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Aquaculture is a large part of the food production sector which is greatly expanding. One 

of the largest losses in aquaculture is due to pathogens. Current solutions for protecting farmed 

finfish from pathogens can be very expensive with variable efficiency. Current disease prevention 

strategies include vaccination. Types of vaccines include immersion vaccines, feed vaccines, and 

injectable vaccines. The most popular solution is oil-based injectable vaccines due to its protection. 

However, the oil-based adjuvant used in most of these formulations causes adverse reactions in 

the fish including reduced growth. These vaccines require multiple administrations throughout the 

fish’s lifetime causing unwanted handling stress and additional labor costs. Preliminary trials show 

that cellulose nanomaterials cause minimal adverse reactions when injected into salmon and does 

not significantly affect their growth. The goal of this research was to create an adjuvant from 

cellulose nanomaterials which would increase bacterin efficacy while avoiding harmful side 

effects. A prolonged release formulation was also desirable, obviating the need for multiple 

vaccinations. Additionally, hydrogels have been used for a wide variety of applications including 

drug delivery, making them an attractive aquatic vaccine adjuvant. Cellulose nanomaterials were 



 

 

decided as the polymer to make up the hydrogel matrix due to their biocompatibility, sustainability, 

high tunability, high abundance, low cost. The development of the hydrogel formulation, 

modifying the hydrogel for easier delivery into the salmon, measuring the diffusive properties of 

the hydrogel, and in vivo testing of the hydrogel for analysis of delivery methods and reactions to 

the formulation are described in this research.
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CHAPTER 1 

INTRODUCTION 

 

 Aquaculture is a large part of the food production sector which is greatly expanding. One 

of the largest losses in aquaculture is due to pathogens. Current solutions for protecting farmed 

finfish from pathogens can be very expensive with variable efficiency. Current disease prevention 

strategies include vaccination. Types of vaccines include immersion vaccines, feed vaccines, and 

injectable vaccines. The most popular solution is oil-based injectable vaccines due to its protection. 

However, the oil-based adjuvant used in most of these formulations causes adverse reactions in 

the fish including reduced growth. These vaccines require multiple administrations throughout the 

fish’s lifetime causing unwanted handling stress and additional labor costs. Preliminary trials show 

that cellulose nanomaterials cause minimal adverse reactions when injected into salmon and does 

not significantly affect their growth. The goal of this research was to create an adjuvant from 

cellulose nanomaterials which would increase bacterin efficacy while avoiding harmful side 

effects. A prolonged release formulation was also desirable, obviating the need for multiple 

vaccinations. Additionally, hydrogels have been used for a wide variety of applications including 

drug delivery, making them an attractive aquatic vaccine adjuvant. Cellulose nanomaterials were 

decided as the polymer to make up the hydrogel matrix due to their biocompatibility, sustainability, 

high tunability, high abundance, low cost. The development of the hydrogel formulation, 

modifying the hydrogel for easier delivery into the salmon, measuring the diffusive properties of 

the hydrogel, and in vivo testing of the hydrogel for analysis of delivery methods and reactions to 

the formulation are described in this research. 
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The proposed aquatic vaccine adjuvant in this research is a cellulose nanomaterial 

hydrogel. Hydrogels have been used for a wide variety of applications including drug delivery. 

This makes them an attractive possibility for this application. Cellulose nanomaterials were 

selected as the hydrogel matrix polymer due to their biocompatibility, sustainability, high 

tunability, high abundance, and being an inexpensive biomaterial. The cellulose nanomaterial used 

in this thesis was cellulose nanofibers, more specifically, TEMPO CNF. The development of the 

hydrogel formulation, modifying the hydrogel for easier delivery into the salmon, measuring the 

diffusive properties of the hydrogel, and testing the hydrogel in vivo using Atlantic salmon for 

effectiveness of delivery methods and reactions are described in this thesis. 

Each chapter within this thesis discusses a specific a hydrogel characteristic that was 

investigated. Chapters start by introducing the experiments performed and the data collected 

regarding specific hydrogel properties. Then the methods, experimental design, and/or testing 

performed are explained. Lastly, the results and discussion of the gathered data are presented. 

Possible conclusions are expounded from the data in regard to the hydrogel formulation properties 

or performance as an aquatic vaccine adjuvant. Information in the chapters may intersect such that 

the chapter(s) containing more details on the subject are listed to direct the reader. The research in 

this thesis was completed in collaboration with the University of Maine Cooperative Extension 

and funded by the USDA NIFA’s flagship competitive grant program, the AFRI Foundational and 

Applied Science Program. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Finfish Farming and Salmon 

Aquaculture or the farming of aquatic animals is the largest growing food production 

sector. The global aquaculture market is estimated to be worth $245.2 billion by 2027 with the US 

aquaculture market being estimated at 2.7 billion in 2020.1 Aquaculture is experiencing rapid 

growth because it is becoming a more sustainable alternative source of seafood for human 

consumption compared to wild fisheries. Aquaculture was developed to decrease the pressure that 

fishing caused on native finfish populations by switching from wild caught fish to farmed fish 

raised in hatcheries. Currently, there are two major kinds of saltwater aquaculture farming, open 

ocean (offshore) aquaculture and land-based aquaculture.  

 Coastal and open ocean (offshore) aquaculture is considered an open system where the 

farmed finfish are kept in large nets (also known as cages or pens) in the ocean. These nets can 

reside close to the shore or in the middle of the open ocean (the majority are located near shore so 

that they are more easily accessible for routine maintenance) and provide the only barrier 

separating the fish from the rest of the ocean.2 This open design means the waste from the farmed 

fish enters into the ocean’s environment and water quality/chemistry such as salinity and pH is 

maintained to match the surrounding ocean, leading to little cleaning maintenance.3 The cost 

effectiveness of open ocean farming and the availability of space in the ocean to start a farm makes 

open ocean farming attractive and thus the more common of the two farming practices.2,4 However, 

the thin barrier between the fish and the ocean also means that there is a risk of net failure, releasing 

non-native fish into the surrounding area, potential for negative environmental impacts, and high 
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rates of pathogen transmission between the wild and cultured populations. When pathogens diffuse 

into the pen, the high stocking density of fish encourages disease transmission, resulting in high 

incidence and even mortalities. 

 Land-based aquaculture can be either partially closed or closed systems that are housed in 

facilities on land. Partially closed systems will have some connection to the environment such as 

taking place in pond like enclosures rather than tanks. Closed systems use recirculation aquaculture 

systems (RAS) which recirculates the water in its system in-house.4,5 RAS systems are sustainable, 

can be environmentally friendly, and allow the farming of fish in closer proximity to markets. 

Land-based systems decrease the risk of releasing invasive species and the introduction of 

pathogens (but not fully eliminate).4,5 However, isolating the farmed fish from natural water 

sources requires all the water quality/chemistry parameters such as waste, pH, and salinity levels 

to be carefully regulated to keep the fish healthy. The high amount of regulation in closed systems 

requires the use of more energy, maintenance, and labor which can lead to higher costs of raising 

finfish.  

Salmon farming accounts for 45% of all fish farmed from the ocean.6 This is due to the fact 

that salmon, particularly Atlantic salmon, has good meat quality (high Omega-3 content), grows 

quickly, and they are easy to fillet with high yields of meat compared to other finfish (about 58% 

yield from a “D trim” fillet).7 Salmon can be surprisingly easy to farm if you consider their 

migratory nature and carnivorous diet. Some studies have even found that salmon could even be 

raised solely in freshwater environments.5  

Salmon are anadromous creatures which mean that they live in both freshwater and 

saltwater during their life cycle (Figure 2.1).3,8 In nature, the Atlantic salmon begins its lifecycle 

as an egg laid in the gravel of a river. The eggs will hatch into alevins and grow into fry and then 
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parr in freshwater over the span of 1-3 years until they start smolting.8,9 During the smolting 

process, the salmon prepares for the transition to saltwater through significant physiological and 

biochemical changes such as developing more protective scales, becoming more silvery in color, 

and swimming with the river’s current towards the ocean. Once out in the ocean, Atlantic salmon 

will take about 1-2 years to mature into adults which is when they will begin the journey back to 

their river of origin to mate.8,9 Most of the salmon making the mating journey do not make it back 

out to the ocean, ending their lifecycle in the river where it began. 

Farmed Atlantic salmon mimic the lifecycle of wild salmon such that the cultured salmon 

will spend the first portion of their life in freshwater hatcheries. They will continue to grow in 

freshwater tanks for about 10-16 months until they become smolts.10 Once the salmon smolt, they 

are transferred out into the net pens in the ocean or saltwater tanks where they will remain until 

they reach market size (12-22 months).10  

There are many factors that can limit the potential for successful salmon and other finfish 

farming including: diseases, parasites, stock quality, handling, predators, natural or environmental 

disasters, water quality/chemistry, feed quality, and aeration.11,12 The largest factor leading to 

production loss of farmed finfish is disease, with estimated global loss of $1.05-9.58 billion in 

2014.13 

2.2 Aquaculture Vaccines 

 There are many solutions available to minimize production losses which occur due to 

disease. One possible prevention strategy is culturing finfish in land-based closed systems (RAS) 

where the conditions of the water in the finfish tanks are completely controlled.4,5 Being able to 

control and regulate the water in a closed system reduces (but not completely eliminates) the risk 
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of diseases being introduced into the system and infecting the fish. However, running a closed 

system for aquaculture is more costly than running an offshore aquaculture operation. Although 

RAS is growing in popularity, most aquaculture producers do not use RAS systems and instead 

opt for open net farming, which puts aquaculture livestock at high risk of contact with infectious 

pathogens. Before the 1990’s, farmers would combat bacterial diseases by feeding their 

aquaculture stock antibiotics (chemotherapeutics were and still currently used sometimes to treat 

diseases).14,15 The use of antibiotics became controversial due to the potential for negative 

environmental impacts and ineffectiveness due to the development of antibiotic resistant strains of 

bacteria. Additionally, antibiotics were ineffective against viral, fungal, and parasitic pathogens. 

Thus, a movement to replace antibiotics with a new solution that could protect the fish from both 

 

Figure 2.1: Antibiotic use over time (grey bars) related to Norwegian salmon production (black 

line joining square dots) from 1981-2004. Retrieved from reference (15).  
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bacterial and viral diseases moved to the forefront of finfish health. This new solution was in the 

form of vaccines. 

 Aquaculture vaccines provide protection to the fish by containing a substance which serves 

as an antigen to stimulate an innate and/or adaptive immune response in the fish against a specific 

pathogen.16 Currently there are over 26 licensed vaccines with different kinds of antigens and 

delivery methods to protect against bacterial and viral diseases.16 The timing of delivery of these 

vaccines is critical. These vaccines can be administered at almost any point in the salmon lifecycle 

using different delivery methods. However, waiting for the fish to develop for as long as possible 

before administering a vaccine may help decrease the potential for adverse side effects to occur 

especially with injection vaccines. One study has shown that the earlier a vaccination was given, 

the more stunted growth, severe lesions, and even vertebral deformations occurred.17 The most 

important time to vaccinate Atlantic salmon is before smoltification where they are transitioned to 

open net pens in the ocean because this is where the fish is vulnerable to physiological stress and 

will be exposed to possible pathogens. Therefore, the circle in Figure 2.2 shows the time where 

farmed Atlantic salmon are usually vaccinated which is around the parr to smolt stage.18 The 

vaccine takes about four weeks after administration for the fish to develop protection.17 Salmon 

can also be vaccinated during their fry stage using immersion and oral delivery methods that work 

on smaller size fish.19 The oral and injection method of vaccination can also continue be used later 

on in the life cycle during the salmon’s late smolt to adult stages as a booster.  
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The antigens used in aquaculture vaccines to provide protection can be prepared into the 

following kinds of vaccines: inactivated/killed, live/attenuated, subunit, recombinant vector, DNA, 

RNA, synthetic/peptide, and anti-idiotypic.16,19,20 The most common type of antigen used in 

aquaculture vaccines are inactivated or killed bacteria.21 There are also autogenous vaccines which 

are specifically developed for a specific strain of bacteria or virus that is present in a particular 

aquaculture facility site.16 Aquaculture vaccines can be delivered to the fish in one of three major 

ways: oral, immersion, or injection.  

Oral vaccination is when antigen is loaded into feed pellets which are fed to the fish to 

vaccinate them. The vaccine feed can be prepared by mixing the antigen with the feed mixture 

Figure 2.2: Cartoon depiction of the Atlantic salmon life cycle. Atlantic salmon transition to 

saltwater during the smolt stage. The black circle encompasses the stages where the fish need to 

be vaccinated before transition to net pens in the ocean. Adapted from reference (18).  
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before forming it into pellets, bio-encapsulation, or coating (top dressing) the pellets with 

antigen.19,21 Extra care must be taken to prepare the antigen in a way that it will be able to survive 

the fish’s gastrointestinal tract until it reaches the second segment of the intestine where it can be 

absorbed.21 Successfully developed oral vaccines are beneficial due to their extreme ease of 

administration which is the least stressful vaccination method, has the least associated labor costs 

and able to be administered at any point in the lifecycle.20,21 Additionally, oral vaccinations need 

a large amount of antigen to be presented to the fish, it is difficult to uniformly dose each fish, only 

provides short term protection, and the vaccine is prone to poor efficacy or the ability to prevent 

infection and death in the fish.21–23 As a result, there are few commercially available vaccines and 

the oral method of delivery is typically used for booster vaccinations.  

Immersion vaccination is when the antigen is dispersed or dissolved in water in an enclosed 

area that the fish are submerged in, allowing the antigen absorb through the skin, gills, and mouth 

to vaccinate them. Immersion vaccines can be administered through dip or bath methods.19 The 

dip method is when there is a high concentration of antigen in the water that fish are dipped into 

the mixture for a brief period of time. The bath method is when there is a lower concentration of 

antigen that the fish are exposed to for a longer period of time. Immersion vaccinations are the 

most moderate of the three vaccine delivery methods because they require a moderate amount of 

handling and labor to vaccinate the fish while also being moderately efficacious and delivering 

mid-range duration of protection to the fish.22 However, the immersion method of vaccination can 

only be used on fry or smaller salmon as it becomes impractical for larger fish and difficult for the 

vaccine to absorb past fish scales. Additionally, there are no viral immersion vaccines which are 

widely available.19  
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Lastly, injection vaccination is when the antigen is injected directly into the fish either 

intramuscularly or intraperitoneally (into the fish’s abdominal cavity). The intraperitoneal method 

of injection is the most common form of vaccination even though mucosal vaccines (oral and 

immersion) are more practical and affordable. Injection vaccination is used the most in aquaculture 

because it provides the fish with the best duration of protection (over a year) and is the most 

efficacious.19,20,24 However, injection vaccines are the most labor-intensive, stressful to the fish, 

and causes the most adverse effects.24 Some adverse side effects include; injection site lesions and 

granulomas, adhesions between internal organs, granulomatous peritonitis, decreased appetite and 

growth, malfunction of reproductive organs, and melanin deposits.17,23,24 These adverse side 

effects are commonly associated with the adjuvants that are used as antigen carriers due to the 

strong inflammatory responses they cause.  

 

Figure 2.3: Heat map comparing the three different kinds of aquaculture vaccine delivery 

methods. Cost is based on the cost to the aquaculture farmer. Efficiency takes into account 

many aspects including efficacy, duration of protection, the dosage needed, and how many 

times the fish needs to be vaccinated with this method before reaching market size. 
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Adjuvants are a group of structurally heterogeneous compounds that can change the 

intrinsic immunogenicity of an antigen or boost the efficacy and protection of an antigen.20 

Adjuvants can boost immune responses to an antigen through two ways; either by presenting the 

antigen over an extended period of time (signal 1 facilitator) or by producing secondary immune 

response signals to the adjuvant itself (signal 2 facilitator).23 One current commercially used 

adjuvant made of mineral oil (named Montanide™) elicits both of these responses through 

presenting the antigen in an emulsion while the mineral oil creates an additional innate immune 

response. Mineral oil adjuvants so far have proven to be the most efficacious and provide the 

longest duration of protection over multiple studies despite the observed adverse effects.23–25 Other 

adjuvants have also been tried and tested for use in injection vaccines such as: aluminum salts 

(adjuvant used in human vaccines), β-glucan, levamisole, lipopeptides, saponins (oral vaccine 

adjuvant), PLGA (oral vaccine adjuvant), flagellin, CpG, Poly I:C, and cytokines.23,25 None of 

these tested adjuvants were as efficacious at promoting immune response and providing protection 

against pathogens as compared to mineral oil in the fish.  

The current goal of aquatic animal health researchers and this research is to develop an 

adjuvant which creates an immune response comparable to mineral oil without triggering adverse 

effects. The injection method of vaccination was chosen for application because it is the most 

common commercially used vaccination method, allows easy antigen preparation, ease of control 

over appropriate dosage to each fish, and ability for long durations of protection. It was proposed 

that a water-based hydrogel vaccine could replace the oil-based emulsion vaccines. It was further 

hypothesized that a water-based vaccine would not create the adverse effects of an oil-based 

vaccine while allowing for a controlled and prolonged release of the antigen. As a result, the 

proposed hydrogel vaccine method would be designed to behave as an adjuvant which presents 
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the antigen (signal 1 facilitator). The hydrogel formulation allows for modification of the amount 

of loaded antigen, the rate of antigen diffusion from the hydrogel, the length of diffusion time, and 

hydrogel breakdown.  

