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Current technological shortcomings limit the economic viability of capturing and 

utilizing small sources of methane. The development of a reactor to overcome these 

limitations would unlock economic opportunity and incentivize reduced methane 

emissions. A microfluidic bioreactor containing immobilized methanotrophs has the 

potential to overcome these limitations by profitably converting small quantities of 

methane to more valuable liquid products. 

The material used for immobilizing bacteria in a microfluidic bioreactor must meet four 

criteria: biocompatibility, mechanical stability, reactor adhesion, and economic viability. 

This paper describes the development of a novel blend of agar and cross-linked polyvinyl 

alcohol (PVA) that meets these requirements. The properties of agar/PVA blend 

hydrogels strongly depend on the ratio and absolute concentration of the constituent 

polymers, and the processes by which the polymers are cross-linked. The microscopic 

morphology of these blend hydrogels is theorized to be two interacting and competing 

phases formed by agar and PVA molecules mutually interfering with cross-linking via 



hydrogen bonding, and separating due to spinodal decomposition. Evidence for the 

proposed morphology is discussed. 

Blend hydrogels of 2/5% agar/PVA are particularly promising, combining the desirable 

properties of both agar (low swelling) and PVA (strength and adhesion). The 2/5% 

agar/PVA gels exhibited little swelling in water and nitrate mineral salts-based media. 

They also adhered to polycarbonate and stainless steel surfaces treated with ozone or 

oxygen plasma. Cultures of Methylomicrobium buryatense 5GB1 (5GB1) immobilized in 

these gels showed a reduction of metabolic activity rates, partly due to exposure to high 

concentrations of sulfate and phosphate during cross-linking. Shortening cross-linker 

exposure time from 2 hours to 30 minutes greatly improved activity rates, and 

immobilized cells exhibited increased activity rates over time as fresh methane was 

added. Based on these results, the 2/5% agar/PVA blend hydrogels are suitable for the 

immobilization of 5GB1 in a microfluidic bioreactor. Further improvement of activity 

rates may be possible. 

Preservation of 5GB1 by lyophilization was unsuccessful. Cultures preserved in solutions 

of 5% bovine serum albumin and 10% sucrose or trehalose maintained metabolic activity 

rates after freezing at -80°C, but showed no activity after lyophilization. 
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Properties of Hydrogels for Immobilization of 

Bacteria in a Commercial Microfluidic Bioreactor 

1. Introduction 

This work is part of a larger project funded by the USA Advanced Research Projects 

Agency-Energy (ARPA-E) with the overall goal of developing and commercializing a 

microfluidic bioreactor that can convert methane to a valuable liquid product. The project 

specifically targets small sources of methane such as landfills, cattle farms, and some 

fossil fuel harvesting operations which are currently under-utilized due to technical 

limitations that make harvesting them not economically viable. This not only wastes 

potentially valuable resources, but the wasted methane is a greenhouse gas that 

contributes to global climate change. 

Two major factors that limit the utilization of this methane are the large-scale 

requirements of traditional methane conversion, and the expense of compressing and 

transporting small quantities of methane. Harvesting the methane and converting it on-

site in a small reactor to a liquid product such as methanol or a valuable organic acid 

would create economic value and help reduce methane emissions. To accomplish that 

goal, the reactor design must be inexpensive to operate and easy to customize to fit the 

size of the methane source. 

Biological conversion of methane to a liquid product by methanotrophic bacteria is a 

promising mechanism to accomplish that goal. Immobilization of those bacteria in a 

microfluidic reactor may further increase their effectiveness. The reactor systems could 

be easily adapted to suit any methane source size by adjusting the number of reactors, a 

process called “numbering up” which avoids many of the issues of “scaling up” a 

traditional process by increasing reactor sizes. 

The immobilization of bacteria in the reactor is a critical aspect of the reactor design. 

Without immobilization, the bacteria would be continually flushed out of the reactor and 

the advantages of the microfluidic design would be nullified. The immobilization method 
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must meet four identified criteria. Biocompatibility, mechanical stability, reactor 

adhesion, and economic viability. 

Biocompatibility refers to the immobilization method causing minimal harm and having 

minimal negative impacts on the methane consumption and product production rates of 

the immobilized bacteria. This requires the immobilization materials and the 

environments created during immobilization to be compatible with the organism. The 

immobilization material must also permit diffusion of methane, oxygen, and other 

nutrients to the bacteria, and diffusion of metabolic byproducts and the desired product 

away from the bacteria and out of the reactor.  

Mechanical stability refers to the tight dimensional tolerances the immobilization martial 

must keep within while the reactor is running. Microfluidic designs have flow channels 

on the scale of microns, and these channels can be easily plugged if the material were to 

swell or degrade and be washed away.  

Reactor adhesion refers to the immobilization material needing to remained affixed to the 

reactor and not detach under flow conditions, which would block the flow channels.   

Finally, because this reactor is intended to be a commercial product, its operation and 

construction costs must be minimized relative to the value of the products. The 

immobilized bacteria must be regularly replaced, so the material they are immobilized in 

must be inexpensive and available on commercial scales.  

2. Literature Review 

2.1. Methane Conversion 

Methane is the primary component of natural gas. While most methane used in the USA 

is extracted from fossil fuel reserves, most notably from fracking, methane is also 

produced by a variety of industrial processes [1]. Methane is a potent greenhouse gas, 

trapping 25 times the amount of heat at an equal mass of CO2, and the sources can release 

methane into the atmosphere [2]. Methane emissions are estimated to account for 20% of 

global greenhouse gas emissions, and are the second larger promoter of global warming, 

after CO2 [3]. While methane is also produced by natural processes, anthropogenic 



3 

 

sources of methane account for about 63% of total methane emissions [4]. Thus, there is 

great environmental value in reducing the emission of methane.  

Methane emissions also represent significant lost energy and economic potential. 

Methane that is released into the atmosphere cannot be utilized for energy or industrial 

production. However, transportation and processing of methane can be difficult and 

expensive, due to the need to pressurize the gas for transport [5]. Thus, much of the 

methane produced in the US by oil rigs is burned on-site in a process called flaring. 

Flaring reduces the contribution of methane to global warming, but energy potential is 

wasted. In 2013, flaring from fossil fuel extraction sites alone accounted for 1% of total 

CO2 emission, representing 750 billion kWh of wasted energy [6]. 

There are various methods for utilizing methane. One method is compressing it into a 

liquid and using it as a fuel source similar to other petroleum products such as diesel, 

notably in vehicles. The compression increases the volumetric energy density of the 

methane, which is important for any application where fuel tank space is limited. Such 

applications are called compressed natural gas (CNG) or liquid natural gas (LNG), which 

is used by natural gas vehicles (NGV) [7]. NGVs have some appeals such as the low 

price of natural gas and net carbon emissions estimated to be 20–30% lower than 

conventional gasoline vehicles. Globally, NGVs have been in use for decades, and they 

have seen some use in the USA in busses and trucks [7]. However, the compression stage 

of CNG requires pressures of 20–25 MPa, which is energy intensive and inconvenient. 

Furthermore, the high pressures of fuel tanks is a considerable safety hazard [5]. 

Additionally, CNG has an energy density considerably lower than conventional gasoline, 

meaning that vehicles must be larger and still have less cargo space. Furtherly 

problematic, widespread use of CNG would require large and expensive infrastructure 

projects, and NGVs are considerably more expensive than conventional gasoline vehicles 

[7]. For these reasons as well as others, the use of CNG is not widespread in the US. 

Another use for natural gas is the conversion of methane to larger hydrocarbons that are 

liquid at room temperature through a gas-to-liquid (GTL) process. These liquid products 

can then be easily transported, stored, and used. GTL processes have major limitations in 
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their useful scale, however. Conventional GTL processes go through the Fischer-Tropsch 

process, in which methane is partially oxidized to form syngas composed of CO and H2, 

then the syngas is reformed to heavier hydrocarbons. This reforming is generally done at 

high temperatures and pressures over catalysts, which is energy intensive and requires 

many steps [5]. Because of this, large complicated systems must be built to perform the 

Fischer-Tropsch process, and these plants require large upfront capital investments, 

making them only profitable at large scales producing tens of thousands of barrels of oil a 

day [8].  

Most methane emission sources in the USA are much smaller than the large scale 

required for conventional CTL plants. Landfills, manure, and smaller mining and drilling 

operations account for much of U.S. methane emissions, see Figure 2-1. 

