

15

1.2

1

1.1

0.2
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Figure A5 a-c.: Statistical analysis for Mechanical Strain Tests
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Table A6: Water Swelling Test Analysis Raw Data

Treatment
Gelatin % w/w

Genipin (mM)

5.26%
5.26%
5.26%
10.00%
10.00%
10.00%
14.29%
14.29%
14.29%
0.00%

0.15
1.50
15.00
0.15
1.50
15.00
0.15
1.50
15.00
0.00

Swell
Rep 1
674.286
458.376
674.074
624.762
846.286
877.723
525.131
685.864
651.479
1023.27

log Gen.
-0.82391
0.176091
1.176091
-0.82391
0.176091
1.176091
-0.82391
0.176091
1.176091
not conv

(%)
Summary
(%)
Rep 2
Average Std. Dev
1478.832 1076.559 568.8999
1700
1079.188 877.9608
1941.781 1307.928 896.4042
2375.641 1500.202 1238.058
1586.429 1216.358 523.3601
1516.794 1197.259 451.8914
3184.932 1855.032 1880.763
2137.069 1411.467 1026.157
2943.878 1797.679 1620.971
1106.504 1064.887 58.85533

Figure A6 a-c.: Statistical analysis for Water Swell Tests
Residual Plots for %Swell
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Table A7: Water Loss Test Analysis Raw Data
Treatment
Gelatin % w/w

Genipin (mM)

5.26%
5.26%
5.26%
10.00%
10.00%
10.00%
14.29%
14.29%
14.29%
0.00%

0.15
1.50
15.00
0.15
1.50
15.00
0.15
1.50
15.00
0.00

Loss
rep 1
5.405
8.372
3.571
2.326
3.846
7.509
-0.526
3.535
3.429
40.672

log Gen.
-0.82391
0.176091
1.176091
-0.82391
0.176091
1.176091
-0.82391
0.176091
1.176091
not conv

(%)
rep 2
33.495
44.509
35.965
63.208
40.171
42.291
58.989
43.689
57.018
44.091

Summary
avg
19.45
26.441
19.768
32.767
22.009
24.9
29.232
23.612
30.224
42.382

(%)
stdev
19.863
25.553
22.906
43.05
25.686
24.595
42.083
28.393
37.893
2.418

Figure A7 a-c.: Statistical analysis for Water Loss Tests
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