The vaccine used for research in this paper was the Vibrio anguillarum vaccine because it 

is one of the most common vaccines given to aquacultured Atlantic salmon. Vibrio anguillarum is 

a bacterial disease which causes lethal vibriosis in over 50 different species of fish along with some 

mollusks and crustaceans. Vibriosis is hemorrhagic septicemia or bacterial blood poisoning of the 

fish.26–30 Vibrio anguillarum bacteria are gram-negative, motile, slightly halophilic (requiring salt 

for growth), curved rod shaped bacteria that are about 1-2 µm in length and 0.5 µm in width with 

a polar flagellum that is about 4 µm in length.27–29 Vibrio anguillarum can be found in both 

freshwater and saltwater and are commonly used as formalin inactivated antigens in vaccines.  

2.3 Hydrogels and Biomaterials 

 The desired attributes of drug delivery vehicles are: targetability, control over drug release, 

capacity of drug entrapment, porosity of material, stability of both the drug and delivery system, 

sterility, applicability, processability, and cost-effectiveness.31,32 Hydrogels meet these desired 

attributes and have other attractive qualities such as biocompatibility. Hydrogels are 3-dimensional 

crosslinked polymer networks which are water-insoluble while also being mostly made of water.33  

Hydrogels can be categorized through many different attributes such as: physical structure, 

ionic charge, synthesis route, size, mechanical and structural characteristics, and the way they are 

bonded.34,35 Hydrogels’ physical structures can be amorphous, semi-crystalline, supermolecules, 

hydrocolloid aggregates, or hydrogen bond-gels. The ionic charge of hydrogels can be anionic, 

cationic, neutral, or ampholytic (capable of ionizing into both anions and cations). Hydrogels can 
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be synthesized through the crosslinking of homopolymers (only one type of monomer), 

copolymers (comprised of two types of monomers), or multipolymers (three or more different 

monomers used). Monomers are the single repeat units that make up polymers. Hydrogels can be 

classified based on their size as a nanogel, microgel, or macrogel. Crosslinks in hydrogels are 

either affine (crosslinks are fixed in space at positions defined by the specimen deformation ratio) 

or phantom (crosslinks have some free motion about their affine deformation positions). There are 

two types of bonds or crosslinks possible: physical or chemical. Physical crosslinks are reversible 

bonds that are weaker than chemical crosslinks. This is because physical crosslinks are formed due 

to polymer entanglement or attraction forces such as ionic bonds, van der Waals, hydrogen 

bonding, or hydrophobicity properties.36 Although physical crosslinks are weaker, they are an 

easier way to form hydrogels than chemical crosslinks which are formed through permanent 

covalent bonds between the polymers.34,37  

 

Figure 2.4: Hydrogel classifications and properties. Retrieved from reference (34). 
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Hydrogels have been explored for use in applications such as: tissue engineering, optics, 

diagnostics, imaging, agriculture, wound healing, sensors, food industry, hygienic products, 

biomolecule/cell separation, microelectronics, cosmetics, electrodes, biomedical devices, drug 

delivery, and more.34,38 Hydrogels are also used in drug delivery applications due to their 

biocompatibility, ease of design and control over hydrogel properties, ability to encapsulate water-

soluble or water-insoluble molecules, sustained and local release of desired drug, capability of 

creating local immune-stimulating niches, and being able to suppress adverse effects that are 

typically associated with the drugs being delivered.34,39,40 However, hydrogels can also be difficult 

to deliver if they are not shear-thinning or self-healing.41 Hydrogels have been found to be used 

for drug delivery in the following administration routes: oral, ocular, ear, pulmonary, transdermal, 

central nervous system, cardiovascular, orthopedic, nasal, intestinal, vaginal, parental, injection, 

and implantable.31,34,42  

Hydrogels can deliver their drug payloads either through controlled passive diffusion due 

to swelling and/or erosion of the hydrogel matrix or can encapsulate the drug until a stimulus 

triggers the hydrogel to swell and release the drug in a burst. Hydrogels that respond to a stimulus 

or trigger are called smart hydrogels.31,34,35,39 Some smart hydrogels are responsive to temperature, 

pH, specific enzymes, mechanical stimuli, magnetic fields, electrical signals, light, ultrasound, 

specific biomolecules such as glucose, and more. Hydrogels can be one of two delivery systems: 

reservoir or matrix.39,43 A reservoir system hydrogel is structured so there is a drug core which is 

surrounded by a hydrogel membrane (Figure 2.5).44 The release rate of the drug is controlled by 

the membrane thickness and properties of the drug encapsulated. The drug is released by water 

diffusing through the hydrogel membrane, dissolving the drug until saturation solubility, then 
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diffusing the drug out of the hydrogel. A matrix system hydrogel is where the drug is uniformly 

dispersed in a hydrogel matrix (Figure 2.6).45 The release rate of the drug is based on the properties 

of the hydrogel matrix and has a time dependent release based on the diffusion of water into the 

matrix to dissolve the drug and the drug diffusion out of the matrix. 

 

Figure 2.5: Mechanism of delivery from a reservoir system hydrogel. Retrieved from reference 

(44). 

 

 

 

 

 

Figure 2.6: Mechanism of delivery from a matrix system hydrogel. Retrieved from reference 

(44). 
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 The last important part of designing a hydrogel for drug delivery or any application is to 

decide on the polymer(s) to use. There are two main classifications of polymers which were of 

interest for this research: natural and synthetic polymers. Synthetic polymers are characteristically 

hydrophobic, have good mechanical strength for a hydrogel, long service life, absorbability, and 

good durability.35 Although the qualities of synthetic polymer hydrogels are desirable, they might 

not be the best choice for drug delivery because they are typically not biodegradable and can have 

poor cell recognition/attachment, among other possible cell reactions.31,46 These negative effects 

of synthetic polymers are why the USDA does not easily support the use of synthetic polymers 

without extensive safety testing. Synthetic polymers are currently being replaced by natural 

polymers to create drug delivery hydrogels because they are biocompatible, non-toxic, hydrophilic 

(less likely to create a reaction in the body), biodegradable, and have high swelling capacity.35,38,47 

As a result, it made sense to use a natural polymer to form the aquaculture vaccine hydrogel which 

was designed and explored in the work of this research.  

In order to decide which natural polymer to use to form the aquaculture vaccine hydrogel, 

the following most common natural polymers were researched to compare their benefits and 

drawbacks: chitosan, alginate, collagen, dextran, hyaluronic acid, DNA, chitin, gelatin, fibrin, and 

cellulose.35,38 The desired characteristics of the developed aquaculture vaccine hydrogel is to be 

biocompatible, biodegradable, hydrophilic, reasonably modified/crosslinked (physical 

crosslinking desirable), readily available, and inexpensive to scale up the production process. The 

hydrogel also needs to be pH insensitive in the biological range for fish, well-behaved at low 

biological fish temperature (no temperature sensitive hydrogels around 5-20°C), and the hydrogel 

synthesis needs to be compatible with the loaded bacteria (Vibrio anguillarum) to deliver. Physical 
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crosslinking helps to eliminate the possible use of toxic chemicals during the hydrogel synthesis 

which could affect the loaded bacteria or create an adverse reaction in the fish.  

Chitosan is a readily available polymer which is a deacetylation of chitin and a structure in 

the exoskeleton of crustaceans and insects. It is possible to crosslink chitosan through physical, 

photo, or chemical methods.48,49 However, chitosan hydrogels are pH responsive and for this 

application it is not desirable to use a stimuli responsive hydrogel when we want a long passive 

diffusion of the drug. Alginate is a readily available polymer extracted from seaweed and is able 

to be physically crosslinked.50 However, alginate is also naturally hydrophobic unless ions are 

added to enable it to dissolve in water which will add difficulties into the hydrogel production 

process. Collagen is also a readily available polymer which is also a major component of the 

extracellular matrix in fish making it biocompatible.51 However, collagen can form crosslinks 

through chemical, photo, and enzyme means, not through physical crosslinks. Dextran is an easily 

modified polymer that is derived from bacteria but is easily degraded by dextranase which exists 

in marine bacteria and some fish tissues that could lead to premature breakdown of the hydrogel.52 

Hyaluronic acid is also easily modified and found in the extracellular matrix of skin, cartilage, and 

vitreous humors but is expensive and not able to be easily physically crosslinked.53 DNA is an 

easily modified polymer that can be obtained from any living organism and can be designed for a 

wide range of applications with responses to different stimuli, however it is a very expensive 

polymer to use in this application where low cost is a major factor.54 Chitin is a readily available 

polymer (being the second most abundant carbon polymer in nature) extracted from the 

exoskeletons of crustaceans and insects.55 However, it is relatively insoluble which would make 

the hydrogel production more difficult and is also a thermo-sensitive polymer. Gelatin is a readily 

available polymer which is derived from collagen through hydrolytic degradation but it has poor 
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Table 2.2: Comparison of Common Natural Polymers used to make Hydrogels. 

Type of Polymer Pros Cons 

Chitosan 
Readily available, physical, 
photo, or chemical 
crosslinking possible 

pH responsive 

Alginate Readily available, physical 
crosslinking possible 

Hydrophobic unless ions are 
added 

Collagen 
Readily available, already 
present in fish 
(biocompatibility) 

Not physically crosslinked 
into a hydrogel (chemical, 
photo, and enzyme) 

Dextran 
Easily modified Dextranase easily degrades 

the gel (found in fish and 
marine bacteria) 

Hyaluronic Acid 
Easily modified Not physically cross-linked 

(chemical, photo, and 
enzyme), expensive 

DNA 

Easily modified and designed 
for a wide range of 
applications with responses to 
different stimuli 

Expensive 

Chitin Readily available Thermo-sensitive 

Gelatin Derived from collagen, 
readily available 

Poor thermal stability, weak 
chemical cross-linking 

Fibrin 
Naturally forms fibrous 
matrices 

Poor mechanical properties, 
uncontrolled mechanical 
integrity loss 

Cellulose 

Inexpensive, readily 
available, easily modified, 
some forms are transparent, 
physical crosslinking 

Challenging to turn cellulose 
into a hydrogel, needs to be 
modified 

 

thermal stability and forms hydrogels through weak chemical crosslinks.56 Fibrin is a polymer that 

naturally forms fibrous matrices that could entrap and diffuse the bacteria out over a constant, 

prolonged period but it has poor mechanical properties and can undergo uncontrolled integrity loss 

leading to premature release of the vaccine.57 
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Lastly, cellulose is a polymer derived from a multitude of sources such as wood and is the 

most abundant carbon polymer in nature, making it readily available. It is also inexpensive, can be 

physically crosslinked to form a hydrogel, easily modified, and some modified forms are 

transparent. However, it is challenging to form pure cellulose into a hydrogel, therefore it does 

need to be modified before crosslinking. Due to all of the beneficial characteristics of cellulose, 

and its ability to be made locally, makes it a great research candidate for the development of an 

aquaculture vaccine hydrogel.  

2.4 Cellulose Nano-Materials 

 Cellulose nanomaterials can be manufactured from the following sources of cellulose: bast 

fibers (flax, hemp, jute, ramie), grasses (bagasse, bamboo), seed fibers (cotton, coir), wood (both 

hardwood and softwood), marine animals (tunicate), algae, fungi, invertebrates, and bacteria.58 

Nanocellulose is created through mechanical and chemical processing of raw cellulose, a polymer 

made up of β-1,4-anhydro-D-glucopyranose repeat units,59 to form fibers or crystals of cellulose 

that are on the micro or nano scale. Nanocellulose has great properties for use in biomedical 

technologies such as: chemical inertness, stiffness, high strength, low density, easily modifiable 

 

Figure 2.7: Cartoon depiction of the delivery of the aquaculture vaccine hydrogel into the fish 

and subsequent vaccination. The bacteria (greenish circles) are shown diffusing out of the 

hydrogel matrix (black square). 

 

 

 

 



 

20 
 

surface chemistry (due to the many hydroxyl groups along the polymer chain), amphiphilic 

(possessing both hydrophilic and lipophilic properties), biocompatibility, high biodurability, and 

biodegradability.59–62 These properties support its use in applications such as paper, packaging, 

tissue regeneration and repair, substitute implants, biosensing, drug delivery, separation 

membranes, antimicrobial products, cosmetics, composites, tissue bioscaffolds, vascular grafts, 

bone tissue regeneration, and many other biomedical devices.58–60,63,64 

The manufacturability of nanocellulose is very flexible and tunable based on the desired 

cellulose derivative and properties. Nanocellulose’s easy tunability through surface modification 

or functionalization makes it easy to label with one of many different fluorophores such as 

calcofluor white, FITC, RBITC, TRITC, BODIPY, and DTAF for easy visualization during 

experimentation.65–71 The general overall process of converting cellulose into nanocellulose is that 

cellulose is collected and purified through a process such as cooking and bleaching. Then the 

purified cellulose goes through a mechanical pretreatment, biological/chemical pretreatment, 

principal mechanical treatment, and then any post treatments such as surface modifications or 

labeling.58,59 Modifying any step in this manufacturing process can create different properties in 

the resulting nanocellulose. The types of cellulose explored in this literature research are pure or 

“vanilla” cellulose nano-fibrils (CNF), cellulose nano-crystals (CNC), bacterial cellulose, 

carboxy-methyl cellulose (CMC), and TEMPO CNF.  

“Vanilla” CNF is created by breaking down or processing cellulose fibers until they reach 

a micro or nano size. The typical way to produce CNF is by starting with cellulose pulp such as 

wood pulp and cooking it and bleaching it to remove it of impurities such as lignin, pectin, and 

hemicellulose. Then, the pure cellulose undergoes successive refining, enzymatic hydrolysis, more 

refining, and homogenization to achieve the nano scale fibrils.58,59 “Vanilla” CNF is about 10 nm 



 

21 
 

to 100nm in diameter and can be many microns in length (it is hard to get an accurate length 

measurement of these fibers because they are usually entangled with each other). These fibers have 

great mechanical properties due to the fibers’ entanglement and hydrogen bonding occurring both 

intra- and intermolecularly between the cellulose polymer chains. “Vanilla” CNF is typically used 

more in composites and rarely in hydrogels due to the extent of fiber entanglement and the nature 

of the fibers to agglomerate instead of staying uniformly dispersed. CNCs are formed from highly 

organized and crystalline regions of cellulose. Cellulose has two regions: amorphous (disordered) 

and crystalline (ordered). CNCs are formed by breaking the cellulose down so these two regions 

are separated, and the crystalline region is collected.59 CNCs are about 5nm in diameter, 150-

200nm long, and needle-like in shape. CNCs are commonly used in chemically crosslinked 

hydrogel formulations due to their ordered structure and their ability to imbibe strength into the 

hydrogel.39,60 Although the hydrogel formulation explored in this thesis doesn’t utilize CNCs, it is 

 

Figure 2.8: Chemical structures of normal and modified cellulose. a) chemical structure of 

normal cellulose, b) chemical structure of CMC, c) chemical structure of TEMPO CNF. 
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a cellulose derivative which could be explored as a different formulation or as an additive in this 

formulation in future studies. 

 Bacterial cellulose is a special cellulose derivative because it is made from a bottom-up 

approach which is different from the usual top-down approach to create nanocellulose. This is 

because bacterial cellulose is made from certain types of bacteria as a byproduct of when they are 

given sugar sources. Bacterial cellulose has been explored for use in hydrogels and other 

biomedical technologies because it enhances cell proliferation and attachment. Bacterial cellulose 

also has smaller diameters, increased number of fibrils, more purity, better biocompatibility, higher 

crystallinity, higher elastic modulus, and develops stronger hydrogen-bonds for better mechanical 

properties than normal nanocellulose.42,72 However, bacterial cellulose is not commonly used in 

industry because it is more expensive and time-consuming to produce.  

 CMC is a functionalized or surface modified cellulose derivative which has been greatly 

explored in biomedical technology such as hydrogels due to the functionalization making it easier 

to crosslink.73 CMC has a modified chemical pretreatment step from CNF which replaces the 

hydroxyl group with a carboxymethyl group. CMC is generally smaller and more uniform in size 

than CNF fibers with a 5-15nm diameter and length of up to a micron.74 CMC has been shown to 

improve the porous structure and self-healing nature of hydrogel matrices.39,73 CMC could also be 

an additional candidate for use in an aquaculture vaccine hydrogel and should be explored for its 

biocompatibility and possible toxicity in fish. 

 Lastly, TEMPO CNF is created by TEMPO-oxidizing cellulose as a chemical pretreatment. 

TEMPO is an acronym for the oxidation mediator which is used, called 2,2,6,6-tetramethyl-1-

piperdine-1-oxyl.75,76 The primary oxidant used to create TEMPO CNF is usually either sodium 

hypochlorite or sodium chlorite. By TEMPO-oxidizing the CNF, some hydroxyl groups are 
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replaced with carboxylic acid groups (which is typically deprotonated and replaced with an Na ion 

for storage to help decrease hydrogen bonding between the fibers). Just like CMC, TEMPO CNF 

is smaller than “vanilla” CNF with 3-5nm diameter and about a micron in length. TEMPO CNF is 

also good for forming hydrogels with physical crosslinks due to the carboxylic acid groups on the 

cellulose chain and its smaller, more uniform size can improve the porous structure of the hydrogel. 