 

Figure 2-1: U.S. Methane emission sources, 2013. Data source: U.S. EPA (2015) [2] 

Methanotrophic bacteria offer a potential means to profitably convert methane to 

valuable liquid products on small scales. Methanotrophs are bacteria that can assimilate 

methane as their sole carbon source and are categorized into two major groups, type I and 

type II. The distinctions between type I and type II are made based on their metabolic 

pathways used to assimilate methane. Both types convert methane to methanol then 

methanol to formaldehyde and can then further metabolize formaldehyde to produce 

energy. However, they also can assimilate formaldehyde with a different set metabolic 

pathways, which differs based on the methanotroph type. These assimilation pathways 
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have many intermediate products and byproducts which can be selectively inhibited or 

activated to produce desired products. Further genetic engineering can cause the 

methanotrophs to synthesize desired products off these pathways [9]. A summary of the 

metabolic schemes is shown in Figure 2-2.  

 

Figure 2-2: Metabolic scheme of methanotrophs. Useful products can be engineered from 

the RuMP pathway, used by type II methanotrophs, or the serine pathway, used by type II 

methanotrophs. Image source: Strong et. al [9]. 

Bioreactors containing methanotrophs can be much simpler than conventional GTL 

plants and require far less capital investment, making them attractive for small-scale 

methane conversion. Profitability would depend on methane conversion rates and product 

value. A variety of methanotrophs have been developed to have methane conversion rates 

and products that may be suitable for commercialization. Some examples are 

Methylosinus trichosporium OB3b, and Methylomicrobium buryatense 5GB1 [10]. The 

project that this work is a part of has investigated the use of OB3b, 5GB1, and a 

genetically modified variant of 5GB1 that produces higher levels or crotonic acid. In this 

specific work, immobilization efforts have focused on 5GB1. 

2.2. Microfluidic Bioreactor 

As part of this project, a microfluidic bioreactor was designed to immobilize 

methanotrophs and supply them with methane for conversion. Microfluidic reactors have 

a variety of advantages over conventional reactor designs such as mixed batch reactors, 

fed batch reactors, or packed beds. In this reactor design, a uniform flow of media carries 

small bubbles of methane and oxygen over a film of cell-loaded hydrogel. The bubbles 
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have a high surface area to volume ratio and keep the media saturated with aqueous 

methane, which diffuses into the hydrogel. Inside the hydrogel, the methanotrophs 

consume the methane and excrete the products, including the desired final product, which 

diffuse out of the gel and are carried out of the reactor. The layers of liquid and gel are 

quite thin, ranging from 300 µm to 500 µm thick. At these small scales, surface tension 

forces dominate and effects of gravity can be ignored. Additionally, the thin liquid layer 

results in a uniform, laminar flow [11]. Because of the laminar flow, the reactor design is 

called the Biolamina Plate Reactor (BLP), a diagram of which can be seen in Figure 2-3 

and Figure 2-4.  

 

Figure 2-3: Exploded diagram of the BLP reactor 2.0 design 

       

Figure 2-4: Cross-section of BLP reactor flow. Squiggly arrows indicate mass diffusion. 

Further design iterations improve upon the BLP by swapping the rectangular form factor 

for a cylindrical one with stacks of gel and flow plates. Liquids and gas flow from the 

outer edge to the center, where it is carried away by a center tube running through the 
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stack. Reactor capacity can be changed by adjusting the number of plates in the reactor. 

Each plate operates independently and the number of plates does not impact the 

performance of individual plates. This method of increasing capacity is called numbering 

up, and avoids many of the challenges of scaling up conventional process where reactor 

capacities are increased by larger tanks and other components, which may change the 

behavior of the system.  

 

Figure 2-5: Diagram of the BLP reactor 3.0 design. Arrows show fluid and gas flow 

directions. 

Microfluidic reactors benefit from their small dimensions due to nature of mass diffusion. 

Characteristic diffusion times scale with the square of the diffusion length, see Equation 

(2-1). 

 
𝜏𝑑𝑖𝑓𝑓 ∝

𝑙2

𝐷
 (2-1) 

Where 𝜏𝑑𝑖𝑓𝑓 is the characteristic diffusion time, 𝑙 is the characteristic diffusion length, 

and 𝐷 is the diffusion coefficient [12]. Equation (2-1) shows that as the diffusion lengths 

become very small, the diffusion times will rapidly decrease due to their square 

relationship. If diffusion rates are much faster than consumption rates due to bacteria 

consuming methane, the system is rate-limited and the maximum productivity can be 

obtained from the bacteria. Very short diffusion lengths allows for high consumption 
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rates, so bacteria can be densely packed into the hydrogel without negatively impacting 

their performance, increasing reactor output [13,14].  

Because of the tight dimensions of the BLP, hydrogel stability and adhesion are both 

important. Figure 2-6 shows the impacts of hydrogel swelling or poor adhesion.  

 

Figure 2-6: Impacts on poor gel stability and adhesion on reactor flow. Both can result 

in clogged flow channels, negatively impacting reactor performance.  

2.3. Immobilization of Bacteria in Hydrogels 

Bioreactors are widely used in industry for the production of products and treatment of 

waste. In a simple mixed reactor, the microorganisms or enzymes, collectively called 

biocatalysts, are suspended in solution along with the substrate and are removed from the 

reactor along with the product [15]. This reactor setup is commonly referred to as a 

chemostat because the chemical environment is held static by control systems. 

Immobilization of the biocatalysts in a solid phase, such as hydrogel beads, allows for 

biocatalysts to remain in the reactor as the substrate is continually fed into the reactor and 

products removed. This is highly beneficial because it allows expensive biocatalysts to be 

easily used to process large amounts of substrate without being replaced [16]. 

Immobilization can have a range of other benefits as well. Immobilization can allow 

biocatalysts to be densely packed into a reactor, achieving greater density and thus 

activity than can be achieved in a suspended reactor [17]. Encapsulating bacteria can 

Poor adhesion 

Poor stability 

Desired flow 
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protect them from harmful conditions such as non-ideal pH or temperature, and harmful 

substances such as organic solvents or toxins [18]. 

 

Figure 2-7: Diagram of bacteria trapped in a cross-linked polymer matrix. 

However, immobilization also has limitations and challenges. Immobilization has 

potential to reduce the activity of a biocatalyst either by being toxic or inhibiting 

transport of nutrients and waste. Furthermore, the immobilization material must not 

degrade in the reactor within a period of time deemed acceptable for the application. 

Generally, this time period would be determined by the useful lifetime of the biocatalysts, 

which over time will inevitably lose their activity. While there are applications where the 

controlled degradation of an immobilization matrix is desired, such as the controlled 

release of drugs or other materials, for the immobilization of bacteria in a bioreactor, it is 

desired that the immobilization matrix remains solid and not degrade. For this review, we 

will focus on the immobilization of bacteria in hydrogels, which is a commonly used 

method [14,18]. 

Gel stability may be impaired by a variety of mechanisms. If bacteria immobilized in a 

gel continue to grow and replicate, the structure of the gel can weaken over time, 

eventually causing breaks in the gel from the matrix rupturing [19]. Additionally, many 

gels degrade when exposed to certain chemicals or temperatures.  

Diffusion of substrates and products through hydrogels is another limitation. Diffusion 

coefficients of most molecules are lower in hydrogels then in solution due to physical 

obstruction by the polymer matrix or intermolecular interactions between the diffusing 



10 

 

molecules and the polymer matrix [20]. For most neutrally-charged molecules and 

matrices, inter-molecular interactions are relatively small, but obstruction is still 

significant [21]. A common rule-of-thumb is that diffusion coefficients for small weakly-

interacting molecules are 80% of their value in gel compared to in water, but this is not 

always the case. It has been found that diffusion restrictions can limit the productivity of 

cells with high metabolic rates in beads with diameters of 2 mm, which is a commonly 

used bead size for bioreactors [13]. 

There is a wide variety of hydrogels which can be used to immobilize bacteria, and their 

different properties make them more or less suitable for different applications. This 

section will review some of the options available and discuss existing literature.  

2.3.1. Alginate 

One of the most commonly studied and widely used components for the immobilization 

of bacteria is calcium alginate. Alginate is a polysaccharide extracted from brown algae 

and is known for its stability and non-toxicity. Because of this, alginate and alginate 

hydrogels are commonly used in food as thickeners or at drug delivery mechanisms 

[14,22]. 

The molecular structure of alginate is a linear copolymer, containing two different 

monomers. Both monomers contain a carboxyl group, which can interact with 

multivalent cations, forming hydrogels, see Figure 2-8. Conventionally, calcium is used 

as the cross-linker, although other cations can be used as well. Cu2+, Pb2+, Sr2+, and Ba2+ 

all have higher affinity to the alginate molecules and produce stronger hydrogels than 

Ca2+. The toxicity of copper and lead limits their use in many fields, but barium has been 

used in the immobilization of yeast and methanotroph cells without greatly impairing 

metabolic activity [14,23]. Trivalent Al3+ can also be used to cross-link alginate, which 

results in a stiffer hydrogel which is more chemically stable and has faster-acting cross-

linking [24]. Multiple cross-linking ions may be used in a single gel, such as 

strengthening a calcium-alginate gel with aluminum [25]. 
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Figure 2-8: Chemical structure of alginate hydrogels cross-linked with calcium or 

aluminum. 

Calcium alginate and similar hydrogels are commonly formed by submerging sodium 

alginate in a 1–5% aqueous calcium chloride, allowing the calcium to diffuse into the 

alginate and cross-link the polymers. While this method is useful for forming spherical 

beads of hydrogels, it is not ideal for forming flat or angled geometries, as the calcium 

solution will initially partly wash away some of the alginate before gelation can occur, 

and liquid interactions will form rounded surfaces. A method to avoid these issues is to 

mix sodium alginate with insoluble calcium carbonate and glucono-δ-lactone (GDL) and 

pour the solution into a mold of the desired shape. Initially, the calcium in the calcium 

carbonate is unavailable to interact with the alginate and thus does not form a hydrogel. 

However, GDL will hydrolyze over time, resulting in gluconic acid, which reacts with the 

carbonate and releases the calcium as cations. These cations are then free to interact with 

the alginate, forming a hydrogel, see Figure 2-9. This process is called internal gelation 

[26]. 
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Figure 2-9: Hydrolysis of glucono-δ-lactone, producing calcium cations 

With internal gelation, the calcium is released simultaneously throughout the alginate and 

thus no calcium needs to diffuse into the gel. Thus, the alginate need not be submerged in 

a calcium solution and can form a uniform gel in nearly any desired shape [26,27]. 

The carboxyl groups of alginate can be leveraged to adhere the hydrogel to a surface. 

Alginate will interact with surfaces treated with a positive charge, such as a protonated 

amine group (-NH3
+), in a similar manner as it is cross-linked with cations. These 

electrostatic interactions greatly increase the adhesion between alginate hydrogels and the 

surface [27,28]. Silanization is a common surface treatment method for metal, glass, and 

silicon substrates, and can be used to add amine groups with 

(3-aminopropyl)trimethoxysilane (APTMS) or a similar molecule, see Figure 2-10.  
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Figure 2-10: Amination of a surface with (3-Aminopropyl)trimethoxysilane and alginate 

interaction 

This surface treatment can be modified to also work with plastics. In the case of plastics, 

such as polycarbonate, the silane group does not bind to the surface. Instead, the amine 

group is more interactive with the surface, so a single treatment results in a glass-like 

surface of silane. A second treatment with GPTMS will produce an aminated surface 

[29,30], see Figure 2-11. Both methods have been shown to dramatically increase the 

adhesion strength of the alginate on metal and plastic surfaces, see Figure 2-12. 
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Figure 2-11: Amination of polycarbonate with (3-Aminopropyl)trimethoxysilane and 

alginate interaction 

 

Figure 2-12: Adhesion yield shears of alginate on stainless steel and polycarbonate 

surfaces treated with APTMS. Error bars show 95% confidence interval. *Untreated 

polycarbonate samples could not be tested because the gels fell off shims before they 

could be loaded into the tester apparatus. Data source: Fuchs (2015) [27]. 

Because alginate hydrogels rely on intermolecular interactions between ions, they can be 

degraded in environments that remove those ions either by competitive displacement or 

chelation. Sodium and potassium can competitively replace calcium in calcium alginate 

hydrogels, reverting it back to sodium or potassium alginate. Sodium and potassium 
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alginate have no multivalent cationic interactions to cross-link the polymers and are thus 

viscous fluids rather than a hydrogels. Some ions like phosphate will interact with the 

calcium cations, chelating them and preventing them from cross-linking the alginate. 

Thus, calcium alginate hydrogels quickly degrade in phosphate-buffered saline, a popular 

buffer for biological work, see Figure 2-13 [23,25]. In addition, alginate hydrogels will 

degrade in alkaline or acidic environments. The use of stronger cross-linkers can make 

alginate hydrogels more resilient to these effects. Barium cations are divalent like 

calcium, but barium’s larger mass makes it more difficult to remove from the alginate. 

Aluminum’s three charge interactions bind it more securely to the alginate, also slowing 

degradation. However, these treatments only slow, rather than eliminate, degradation and 

swelling [25,31]. 

 

Figure 2-13: Calcium alginate beads degrading in PBS media after (left) 5 minutes, 

(center) 2 days, and (right) 13 days 

Buffers that contain minimal levels of sodium and phosphate, such as buffered based on 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), can be used in the place of 

phosphate-buffered saline to reduce swelling and degradation of alginate, but such 

buffers are costlier, which is not ideal for cost-sensitive commercial efforts [27].  

The addition of microbial cells to alginate hydrogels weakens them somewhat, but does 

not have a large impact on their time-dependent strength or swelling [19]. 

2.3.2. Agar and Agarose 

Agar is a compound extracted from seaweed which is made of a linear polysaccharide 

called agarose and a mixture of other smaller molecules collectively called agaropectin, 
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see Figure 2-14. Agarose is the molecule responsible for the gelling properties of agar 

and can be isolated from agar and used in a similar manner. Agarose is a thermosetting 

hydrogel and does not require any chemical cross-linkers. Instead, agarose exhibits 

thermal hysteresis. From a dry powder, agarose must be heated to around 90°C to melt 

and dissolve in water, but will then remain dissolved and liquid until lowered to its 

gelling temperature around 45°C. At this point, the agarose chains will hydrogen bond 

with each other and tangle together in double helix coils, forming a stable hydrogel. The 

specific transition temperatures and gel properties vary depending on concentration of the 

agarose, the species of seaweed that the agar is extracted from, and other processing done 

to the substances [14]. The gelling temperature of agarose can be lowered by chemically 

substituting the hydroxyls with other groups as a hydroxyethyls that reduce bonding 

between the polymers relative to the unmodified molecules. Such agarose is called low-

melt agarose and is commonly used in work with temperature-sensitive substances such 

as proteins [32]. 

 

Figure 2-14: Chemical structure of agarose 

Agarose hydrogels are fairly stable once thermoset, and tend to not swell when placed in 

water, remaining within 5% of their initial mass [33]. The addition of microbial cells to 

agar weakens them somewhat, but does not have a large impact on their time-dependent 

strength or swelling [19]. 

2.3.3. Polyvinyl Alcohol 

PVA is a synthetic polymer that is used for a variety of research and commercial 

applications, ranging from medical devices and wound dressing [34], additives to paper 

and timber, commercial and industrial adhesives, and immobilization of bacteria [17,35–

37]. PVA is generally biocompatible, biodegradable, and hydrophilic, but it can have a 
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variety of properties depending on how it is cross-linked and the degree of moisture in 

the final product.  

Unlike many other polymers, PVA is not synthesized directly from its monomer, due to 

the unstable of vinyl alcohol. Instead, a common production method is polymerizing the 

more stable vinyl acetate into polyvinyl acetate (PVAc), then hydrolyzing it to PVA, see 

Figure 2-15. The hydrolysis can be done to different extents, and partially hydrolyzed 

PVA which contains both alcohol and acetate groups is available, as well as fully 

hydrolyzed PVA. Common molecular weights range from 30–200 kDa, which is a bit 

low for a radical polymer due to the hydrolysis process often causing chain scissions 

[38].  

 

Figure 2-15: Synthesis of PVA from vinyl acetate. Vinyl acetate is polymerized by radical 

chemistry into polyvinyl acetate (PVAc), then hydrolyzed into a co-polymer of PVAc and 

polyvinyl alcohol P(VAc-co-VA). Full hydrolysis produced pure PVA.  

Boric Acid 

A commonly-cited method of cross-linking PVA is using boric acid. In this method, 

borate ions form complexes with the diols of PVA as shown in Figure 2-16 [39–42]. 