The addition of the carboxylic acid group also makes it even easier to modify and functionalize 

than CNF. The functionality and non-toxic nature of TEMPO CNF in addition to its transparency 

and already gelatinous nature makes TEMPO CNF a great candidate to formulate into an 

aquaculture vaccine hydrogel. Preliminary safety studies of TEMPO-oxidized cellulose nano-

fibrils (CNF) in Atlantic salmon resulted in no significant impact on the salmon’s growth along 

with minimal adverse effects to the fish. 
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CHAPTER 3 

DESIGNING CITRIC ACID CROSSLINKED TEMPO CNF HYDROGELS LOADED 

WITH BACTERIN 

 

3.1 Introduction 

3.1.1 Crosslinking CNF 

Although it might be difficult to crosslink pure CNF to form a hydrogel, modified CNF 

such as CMC or TEMPO CNF is easier to form a hydrogel with, since there are more chemical 

and physical crosslinkers available, some of which are listed in Table 3.1.39 The issue of concern 

with some chemical crosslinking methods is that they use chemicals that are toxic. Adverse effects 

can arise if unreacted toxic chemicals are not properly removed from the resulting hydrogel. 

Therefore, physical crosslinking is beneficial for this aquaculture vaccine application because it is 

a method that does not require toxic chemicals. Additionally, it is reversible, allowing breakdown 

of the hydrogel over time or the creation of a stimuli responsive (smart) hydrogel. Physical 

crosslinks are formed through hydrogen bonding, Van der Waals interactions, ionic crosslinking, 

hydrophobicity interactions and more. One physical crosslinker, citric acid, lowers pH to create 

free H+ ions in the solution which protonates the fiber’s COO- groups (CMC and TEMPO CNF 

are usually stored with a Na+ ion attached to the COO- groups).73,77 When these groups are 

protonated, stronger hydrogen bonding between fibers along with fiber entanglement occurs to 

create a hydrogel matrix. 
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Table 3.1: Common Cellulose Crosslinkers 

Type of Crosslinker Crosslinker 

Chemical Crosslinkers 

Dialdehydes 

Acetals 

Polycarboxylic Acids 

Epichlorohydrin/Polyepichlorohydrin 

Irradiation Crosslinkers 

γ-Radiation 

Ultraviolet Light 

Visible Light  

Physical Crosslinkers 

Polyethyleneimine 

Heavy Metals (Fe3+ and Ca2+) 

Citric Acid 

 

 Citric acid was chosen as the crosslinker for this hydrogel formulation because it was a 

relatively nontoxic and inexpensive chemical which could be used in a simple and straightforward 

hydrogel formulation procedure. The only uncertainty that surrounded the use of citric acid in the 

hydrogel formulation is that it was unknown what kinds of reactions it would cause in living fish. 

Additionally, since citric acid created a hydrogel with a very acidic pH, the washing steps for the 

formed hydrogel were crucial to remove excess citric acid in order to increase the pH back to a 

neutral level. 

3.1.2 Considerations for Hydrogel Formulation 

For the particular application of use in an aquaculture vaccine, there were many factors 

that needed to be considered throughout the formulation design stage: safety to the fish species, 

USDA regulations, compatibility with selected antigen, and industry scalability. The final 

hydrogel formulation needs to be safe to use in salmon which means that no toxic chemicals can 
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be used in the hydrogel synthesis and that the pH can not fall below 6.0. USDA regulations also 

prohibit the use of potentially toxic chemicals which could pose a risk to consumers. Additionally, 

the hydrogel formulation procedure needs to be compatible with antigen to avoid diminished 

antigen response. As a result, the antigen could not be exposed to temperatures above 80°C or else 

the proteins in the antigen would be denatured. In order to develop a hydrogel formulation which 

can feasibly be used in industrial aquaculture farms in the future, the synthesis of the hydrogel 

needs to be cost effective both in materials and scalability to an industrial level. Lastly, the 

formulated hydrogel needs to be able to be delivered to the fish in a reasonable manner that is both 

safe to the fish and able to be quickly administered. Quick administration is important to be able 

to vaccinate an entire aquaculture salmon population. 

Table 3.2: Desired Characteristics of Designed Aquaculture Vaccine Hydrogel 

Biocompatible Biodegradable 

Hydrophilic Reasonably modified/crosslinked 

Readily available Inexpensive at industrial scale 

Stable around neutral pH Stable at low biological salmon temperature (5-20°C) 

Reasonably implanted/injected Hydrogel synthesis compatible with loaded antigen (Vibrio 
anguillarum) 

 

Citric acid crosslinked TEMPO CNF hydrogels have the possibility to fulfill all of these 

conditions. Both TEMPO CNF and citric acid are inexpensive materials, and the crosslinking 

procedure is extremely simple and scalable. Additionally, both citric acid and TEMPO CNF are 

labeled as nontoxic materials with preliminary safety studies using TEMPO CNF showing minimal 

adverse reactions in the fish. Citric acid crosslinking should not affect the antigen response of the 

inactivated Vibrio anguillarum and does not need heat to occur. The effects from the low pH of 



 

27 
 

citric acid can be suppressed through washing the formed hydrogels until the pH reaches an 

acceptable range for the salmon. 

3.2 Materials 

The materials that were used in the synthesis of the TEMPO CNF citric acid crosslinked 

aquaculture vaccine hydrogels were TEMPO CNF, citric acid, and inactivated Vibrio anguillarum. 

The TEMPO CNF was a 1.1 wt% slurry obtained from the Process Development Center at 

University of Maine. The TEMPO CNF fibers were estimated to be a little less than a micron long 

and 20nm in diameter. The citric acid was 99.5% citric acid from Sigma-Aldrich. Lastly the 

inactivated Vibrio anguillarum bacteria used had a concentration of about 1*109 colony forming 

units per mL (CFU/mL) mixture which was cultured in a trypticase soy broth with 1.5% NaCl and 

inactivated with 0.5% formalin (this mixture is commonly referred to as bacterial antigen or 

bacterin). The inactivated Vibrio anguillarum bacteria was prepared by Sarah Turner at the 

University of Maine Cooperative Extension Diagnostic and Research Laboratory. 

3.3 Methods of Formulating a TEMPO CNF and Vibrio anguillarum Hydrogel 

3.3.1 Crosslinking TEMPO CNF with Citric Acid 

Before attempting to make the vaccine hydrogel, it was decided to first crosslink pure 

TEMPO CNF with citric acid by adapting previous procedures found in research articles.73,77 The 

crosslinking solution used was 10 wt% citric acid (0.5 mol/L). This concentration of crosslinker 

was chosen because a more loosely bound hydrogel matrix is more desirable for drug diffusion 

applications than stiff crosslinking which was researched by Wen Jiang Zheng.73 A stiff hydrogel 

matrix might not be desirable for drug diffusion applications because a matrix that is too stiff can 

end up trapping the drug inside the matrix. Looser bound matrices more easily allow swelling of 
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the matrix and subsequent delivery of drugs out of the matrix. It was also decided to allow the 

TEMPO CNF gel to crosslink in the citric acid solution for 24 hours since that would help produce 

a hydrogel with improved mechanical properties compared to crosslinking for a shorter length of 

time.73 Additionally, the hydrogel’s mechanical properties should be retained after multiple wash 

steps. The long crosslinking time allows most of the TEMPO CNF fibers to crosslink, which leads 

to less TEMPO CNF fibers diffusing out of the matrix when exposed to an aqueous environment 

and therefore maintaining mechanical properties.  

 The first concentration of TEMPO CNF that was chosen to make hydrogels was the stock 

1.1 wt% which was received from the Process Development Center. The first crosslinking tests 

involved scooping and dropping clumps of TEMPO CNF into the citric acid. The resulting 

hydrogels were blob-like and spherical in shape. Since the final hydrogel is to be injected or 

implanted in the fish, a desirable shape for the hydrogel is cylindrical so it can be implanted in an 

incision or through a needle. To create hydrogels of a cylindrical shape, 5 mL, 3 mL, and 1 mL 

 
Figure 3.1: Size comparison of 5 mL, 3 mL, and 1 mL cut-off syringes used as molds for 

forming hydrogels. The syringe sizes from top to bottom are: 5 mL, 3 mL, and 1 mL. 
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syringes were obtained. The ends of the syringes (where the Luer-Lok connection was located) 

were cut off, leaving a cylindrical tube with a plunger that would be able act as a hydrogel mold. 

Each of the syringes were used to form hydrogels by loading the syringe with TEMPO CNF and 

then pushing the plunger to extrude some TEMPO CNF out of the end of the syringe. When the 

desired amount of TEMPO CNF was extruded, a spatula was used to slice the TEMPO CNF at the 

syringe opening, dropping the cylindrical shaped TEMPO CNF into the 10 wt% citric acid 

solution. The TEMPO CNF was then allowed to crosslink in the citric acid solution for 24 hours, 

then transferred to fresh DI water once a day to wash away any excess citric acid and uncrosslinked 

TEMPO CNF fibers.  

The 5 mL syringe mold formed hydrogels which were too large in size to be reasonably 

implanted into the fish. The 3 mL syringe mold also formed hydrogels which were too large in 

size to use for implantation. However, the 3 mL syringe-formed hydrogels would be a good size 

for hydrogel mechanical property analysis. The 1 mL syringe was able to form narrow hydrogels 

with variable lengths which appeared suitable for implantation. As a result, the 1 mL syringe was 

used as the hydrogel mold going forward (unless otherwise specified). Additionally, a non-

modified syringe was tested for forming hydrogels and not only was it more difficult to push the 

TEMPO CNF out of the syringe, but the formed hydrogels were very small spheres which likely 

wouldn’t be able to contain the proper dosage of vaccine (at least 0.1 mL of bacterin). 

 After deciding on the 1 mL syringe as the hydrogel mold and seeing that 1.1 wt% TEMPO 

CNF was able to form a hydrogel that retained its shape even with light handling, other 

concentrations of TEMPO CNF were tested to see if they could form hydrogels. One higher weight 

percentage (1.3 wt% TEMPO CNF) was tested to see how the hydrogel properties would change 

along with 1 wt%, 0.8 wt%, 0.7 wt%, and 0.6 wt% TEMPO CNF to see the lower limit of being 
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able to form a stable hydrogel. The 1.3 wt% TEMPO CNF hydrogel was able to withstand more 

handling than the 1.1 wt% TEMPO CNF hydrogel before breaking apart. Both the 0.7 wt% and 

0.6 wt% TEMPO CNF hydrogels broke apart after 8 days of being washed in DI water, while the 

rest of the TEMPO CNF hydrogel concentrations could withstand over two weeks of being washed 

in DI water. Overall, the higher the TEMPO CNF weight percentage/concentration, the stronger, 

more durable, and stable the resulting hydrogel became. As a result, it was decided that the 

aquaculture vaccine hydrogel needed to contain 0.8 wt% TEMPO CNF or greater. 

3.3.2 Mixing TEMPO CNF and Vibrio anguillarum 

After confirming that it was possible to crosslink TEMPO CNF using citric acid, bacterin 

was mixed with TEMPO CNF to see how it affected the TEMPO CNF’s crosslinking ability. When 

first trying to hand mix 1.1 wt% TEMPO CNF and bacterin together in a 1:1 ratio using a spatula, 

they didn’t seem to mix easily or evenly. A 1:1 ratio of TEMPO CNF to bacterin is desirable 

because the required dosage amount to the salmon is 1*108 CFU and a 1:1 ratio produces a 

hydrogel with about 2.6*108 CFU. A hydrogel with extra bacterin at the start of synthesis will help 

at least 1*108 CFU to remain in the hydrogel after crosslinking and any additional necessary wash 

steps where bacterin has the ability to diffuse out. Extra bacterin is also beneficial when designing 

a hydrogel providing a slow release of the bacterin because it can provide more protection over a 

longer duration. The TEMPO CNF and bacterin 1:1 ratio only seemed to homogenously mix when 

left on a stir plate overnight or longer (at a stir rate where all the solution was being completely 

moved by the bar but not enough where air bubbles would become introduced into the mixture). 

As a result, all TEMPO CNF and bacterin mixtures were left to stir for 24 hours before proceeding 

onto the next formulation step.  
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 Although a 1:1 ratio of TEMPO CNF and bacterin creates a 0.55 wt% TEMPO CNF 

solution, this mixture was still tested for crosslinking ability. It was difficult to load the syringes 

with this mixture since it was much less viscous than the 0.6 wt% pure TEMPO CNF. When 

samples of the 1:1 ratio mixture was placed in the citric acid, it broke apart and dispersed across 

the surface of the citric acid (see Figure 3.2). In order to be able to form hydrogels with the desired 

amount of bacterin, a method of increasing the TEMPO CNF weight percentage while keeping the 

same volume of the bacterin needed to be developed. 

3.3.3 Post Drying Addition of Antigen 

The first method of increasing the weight percentage of TEMPO CNF was drying the 

TEMPO CNF to a higher starting weight percent using a dehydrator. Using this method would be 

beneficial since it required no modifications to the Vibrio anguillarum, lowering the possibility of 

reducing its antigen response. TEMPO CNF was dried to 2.2 wt% and 11 wt%. The 2.2 wt% 

TEMPO CNF had an even more difficult time mixing with the bacterin in a 1:1 ratio and appeared 

to mostly mix but never completely. When samples of this mixture were placed in the citric acid, 

they also broke apart and dispersed across the surface. The 11 wt% TEMPO CNF would not 

rehydrate in the bacterin or evenly mix. It remained as TEMPO CNF sheets scattered throughout 

bacterin solution. This mixture was not placed in citric acid because it was not able to be somewhat 

evenly mixed. 

3.3.4 Heating of TEMPO CNF and Vibrio anguillarum Mixture 

Since the TEMPO CNF was not rehydrating in the bacterin, the weight percentage of 

TEMPO CNF would have to be increased after the bacterin was mixed in. A 1:1 ratio of TEMPO 

CNF and bacterin was stirred for 24 hours and then heated while continually being stirred on a hot 
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plate until enough water evaporated to make a 1.1 wt% and 1.9 wt% TEMPO CNF solution. The 

solution was monitored while heating to ensure that the temperature did not exceed 80°C. The 1.1 

wt% and 1.9 wt% heated mixtures appeared more homogenously mixed than previous attempts 

done with dried TEMPO CNF and were able to be loaded into 3 mL cutoff syringes. The 1.1 wt% 

TEMPO CNF with bacterin dispersed on the surface when placed in citric acid. The 1.9 wt% 

TEMPO CNF with bacterin held its shape when placed in the citric acid solution.  

The heating experiments concluded that it was possible to form TEMPO CNF hydrogels 

containing bacterin when the weight percentage of TEMPO CNF was increased to a certain 

amount. In order to achieve this, the weight percentage needed to increase after the bacterin and 

TEMPO CNF were mixed. This method required exposing the Vibrio anguillarum to relatively 

high heats (close to the 80°C limit) for an extended period of time. As a result, another method of 

removing water from the TEMPO CNF and bacterin mixture needed to be found. 

   
Figure 3.2: Failed attempt at mixing TEMPO CNF and bacterin where it dispersed in citric 

acid solution (left). Successful attempt at forming hydrogels from TEMPO CNF and bacterin 

mixture using a 3 mL cutoff syringe (right). 
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3.3.5 Filtering TEMPO CNF and Vibrio anguillarum 

Another way to remove water without the use of heat is through filtration. Two filtration 

techniques were explored: syringe filtration and vacuum filtration. The filter pore size which was 

chosen for both filtration methods was 0.45 µm since it was small enough to keep the 1-2 µm in 

length and 0.5 µm in width Vibrio anguillarum from passing through the filter.27,30  

Being able to squeeze the water out of a syringe filter would make it so the resulting mix 

was already loaded in a syringe and ready to be placed in citric acid. When the 1:1 ratio TEMPO 

CNF and bacterial antigen was being pushed through the syringe filter, some water was able to be 

filtered through. However, the amount of force required to do so was extreme and after too much 

pressure was applied, the mix squeezed between the sides of the syringe and the plunger and shot 

into the back of the syringe. As a result, syringe filtration was not a feasible solution for this 

application. 

The next filtration method attempted was vacuum filtration with a vacuum pump, filtering 

flask, Buchner funnel, and 0.45 µm nylon membrane filter paper from Sterlitech or 

MilliporeSigma. Nylon membrane filter paper was chosen for this application because it was 

hydrophobic, which would prevent the TEMPO CNF from forming hydrogen bonds to the filter 

paper like it possibly could with cellulose filtering paper. The hydrophobicity in addition to the 

small pore sizes of the nylon filter paper would increase the chances of keeping bacterin endotoxins 

within the hydrogel formulation.78 Endotoxins are typically undesirable in most vaccine 

applications for humans but are shown to promote positive immune responses when incorporated 

into finfish vaccines.79 
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Vacuum filtration using 0.45 µm nylon membrane filters were successful in being able to 

remove water while keeping the TEMPO CNF and bacterin mixed. This allowed ease of removal 

of the TEMPO CNF and bacterin mixture from the filter paper, and tunability to obtain a range of 

TEMPO CNF weight percentages. Figure 3.3 illustrated the ability to quickly remove water and 

increase TEMPO CNF weight percentage following a second order polynomial trend as shown by 

the red line. Vacuum filtration was used to create 1.3 wt%, 1.1 wt%, 1 wt%, 0.8 wt%, and 0.6 wt% 

TEMPO CNF with bacterin solutions. When the 0.6 wt% mixture was placed in citric acid, half of 

the time it dispersed on the surface, while the other half it formed a hydrogel. All the other weight 

percentages held their shape in citric acid and remained intact over multiple wash days. As a result 

of being able to form hydrogels even with low weight percentages, ability to control the resulting 

   
Figure 3.3: Vacuum filtration trends of how the weight and weight percent of TEMPO CNF 

changes over time. Trendline is shown as a second order polynomial. 
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TEMPO CNF wt%, decreased probability of modifying the bacterin which would reduce its 

antigen response, and the ease of being able to scale up vacuum filtration for industrial size 

applications, it was chosen as the water removal process for hydrogel formulation. 