Bacteria have been shown to recover at least some metabolic activity after 

immobilization in PVA beads cross-linked by saturated boric acid [35,43], but PVA 

cross-linked by boric acid alone will swell significantly in water or even fully dissolve 

after a few hours [44–46]. The swelling of PVA-borate makes it poorly suited for 

microfluidic applications, where tight dimensional tolerances are needed. Furthermore, 

the low pH of boric acid may harm some bacteria, and there are reports of permanent 

reductions in activity after immobilization in PVA-borate. Including cellulose nanofibers 

in the PVA has been shown to strengthen PVA cross-linked with borate and also results 
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in interesting self-healing properties, but this is not necessarily useful for this project 

[47]. 

 

Figure 2-16: Reaction scheme and structure of PVA hydrogels cross-linked by boric acid 

Hydrogel beads formed with PVA and boric acid have a tendency to agglomerate, which 

is undesirable in reactors where beads are suspended in a mixed solution. Adding small 

amounts of sodium alginate to the beads and cross-linking with calcium has been found 

to significantly reduce agglomeration by changing the surface properties of the beads 

[35,46]. 

Freeze-Thawing 

Another common method of forming PVA hydrogels is crystallization by freeze-thaw 

cycles. PVA can be caused to crystalize by a variety of methods such as drying the gel by 

heating, drying by chemical means, exposure to certain solvents or other chemicals, and 

by performing freeze-thaw cycles [48]. The cycles of freezing and thawing allow for the 

formation and growth of crystal sites, which subsequently grow after each repeated cycle, 

see Figure 2-17. Thus, larger numbers of cycles result in higher degrees of crystallinity, 

which can be measured by many methods, including x-ray diffraction, density 

measurements, calorimetric methods, spectroscopic methods, and NMR spectroscopy 

[46,48,49]. PVA hydrogels formed in such a manner can be quite stable in water, see 

Figure 2-18. 
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Figure 2-17: Representation of PVA crystal formation via the freeze-thaw method (left) 

and chemical structure of the PVA hydrogen bonds. Image source: Bunn (1948) [49]. 

 

Figure 2-18: Swelling in water at 23°C of freeze/thawed PVA hydrogels prepared with 

two (■), three (●), four (□), and five (○) cycles of freeze-thawing. Data source: Hassan 

and Peppas (2000) [48]. 

Freeze-thaw cycles is a possible method used for immobilization of bacteria because it 

does not require chemicals or solvents that may be harmful. Freeze-thawed PVA 

hydrogels have been used to immobilize bacteria with success, showing acceptable 

activity and long-term stability [50,51]. However, not all bacteria may be resilient to 

repeated temperature cycles and energy costs of refrigeration should be considered.  
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Sulfate 

Exposing PVA solutions to sulfate ions forms hydrogels stronger than those formed with 

boric acid. PVA hydrogels cross-linked with sulfate have been found to swell less than 

hydrogels cross-linked with boric acid [44]. The mechanism for gel formation by sulfate 

is a combination of two processes. First, the sulfate ions form complexes with PVA 

hydroxyls, similar to boric acid, see Figure 2-19. These complexes destabilize the 

previously existing hydrogen bonds between PVA and water and liberated PVA 

molecules then form hydrogen bonds between each other, forming a crystallite [45,46]. 

The crystal formation is similar to the gelling mechanism of freeze-thaw cycles, see 

Figure 2-17. 

 

 

Figure 2-19: Reaction scheme and structure of PVA hydrogels cross-linked by sulfate 

Higher concentrations of sulfate result in more stable gels which swell less, but have 

lower diffusion coefficients. PVA hydrogels may be cross-linked with concentrations of 

sulfate ranging from 0.1 M to 1.5 M, but concentrations lower than 0.5 M result in very 

weak gels due to insufficient cross-linking. PVA cross-linked with 1.5 M sulfate alone 

will still swell to 200% [45]. 

Phosphorylation (phosphate esterification) 

Phosphate can react with PVA, making it less hydrophilic and thus less soluble and less 

prone to swelling [36,52,53]. Phosphate alone can cause PVA to crystalize by disrupting 
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interactions with water, thus encouraging crystallite formation, but these gels do not have 

long-term stability in water [44]. A more promising use of phosphate is to strengthen gels 

already cross-linked with a different method, reducing the swelling of the gel. In the case 

of a PVA and calcium alginate co-polymer, the phosphorylation step will degrade the 

alginate, resulting in a more porous PVA hydrogel [36]. Phosphorylation can be done at 

room temperature or elevated temperatures with concentrations of phosphate ranging 

from 0.2–1.5 M and durations ranging from 15 minutes to 2 hours [36,52,53]. Degree of 

phosphorylation will increase with higher temperatures and durations. Phosphate 

exposure is gentle on many bacteria, and they can retain activity after encapsulation in 

phosphorylated PVA [36,52]. 

 

Figure 2-20: Reaction scheme and structure of PVA hydrogels modified with phosphate 

Glutaraldehyde 

The aldehyde groups of glutaraldehyde will react with the hydroxyls of PVA, linking the 

molecules together, if catalyzed or at elevated temperatures. Examples catalysts include 

acids like sulfosuccinic acid and poly(2-acrylamido-2-methyl-1-propanesulfonic acid) 

(PAMPS), and typical non-catalyzed reaction temperatures range from 60–120°C. The 

gel can then be dried to form a porous membrane [54–57]. The degree of cross-linking is 

a function of the ratio of glutaraldehyde to PVA as well as the temperature. Too little 

glutaraldehyde will result in insufficient cross-linking, resulting in a soft film that 

dissolves in water. Too much glutaraldehyde also results in a poor film, possibly due to 

high viscosities limiting diffusion, resulting in poor cross-linking. The ratios 

glutaraldehyde to PVA that produce strong, insoluble films are a function of temperature 

[54]. Dry PVA films highly cross-linked with glutaraldehyde can have swelling ratios 

around 50% in water, but greater cross-linking also results in lower diffusivities [54,57]. 
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It is possible to immobilize bacteria in such PVA-dialdehyde films and maintain activity 

[54,56].  

Cross-linking with glutaraldehyde can be done by mixing the desired ratio of 

glutaraldehyde in with a PVA solution directly and cross-linking the bulk gel [54,56,57], 

or by dissolving the glutaraldehyde in an organic solvent such as acetone which will not 

dissolve PVA and submerging a PVA film formed in some other manner in the solution. 

The glutaraldehyde diffuses into the PVA, strengthening the PVA film [55]. 

 

Figure 2-21: Reaction scheme and structure of PVA hydrogels cross-linked by 

glutaraldehyde (GA) 

Sulfone 

PVA cross-linked with bis(β-hydroxyethyl) sulfone (BHES) has shown greatly reduced 

water solubility and swelling compared to hydrogels cross-linked with boric acid. In this 

method, a strong covalent bond is formed between polymer chains by exchanging 

hydroxyl groups in BHES and PVA. However, this reaction will only occur at high 

temperatures [58]. Gels with the best properties were cross-linked above 160°C, and 

reducing the cross-linking temperature to 120°C resulted in poorer stability [59].  

 

Figure 2-22: Reaction scheme and structure of PVA hydrogels cross-linked by sulfone 
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Because of these high temperature requirements, this method was not investigated for 

immobilizing bacteria. 

Bis-epoxide 

Epoxide groups can react with hydroxyl groups, forming covalent bonds [60]. This 

mechanism has been used to cross-link PVA using polyethylene glycol bi-functionalized 

with epoxide groups (PEGDE), and the resulting polymer did not dissolve in 80°C water 

[61]. PEGDE was dissolved in dioxane and PVA beads were suspended in the solution. 

PVA is not soluble in most organic solvents, including dioxane, so the PVA did not 

dissolve as cross-linking was completed over 3 hours at 80°C [61,62]. Because the 

dioxane did not permeate the PVA, PEGDE only cross-linked the surface of the PVA, 

forming a skin. This process could potentially be adapted to use other bis-epoxides, such 

the readily-available bisphenol A diglycidyl ether (BPADE).  

                 

Figure 2-23: Reaction scheme and structure of PVA hydrogels cross-linked by 

polyethylene glycol diglycidyl ether, and the structure of bisphenol A diglycidyl ether 

(BPADE) 

This method was not investigated further due to high temperatures needed to cross-link 

with epoxide groups, and concerns over the toxicity of epoxides. 
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Radiation 

PVA films may be treated with γ-radiation to form strong and chemically resilient films 

[48,63]. This method was not investigated due to the biological incompatibility of 

γ-radiation. 

2.3.4. Other Hydrogels 

A variety of other polymers can and have been used to immobilize bacteria. Collagen and 

the gelatin that can be refined from it are protein-based hydrogels common in food 

products, which thermoset in a manner similar to agarose. Gelatin is very prone to 

swelling, however, so was not investigated past preliminary testing [14].  

Chitosan is linear polysaccharide derived from chitin, generally from the shells of shrimp. 

In pH ranges where its amine groups are protonated, chitosan forms hydrogels by cross-

linking with monovalent anions. It will also stick to negatively charged surfaces, similar 

to the alginate adhesion described in Section 2.3.1, but with opposite charges. Chitosan 

can also be chemically cross-linked or incorporated into other hydrogels such as PVA 

[14,23]. 

 

Figure 2-24: Chemical structure of partly deacetylated chitosan  

Carrageenans are also linear polysaccharides and are extracted from seaweed, similar to 

agar. Carrageenan comes in variations of κ-carrageenan, ι-carrageenan, and λ-

carrageenan, all of which have slightly different chemical structures, see Figure 2-25. The 

κ- and ι-carrageenan variants form hydrogels after being dissolved in hot water (like 

agarose) and slowly cooled in the presence of monovalent or divalent cations, 

respectively. It is more common to use κ-carrageenan for immobilization because it has 

the advantage over alginate of gelling in the presence of monovalent cations and thus is 
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less vulnerable to salt-induced degradation and swelling [14]. However, κ-carrageenan 

swells significantly in neutral and alkaline pH ranges, which is not ideal for this project 

because minimal swelling is desired and 5GB1 requires alkaline media. The inclusion of 

genipin as a cross-linker can reduce the swelling [64–66].  

  

Figure 2-25: Chemical structures of (left) κ-carrageenan and (right) ι-carrageenan 

2.3.5. Polymer Blends 

A variety of polymers may be blended together to form hydrogels with potentially 

advantageous properties depending on the application. 

As described in Section 2.3.3, PVA and calcium alginate blend hydrogels may be 

phosphorylated to strengthen the PVA and degrade the alginate, resulting in a more 

porous PVA hydrogel [36].  

The addition of chitosan to alginate hydrogels was found to reduce gel swelling and 

degradation and improve cell retention is phosphate-buffered media [23]. 

Blends of agarose and chitosan have been found to be more mechanically stable in 

solution over time, particularly acidic solutions. The gels were also more elastic and 

optically transparent than pure agarose gels [67]. 

Agar and PVA have been found to hydrogen bond with each other in a hydrogel blend, 

which increased the melting point of the gels compared to pure agar. However, the blend 

gels swell significantly in water, deformed at lower strain levels, and higher PVA 

contents resulted in increasingly poor mechanical strengths [33]. In these tests, the PVA 

was not cross-linked nor crystallized, raising the question that if treating the blend 

hydrogels with methods described in Section 2.3.3 might improve the hydrogel 

properties.  
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It is hypothesized that cross-linking blends of agar and PVA with sulfate and phosphate 

can produce hydrogels that are mechanically strong, adhere to hydrophilic surfaces, do 

not swell in PBS media, and are biocompatible with 5GB1. 

2.4. Preservation of Bacteria and Hydrogels 

The stabilization of living cultures is a challenge faced by any research or commercial 

operation utilizing living cultures. Under moderate conditions, microbial cultures have 

very limited shelf lives. Cryopreservation is a common method to preserve cell cultures. 

In cryopreservation, cells are cooled until deeply frozen, often to -80°C, which halts their 

metabolic processes ad freezes the cell structures in place. When the cells are needed 

again, they are thawed and returned to their active state, called reconstitution. Ensuring 

that the cells survive this freezing and thawing and return to their prior activity levels is 

not a simple task, and is even after decades of research the mechanisms at play are not 

fully understood. Ice crystal formation can cause osmotic imbalances and rupture cell 

membranes, and the freezing process can cause water loss which can warp the cell 

structure irreversibly damage cellular mechanisms. Additionally, the stress on the cells 

may cause them to go into hibernation states or otherwise make undesirable changes to 

their metabolic processes which remain after reconstitution. Including cryoprotectants, 

chemical additives that minimize ice crystal formation and cellular damage, improves cell 

survival rates. Common cryoprotectants are dimethyl sulfoxide (DMSO) and glycerol. 

Slow freezing rates also help reduce ice crystal formation, a rate of 1°C per minute is 

standard practice [68]. Different microbial species respond differently to freezing and 

cryoprotectants, so different species may different freezing and reconstitution process to 

maximize their activity levels after reconstitution.  

One downside to cryopreservation is that the cultures must remain deeply frozen for the 

preservation to be effective. Maintaining -80°C temperatures is energy-intensive and 

becomes increasingly challenging with larger freezer volumes. Transporting cultures is 

even more problematic, as maintaining these temperatures during shipping is expensive 

and may not be feasible for a cost-sensitive commercial application. 
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Lyophilization, also known as freeze-drying, goes a step beyond cryopreservation and 

dries the samples after freezing. Normally, dying cells out causes massive damage to cell 

membranes and proteins because hydrogen bond interactions with water are an important 

component in stabilizing these molecules. Lyoprotectants can minimize this damage by 

entering the cells and hydrogen bonding with the proteins and membranes in similar ways 

as the lost water. Lyoprotectants can also form a glassy matrix that freezes the samples in 

place similar to how the low temperatures and ice of cryopreservation does. The glassy 

matrices formed by lyoprotectants are fairly temperature-stable and do not need to 

refrigerated as much, if at all [69].  

Again, different microbial species have different tolerances for lyophilization. 

Methanotrophs are known to be particularly sensitive to lyophilization and often have 

poor levels of recovery [69,70].  

Sugars are commonly used as lyoprotectants and occur naturally in some drying-resistant 

species. The sugars can bond with inter-cellular molecules and form the glassy matrix. 

Common sugar lyoprotectants include sucrose, lactose, trehalose, glycerol, and dextran 

[69,71]. Some proteins and alcohols can also be lyoprotective and help with bond 

stabilization or matrix formation, such as bovine serum albumin (BSA), sodium 

glutamate, adonitol, peptone, and glycerol [69,72,73]. Note the inclusion of glycerol as 

both a cryo- and lyoprotectant. 

Hydrogels can also be preserved by lyophilization, including hydrogels containing 

immobilized cells. The structure of hydrogels can be damaged by ice crystal formation 

and the removal of water, so they must be protected similar to cells. During freezing, ice 

crystals can collapse the polymer matrix and result in the rehydrated gels having poor 

strength [74]. Drying causes the hydrogels to significantly shrink, which can strain the 

matrix and form cracks, particularly with hydrogels made brittle by the loss of water’s 

hydrogen bonds. Glycerol has been found to be particularly effective for preventing 

damage to hydrogels during drying because it interacts with the polymer molecules and 

maintains gel volume by not evaporating. Fairly large quantities of glycerol must be 

added for achieve this, around 30% (w/v) [75,76].   
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3. Materials and Methods 

3.1. Hydrogels 

Hydrogel powders were purchased from VWR. Granulated Difco™ agar from Difco 

Laboratories, OmniPur® Agarose from Calbiochem, Low Melt Agarose from IBI 

Scientific, and polyvinyl alcohol 98-99% hydrolyzed 88 – 97 kDa average molecular 

weight from Alfa Aesar were used for swelling and adhesion testing. All water was 

obtained from the house reverse-osmosis system.  

Anhydrous sodium sulfate from Integra Chemical Company, anhydrous dibasic sodium 

phosphate from Fisher Chemical, and crystalline boric acid from Fisher Chemical were 

used as chemical cross-linkers. All chemicals were ACS grade or higher. 

3.1.1. Dissolving 

PVA was dissolved by measuring 10% (w/v) of granulated PVA into reverse-osmosis 

(RO) water in a glass container, which was then heated in an 80°C water bath overnight. 