3.4 Characterizing Vibrio anguillarum 

It was decided to characterize the properties of the Vibrio anguillarum bacteria to better 

understand the difficulties that arose when trying to mix TEMPO CNF and bacterin together. 

Before characterizing the bacteria, it needed to be isolated from the bacterin. This was 

accomplished by centrifuging the bacterin at 3,500 RCF for 15 minutes to pellet the bacteria. The 

supernatant was decanted out and the bacteria resuspended in DI water. This solution of isolated 

Vibrio anguillarum was then analyzed for size and surface charge using dynamic light scattering 

(DLS) and zeta potential using a Malvern Zetasizer Nano-ZS Zen 3600. The bacteria size 

distributions obtained from the DLS measurements showed the most common particle diameter 

sizes being: 531 nm, 1280 nm, and 1990 nm (refer to Figure 3.4). These values correspond with 

the normal size range of 500 nm width and 1000-2000 nm length for Vibrio anguillarum. The 

average measured surface potential of Vibrio anguillarum was found to be about -59 mV (refer to 

Figure 3.5).  
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 The size distribution of Vibrio anguillarum was as expected and should not be the cause of 

reduced interactions between the TEMPO CNF fibers. However, the measured negative zeta 

potential of the bacteria could cause reduced interactions between the TEMPO CNF fibers. 

TEMPO CNF at a neutral pH has a zeta potential of about -42 mV.80 Repulsive forces could be 

created between the TEMPO CNF and Vibrio anguillarum due to their similar and moderate 

strength of negative zeta potential. These repulsive forces could be why TEMPO CNF does not 

rehydrate in bacterin. Additionally, the repulsive forces could have caused a larger distance 

between neighboring TEMPO CNF fibers to occur, leading to weaker Van der Waals interactions 

   
Figure 3.4: Volume distribution of measured bacteria diameter size obtained through DLS.  
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and hydrogen bonding which are necessary for TEMPO CNF fibers to crosslink with each other. 

These repulsive forces could have become more prevalent when TEMPO CNF’s zeta potential 

became more negative in lower pH values, which may explain why most of the low TEMPO CNF 

weight percentage bacterin mixes dissipated when placed in citric acid.80  

The higher the TEMPO CNF weight percentages, the closer the fibers should become. The 

closer the TEMPO CNF fibers are to each other, the stronger the attractive Van der Waals and 

hydrogen bonding forces are between the fibers. Increasing the attractive forces between the fibers 

should counteract the repulsive negative zeta potential forces occurring between the bacterin and 

TEMPO CNF fibers. 

3.5 Effects of Wash Steps on Cross-Linked Hydrogels 

3.5.1 Changes in pH 

Since the vaccine hydrogels were formed in citric acid, wash steps were crucial to remove 

excess citric acid and increase the pH levels back to a safe neutral range for salmon. However, the 

more wash days the hydrogels underwent, the more likely it was that bacterin prematurely diffused 

out of the hydrogel. Therefore, it was important to figure out the minimal amount of washing 

   
Figure 3.5: Distribution of measured bacteria zeta potential.  
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needed before the hydrogel was deemed safe for implantation. Four batches of hydrogels were 

made with different TEMPO CNF weight percentages (keeping the initial TEMPO CNF to bacterin 

ratio at 1:1). Hydrogels with 1.1 wt%, 1.3 wt%, 1.5 wt%, and 1.7 wt% TEMPO CNF were formed 

in citric acid and then washed with DI water. The pH of the hydrogel DI water wash solution was 

monitored every 24 hours (represented by the outlined data points on Figure 3.6) and immediately 

after placing all the hydrogels in new wash solution (represented by the shaded in data points on 

Figure 3.6).  

The pH of the DI water did not appear to significantly change based on the TEMPO CNF 

wt% of the hydrogel. It was observed that the pH of the hydrogel wash solution remained more 

acidic than the DI water used for the washes, regardless of the number of wash days conducted. 

Additionally, the pH of the wash solution for all hydrogels appeared to plateau after 6 days until 

the gels were washed in PBS on day 11. When the TEMPO CNF 1.7 wt% gels were washed in 

PBS, the wash solution pH increased and stayed close to the same pH of PBS, which makes sense 

because it was a buffer solution. The 1.7 wt% hydrogels were chosen to wash in PBS since they 

appeared to be the strongest of all the hydrogel formulations when they were handled. The plateau 

of pH after wash day 6 was an indicator that most of the excess citric acid from the hydrogel 

formation was washed out. Additionally, the ability of PBS to stabilize the pH of the solution 

surrounding the hydrogel made it a great wash for the day before the hydrogels were implanted 

into salmon. It can be assumed that the hydrogel’s risk of causing adverse reactions in the salmon 

due to pH should not change from wash day 6 onwards. However, what reactions are caused by 

different amounts of wash days in the salmon were tested to make a more informative decision on 

what number of wash days was best (more information in Chapter 6). 
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Figure 3.6: Change in hydrogel wash solution pH over time.   

 

 

 

 



 

1 
 

3.5.2 Diffusion of Dye 

  To make a fully informed decision on what number of wash days was best for the 

aquaculture vaccine hydrogels, the diffusion of bacterin out of the hydrogel along with changes in 

pH needed to be considered. The diffusion of bacterin was modeled using dye to see the effect of 

wash days on the amount of bacterin that diffused out from the hydrogel. The dye chosen for this 

experiment was Coomassie Brilliant Blue (CBB) because it was an anionic dye which has the 

possibility to mimic the negative zeta potential of Vibrio anguillarum and its interactions with the 

TEMPO CNF hydrogel matrix.  

The hydrogels were formulated with a 1:1 ratio of 1.1 wt% TEMPO CNF and 1mM CBB 

dye and then prepared as normal to create a 1.7 wt% TEMPO CNF hydrogel. At each measured 

time point, five gels were selected at random and sliced in half using a thin wire. Each gel half was 

imaged under an imaging setup with a fixed camera and fixed white LED lighting for better 

reproducibility. The camera had a resolution of 2592x1944 pixels and exposure of 0.21~2000ms 

with an auto exposure feature. Each image taken was analyzed in FIJI (ImageJ) to calculate the 

average intensity value throughout the gel. The intensity values were obtained by converting the 

images to greyscale and then measuring the intensity of each pixel in the hydrogel area. The 

intensity was analyzed on a scale from 0 to 255 where 0 corresponds to black and 255 to white. 

For this experiment, a higher intensity corresponds to more CBB dye being present within the 

hydrogel. Then the average intensity values were plotted over the number of wash days (Figure 

3.7). The data was also statistically analyzed using Tukey’s method for significance between the 

data points.  
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There was a significant difference in the intensity and therefore the amount of CBB dye 

that was present in the hydrogels over multiple wash days. The only two points that were not 

statistically different from each other were the day 4 and day 6 washes. As a result, the wash days 

did affect the concentration of dye in the hydrogels where more wash days led to more dye lost 

due to diffusion. It appeared that the diffusion of dye from the hydrogel had an initial large burst 

and then plateaued on day 4 where the concentration of dye remained steady to day 6. If CBB dye 

provided an accurate representation of Vibrio anguillarum, with increased wash days, more Vibrio 

anguillarum diffused out of the gel. The data suggested that with more wash days, more bacterin 

will be lost from the hydrogel. As a result, it was important to find the least number of wash days 

that wouldn’t create adverse reactions in the fish through conducting a safety study. That way as 

   
Figure 3.7: Change in intensity of Coomassie Brilliant Blue dye over the number of wash days 

conducted.  
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much bacterin as possible is kept in the hydrogel before delivery into salmon. An Atlantic salmon 

safety trial was conducted where the treatments tested corresponded to different wash day amounts 

and the resulting reactions from the salmon were recorded and analyzed (refer to Chapter 6).  
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CHAPTER 4 

DRYING AND REHYDRATING PROPERTIES OF HYDROGELS 

 

4.1 Introduction 

After formulation, it was explored if the hydrogel could withstand the handling necessary 

to implant the hydrogel into the salmon. To decide what TEMPO CNF wt% hydrogel would be 

best suited for implantation in the fish, 1.1 wt%, 1.3 wt%, 1.5 wt%, and 1.7 wt% TEMPO CNF 

and bacterin hydrogels were handled until breakage. Both 1.1 wt% and 1.3 wt% were not able to 

withstand the handling necessary for implantation before breaking apart. The 1.5 wt% and 1.7 wt% 

hydrogels appeared to be able to withstand enough handling for implantation with 1.7 wt% being 

able to withstand more force than 1.5 wt%. The 1.7 wt% TEMPO CNF and bacterin hydrogel was 

chosen as the hydrogel formulation to use due to the ability of the hydrogel to withstand more 

force. It is likely that the hydrogel will require moderate handling for implantation since the 

mucous layer on the fish will make it difficult to get the hydrogel into the incision. Therefore, the 

hydrogel TEMPO CNF weight percentage which was used for all formulated hydrogels throughout 

the rest of the thesis was 1.7 wt% unless otherwise noted. 

  Once the 1.7 wt% TEMPO CNF hydrogel formulation was decided for the aquaculture 

vaccine hydrogel, it was test implanted into five parr Atlantic salmon. The hydrogels were formed 

in citric acid, washed for 5 days in DI water, then washed for 1 day in PBS before implantation. 

An incision was made on the peritoneum of the fish and the hydrogel was pushed through the 

incision into the peritoneum cavity. Most of the hydrogels broke while trying to implant them into 

the salmon. However, it appeared that two of the hydrogels ended up being able to be implanted 

intact into the peritoneum cavity. Two days later, the salmon were euthanized and sampled to see 
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if the hydrogels remained in the peritoneum cavity. No remnants of the hydrogels were found in 

any of the salmon. This result could be due to the hydrogel falling out of the incision or because 

the hydrogel broke apart during the implantation process. Additionally, the incisions did not appear 

to heal properly over the two days. It was concluded that the hydrogels were not strong enough to 

be successfully implanted into the fish and that the incision needed to implant the hydrogels was 

too large. Therefore, a method of strengthening and shrinking the hydrogels needed to be 

developed. 

4.2 Methods 

4.2.2 Drying Methods 

The drying methods and analysis were performed on 1.7 wt% TEMPO CNF only 

hydrogels. This was done because TEMPO CNF only hydrogels were easy to formulate and store 

for long periods of time in large quantities. The bacterin and TEMPO CNF hydrogels sometimes 

promoted bacterial or fungal growth over time due to the trypticase soy broth still present in the 

hydrogel. Additionally, it can be assumed that any changes which occurred in TEMPO CNF only 

hydrogels through experimentation would reflect as the same changes in the bacterin and TEMPO 

CNF hydrogels. For example, finding a drying method that was able to shrink and strengthen 

TEMPO CNF only hydrogels would also be able to shrink and strengthen the bacterin and TEMPO 

CNF hydrogels. The 1.7 wt% TEMPO CNF hydrogels were prepared by diluting the TEMPO CNF 

by half (to 0.55 wt%) using DI water, then vacuum filtering to 1.7% wt%. The DI water was added 

in the same proportions as bacterin to the TEMPO CNF to mimic the formulation of the bacterin 

and TEMPO CNF hydrogels. The 1.7 wt% TEMPO CNF was formed into hydrogels in citric acid 

and washed as normal.  
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Three different methods of drying the formed hydrogels were explored in this thesis; air 

drying, controlled drying with a dehydrator, and freeze drying. The hydrogels were air dried on a 

raised netted silicone dehydrator sheet placed on a lab benchtop in ambient room conditions. The 

controlled drying using a dehydrator was performed by putting the hydrogels on a netted silicone 

dehydrator sheet in a laminar flow dehydrator with adjustable temperature. Since the dehydrator 

had a laminar flow of heat, the tray of hydrogels was rotated 180° between measurements to 

promote even drying of all the hydrogels. The hydrogels were freeze dried by placing them in a 

freeze dryer that slowly decreased the temperature of the chamber until the hydrogels froze. Once 

the hydrogels were frozen, the pressure in the chamber was increased to sublime the water in the 

hydrogel. Air drying was combined with freeze drying by partially air drying the hydrogels before 

freeze drying.  

4.2.2 Methods of Analysis 

The air dried and dehydrated hydrogels were measured for changes in weight and volume 

during the drying process and when they were rehydrated. The hydrogels were rehydrated in PBS 

solutions. PBS was chosen because the hydrogels would be rehydrated in it before implantation 

into the salmon to help regulate their pH. The hydrogel weights were obtained by weighing each 

individual hydrogel on a scale. The volumes of the hydrogels were obtained by dropping a group 

of hydrogels into a small graduated cylinder filled with silicon oil (volume displacement 

measurement). The volume of the silicon oil was recorded before and after the hydrogels were 

fully submersed. The overall volume change was divided by the number of hydrogels in the silicon 

oil to obtain an average volume measurement of the hydrogel group. The freeze-dried hydrogels 

were measured for initial weight, weight after air drying, and weight after they were freeze dried.  
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SEM images were taken of fully wet, freeze dried, and dehydrated hydrogels to compare 

pore sizes. The SEM images were taken on an AMRAY 1820 scanning electron microscope. All 

the hydrogels were flash frozen in liquid nitrogen and dried if they were not already freeze dried. 

Flash freezing and then drying is different from the freeze-drying process because it reduces ice 

templating and the formation of artifacts.81 Ice templating and artifacts are formed when hydrogels 

are frozen slowly which allows the water to expand and modify the hydrogel matrix. When 

hydrogels are flash frozen, the water doesn’t modify the hydrogel matrix to the same extent, 

creating a dried hydrogel with similar initial morphology. The imaged hydrogels were broken in 

half in liquid nitrogen and placed upright to image the cylindrical cross-section of the hydrogel. 

The hydrogels were sputter coated with about 6nm of gold/palladium using a Denton DV-502 

Rotary Evaporator and imaged at magnitudes of 25x, 100x, 250x, and 1500x. The pore sizes of the 

different hydrogels were measured and compared using the SEM images. 

The mechanical properties of the hydrogels at different drying points were analyzed by 

measuring the compression modulus and strength of the hydrogels. The compression modulus and 

strength were obtained from a compressive stress vs. strain curve that was measured on a 

Discovery 850 DMA by TA Instruments. The compression modulus was analyzed from the stress-

strain curve by finding the slope of the curve from 10% to 40% strain.61,82 The compression 

strength was analyzed by finding the max stress value on the curve. The hydrogels were prepared 

as usual except for being formed using a cut-off 3 mL syringe instead of a cut-off 1 mL syringe to 

be large enough in size to test their mechanical properties. When the hydrogels formed using a cut-

off 1 mL syringe, the compression DMA would crush the hydrogel sample before taking any 

measurements due to its small size. The 3 mL formed hydrogels were dried using the dehydrator 

to specific weight percentages (20%, 40%, 60% and 100% hydrated hydrogels) to match certain 
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points on the drying curve (Figure 4.1). This allowed the analyzed mechanical properties of the 3 

mL hydrogels to directly correlate to mechanical properties of the 1 mL hydrogels.  

Lastly, the long-term breakdown of the hydrogels was analyzed by staining the 1.7 wt% 

TEMPO CNF only hydrogels with calcofluor white. Calcofluor white is a fluorescent dye stain 

which fluoresces a blue color when exposed to UV light. These hydrogels were formed through a 

1:1 ratio of TEMPO CNF and 100 µM calcofluor white and prepared as normal. The hydrogels 

were dried in a dehydrator at 46°C for 30 minutes and then left to sit in PBS for eight weeks. After 

eight weeks, the calcofluor white hydrogels were imaged under a fixed camera setup with UV light 

(combined wavelengths of 254 nm and 365 nm) along with a calcofluor white hydrogel that was 

not rehydrated in PBS. The camera had a resolution of 2592x1944 pixels and exposure of 

0.21~2000ms with an auto exposure feature. The edges of the hydrogels were outlined in ImageJ 

by using an edge finder process on separated color channels. 

4.3 Results and Discussion 

4.3.1 Mass and Volume of Dried Hydrogels Using Different Methods 

The weight and volume of the hydrogels were measured as the hydrogels dried. 20°C 

represents the air-dried hydrogels which were dried on the lab benchtop because it was the average 

temperature of the room. The 29.5°C, 35°C, 40.5°C, 46°C, 51.7°C, 57°C, and 63°C temperatures 

represent the temperature that the dehydrator was set to. These temperatures were monitored by 

putting a thermometer inside of the dehydrator. The data in Figure 4.1 was graphed as the percent 

of initial hydrogel mass over the amount of time dried. Drying using the dehydrator decreased the 

percent mass of the hydrogels to a greater extent over shorter drying times than air-drying the 

hydrogels. Additionally, increasing the temperature in the dehydrator also caused an increase in 
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drying rate. However, changing the temperature of the dehydrator did not change the drying rate 

as much as switching from air-drying to using the dehydrator.  