The container was weighed before heating, so that water lost from evaporation could be 

re-added. The overnight heating mostly dissolved the PVA grains, but did not fully 

dissolve them and the solution was not well-mixed. Next, the container was placed in a 

90°C water bath for about 2 hours with occasional thorough stirring with a metal micro 

spatula. After the final stirring, air bubbles were allowed to rise out of the PVA solution 

and it was visually examined for optical uniformity and clarity before being pulled into 

60 ml plastic Luer-Lok syringes. The PVA solutions were stored in these syringes until 

used to make gels, and were stable over multiple days when the syringes were sealed with 

Luer-Lok caps. 
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Figure 3-1: Container of 10% PVA after dissolving, mixing, and settling 

Agar and agarose liquid solutions were made by adding the agar/agarose powder to RO 

water in plastic centrifuge tubes and microwaving the suspension until the water just 

started boiling. For volumes under 10 ml, 15 ml centrifuge tubes were used, and 50 ml 

centrifuge tubes were used for volumes up to 40 ml. If more than 40 ml of polymer 

solution was needed, it was divided into multiple tubes to minimize over-boiling. The 

microwave was quickly stopped and the partly-dissolved powder was stirred with a metal 

micro spatula. The solutions were brought to initial boiling and stirred twice more, and 

was visually checked for uniformity. The solutions were then moved to 44°C water baths 

until it was time to cast gels. The solutions were kept in the baths for less than four hours 

and were gently re-mixed shortly before casting. 

Agar-PVA blend hydrogels were made by adding 10% PVA solution to agar solutions at 

concentrations to form the desired final composition. The two solutions were mixed with 

a metal micro spatula, then brought to near boil in a microwave and mixed thoroughly for 

one minute. The solutions were then moved to a 44°C water bath, where bubbles were 

allowed to rise out before the gels were cast.  
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Figure 3-2: Solution of 2/5% agar/PVA blend in a 50 ml centrifuge tube after being 

dissolved in the microwave and mixed with a metal micro spatula, still sitting in the tube. 

3.1.2. Dispensing 

The polymer solutions were rather viscous and significant amounts of residual polymer 

remained in pipette tips if they were dispensed using air-displacement pipettes using 

conventional technique. Thus, a modified technique that mimicked positive displacement 

pipetting was used to dispense measured volumes of polymer solution with air-

displacement pipettes. In it, the adjustable pipette was set to the desired volume of 

dispensed polymer, but the plunger was depressed past the first stop before drawing in 

the polymer solution. Then, the solution was dispensed by pushing the plunger was 

pushed to the first stop. The plunger was depressed slowly to allow the viscous solution 

to flow to the base of the tip, rather than pushing air out while the solution clung to the tip 

walls. This left the excess solution in the pipette tip and dispensed the desired amount of 

polymer with no bubbles. 
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Figure 3-3: Polymer solution pipetting technique. Arrow diagram shows movement of 

plunger at each step 

In the event that some bubbles were trapped in the polymer solution and were transferred 

to the dispensed gel, they were removed by gently being drawn back into the pipette. 

Polymers containing agar or agarose would thicken and thermoset during dispensing if 

not kept warm. Thus, these solutions were held in centrifuge tubes sitting in 45°C water 

baths until the moment of being dispensed, and fresh pipette tips were used for each 

sample to avoid clogging. 

3.2. 5GB1 Media 

Some hydrogel swelling tests were performed with the hydrogels submerged in 5GB1 

media, as opposed to water, because BLP reactor runs use 5GB1 media. See Appendix 

9.1 for media recipe. All media components were ACS grade or higher, and water was 

obtained from the house reverse-osmosis system. Media was prepared in volumes ranging 

from 250 ml to 2 L. The NMS2 media and phosphate buffers were sterilized by 

autoclaving, and the carbonate buffer and trace metals solution by sterile filtering. The 

completed media was not stored and handled under sterile conditions, but the media was 

not suitable for most ambient organisms, so no visible microbial growth was observed. 

For the purposes of swell testing, sterility was not deemed critical because small 

population of microbes floating outside of the gel would not be incorporated into the gel 
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or impact gel physical properties. In the case of metabolic activity tests, media was sterile 

filtered shortly before use. 

3.3. Hydrogel Swell Testing 

Hydrogel swelling was analyzed by measuring hydrogel mass over time while the 

hydrogels were submerged in water or 5GB1 media. Because all hydrogel formulations 

were primarily composed of water with 2–9% (w/v) polymer at their starting 

formulations, it was assumed that they had densities equal to water.  

3.3.1. Polymer Dispensing 

Gels were made by pipetting three grams of polymer solutions into Greiner 35 mm x 11 

mm polystyrene petri dishes. A 5 ml adjustable air-displacement pipette was used to 

transfer the polymer solutions. Due to the high viscosity of the polymer solutions, 

precisely controlling the amount of polymer solution by volume was difficult, even with 

the modified positive pipetting technique. To overcome this, the solutions were pipetted 

slowly into dishes on an analytical mass balance and approximately three grams was 

measured into each dish. The mass of each dish was recorded before and after dispensing 

gel. The warm polymer solutions lost small amounts of mass due to water evaporation, so 

each gel dish was weighed again after 15 minutes of cooling at room temperature.  

3.3.2. Gelling and Cross-Linking 

Pure agar or agarose gels were formed by simply cooling and thermosetting at room 

temperature for 15 min. Pure PVA gels were cross-linked by first misting the top of the 

solutions with 4.5% boric acid from a spray bottle until the top of the forming gels were 

uniformly covered in a thin layer of liquid, based on the method developed by Fuchs 

(2015) to form calcium alginate films [27]. The boric acid formed a skin of cross-linked 

PVA on the surface of the PVA solutions, which helped them maintain their shape when 

they were submerged for cross-linking. The skin began cross-linking within seconds and 

was thick enough to maintain gel shape in under a minute. The gel dishes were then 

submerged in cross-linking solutions of either 4.5% boric acid, 1.0 M sodium sulfate, or 

1.5 M sodium sulfate for lengths ranging from 2 hours to 24 hrs. Additionally, the gels 

may then be treated with 1.0 M or 1.5 M di-sodium phosphate for 2 hours to 24 hours to 
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strengthen the gels. It was found that the cross-linking solutions may precipitate out at 

cooler room temperatures, particular at the 1.5 M concentrations. Thus, cross-linking was 

performed in incubators set to 27°C if the room was cool.  

 

Figure 3-4: Crystals of 1.5 M di-sodium phosphate formed by precipitation during gel 

cross-linking (left), and large crystals formed in a dish of 1.5 M di-sodium phosphate left 

overnight at ambient temperatures 

Blends of agar and PVA formed gels both by thermosetting and chemical cross-linking. 

After the solutions were added to their petri dishes, they were allowed to cool at room 

temperature for 15 minutes. The agar content caused the gels to thermoset into weak 

hydrogels. The gel dishes were then submerged in cross-linking solutions, as for PVA 

gels, although no initial misting with boric acid was needed because the agar provided 

structural support. 

Some agar/PVA blend gels were cross-linked at elevated temperatures without allowing 

the agar to thermoset. These quickly after pouring polymer solutions, they were placed 

into 45°C 1.5 M sodium sulfate solutions. 45°C is slightly above the gelling temperature 

of agarose, so the samples were partly washed out before the PVA was cross-linked 

enough to maintain gel shape. After cross-linking with sulfate, the gels were moved to 

1.5 M di-sodium phosphate solutions, again held at 45°C. After cross-linking, the gels 

were cooled to room temperature.  
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3.3.3. Swelling Measurements 

The mass of each gel dish was measured before they were submerged in either water or 

5GB1 media. Gel dishes were submerged in rectangular lidded rectangular containers that 

could hold nine dishes and 500 ml of liquid. The volume of liquid greatly exceeded the 

volume of gel and the liquid level was higher than the lip of the petri dishes. The dishes 

of gel were slightly denser than water, and thus stayed on the bottom of the containers. At 

varying time intervals, the gels were removed from their soaking liquid, gently dried and 

photographed, then weighed. The approximate time of each weighing was recorded, then 

the gel dishes were re-submerged. As submersion time increased, the rates of swelling 

decreased and measurements were taken less frequently. Generally, gels were weighed a 

few hours after their initial submersion, then twice a day for a couple days. Measurement 

rates were then reduced to once per day until the weights became constant. To measure 

long-term stability, some samples were measured on an approximately weekly basis for 

up to two months. 

Gels were gently dried before each weighing by pouring out any liquid, and gently 

tapping the rim of the petri dish on a paper towel to wick out pools of liquid. A light-duty 

tissue (Kim Wipe) was then touched to the gel surface to absorb remaining liquid. In 

cases where the gels swelled and detached from the petri dish, allowing water to get 

below the gel, gels were lifted from the dish and touched to a light-duty tissue, then 

returned to their dish for weighing.  

Swelling ratios were calculated with Equation (3-1).  

 
𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 =  

𝑊𝑡 − 𝑊0

𝑊0
×100% (3-1) 

Where 𝑊0 is the mass of the room temperature polymer before cross-linking, and 𝑊𝑡 is 

the mas of the polymer gel at the time of measurement. Time was measured from initial 

submersion in the soaking solution.  
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Figure 3-5: Dishes containing agar/PVA blends submerged in 5GB1 media and a gel 

dish being weighed 

Each swelling test was performed in triplicate. Initial polymer masses were always within 

0.1 g of 3 g. The standard deviation of the initial masses in each triplicate was always 

under 0.1 g and was, on average, around 0.04 g.    

While this method did not perfectly dry the gels and introduced some variation, 

experimental results were consistent enough to be useful. 

3.4. Hydrogel Adhesion Testing 

Adhesion between hydrogels and surfaces was quantified by measuring the shear 

required to slide a hydrogel sample off a surface sample. This method was adapted from 

ASTM Standard D-1002-10, which is used to measure adhesive strength. In the tests, two 

shims are adhered together and then pulled apart with increasing force until the bond 

breaks and the shims slip apart. The maximum force achieved can then be used to 

calculate the strength of the bond, see Section 3.4.2 [77].  

3.4.1. Sample Preparation 

Impact-resistant 1/16” thick polycarbonate bars and 1.5 mm thick 316 stainless steel shim 

stock were purchased from McMaster-Carr. Shim stocks were cut into 1” by 2” 
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rectangles and 5/32” holes were drilled with a drill press near one side, see Figure 3-6. 

These shims served as the base surfaces for hydrogel adhesion testing. 

                  

Figure 3-6: Sample surface shim design used for adhesion testing, drawn to scale 

Before adhesion tests, these shims were extensively cleaned. Stainless steel shims were 

cleaned by washing with DI water and Alconox alkaline glassware cleaner, then dried 

with paper towel. Shims were then submerged in ethanol for 10 minutes, acetone for 

15 minutes, then ethanol again for 15 minutes. Shims were then blown dry with N2 gas 

and passivated by UV ozone for 10 minutes in a BioForce UV/Ozone ProCleaner™. 

Polycarbonate shims cleaned with Alconox, submerged in ethanol for 15 minutes, blown 

dry with N2. Then treated with UV/Ozone for 10 minutes. 

Polycarbonate was not cleaned as aggressively mostly because polycarbonate is not 

compatible with acetone, but also because the polycarbonate shims were new and still 

covered with their protective film, and thus not exposed to nearly as many organics as 

stainless steel, which was coated with hydrocarbon-based lubricant during the cutting 

process. Ozone is produced in the cleaner by UV radiation splitting O2 molecules into 

oxygen radicals, which then react with O2 to produce ozone O3. Ozone is highly 

electrophilic and thus oxidizes many compounds. It preferentially reacts to organics, 

breaking them into smaller volatile compounds, which makes ozone useful for cleaning, 

but also oxidizes the surfaces of plastics and metals [78]. The oxidation increases the 

surface density of hydroxyls on the metal and plastic surfaces, giving them a lower 

surface energy and making them more hydrophilic. The ozone treatment left trace 

amounts of rust on steel shims and yellowed the polycarbonate shims slightly.  

2.5 cm 

5 cm 
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Figure 3-7: UV ozone cleaner and polycarbonate shims after ozone treatment 

Polymer solutions were prepared as described above, and pipetted onto the prepared 

shims and held in place with a 3D-printed mesh, the design of which is shown in Figure 

3-8. Full dimensions and printing considerations are in Appendix 9.2. A pipette was used 

to dispense 1.5 ml of polymer solution directly onto the shim, then the mesh was place on 

top of the shim, then another 1.5 ml of polymer solution was pipetted on top of the mesh. 

This slightly overfilled the mesh, causing the mesh to be fully encased within a hydrogel. 

The mesh was designed to not contact the shim surface, maximizing gel contact with the 

shim. 
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Figure 3-8: Design of 3D printed top mesh and a liquid agar/PVA blend immediately 

after pipetting over the mesh on a polycarbonate shim. In later tests, the mesh was 

flipped opposite to the mesh shown, so that the shim had no contact with the shim over 

the testing surface (note the lip surrounding the inner mesh in the design). See Appendix 

9.2 for schematics.  

In ASTM Standard D-1002-10, two solid shim surfaces with adhesive sandwiched 

between them are used [77]. It is assumed that the setup has vertical symmetry and thus 

the yield shear should be identical on both sides and it does not matter which one slips at 

peak force. The test applied in this study instead uses an imbedded mesh to shorten 

diffusion lengths off the cross-linkers and to improve uniform surface contact with the 

shim surface.  

This change was justified by inconsistent results when the adhesion tests were performed 

with two opposing shims. It appeared that the centermost areas had no gel. This was 

initially thought to be due to long diffusion times. To test this, 10% PVA was sandwiched 

between two 5x5 cm polycarbonate shims kept 1 mm apart by glass spacers. These were 

submerged in 1.5 M di-sodium sulfate and weighted down with a glass microscope slide. 

As the sulfate diffused in and cross-linked the PVA, the polymer gelled and turned 

opaque due to PVA crystallization [45,46].  

This experiment found that the gel did form unevenly, see Figure 3-9, but the primary 

issue was not diffusion preventing gelation in the center. The shims moving apart during 
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gelation, despite being gently weighted down, causing polymer solution to be pulled 

away from the center, see Figure 3-10. This resulted in less gel in the center of the shims. 

 

Figure 3-9: 10% PVA between 5x5 cm polycarbonate shims cross-linking in 1.5 M 

sulfate. Due to poor uniformity in shim spacing, the resulting gel is non-uniform. Uniform 

gels were desired for adhesion testing to assure full contact between the shims and gel. 

 

Figure 3-10: Cross-section diagram of polycarbonate shims being pushed apart during 

gelation, forming a gap in the center of the gel 

An imbedded mesh was a simple solution, providing a shorter diffusion pathway, and the 

open face eliminated the pocket formation shown in Figure 3-10. As long as the bond 

between the surface and the gel was weaker than the physical structure of the gel, the gel 

would slip off the surface before the mesh was ripped from the gel. This was the case for 
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all tests performed during this study. It is reasonable to assume identical yield shears as a 

two-shim test due to the symmetry described above.  

3.4.2. Testing Method 

A simple testing apparatus was constructed to measure the yield force of gel adhesion. 

After the appropriate gelling and cross-linking processes, the shim/gel/mesh were gently 

placed in a small rectangular container filled with water, called the “boat”. The 

shim/gel/mesh were so that the shim was on the bottom of the boat. The shim was fixed 

to the boat with a pin fed through the shim hole. A Vernier dual-range force probe (set to 

higher max range of +/- 50 N) was connected to the top mesh via swivel hooks and a 

segment of 20 lbs test fishing line which was tied to itself forming a single loop. The loop 

of line was used to slightly increase tensile strength and reduce stretching, and tying the 

loop together was easier than tying knots on both sides of a single strand of fishing line. 

The fishing line directed over the boat lip with two metal loops. Data from the force 

probe was collected by a Vernier LabQuest 2. The boat sat on the flat piece of 

polycarbonate, and was connected to the plunger mechanism of an Orion M361 syringe 

pump. The force probe and base of the syringe pump were secured a fixed distance apart 

by the polycarbonate platform supporting the boat. See Figure 3-11 and Figure 3-12. 

The adhesion test was done submerged in water to better reflect the environment in the 

BLP reactor. In cases of poor adhesion, vacuum caused by water-air surface tension as 

the gel was pulled away may have significant impacts on test results. Submerging the gel 

and shim effectively eliminates that confounding factor. 

 

Figure 3-11: Diagram of adhesion testing apparatus 
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Figure 3-12: Image of adhesion testing apparatus 

During an adhesion test, the LabQuest 2 was set to collect 30 data points a second for 300 

seconds. The syringe pump was then set to 10 ml/min, which corresponds to the plunger 

mechanism moving 2.3 cm/min. As the plunger mechanism moved, it pulled the boat 

across the polycarbonate platform, drawing the shim/gel/mesh away from the force probe 

and increasing the tension in the fishing line. The force readout increased until the 

adhesion between the gel and shim failed and they were pulled apart, at which point the 

force reading quickly dropped. The adhesion yield shear was calculated with 

Equation (3-2). 

 
𝜏𝑎 =

𝐹𝑚 − 𝐹0

𝐴
 (3-2) 

Where 𝜏𝑎 is the adhesion shear strength, 𝐹𝑚 is the peak force, 𝐹0 is the force not due to 

adhesion, and 𝐴 is the contact surface area, which was 10 cm2. 𝐹0 was found 

experimentally by running the apparatus with no gel to be around 0.8 N.  