 The volume of the hydrogels was measured in mL and then converted to cm3 using an 

average volume displacement method. The error bars on the graph were calculated by dividing the 

smallest amount of volume change that can be measured by the number of samples that were 

measured. The volume of the hydrogels were omitted from the graph when the volume 

displacement became too small to be accurately measured. The same trends from Figure 4.1 can 

be seen in the volume changes recorded in Figure 4.2. The hydrogel volume was only measured 

for the first four different temperatures because it showed that the volume while drying followed 

the mass drying curve. Additionally, by recording the volume change over four temperatures, it 

   
Figure 4.1: Changes in percent of initial hydrogel mass over time dried at different drying 

temperatures.   

 

 

 

 



 

10 
 

provides enough data to be able to reliably relate a hydrogel’s mass to its volume. This relation 

was important when deciding which hydrogels were the optimal size for implantation. The volume 

measurements could be improved on by measuring more samples at a time for more accurate 

values, especially when the hydrogels reached smaller sizes. The measurements could also be 

improved by using a volume displacement container or other volume measuring technique that 

allows for more precision. 

The hydrogel mass drying data was also analyzed for hydrogel drying rates (Figure 4.3). 

The drying rates were calculated by finding the slope of the linear portion of a mass over time 

graph. 20°C corresponds to the hydrogels which were air dried. The drying rates were statistically 

analyzed using Tukey’s method for significance between the different temperatures. Increasing 

the temperature from 20°C to 29.5°C to 35°C showed a highly significant increase in drying rate 

   
Figure 4.2: Changes in hydrogel volume over time dried at different drying temperatures.  
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of the hydrogels. Changing the temperature from 35°C to 46°C or 51.7°C to 63°C showed no 

significant increase in the drying rate even though the rate had a slight uptick for 46°C. However, 

changing the temperature from 46°C to 51.7°C showed a significant increase in drying rate. 

 The use of a dehydrator to dry hydrogels significantly increases the drying rate. Therefore, 

the use of a dehydrator will lead to shorter preparation time for the aquaculture vaccine hydrogel. 

Additionally, the temperature of the dehydrator affects the drying rate of the hydrogel to some 

extent. To choose which temperature is best for drying the hydrogels, the bacterin needs to be 

considered. A balance must be found between drying the hydrogels at a fast rate but also not 

exposing the hydrogels to high temperatures which diminishes the antigen response of the bacterin. 

Therefore, the highest drying rate possible without diminishing antigen response would be 51.7°C 

because increasing the temperature beyond that point does not show a significant increase in the 

   
Figure 4.3: Comparison of hydrogel drying rates based on the drying temperature.  
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drying rate. Temperatures above 63°C were not explored in this research because they would be 

too close to the 80°C which is shown to decrease the bacterin’s antigen response. To further reduce 

the possibility of decreasing the bacterin's antigen response while still drying the hydrogels at an 

increased rate, a temperature of 35°C should be used.  

 Lastly the hydrogels were dried through freeze drying or a combination of air-drying with 

freeze drying. The weights of the hydrogels were measured initially, after air-drying, and after 

being freeze dried (Figure 4.4). Each color corresponds to the amount of time the hydrogel was 

air-dried before being freeze dried. Regardless of how long the hydrogels were air-dried, they all 

ended up with the same final mass. This was expected because freeze drying is a process that 

completely dries the hydrogel. However, the longer the hydrogels were air-dried before freeze 

drying, the smaller in size and more narrow the resulting hydrogel became. The freeze-dried 

hydrogels were easily able to be crumpled or crushed by tweezers. Additionally, when the freeze-

dried hydrogels were rehydrated, they appeared to become more delicate than before drying. The 

freeze-dried hydrogels also had spiderweb-like white lines staying present inside the hydrogel as 

it rehydrated. These spiderweb lines were likely due to the ice templating that occurred during 

freeze drying. The ice templating appeared to expand the pores of the hydrogel matrix where water 

was present, pushing neighboring TEMPO CNF fibers close enough to each other to form 

permanent hydrogen bonding (hornification). As a result, these hornified sections of the hydrogel 

wouldn’t rehydrate or separate with the introduction of water. The resulting properties of the 

freeze-dried hydrogels made the freeze-drying process a less attractive solution than the dehydrator 

for producing smaller and stronger hydrogels for implantation. 
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 Drying the hydrogels at 46°C was chosen for SEM imaging, measuring mechanical 

properties, the second safety trial, monitoring the breakdown of hydrogels over time, and an 

ELISA test of antigen response from the hydrogel. This temperature was used because it was in 

the middle of all of the temperatures. Also, it is close to the highest temperature that should be 

used to dry the hydrogels, to show if temperatures around this range would begin to reduce the 

antigen response of the bacterin. More information on how temperatures affect the properties of 

the hydrogel could be obtained by redoing the tests done on the hydrogels dried at 46°C for 

hydrogels dried at different temperatures. The reasons why freeze-dried hydrogels were not tested 

in most of the above tests were explained in sections 4.3.3 and 4.4. 

 

   
Figure 4.4: Changes in hydrogel mass after being air-dried and then freeze dried.  
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4.3.2 SEM Imaging of Different Drying Methods 

Three types of hydrogels were compared using SEM imaging. The first hydrogel was a 

fully wet hydrogel that was freeze-dried with a slow freezing process (designated as freeze-dried). 

The second hydrogel was a fully wet hydrogel that was flash frozen then dried using the freeze 

dryer (designated as fully wet). The third hydrogel was dried at 46°C for 30 minutes then flash 

frozen and dried using the freeze dryer (designated as dried). Drying the hydrogels at 46°C for 30 

minutes resulted in a hydrogel that had 40% its initial mass, which was roughly halfway dried. 

This extent of drying was chosen because it was the optimal size for implantation into the salmon 

(refer to section 4.4 for more details). 

 The SEM images of the three kinds of hydrogels were drastically different. The hydrogel 

with the smallest and most uniform pores was the dried hydrogel. This hydrogel also appeared to 

be the least porous because of the miniscule pore size. The dried hydrogel had pores that were 

about 12 µm in diameter when measured in ImageJ. Also, the largest hole seen in the dried 

hydrogel 250x magnification image was caused by over magnification of the microscope leading 

to some of the TEMPO CNF melting. The hydrogel with the mid-sized pores was the fully wet 

hydrogel. The 25x image of the fully wet hydrogel shows a large range of pore sizes which makes 

the hydrogel appear to be very porous. The smallest pores in the 25x magnification image were 

captured at 250x magnification (Figure 4.5e) and were about 50µm in diameter. The hydrogel with 

the largest and least number of pores was the freeze-dried hydrogel. The 25x magnification image 

of the freeze-dried hydrogel showed four extremely large pores, one or two medium sized pores, 

and a lot of flat non-porous surface. One of the large pores in the freeze-dried hydrogel was about 

300 µm in diameter, such as the pore shown in Figure 4.5f (located to the far left of the hydrogel 

on Figure 4.5c). 
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Figure 4.5: SEM images of dried, fully wet, and freeze-dried hydrogels. (a) and (d) is a dried 

hydrogel at 25x and 250x magnification. (b) and (e) is a fully wet hydrogel at 25x and 250x 

magnification. (c) and (f) is a freeze-dried hydrogel at 25x and 250x magnification. 
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The fully wet hydrogel had large pores in comparison to the 1-2 µm in length bacteria 

which the hydrogel was designed to deliver. The pores on the fully wet hydrogels were not uniform 

in size which likely would cause an uneven diffusion rate of bacterin. The dried hydrogel had much 

smaller and more uniform pore sizes. With an average pore size of about 12 µm in diameter, these 

pores were likely to entrap bacterin more efficiently, promoting a long and slow diffusion rate over 

the desired period of weeks to months. The increased organization of the pores was evident in the 

closely packed rows and layers of pores seen in the 250x SEM image (Figure 4.5d). A cartoon 

depiction of what likely happened to the hydrogel matrix during the drying process is shown in 

Figure 4.6. Based on the SEM images, it appeared that the TEMPO CNF fibers became more 

closely packed and formed layers and sheets of closely packed pores.  

The freeze-dried hydrogel had the largest pores of all three imaged hydrogels. The size of 

the pores would likely not efficiently entrap the bacterin into the hydrogel matrix. During 

rehydration, it is likely that the bacterin would mostly diffuse out of the hydrogel in a burst. 

Additionally, ice templating and artifacts are highly apparent in the freeze-dried hydrogel due to 

the increase in pore size and the hornified smooth and flat portions. The SEM images of the freeze-

dried hydrogel helps confirm the “spiderweb” phenomena which occurred when the freeze-dried 

  

 
Figure 4.6: Cartoon depiction of changes that occur in hydrogel matrix through drying.  
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hydrogels were rehydrated. As a result, properties of the freeze-dried hydrogels do not match the 

desired properties for the aquaculture vaccine hydrogel.  

4.3.3 Mechanical Properties of Dried Hydrogels 

The 1.7 wt% TEMPO CNF only hydrogels for mechanical compression testing were 

formed using a cut-off 3 mL syringe (refer to Figure 3.1 for syringe sizes). Hydrogels at four 

different stages of drying were tested to measure their compression strength and modulus. 

Compression strength is the maximum amount of stress that the hydrogel matrix can withstand 

overall (note this does not mean maximum amount before deformation). The compression modulus 

(or compressive Young’s modulus (E)) is a measure of the stiffness of the material or the ability 

of the material to withstand permanent changes in shape when compressed (Eq. 4.1). A hydrogel 

with high compression strength has a strong matrix while a hydrogel with a high compression 

modulus has greater stiffness or is better able to withstand permanent changes in shape when forces 

or loads are applied to it.  

𝐸𝐸 = 𝜎𝜎
𝜀𝜀

                                                                                                (4.1)  

E = Compression modulus 

σ = Compressive stress 

ε = Strain (compressed length/initial length) 
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 The four hydrogel drying stages tested were: fully wet, dried to 60% of the hydrogel’s 

initial mass, dried to 40% of the initial mass, and dried to 20% of the initial mass. Each drying 

stage had 8 duplicate samples (60% initial mass only obtained 7 data points since the DMA crushed 

one of the hydrogels without measuring). Each of the sample’s stress-strain curves can be seen in 

the appendix of the thesis. The average compression strength and modulus of each drying stage 

was calculated and plotted in Figure 4.7. The grey columns represent the compression strength, 

and the red columns represent the compression modulus. 100% hydrated represents the fully wet 

hydrogel and 60% hydrated the hydrogel dried to 60% its initial weight and so on. Both the 

compression strength and modulus values were also statistically analyzed using Tukey’s method 

for significance and are shown in Figure 4.8 and 4.9, respectively. 

   
Figure 4.7: Compression strength and modulus of hydrogels at different stages of drying.  
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 A positive trend can be seen both in the compression strength and modulus where the drier 

the hydrogel, the higher its compression strength and modulus values. The compression strength 

of the hydrogel significantly increases from fully wet hydrogels to hydrogels that were dried to 

40% their initial mass and from 40% their initial mass to 20% their initial mass. Therefore, drying 

the hydrogels increases the matrix’s overall strength which supports the structure seen in the dried 

hydrogel SEM images. A less porous and more compact matrix will generally have more strength 

than a more porous structure. The compression modulus significantly increases from fully wet to 

40% initial mass, 60% initial mass to 20% initial mass, and 40% initial mass to 20% initial mass. 

Therefore, drying the hydrogel increases its compression modulus, creating a stiffer hydrogel. 

Overall, the mechanical testing data demonstrates the drying the hydrogels using a dehydrator 

   
Figure 4.8: Compression strength statistical analysis.  
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creates stronger and stiffer hydrogels. Therefore, using a dehydrator is a viable option to create 

hydrogels that are able to withstand the implantation process. 

4.3.4 Mass and Volume of Rehydrated Hydrogels 

The rehydration properties of the hydrogels were explored in addition to the drying 

properties since the hydrogels were rehydrated in PBS before implantation into the salmon. Four 

temperatures were chosen to dry the hydrogels at (air-dried/20°C, 29.5°C, 46°C, and 63°C). These 

temperatures were chosen to represent the range of drying temperatures that were used in section 

4.3.1. For each temperature, five time points across the range of the drying curve that were roughly 

equidistant to each other were chosen as the amount of time to dry the hydrogels. It was 

hypothesized that the hydrogels would significantly increase in size when rehydrating and that the 

extent of drying affects the rehydration size of the hydrogels, not temperature. The masses of the 

   
Figure 4.9: Compression modulus statistical analysis.  
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hydrogels were measured over time as the hydrogels rehydrated and are plotted as percent of the 

initial hydrogel mass on Figure 4.10. The volume of the hydrogels was measured after they were 

left to rehydrate for 24 and 3024 hours and compared to the average volume of a fully wet hydrogel 

and corresponding dried average volume measured in section 4.3.1 (Table 4.1).  

 The same rehydration trends can be seen across hydrogels that were dried for different 

amounts of time or dried at different temperatures. The hydrogels showed a steep initial increase 

in weight when first put into PBS which gradually increased for six hours and then plateaus. The 

plateaued rehydration mass stayed steady over a long period of time (over 18 weeks). This plateau 

suggested that the hydrogels remain stable in the PBS over a long period of time. It also suggested 

   
Figure 4.10: Changes in % of initial hydrogel mass over time as the hydrogel rehydrates after 

being dried at different temperatures for different lengths of time.  
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that the hydrogel was not breaking apart over time or that the crosslinks in the hydrogel matrix 

were not degrading. Section 4.3.7 further explores how the structure of the hydrogel changes over 

extended periods of time. The initial increase in mass for the rehydrated hydrogels was further 

studied in an additional experiment where measurements were taken more frequently. This data 

can be found in the appendix.  

The measured volumes were compared for the air-dried and 29.5°C dried hydrogels which 

had previously obtained dried hydrogel volume data. The rehydrated hydrogel volume almost 

always increased from the dried hydrogel volume which suggested that the hydrogels do increase 

in size when they rehydrate. However, to make any conclusive statements about how the volume 

of the hydrogel changes from short term rehydration to long term rehydration, a more precise 

volume measuring method needs to be designed. 

Table 4.1: Volume Comparison of Hydrogels 

Drying 
Temperature 

Time Dried Initial volume 
(cm3) 

Dried volume 
(cm3) 

Volume 24 hrs 
rehydrating(cm3) 

Volume 3024 
hrs rehydrating 
(cm3) 

Air-dried(20°C) 1 hr 0.1 0.0833 0.1333 0.1667 
Air-dried(20°C) 2 hr 0.1 0.0833 0.1333 0.13 
Air-dried(20°C) 3 hr 0.1 0.0833 0.1125 0.13 
Air-dried(20°C) 4 hr 0.1 0.0667 0.0967 0.09 
Air-dried(20°C) 5 hr 0.1 0.05 0.04 0.05 
29.5°C 20 min 0.1 0.0667 0.1333 0.15 
29.5°C 60 min 0.1 0.0333 0.07 0.125 
29.5°C 100 min 0.1 0.0333 0.02 0.08 
29.5°C 140 min 0.1 0.01 0.016 0.02 

 

To evaluate the hypotheses made about rehydrating hydrogels, the initial dried weight was 

compared to the last measured weight of the rehydrated hydrogels (3024 hours) and statistically 

analyzed using Tukey’s method for significance. The data was organized to compare the change 

in % initial mass before and after rehydration for each temperature to evaluate if the hydrogels 
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significantly increased in size when they rehydrated (Figure 4.11). Regardless of the temperature 

or time the hydrogels were dried, they would significantly increase in weight when rehydrated. 

The positive trend in mass and the general trend of increasing volume suggested that the hydrogels 

increased from their dried size when rehydrated. Therefore, since the hydrogels were implanted 

into the salmon after being rehydrated in PBS, the change in hydrogel size due to rehydration had 

to be considered.   

   
Figure 4.11: Comparison of dried hydrogel mass % to final rehydrated hydrogel mass %. 
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 To test the second hypothesis, the data was organized so the hydrogels dried to a similar 

extent in different temperatures were compared for possible significance in their dried masses 

(graphs on the left of Figure 4.12). Then the final rehydration masses of those hydrogels were 

compared to see if the hydrogels with no significance in their dried masses continued to have no 

significance in their rehydrated masses (graphs on the right of Figure 4.12). Each graph on the left 

is directly related to the graph on the right. Overall, the hydrogels that had no significant 

differences in their dried masses also had no significant differences in their final rehydration mass. 

This suggests the fact that the amount that the hydrogel changes in size during rehydration is not 

dependent on temperature, only on the extent dried. In other words, hydrogels that are dried to the 

same initial mass % will rehydrate to the similar mass %’s regardless of the temperature used for 

drying. This hypothesis should be further tested by drying hydrogels to the exact same initial mass 

percent at different temperatures before rehydrating them. Conducting that experiment would 

produce more accuracy and precision in the measurements instead of comparing timepoints that 

appeared similar on the drying curve graph (Figure 4.1). If hydrogels rehydrate the same regardless 

of the temperature used to dry them, then that promotes the decision to use the lowest possible 

drying temperature that still has the desired drying rate, minimizing the risk of decreased antigen 

response from the bacterin. 
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Figure 4.12: Comparison of changes in hydrogel size based on the extent hydrogels are dried to 

at different temperatures. 
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4.3.5 Breakdown of Rehydrated Hydrogels over Time 

Over long time periods in PBS, the hydrogels appeared to expand and become “cloudy”. 

In a couple instances, the “cloud” of the hydrogel would connect to the “clouds” of surrounding 

hydrogels. The rehydration mass data was not able to explain this phenomenon. These “clouds” 

suggested that the hydrogel was breaking down over time from the surface inwards toward the 

core of the hydrogel. However, image analysis was not able be conducted on the rehydrated 

hydrogels due to their transparency. In order to confirm that the “cloud” was broken down hydrogel 

matrix, it would have to be proven that the “cloud” was made of TEMPO CNF and not growth of 

some contaminant. Therefore, a CNF stain needed to be used in order to reliably indicate the 

presence of TEMPO CNF fibers.  

 Calcofluor white was chosen as the TEMPO CNF stain due to the bright blue color it 

produced when placed under UV light and for its simple and easy staining procedure. One batch 

of hydrogels was placed in PBS for eight weeks while another was left in a sealed vial as a control. 

After eight weeks the hydrogels from both batches were imaged and analyzed in ImageJ. The cloud 

  

 
Figure 4.13: Fluorescent images of the hydrogel before and after 8 weeks for breakdown 

analysis 
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and hydrogel core were able to be selected separately through different color channels. The image 

selections obtained highly suggests that the formed “cloud” is TEMPO CNF, thereby supporting 

that the hydrogel breaks down over long periods of time in PBS.  

 Although hydrogel breakdown isn’t desirable initially because it would signify a premature 

burst release of bacterin, it is desirable after multiple months for a couple reasons. One reason is 

that breakdown of the hydrogel enables trapped bacterin at the core of the hydrogel to be released. 

Another reason is that if the hydrogel breaks down completely before the salmon reaches market 

size, it removes the risk of being found by a consumer or needing to add an additional step in the 

filleting process of having to find and remove the hydrogel. 

4.4 Most Optimized Delivery Method 

 Drying the hydrogels using a dehydrator was the best explored method to use for this 

application. This method is highly tunable, scalable, and able to dry the hydrogels quicker than 

air-drying or freeze-drying (which took about 12-24 hours). Lastly, drying the hydrogels using a 

dehydrator is more inexpensive than freeze-drying at an industrial scale. The collected data proved 

that drying the hydrogels with a dehydrator created smaller, stronger, and stiffer hydrogels. For 

data on how drying with a dehydrator affects antigen response refer to section 5.3.1. 

 After exploring the properties of dried and rehydrated hydrogels, the best way to deliver 

the hydrogels was explored. There were two salmon safety studies which were conducted for the 

hydrogel formulation explored in this thesis (refer to Chapter 6 for details). The delivery method 

of the hydrogels was different for the two safety studies. The delivery method of the hydrogels for 

the first safety study was pushing the hydrogel into an incision that was slightly larger than the 

length of the hydrogels. The hydrogels were dried at 35°C for 3.5 hours and rehydrated in PBS 
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before implantation into the salmon. Although the hydrogels were able to be implanted into the 

fish, most of them did not appear to remain in the fish (see chapter 6 for more information). 

 Due to the results from the first safety study, it was determined that the delivery method 

needed to be improved. Instead of making an incision about the length of the hydrogel, it would 

be better to make an incision the width of the hydrogel’s diameter. Since it would be extremely 

difficult to implant the hydrogels into an incision of that size by hand, it was decided that the 

hydrogel would need to be delivered by a needle. Needles up to gauge 6 in size are used for 

applications such as pit-tagging in aquaculture. The needle had to be large enough to hold a 

somewhat dried hydrogel but also small enough to be reasonable to use on the parr salmon. The 

needle size that was agreed upon was an 8-gauge needle because it was able to load dried hydrogels 

while being small enough for the salmon to easily to heal from. An 8-gauge needle was able to fit 

hydrogels that were about 40% their initial mass (~0.05 cm3) or smaller. The device designed for 

the delivery of hydrogels for the second safety study consisted of a syringe with a plunger that was 

the same diameter as the 8-gauge needle so the hydrogel could be pushed out of the 8-gauge needle 

into the salmon’s peritoneum cavity. The hydrogel treatments were delivered into the fish by 

making an incision just big enough to fit the 8-gauge needle and using the needle to implant the 

gels into the peritoneum cavity. More information on the effectiveness of this delivery method can 

be found in chapter 6. 
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CHAPTER 5 

CHARACTERIZING DIFFUSION OF BACTERIN OUT OF HYDROGELS 

 

5.1 Introduction 

In order to fully explore and characterize the aquaculture vaccine hydrogels, the hydrogel 

formulation needed to be designed (chapter 3), the delivery method of the hydrogel needed to be 

developed (chapter 4), the diffusion of target drug from the hydrogel needed to be measured, and 

the salmon’s reactions to the developed hydrogel needed to be analyzed (chapter 6). This chapter 

explores the methods of analyzing the diffusion of bacterin (specifically the inactivated Vibrio 

anguillarum) from the hydrogel matrix. 

5.2 Methods 

5.2.1 ELISA Method 

ELISAs were performed by Sarah Turner at the University of Maine Cooperative 

Extension Diagnostic and Research Laboratory. ELISAs were performed on isolated bacterin from 

the hydrogels and bacterin that diffused out of the hydrogel over time. A bacterin positive control 

and dehydrated TEMPO CNF only hydrogel negative control was compared to fully wet and 

dehydrated TEMPO CNF and bacterin 1:1 ratio hydrogels. All the hydrogels were prepared as 

normal. The dehydrated hydrogels were dried at 46°C for 30 minutes. Bacterin in a concentration 

of 1*108 CFU was used as the positive control. The bacterin was isolated from the hydrogels by 

putting a hydrogel with 200 µL of PBS. The hydrogels were mashed and vortexed to separate the 

bacterin from the TEMPO CNF matrix. The isolated bacterin was plated onto a 96 well ELISA 

plate and analyzed using an indirect ELISA. For the ELISA of diffused bacterin, the hydrogels 
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were isolated in PBS and after 0-, 100-, 300-, and 600-degree days, the PBS was used in an indirect 

ELISA to measure antigen response. The antigen response of the hydrogels was compared to a 

bacterin positive control and dehydrated TEMPO CNF only hydrogel negative control. 

5.2.2 Coomassie Brilliant Blue Diffusion Method 

To further analyze the diffusion rates of loaded drug from the hydrogel, a diffusion model 

study was designed. The bacterin was modeled using Coomassie Brilliant Blue (CBB) dye because 

the anionic dye would mimic the negatively charged inactivated Vibrio anguillarum. The 

hydrogels were prepared by adding a 1:1 ratio of 1.1 wt% TEMPO CNF to 1mM CBB dye. The 

hydrogels were vacuum filtered to a 1.7 wt% TEMPO CNF, formed, and washed as normal. The 

hydrogels were dried at the same temperatures and times as the rehydrating experiments. The dried 

hydrogels (or one group of fully wet hydrogels) would be separated individually into cuvettes with 

1.5 mL of PBS. A spectrometer was used to measure the intensity of the PBS just above the 

hydrogel. The intensity of the hydrogel PBS was taken over time along with the intensity of a non-

dyed hydrogel in PBS, and a 0.0125mM CBB dye sample. LabVIEW programs were created to 

smooth the spectrometer signals and calculate the absorbance based on the non-dyed hydrogel 

spectra. The absorbance values plotted were calculated as the area under the curve from 

wavelengths 500 to 750 nm. 

5.2.3 Fluorescent in vivo Study Methods 

The last measurement of diffusion performed was an in vivo experiment where TEMPO 

CNF was fluorescently labeled with FITC and the Vibrio anguillarum with BactoView Live Red 

stain from Biotium. The BactoView Red stains the bacterial cell’s DNA so it works to stain both 

live or dead cells. The inactivated Vibrio anguillarum was stained by mixing the stain and bacterin 
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together in a ratio where the 500x stain stock solution was diluted to 2x (for this exact experiment 

it was 40 mL of bacterin to 160µL of stain). The stain sat for 30 minutes in the dark and then was 

centrifuged at 3500 RCF for 15 minutes to isolate the bacteria. The supernatant was pipetted off 

and the bacterial cells were resuspended in 40 mL of PBS.  

The TEMPO CNF was labeled with FITC using an established labeling procedure.1–3 50 

g of 1.1 wt% TEMPO CNF was mixed with 280 µL of epichlorohydrin and 50 mL of 1M NaOH 

(to make the mixture basic). The mixture was stirred using a stir plate for two hours. After two 

hours, the mixture was rinsed with acetone and vacuum filtered three times to remove unreacted 

epichlorohydrin. Then the TEMPO CNF was rehydrated with about 40 mL DI water and mixed 

with 3.2 mL of ammonium hydroxide and left to stir for two hours. After two hours, the mixture 

was rinsed with acetone and vacuum filtered three times to remove unreacted ammonium 

hydroxide. Then about 18 mL of 3.6mM FITC was mixed into the solution and allowed to stir for 

24 hours in the dark. After 24 hours, the mixture was rinsed with acetone and vacuum filtered until 

the filtrate no longer appeared yellowish-green in color to remove unreacted FITC. The FITC 

labeled TEMPO CNF was then rehydrated in 40 mL of DI water. Some loss of TEMPO CNF was 

expected to occur during the labeling procedure so it was assumed that adding 40 mL of DI water 

would create about 1.1 wt% TEMPO CNF. 

The fluorescent hydrogels were prepared by mixing the 40 mL of FITC labeled TEMPO 

CNF to 36.5 mL of stained Vibrio anguillarum and stirring the mixture for 24 hours in the dark 

(3.5 mL of the stained Vibrio anguillarum was saved as second testing group). The mixture was 

vacuum filtered and formed as normal in the dark. All wash steps and storage were done in the 

dark to prevent the fluorescence from photobleaching. The hydrogels were washed for four days 

and then implanted into the salmon using the same delivery method as the second safety study (see 
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section 6.2.2 for more details). In this study, 32 salmon were injected with fluorescent hydrogels 

and 25 salmon were injected with about 0.1 mL of fluorescently stained Vibrio anguillarum in 

PBS. All preparation and care of the salmon was kept the same as described in section 6.2.2. The 

salmon were housed in a tank system that contained 500 liters of partial flow-through recirculating 

freshwater which was shared between four tanks that were 110 liters in size. The salmon were 

divided into the 4 tanks as evenly as possible with each treatment having a duplicate tank. 

The salmon were sampled at 0 hour, 12 hours, 24 hours, 48 hours, 72 hours, 100-degree 

days, and 300-degree days (the salmon will also be sampled at 600-degree days as an ongoing 

study). They were euthanized, dissected and imaged under a modifiable light source, fixed camera, 

and changeable filter setup. The camera had a resolution of 2048x1536 pixels and with an exposure 

time of 1ms to 0.3s with auto exposure. At least three pictures were taken of each sample: one 

using white light (white image), one using a filter set to image the BactoView Red stained Vibrio 

anguillarum fluorescence (red image), and one using a filter set to image the FITC labeled TEMPO 

CNF fluorescence (green image). The filter set to image BactoView Red consisted of a 550 ± 40 

nm bandpass excitation filter on a white light lamp source and a 660 nm longpass emission filter 

before the camera lens. The filter set for imaging FITC consisted of a 473 nm longpass and 500 

nm shortpass excitation filters on a white light lamp source and a 500 nm longpass and 500 

shortpass for the emission filters before the camera lens. Images for the hydrogel treatments were 

taken of the hydrogel found in the salmon. Images for the Vibrio anguillarum only treatments were 

of locations that red fluorescence was detected on the camera or of the injection site area. 

All the images were analyzed in ImageJ to enhance the contrast and decrease the noise of 

the red and green images. Then the red and green images were overlayed on the white images to 

show the location of the fluorescence. The locations of fluorescence were marked down for the 
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hydrogels and for the stained Vibrio anguillarum. Additionally, the raw hydrogel red and green 

images were analyzed for average intensities by finding the area of the smallest hydrogel and using 

that same area on all of the other hydrogel samples. The intensity of the stained Vibrio anguillarum 

samples were not analyzed because the signals of fluorescence which were found ranged from 

faint spots of red to streaks of bright red. Additionally, each salmon sample had muscle tissue 

around the injection site, liver, spleen, and kidney imprints done on glass microscope slides. These 

slides will be analyzed in a future study for the presence of fluorescent Vibrio anguillarum. 

5.3 Results and Discussion 

5.3.1 ELISA of Bacterin in the Hydrogels 

The antibody response percentage was based off the bacterin positive control being 

considered having 100% antibody response. The isolated bacterin ELISA data was statistically 

analyzed using a one-way ANOVA. The antibody response of the bacterin isolated from the 

hydrogels showed both the fully wet and dehydrated hydrogels having a significantly lower 

antibody response than the positive bacterin control (P=0.02). This significance suggests that the 

hydrogel does not contain the correct dosage of bacterin for vaccination or that not all of the 

bacterin was able to be isolated from the hydrogel. The ELISA also showed that the antibody 

response from the dehydrated hydrogel had no significant difference from the antibody response 

from the fully wet hydrogel. The lack of significance suggests that the use of the dehydrator at 

46°C doesn’t reduce the antibody response of the bacterin in the hydrogel. This result helps support 

the use of a dehydrator as the drying method to strengthen and shrink the hydrogels before 

implantation.  
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 The antigen response from the dehydrated hydrogels was further analyzed by measuring 

the antibody response of the PBS surrounding the hydrogel over time. The time elapsed was 

measured in degree days which is a unit of measurement commonly used in aquaculture. Degree 

days are a summation of the difference in temperature of the ambient air from the temperature of 

the water. The antibody response percentage was based off the bacterin positive control being 

considered having 100% antibody response. The antibody response can be seen increasing from 

time 0 to 300-degree days. Then the antibody response appeared to plateau from the 300-degree 

day measurement to the 600-degree day measurement. This trend suggested that the bacterin 

diffuses out of the hydrogel until sometime between 100-degree days and 300-degree days. The 

plateau in the antibody response between 300- and 600-degree days showed that no significant 

   
Figure 5.1: Antibody response percentage of the bacterin isolated from the hydrogels. 
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amount of bacterin diffused out of the hydrogel after the 300-degree day timepoint. Figure 5.2 also 

showed the antibody response of bacterin that diffused out of some of the hydrogels at the 300- 

and 600-degree day measurements to be greater than the bacterin positive control. This measured 

antibody response was unexpected since Figure 5.1 showed the hydrogel’s antibody response 

being lower than the bacterin positive control. However, this data proved that the lower antibody 

response from the isolated bacterin in the first ELISA was because not all the bacterin was isolated 

from the hydrogel. 

5.3.2 Diffusion of Coomassie Brilliant Blue from Rehydrated Hydrogels 

It was hypothesized that taking measurements of dye-loaded hydrogels would create a 

reliable diffusion model that would be comparable to the obtained ELISA data. This type of model 

could be measured more frequently and inexpensively than the ELISA tests, allowing for diffusion 

   
Figure 5.2: Antibody response percentage of the bacterin diffused from the hydrogels. 
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rate calculations. The samples were measured hourly, daily, and then weekly for changes in 

intensity which would correspond to CBB dye diffusing out of the hydrogel. Consideration needed 

to be taken to understand that CBB dye might not be the best model of the bacterin to use to 

measure accurate diffusion rate since the dye is much smaller in size than the bacterin and has a 

different shape.83–85 Therefore, any calculated diffusion rates of CBB dye cannot be assumed to be 

the same as the diffusion rate of bacterin. Instead, the changes in diffusion rates of CBB from 

different dried hydrogels could be compared to note whether drying the hydrogels affects its 

diffusive properties. It can be assumed that any changes in diffusion rates of CBB that occurred 

by drying the hydrogels would translate to changes in the diffusion rates of bacterin from similarly 

dried hydrogels. 

 The changes in absorbance over time of hydrogels which were dried at different 

temperatures for different amounts of time was plotted in Figure 5.3. A greater absorbance value 

corresponded to a greater concentration of CBB dye. Although a general increasing trend in 

absorbance can be seen in most of the graphs, there is a lot of noise in the measurements leading 

to there being no significance between the plotted points. Even the measurements taken of the 

constant known concentration of CBB dye was noisy. Therefore, accurate diffusion rates cannot 

be calculated from the obtained data. The results only suggest that there appears to be dye diffusing 

out from the hydrogel over time which agrees with the findings found from the ELISA testing.  

 Although diffusion rates were unable to be calculated from the gathered data, the presence 

of general increasing trends supports that this method of measurement could be used to measure 

diffusion rates with some improvements. The amount of noise seen in the measured absorbances 

could be improved upon for future testing in a multitude of ways. A more precise spectrometer 

could be used for testing. Additionally, more hydrogels could be added to the cuvette to increase 
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the hydrogel to PBS ratio and therefore provide more available sources of dye to diffuse out into 

the PBS. The plotted data can also be smoothed by scaling the absorbance based on the CBB dye 

control (maybe as difference of measured PBS absorbance from CBB dye control absorbance). 

Smoothing the data in this way will more clearly show if the absorbance of the PBS is getting 

closer in value to the dye control, regardless of the noise (seen by the dips and bumps of the dye 

control measurements which should be steady).  

Also, it was noticed that some of the hydrogels would float in the cuvette instead of sinking 

which would cause absorbance values greater than that of the control dye to occur. The samples 

with floating hydrogels were therefore omitted from the plotted data. In future testing, more 

   
Figure 5.3: Changes in absorbance due to presence of CBB dye over time. 
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hydrogels could be added with more PBS (for example four hydrogels with 3 mL of PBS) so there 

would be a gap between the floating and sinking hydrogels that wouldn’t have obstructions. This 

clear gap right in the middle of the cuvette could be the measurement point while still increasing 

the hydrogel to PBS ratio. Additionally, when measuring the samples at 336 and 504 hours, it was 

noticed that enough PBS evaporated out of the cuvette (although it was covered in parafilm) to the 

point that the level was below where the spectrometer measured. This led to more samples being 

omitted from the plot and increasing the error of the measured samples. In future testing, cuvette 

caps could be used to close the cuvettes properly and reduce the chance of evaporation over long 

periods of time. Lastly, some of the cuvettes used ended up leaking and those samples were also 

omitted from the plot. This could be improved by putting the PBS into the cuvettes and waiting a 

couple hours to see if the cuvette leaks before adding the hydrogel. 

5.3.3 Fluorescent in vivo Study 

The goal of the fluorescent in vivo study was to locate where the bacterin travels after being 

injected or how it diffuses out of the hydrogel. It was also desired to be able to see if the hydrogel 

breaks down over time when in the salmon. The fluorescence from the stained Vibrio anguillarum 

was relatively easy to find and image. However, the fluorescence from the FITC labeled TEMPO 

CNF appeared to mostly disappear after the hydrogel was formed in citric acid, making it difficult 

to detect on camera. Oddly enough, more fluorescence from the FITC was seen in some of the 

hydrogels at the longer timepoints. Theories on why the FITC fluorescence produced weak signals 

which was likely due to the fluorescence labelling process can be found in section 5.3.3.1. As a 

result of the lack of FITC, the focus of analysis was on the red images and the locations within the 

fish where red fluorescence was found. 
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 Figure 5.4 shows the intensity of red and green fluorescence of the hydrogels over time. 

The data was statistically analyzed for significance using Tukey’s method. The graph showed the 

intensity of green fluorescence as being relatively small and having large error bars. Significance 

of the green fluorescence intensity over time was only found between the last time point (300-

degree days) and the first two timepoints. The red fluorescence intensity of the hydrogels stayed 

the same for the 0- and 12-hour measurements and then increased at the 24-hour measurement. 

After 24 hours, the red fluorescence intensity steadily decreased over time, leading to a plateau 

from 100- to 300-degree days. There was a significant decrease in red fluorescence seen from the 

24-hour measurement to the 100- and 300-degree day measurements. The red fluorescence 

   
Figure 5.4: Green and red fluorescence intensities of the hydrogels over time in the salmon. 
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intensity data suggested that the diffusion of bacterin out of the hydrogels would slow down and 

head towards a plateau over time.  

Although there was measured significance, the analysis method to measure the intensity 

had a degree of bias to it that could be reflected in the data. Since the hydrogels were not the same 

size, imaged in the exact same position, or the same hydrogel being imaged, each of the images 

were different from each other and therefore could not be analyzed with the exact same method. 

The measured intensities were an average of an elliptical area which covered most of the smallest 

hydrogel. This same sized area was used to measure a portion of all the other hydrogels. Since the 

location of each hydrogel to measure was chosen by hand, there was bias based on which portion 

of the hydrogel was chosen. Additionally, the hydrogels were imaged directly in the fish, meaning 

that some of the hydrogels could have had some bodily fluids or debris that was on the hydrogel, 

thereby blocking some of the fluorescence signal. The possibility of bodily fluid or debris affecting 

the measurements was further supported by the fact that the most of the 300-degree day hydrogels 

needed to be removed from cysts in order to image them. Bodily fluid such as blood coating the 

hydrogel could be the reason why the 0- and 12-hour measurements had smaller intensities than 

the 24 hour measurement. When the 0- and 12-hour salmon were dissected, blood was found within 

the peritoneum cavity where the hydrogel was located. Debris from the internal organs could have 

gotten onto the hydrogels in the later timepoint measurements as well. The majority of times, the 

hydrogel was found in between the liver and pyloric caeca and had to be tweezed out for imaging. 

Tweezing out the hydrogel could also have led to breakdown and loss of some of the hydrogel 

either left behind in the place it was tweezed from or left on the tweezers used to handle the 

hydrogel.  



 

41 
 

 

   
Figure 5.5: Hydrogel red and green fluorescence intensities analyzed for statistical 

significance. 
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 Figures 5.6 and 5.7 show merged red, green, and white images of the most commonly 

found locations of hydrogels and injected bacterin over time. The greenish or reddish tints on the 

whole image are due to the linear noise present in the camera which was used. Overall, the 

hydrogels were almost always found embedded in between the liver and pyloric caeca of the 

salmon regardless of the time point. At later timepoints the hydrogels would have to be tweezed 

out and removed from cysts that started to form between the liver and pyloric caeca and connect 

to the muscle. One cyst formed on the muscle of the salmon near the incision site which the 

hydrogel had to be tweezed out from for imaging. The location of the hydrogels was most likely 

due to their method of delivery. It was likely that when the needle was pushed through the incision, 

    

 
Figure 5.6: Merged red, green, and white images of hydrogels over time. A) 0 hours, B) 12 

hours, C) 24 hours, D) 48 hours, E) 72 hours, F) 100-degree day, G) 300-degree day. 
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the tip of it was located between the liver and pyloric caeca. To reduce chances of embedding the 

hydrogel into this location in the future, the incision could be placed further back on the salmon’s 

peritoneum to allow more room for the needle. 

Unlike the hydrogels, the location of the bacterin changed over time. However, the 

presence of red fluorescence does not always mean that bacterin was present. While imaging, it 

was noticed that the salmon feed would appear to also fluoresce red along with the scales of the 

salmon reflecting light to appear as red fluorescence. These instances were identified and not 

imaged as much as possible while sampling. In the beginning, the bacterin was found near the 

 

 
Figure 5.7: Merged red, green, and white images of injected bacterin over time. A) 0 hours, B) 

12 hours, C) 24 hours, D) 48 hours, E) 72 hours, F) 100-degree day, G) 300-degree day. 
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injection site on the muscle (or paper towel the salmon was dissected on, likely due to the bacterin 

pooling out after the salmon was dissected). Over time, red fluorescence signals would be found 

mostly on the pyloric caeca or muscle. Additionally, after 12 hours, no fluorescence signal was 

detected around the injection site. Sometimes red fluorescence signals would be found on the swim 

bladder or near the intestines. By the 100-degree day measurement, red fluorescent signals were 

found in less locations in the same salmon (either 1 location or 0). The fact that a lot of red 

fluorescence signals showed up around the pyloric caeca suggested that this organ had a role in 

the salmon’s immune response or that the bacterin was somehow attracted to this organ. For future 

in vivo fluorescence testing, it would be interesting to image salmon that had no bacterin injected 

in them. If red fluorescent signals popped up in the salmon without bacterin, then it could help 

deduce whether the signals found from the injected bacterin samples were likely the presence of 

bacterin or not. 

5.3.3.1 Fluorescence Signal Limitations 

FITC labels TEMPO CNF and other forms of CNF by forming covalent bonds to the fibers. 

Figure 5.8 shows the chemistry that occurs during the FITC labeling procedure. Therefore, it was 

surprising when FITC was not easily detected in the hydrogels. However, there are multiple 

reasons why the FITC fluorescence signals were weak in the hydrogels. More experimentation 

   
Figure 5.8: Chemistry of the procedure to label CNF with FITC. Retrieved from reference 

(83).  
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would have to be conducted to confirm which reasons led to the diminished FITC signals in this 

experiment and how to avoid weak FITC signals in the future experiments with hydrogels. 

Research article searches for labeling TEMPO CNF with FITC or labeling CNF hydrogels with 

FITC came up empty. However, recent work by Emilia Purington suggest that FITC fluorescence 

signals decrease when the CNF was exposed to lower pHs.86 The hydrogels were formed in citric 

acid which created hydrogels with a low pH, possibly explaining the diminished FITC 

fluorescence. Another possible explanation for the limited signal could be due to steric hinderance. 

Although some loss of TEMPO CNF due to the FITC was assumed and attempted to be accounted 

for, the resulting hydrogels seemed less stiff than usual 1.7 wt% TEMPO CNF hydrogels. That 

could either mean that more TEMPO CNF was lost than was assumed or that steric hinderance 

from the bound FITC prevented crosslinking from occurring. FITC is a large chemical group that 

hangs off TEMPO CNF monomers on the fiber when properly covalently bonded. FITC’s large 

size could’ve made it difficult for neighboring TEMPO CNF fibers to get close enough together 

to form the hydrogen bonds necessary for crosslinking. As a result, the TEMPO CNF fibers that 

were FITC labeled weren’t able to be crosslinked into the hydrogel matrix. This would’ve led to 

less TEMPO CNF making up the hydrogel matrices and the hydrogels losing their fluorescence. 

Steric hinderance was likely because the citric acid that the hydrogels were formed in glowed green 

when excited by the FITC excitation filter set.  

As a result of the lack of FITC fluorescence in this in vivo study, any future studies would 

have to change the fluorescence staining protocol of TEMPO CNF. Calcofluor white seemed to be 

a better stain for the cellulose hydrogels in this application than FITC and should probably be used 

for future TEMPO CNF hydrogel fluorescence staining. The other option is that the FITC labeling 

procedure should be further analyzed to see how FITC labels TEMPO CNF differently than 
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“vanilla” plain CNF. It should also be researched if FITC causes steric hinderance that discourages 

physical crosslinking. 
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CHAPTER 6 

EFFECT OF CITRIC ACID CROSSLINKED HYDROGEL VACCINES ON SALMON 

 

6.1 Introduction 

All the performed experiments and gathered data in this chapter was done in collaboration 

with Sarah Turner and Deborah Bouchard at the University of Maine Cooperative Extension 

Diagnostic and Research Laboratory. After designing the aquaculture vaccine formulation and 

improving upon its mechanical properties and delivery method, the effectiveness of the developed 

delivery methods needed to be tested. Additionally, the potential reactions in the salmon caused 

by the hydrogel formulation also needed to be observed. A preliminary study was done previously 

by injecting pure TEMPO CNF into the salmon and observing the resulting reactions. Overall, the 

TEMPO CNF had no significant impact on the salmon’s growth, caused no melanization reactions, 

and minimal adhesions. However, there was no recorded study of how a citric acid crosslinked 

TEMPO CNF hydrogel behaved in salmon and what reactions it caused. As a result, safety studies 

were conducted to observe the effects of the formulated hydrogel on the salmon. 

6.2 Methods 

6.2.1 First Safety Study 

The first safety study consisted of 35 salmon and seven treatment groups. Each treatment 

group consisted of five salmon. The treatment groups tested were 1.7 wt% TEMPO CNF hydrogels 

that were washed for 4 days, 6 days, or 8 days, 1.7 wt% TEMPO CNF and bacterin 1:1 ratio 

hydrogels that were washed for 4 days, 6 days, or 8 days, and PBS control. All the hydrogels were 

rehydrated in PBS for 24 hours before implantation. 
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The salmon were anesthetized for hydrogel implantation by being netted into 100 mg/L 

tricaine methanesulfonate (MS-222) buffered with 150 mg/L sodium bicarbonate. The salmon 

were kept in anesthesia until they no longer reacted to external stimuli such as light or physical 

touch. Once sedated, an incision about the length of the hydrogel was made and the hydrogel was 

pushed through the incision into the peritoneum cavity using tweezers. The salmon were then 

fluorescently tagged along the jaw line sub-dermally to identify treatment group and placed into 

their housing tank to recover. All the treatment groups for this study were housed in the same 490-

liter circular tank. The tank was supplied with 2 L/min of oxygenated water and siphoned daily to 

remove particulates. The care for all of the salmon throughout the study was the same. 

After 300-degree days (about a month’s time), the salmon were euthanized with 250 mg/L 

MS-222 buffered with 200 mg/L sodium bicarbonate and sampled. The salmon were sampled by 

measuring their weight and fork length (used for calculation of Fulton’s condition factor), 

observing the state of the incision site, then dissected and scored for adhesions, viscera appearance, 

peritoneum appearance, and residue. Fulton’s condition factor is a number that corresponds to the 

overall condition of the salmon and is calculated from the weight and fork length of the fish. 

Additionally, it was noted whether the hydrogel was found inside the peritoneum and could be 

retrieved from the salmon. The scoring sheet which was used for adhesions, viscera appearance, 

peritoneum appearance, and residue can be found in the appendix. Overall, the scores are graded 

from 0 to 6 (for adhesions) or 0 to 3 (for viscera, peritoneum, and residue) where a greater score 

corresponds to a more adverse reaction. The focus of analysis for the first safety study was on the 

effectiveness of the hydrogel delivery method and the reactions that the hydrogel caused in the 

salmon. The two pieces of data that were focused on to determine the extent of adverse reactions 

were Fulton’s condition factor and the adhesion score. 
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6.2.2 Second Safety Study 

The second safety study consisted of 80 salmon and five treatment groups. Each treatment 

group consisted of 16 salmon. The treatment groups tested were 1.7 wt% TEMPO CNF bacterin 

1:1 ratio hydrogels that were washed for 2 days, 4 days, or 6 days and rehydrated in PBS for 12 

hours, 1.7 wt% TEMPO CNF bacterin 1:1 ratio hydrogels washed for 4 days and not rehydrated 

in PBS prior to implantation, and bacterin mixed with PBS control. The rehydrated hydrogels were 

dried at 46°C for 60 minutes while the dehydrated hydrogels were dried at 46°C for 30 minutes. 

The resulting hydrogels were all roughly 40% their initial mass at the time of implantation. 

The salmon were anesthetized for hydrogel implantation by being netted into 100 mg/L 

tricaine methanesulfonate (MS-222) buffered with 150 mg/L sodium bicarbonate. The salmon 

were kept in anesthesia until they no longer reacted to external stimuli. Once sedated, an incision 

about the diameter of the 8-gauge needle was made and the hydrogel was implanted into the 

peritoneum cavity by inserting the needle into the cavity and then pushing the hydrogel out of the 

syringe. The salmon were then placed into their respective housing tanks to recover. Each 

treatment group was housed in separate tanks in duplicates of two on separate recirculating systems 

for sampling replication. Each tank system contained 500 liters of partial flow-through 

recirculating freshwater that was shared between six tanks that were 76 liters in size. The salmon 

were housed in ten tanks with 8 fish in each tank. The care for all of the salmon throughout the 

study was the same. 

After 300- and 600-degree days, the salmon were euthanized with 250 mg/L MS-222 

buffered with 200 mg/L sodium bicarbonate and sampled. Half of the salmon were sampled at 

each time point. The salmon were sampled by measuring their weight and fork length, observing 

the state of the incision site, then dissected and scored for adhesions, viscera appearance, 
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peritoneum appearance, and residue (residue was only scored for the 300-degree day samples). 

Additionally, it was noted whether the hydrogel was found inside the peritoneum and could be 

retrieved from the salmon for the 300-degree day samples. In addition to measuring weight, fork 

length, adhesions, viscera appearance, and peritoneum appearance for the 600-degree day samples, 

the incision site and surrounding muscle and viscera were sampled and stored in formalin for 

histology analysis. The focus of analysis for the second safety study was on the effectiveness of 

the hydrogel delivery method and the reactions that the hydrogel caused in the salmon. The two 

pieces of data that were focused on to determine the extent of adverse reactions was Fulton’s 

condition factor and the adhesion score. 

6.3 Results and Discussion 

6.3.1 First Safety Study 

Although the hydrogels were able to be implanted into the fish, they didn’t necessarily stay 

in the fish once they were returned to water. Additionally, the implantation process for the first 

study trial was relatively time consuming, so even if the hydrogels were successfully delivered, 

the delivery method would need to be improved for industrial scale vaccinations.  

 When the salmon were sampled after 300-degree days, data was collected on whether the 

hydrogel was still present in the salmon. Table 6.1 shows the percentage of hydrogels found in the 

salmon based on treatment. The PBS control treatment group was excluded from this table because 

hydrogels were not expected to be found in this group. The number of hydrogels that stayed in the 

salmon after implantation was extremely low with only two treatments having hydrogels present. 

The absence of the hydrogels could be because the hydrogels are breaking down when inside the 

salmon or that the hydrogels fell out of the incision after they were put back into the tank. It is 
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more likely that the hydrogels fell out of the salmon than got broken down since the TEMPO CNF 

that was injected into salmon in a preliminary cellulose nanomaterial study remained in the fish 

after 300-degree days. As a result, differences in Fulton’s condition factor and adhesion score 

cannot be used to make conclusive results since most of the hydrogels did not remain in the fish 

for length of the study.  

Table 6.1: First Safety Study Hydrogel Retention Rate in 30 Salmon after 300-Degree Days 

Treatment % of Fish with Hydrogel still Present 

TEMPO CNF Hydrogel 4 Day Wash 0% 

TEMPO CNF Hydrogel 6 Day Wash 0% 

TEMPO CNF Hydrogel 8 Day Wash 0% 

TEMPO CNF + Bacterin Hydrogel 4 Day Wash 40% 

TEMPO CNF + Bacterin Hydrogel 6 Day Wash 60% 

TEMPO CNF + Bacterin Hydrogel 8 Day Wash 0% 

 

 Even though the measured Fulton’s condition factor and adhesions scores measured can’t 

be directly related to the hydrogel treatment, it still can be used as an indicator for how the hydrogel 

delivery method/incision size affected the development of the salmon. Both the Fulton’s condition 

factor and adhesion score data was analyzed for significance using Tukey’s method. Based on the 

Fulton’s condition factor, the delivery method did not appear to affect the growth of the salmon 

since all condition factors were above 1.0. Additionally, no significance was found between the 

Fulton’s condition factor of different treatments. The adhesion scores gathered from the first safety 

study did show that the delivery method of the hydrogel did cause significant adhesions in the 

salmon that were graded about 1-1.5 in severity versus the PBS control with caused no adhesions. 
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No significance was found in the adhesion score between different hydrogel treatments. 

Additionally, the incisions on the PBS control had healed or mostly healed with no visible lesions 

while the incisions on the hydrogel treatments ranged from mostly healed to large lesions forming 

on the incisions. This showed that the delivery of the hydrogel created adverse reactions in the 

salmon. The main conclusion from the first safety study is that the delivery of the hydrogels needed 

to be improved upon further. 

 

   
Figure 6.1: First safety study Fulton’s condition factor based on treatment group.  

 

 

 

 

   
Figure 6.2: First safety study adhesion score based on treatment group.  
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6.3.2 Second Safety Study 

Compared to the first safety study, the implantation process of the hydrogels in the second 

safety study went a lot faster and easier. With some slight modifications, this type of delivery 

method had the ability to be industrially scaled. However, just because the hydrogels were easily 

delivered into the salmon, doesn’t mean that they stayed for the duration of the study. Due to the 

600-degree day salmon being sampled for histology analysis, hydrogel retention data was only 

collected from the 300-degree day sampling.  

 Table 6.2 showed the percent of hydrogel retention in the fish at the 300-degree day 

sampling based on hydrogel treatment. The bacterin mixed in PBS control treatment group was 

excluded from this table because hydrogels were not expected to be found in this group. The 

number of hydrogels that stayed in the salmon after implantation was much improved from the 

first safety study. Only a couple hydrogels fell out before the 300-degree day measurement in the 

second safety study. Some hydrogel losses were to be expected even with an improved delivery 

method because a similar implantation process with pit tagging fish also experiences losses. The 

higher hydrogel retention rates in the second safety study supported the earlier hypothesis that 

hydrogels were lost after implantation by falling back out of the incision instead of breaking down 

inside the salmon. It is difficult to determine if hydrogel retention depends on hydrogel treatment 

based on the obtained data. To be able to support or disprove this relationship, this hydrogel 

delivery method would have to be repeated again in another study with the same treatment groups. 

Since the majority of hydrogels remained in the salmon in the second safety study, conclusions 

can be drawn from how the Fulton’s condition factor and adhesion scores changes across different 

treatment groups. 
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Table 6.2: Second Safety Study Hydrogel Retention Rate in 32 Salmon after 300 Degree Days 

Treatment % of Fish with Hydrogel still Present 

TEMPO CNF + Bacterin Hydrogel 2 Day Wash 50% 

TEMPO CNF + Bacterin Hydrogel 4 Day Wash 75% 

TEMPO CNF + Bacterin Hydrogel 6 Day Wash 87.5% 

TEMPO CNF + Bacterin Hydrogel 4 Day Wash Dried 87.5% 

 

 Both the Fulton’s condition factor and adhesion scores were statistically analyzed using 

Tukey’s method for significance. Based on the Fulton’s condition factor, the growth of the salmon 

was not affected in this safety study since all condition factors were above 1.0. Additionally, no 

   
Figure 6.3: Second safety study Fulton’s condition factor based on treatment group. 
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significance was found between the Fulton’s condition factor of different treatments. Therefore, 

neither the hydrogel delivery method or any of the hydrogel treatments significantly affected the 

growth and development of the salmon.  The adhesion scores gathered from the second safety 

study showed that the delivery method of the hydrogel did cause significant adhesions in the 

salmon that were graded about a 2-3 in severity versus the bacterin mixed with PBS control which 

caused minimal adhesions with scores being either a 0 or 1. No significance was found in the 

adhesion score between different hydrogel treatments. Although no significance was found, the 

trend seen in the 300-degree data showed that an increase in wash days of the hydrogel caused a 

slight decrease in average adhesion score. This trend was not seen in the 600-degree day data. 

   
Figure 6.4: Second safety study adhesion score based on treatment group. 
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 Additionally, the bacterin mixed with PBS control had mostly or completely healed 

incisions (with one exception where the salmon had a protruding lesion on the incision). The 

incisions on the hydrogel treatments ranged from completely healed to having large lesions or 

cysts form near but not on the incision. The most interesting reaction to the hydrogels were when 

cysts formed around the hydrogel and appeared to be pushing the hydrogel out of the peritoneum 

cavity and into the muscle. These cysts formed more often in the TEMPO CNF + bacterin 2 day 

wash and TEMPO CNF + bacterin 4 day wash dehydrated hydrogels than in the other two hydrogel 

treatments. These more severe reactions suggested that the hydrogels should be washed for at least 

4 days before implantation since the change in pH appeared to affect the salmon. Additionally, a 

stiffer dried hydrogel appeared to create more severe reactions than a rehydrated softer and more 

liquid filled hydrogel. This reaction could be due to the salmon rejecting a foreign, rigid object in 

its body or that the dried hydrogel invoked a greater inflammatory response because it was trying 

to rehydrate using the salmon’s bodily fluids. Further experimentation needs to be performed to 

determine the cause of the increased severity of adhesions in the dehydrated hydrogels versus the 

rehydrated hydrogels. 
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6.3.3 Comparison of Hydrogel Delivery Methods 

Overall, the second safety study hydrogel delivery method was better compared to the first 

safety trial. Figure 6.5 compares the overall hydrogel retention rate across all treatments for both 

the first and second safety study. The hydrogel retention percentages were statistically analyzed 

using the Mann-Whitney Test for significance. The second safety study had significantly more 

hydrogels remain inside the salmon. Not only did the hydrogels remain in the salmon’s 

peritoneum, the implantation process was much quicker, and the incisions on the fish generally 

healed better and quicker in the second safety trial. As a result, the hydrogel delivery method used 

for the second safety study should be used instead of the first safety study delivery method for this 

hydrogel formulation in future studies. Even though the second safety study hydrogel delivery 

method was mostly successful in delivering the hydrogels, it can continue to be improved upon if 

this hydrogel formulation is chosen as a possible adjuvant to make at an industrial scale.  

   
Figure 6.6: Comparison of hydrogel retention from both safety studies. 
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CHAPTER 7 

CONCLUSION 

 

7.1 Summary  

The field of aquaculture is a rapidly growing field for both research and industry. Many 

ways of advancing the field are being explored to produce more sustainable and efficient finfish 

for market. One of the largest areas of concern for aquaculture is the loss of finfish due to diseases. 

The use of aquatic vaccines are able to help decrease disease loss but can still be improved upon. 

There is a lot of exploration into different adjuvants for aquatic vaccines that protect the fish 

without producing additional adverse reactions. Cellulose nanomaterials are nontoxic and 

sustainable biomaterials which are being explored for many applications including drug delivery. 

As a result, this makes cellulose nanomaterials a great adjuvant candidate for aquatic vaccines.  

 In chapter 2 of this thesis, current issues in aquaculture and aquatic vaccines were explored. 

Current commercial aquatic vaccines use an oil-based adjuvant called Montanide which provides 

long-lasting protection in fish while also causing adverse effects such as lesions. The possibility 

of an alternate adjuvant in the form of a hydrogel was investigated by researching hydrogel 

properties, applications, and potential materials. The material of cellulose nanofibers (specifically 

TEMPO CNF) was also explored for its biocompatible, tunable, and sustainable properties. 

Current applications of cellulose nanomaterial hydrogels and their formulations were explored as 

well. This chapter supported the possibility of using a TEMPO CNF hydrogel as an aquatic vaccine 

adjuvant. 

 The development of the aquatic vaccine TEMPO CNF hydrogel adjuvant formulation was 

described in chapter 3. The hydrogel design process started with a modified procedure taken from 
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previous research of physically crosslinking CMC with citric acid. Difficulties in crosslinking the 

TEMPO CNF arose after mixing in bacterin. It was discovered that both TEMPO CNF and the 

bacterin have negative charges which likely makes the two materials repel each other. Strategies 

of dewatering the TEMPO CNF and bacterin mixture to promote hydrogel formation were 

explored through mixing higher weight percentages of TEMPO CNF with the bacterin, heating the 

bacterin and TEMPO CNF mixture, and filtering the bacterin and TEMPO CNF mixture. Vacuum 

filtration was found to form TEMPO CNF and bacterin hydrogels with the most desired properties 

and could be easily tuned to create hydrogels of different weight percentages. The effect of wash 

steps on the formed hydrogel’s pH and diffusion of loaded dye or bacterin were also explored. 

Over time the wash steps increased the hydrogel’s solution back to neutral but caused significant 

diffusion of the bacterin dye model out of the hydrogel. 

 Chapter 4 explored methods of developing and improving the delivery method of the 

hydrogels into the salmon. The fully wet hydrogels were found to be too soft and big to be 

reasonably implanted into the salmon. Air drying, controlled drying with a dehydrator, and freeze 

drying were explored to create smaller and stronger hydrogels that could be more easily delivered. 

Drying with a dehydrator was discovered to be the best method of improving the hydrogels for 

this application because it was able to create smaller and stronger hydrogels while being a quick, 

cheap, and easily scalable method. The properties of the dried hydrogel were analyzed in addition 

to their rehydration properties. The hydrogels would significantly increase in weight and size after 

being dried while remaining relatively stable in aqueous solution before starting to break down 

over long periods of time (months). Two delivery methods were developed based on the drying 

and rehydrating properties of the hydrogels and were further explored in chapter 6.  
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 Chapter 5 explored the diffusive properties of the formulated and dried hydrogels. ELISAs 

performed on the hydrogels showed that drying the hydrogels with a dehydrator did not 

significantly affect the antibody response of the loaded bacterin. Additionally, the ELISAs showed 

diffusion of bacterin out of the hydrogels over 300 degree days before plateauing until 600 degree 

days. A diffusion model experiment was designed where the bacterin was modeled using an 

anionic dye called Coomassie Brilliant Blue. The data collected from the experiment provided 

proof of concept for the diffusion testing design but was too noisy to calculate diffusion rates from. 

With some improvements, this diffusion testing design could collect significant diffusion data. 

Additionally, an in vivo fluorescence study was preformed that showed signs of bacterin diffusing 

out from the hydrogels in the salmon over time and that the delivery method led the hydrogels to 

become embedded between the liver and pyloric caeca of the salmon. The fluorescence study also 

suggested that the pyloric caeca played some role in the salmon’s immune response or created 

some attractive forces to the bacterin since red fluorescence signals were found consistently on the 

pyloric caeca from the injected bacterin samples.  

 Lastly, chapter 6 described the two salmon safety studies conducted to analyze the hydrogel 

delivery method along with the salmon’s reactions to the hydrogels. The first safety study explored 

a delivery method where an incision the size of the hydrogel’s length was made, and the hydrogel 

was pushed into the peritoneum cavity using tweezers. It was found that most of the hydrogels fell 

out of the salmon in the first safety study before sampling, making the delivery method inefficient. 

The second safety study explored a delivery method where an incision about the diameter of the 

hydrogel was made, and the hydrogel was implanted into the salmon using an 8-gauge needle. 

Most of the hydrogels remained in the salmon after 300 degree days making this delivery method 

more efficient than the one used in the first safety study. Additionally, the hydrogel did not appear 
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to affect the growth and development of the salmon but did cause significantly more adverse 

effects such as lesions and cysts than the PBS and bacterin control. 

7.2 Recommendations and Future Work 

  Overall, the TEMPO CNF citric acid crosslinked hydrogel could be a possible adjuvant 

for aquatic vaccines. The formulation and delivery method of the hydrogels could continue to be 

explored and improved upon. Research could be conducted to see how different weight 

percentages of TEMPO CNF affect the hydrogel’s mechanical, structural, and diffusive properties. 

Additionally, different concentrations of citric acid crosslinker could be explored to see how it 

affects the properties of the hydrogel. Delivery methods of the hydrogel could be improved upon 

by creating a hydrogel mold that makes even skinnier and longer hydrogels that could fit inside a 

smaller size needle for easier delivery and to reduce the likelihood of the hydrogel falling back out 

of the salmon.  

 The diffusion model experiment explored in this thesis should also be repeated with the 

suggested changes made to improve the reliability, accuracy, and precision of the obtained 

measurements. The diffusion experiment could also be conducted to measure the intensity of 

stained Vibrio anguillarum instead of Coomassie Brilliant Blue dye to provide a more accurate 

diffusive model. Diffusive studies could also be conducted in a medium that more closely mimics 

the properties of the salmon’s peritoneum cavity than PBS. Additionally, the next in vivo 

fluorescence study to analyze diffusion should stain the TEMPO CNF with calcofluor white 

instead of FITC for a more reliable fluorescent tag. The fluorescence imaging setup could also be 

improved upon by increasing the intensity of the light source and using a camera with less linear 

noise to improve the captured images and increase the ability to detect fluorescent signals. Salmon 
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controls without any fluorescent bacterin or CNF should also be imaged to see if red fluorescence 

signals are detected in salmon other than the presence of bacterin. 

 Another cellulose nanomaterial adjuvant should also be developed as a shear-thinning 

hydrogel since the most difficulties with this hydrogel formulation arose in how to effectively 

deliver it into the salmon. A shear-thinning hydrogel formulation could easily be injected into the 

salmon without the need for incisions. Shear-thinning hydrogels also typically have self-healing 

properties that would allow the hydrogel to form into the least invasive shape within the salmon’s 

peritoneum cavity which would help reduce adverse reactions. A shear-thinning hydrogel could 

reduce adverse effects in the salmon while also increasing the efficiency and effectiveness of the 

vaccine’s delivery method from the current formulation. 

 Lastly, further in vivo testing of the TEMPO CNF and bacterin citric acid crosslinked 

hydrogel formulation should be conducted. A study should be performed that compares the adverse 

effects caused by the hydrogel to the adverse effects caused by the commercial oil-based adjuvant. 

Another in vivo study that should be performed is an antibody response study comparing the 

hydrogel formulation in this thesis to the commercial aquatic vaccines and any other developed 

cellulose nanomaterial aquatic vaccines (such as the shear-thinning hydrogel). The last type of 

study that should be performed is a disease challenge study using the TEMPO CNF and bacterin 

citric acid hydrogel formulation to test how well the hydrogel protects the salmon from diseases.   
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APPENDICES  
 

Appendix A: Stress Strain Curves from Mechanical Testing 

 

Figure A1: Stress-strain curve of fully wet hydrogel samples. 

 

Figure A2: Stress-strain curve of 60 wt% hydrated hydrogel samples. 
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Figure A3: Stress-strain curve of 40 wt% hydrated hydrogel samples. 

 

 

Figure A4: Stress-strain curve of 20 wt% hydrated hydrogel samples. 
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Appendix B: Short Term Rehydrating Data 

 

Figure B1: Short term hydrogel rehydrating percent of initial mass curves 
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Appendix C: Salmon Scoring Reference Sheet 

 Table C1: Scoring for Visual Appearance of Abdominal Cavity 

Score Visual appearance of abdominal cavity 
0 No visible lesions 
1 Very slight adhesions seen as tiny fibrous tissue most frequently localized close to the 

injection site. Easily detached. 
2 Adhesion seen as more clearly defined fibrous threads connecting different organs or 

viscera to peritoneum in limited areas. The adhesions are easily detached and organs 
are intact following detachment. 

3 Firm adhesions connecting some or several organs. Viscera may be firmly attached to 
the peritoneum but are detached during autopsy without any damage to the different 
organs or peritoneum/muscle tissue. May be observed as grayish fibrous tissue film 
covering organs. Swim bladder may be attached to the viscera. 

4 Similar to score 3 but more pronounced adhesion in and around organs. Interconnecting 
organs referred to as an organ package may be observed, where the organs appear as 
one unit, bound together by fibrous connective tissue. Smaller granulomas may be 
present in or around the organs. Separation of organs attached via fibrous connective 
tissue will result in organ damage. Viscera cannot be detached from the peritoneum 
without damaging it. 

5 Extensive lesions affecting several organs in the abdominal cavity. In large areas, the 
peritoneum is thickened and opaque. Larger granulomas in viscera, together with 
extensive bindings between viscera and peritoneum. The peritoneum and fillet/muscle 
is damaged when removing the viscera. The side effects are ethically unacceptable.  

6 Even more pronounced than 5. Viscera cannot be removed without severe damage to 
the muscle fillet. The side effects are ethically unacceptable. 

 

Table C2: Scoring for Pigment (Melanin) for Viscera 

Score Visual appearance on the viscera 
0 No melanin 
1 Some faint melanin or small spots affecting small areas of the viscera 
2 Moderate amounts on or within one or more organs 
3 Extensive melanin deposits on viscera 
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Table C3: Scoring for Pigment (Melanin) for Peritoneum 

Score Visual appearance on peritoneum in the abdominal cavity 
0 No melanin 
1 Small amounts. Spot(s) or faint shading affecting small areas. Easy to remove. 
2 Moderate amounts. The melanin can be manually removed at slaughter without severely 

damaging the peritoneum. May cause downgrading of final product. 
3 Extensive melanin deposits on the peritoneum and into the fillet. Cannot be removed 

without severely damaging peritoneum/muscle/fillet. Will result in significant 
downgrading of the final product. 

 

Table C4: Formulation Residues in the Abdominal Cavity 

Score Grading of product formulation residues 
0 No product formulation residues. 
1 Product formulation residues are enclosed in vesicles. Only small amounts of residues. 
2 Larger amounts of formulation residues enclosed in vesicles and often small or 

moderate amounts of unbound, free flowing product. 
3 Extensive quantities of unbound, free flowing product. Appears “recently vaccinated” 
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