While this testing apparatus was rather rudimentary and by no means perfect, it was 

found to yield surprisingly clean and useful data, see Figure 3-13.  
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Figure 3-13: Raw force data from an adhesion test of 2/5% agar/PVA blend gel. The 

dashed line shows peak force, which was 29.2 N, equal to the weight of 3 liters of water.  

3.5. Hydrogel Flow Cell Testing 

Hydrogel performance in the BLP is greatly influenced by the adhesion and swelling 

properties of the hydrogel, but those data alone do not fully represent behavior in the 

BLP. Fluid flow within the BLP exerts forces on the gel that are not present static 

swelling tests, but may influence swelling behavior. Additionally, fluid flow peeling gel 

up from a reactor plate involves directional forces that are not present in the shim 

adhesion tests. Thus, it was desired to have a small-scale flow cell where hydrogel 

behavior could be tested under conditions similar to those in the BLP. The small size and 

simple design would allow for multiple tests to be run in parallel and with much greater 

ease than an experimental run of the full-sized reactor. 

3.5.1. Flow Cell Construction 

Pieces of 3/8” and 1/2” thick polycarbonate purchased from McMaster-Carr were cut into 

4” x 7” rectangles. A 50 mm x 75 mm x 0.5 mm well was cut into the center of the 3/8” 

thick piece using a CNC mill. During flow cell tests, gel films were cast into the 0.5 mm 

deep well, which is equal to the gel depth in the BLP reactor. Both polycarbonate pieces 

were drilled with 1/4” diameter bolt holes with a CNC. Inlet and outlet ports were drilled 

into the 1/2" thick polycarbonate and tapped with NPT threads. To separate the 

polycarbonate pieces and allow for fluid flow, spacers were cut from 250 µm thick 

polyetheretherketone (PEEK). An ESI 533 Laser Cutter was used to cut the PEEK into 4” 

x 7” rectangles with bolt holes matching the polycarbonate pieces. A rhomboidal flow 
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path was also cut into the PEEK, the ends of which lined up with the inlet and outlet ports 

in the top polycarbonate plate. For full dimensions, see Appendix 9.3. 

 

Figure 3-14: Design on the flow cells. Image source: Fuchs (2015) [27]. Full dimensions 

are in Appendix 9.3. 

3.5.2. Flow Cell Loading and Assembly 

Flow cells were cleaned similarly as polycarbonate shims used in adhesion testing, by 

being rinsed with ethanol from a spray bottle. However, the flow cells were too large to 

fit in the BioForce UV/Ozone ProCleaner™. Thus, the flow cell bases were made 

hydrophilic by treatment with oxygen plasma. Treatment was done in a Technics 

PlanarEtch II plasma chamber for 5 minutes with an oxygen pressure of 0.5 Torr and coil 

power of 300 watts. This treatment only oxidized and cleaned the surface of the 

polycarbonate, it didn’t etch any material away and the dimensions were unchanged. 

After treatment, the flow cells had visible whitening on the surface and were qualitatively 

much more hydrophilic, confirmed by visual inspection of water droplet contact angle.  

To load the flow cells with gel, polymer solutions were dissolved and mixed as described 

in Section 3.1.1. About 3 ml of solution was poured into the 0.5 mm deep well in the flow 

cell base plate such that one edge was almost full and a tail of solution almost reached the 

opposite end. A rod of Polytetrafluoroethylene (PTFE) was passed over the flow plate 



44 

 

base to spread the gel flat and level with the main body of the base plate. Excess gel that 

did not fit flush with the lip of the well was pushed aside by the rod. See Figure 3-15.  

 

Figure 3-15: Process of casting gel films for flow cell tests 

As the PTFE rod was pulled across the gel surface, the surface tension and high viscosity 

of the solution caused the solution to pull itself behind the rod, forming a slope blow the 

rim of the well rather than forming a flat surface level with the lip. PTFE was selected as 

the rod material to minimize solution sticking to the rod. Multiple passes with the rod in 

opposite directions helped level out the solution. This leveling process was done quickly 

when working with solution containing agar or agarose, because the solutions began to 

thermoset and thicken within a minute. After thermosetting began, moving the gel with 

the rod caused structural damage to the gel, resulting in a weaker and less uniform gel. 

The rod was moved slowly and smoothly across the plate to allow the viscous solution to 

settle and be pushed into empty spaces. Excess solution was pushed out of the well and 

were carefully removed with a razor blade after cross-linking. Cross-linking was 

performed as described in Section 3.3.2. 

1) Pour gel 2) Spread with rod 

3) Spread with rod opposite 4) Repeat 2&3 if needed, let cool 

Trim edges 
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Flow cells were assembled by sandwiching two PEEK spacers between the gel-loaded 

bottom plate and top and securing them together with 1.25” long, 1/4” diameter stainless 

steel bolts with matching washers and nuts. To improve the seal, the bolts were tightened 

in a star pattern with a torque wrench, first to 2.2 N·m of torque, then 4.4 N·m. This even 

tightening ensured uniform contact between the plates and spacers. 

Plastic NPT thread to 1/16” barbed fitting adapters were screwed into the inlet and outlet 

ports and connected to 1/16” flexible Tygon tubing. The Tygon tubing ran to a 

Masterflex peristaltic fitted with Masterflex peristaltic pump tubing. The Tygon tubing 

and Masterflex tubing were connected with 1/16” male-to-male barbed fittings.  

3.5.3. Testing Method 

During flow cell testing, 5GB1 media dyed with 1 g/L calcein was pumped through the 

flow cells at a rate of 6 ml/min for multiple day periods. The calcein diffused into the gel, 

dyed it and making ununiform differences in thickness due to swelling easily seen. 

Periodically, top-down photos of the flow cells were taken on top of a fluorescent light 

box. The 6 ml/min flow produced an average velocity of 24 cm/min, which greatly 

exceeds common flow velocities used in the BLP. In the BLP an approximate flow 

velocity is 2.6 cm/min, but this number assumes liquid and gas phases behave like a 

single liquid phase. Regardless, it is thought that the velocities in the flow cell simulate 

more stress than a worst-case-scenario in the BLP.   

 

Figure 3-16: Diagram of flow cell testing setup 

Air bubbles trapped in the flow cells occasionally were problematic. Air bubbles could be 

introduced by small leaks in the tubing, particularly around the fittings and pump 

Flow 
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components, or simply by dissolved air. It was found that having the pump pulling the 

media through the flow cell reduced bubbles, compared to the pump pushing liquid 

through. Once bubbles formed, removing them was very difficult and it was easiest to 

simply drain and refill the flow cell. To fill a flow cell cleanly, the flow cell was 

completely drained, then held vertically as media was pushed into the flow cell from the 

bottom up by running the pump in reverse. Once the cell was filled, the pump was 

reversed again to run in its normal direction  

  

Figure 3-17: Images of a flow cell containing 2/3% agar/PVA gel during a flow test. The 

cell is on top of a light box with fluorescent bulbs and the media is dyed with calcein to 

make visualization easier. (Left) Bubbles are trapped in the cell, interfering with flow. 

(Right) The cell has been drained and refilled and is free of bubbles. 

3.6. Hydrogel Rheology 

Rheology experiments were conducted on agar/PVA blend hydrogels to help further 

understand the relationship between PVA content and hydrogel properties. 

3.6.1. Sample Preparation 

Agar/PVA blend polymer solutions were prepared as described in Section 3.1 and 

dispensed into clean 50 mm diameter polystyrene petri dishes. Uniform gel thicknesses 

around 2 mm were ideal for the rheological measurements, and it was found that 6.6 ml 

of polymer solution produced gels of this thickness. Based on a simple volume 

calculation, one would expect 6.6 ml to produce a 3 mm thick gel, but the gels contract 

some during cross-linking. Another reason for using 6.6 ml of solution was that this was 

found to me the minimum amount of solution needed to evenly coat the dish bottom. 
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Lower volumes held themselves together with surface tension and didn’t reach all wall of 

the dish. 

The sample gels were cooled for 15 minutes then submerged in 1.5 M sodium sulfate at 

27°C for 2–12 hours, then 1.5 M di-sodium phosphate for 1–12 hours, as described in 

Section 3.3.2. The wide time ranges were based on work scheduling in the lab, and gels 

were often left to cross-link overnight at the end of a work day. 

After cross-linking was complete, the gel disks were removed from their dishes. This 

could be a minor challenge for samples with poor mechanical integrity but samples did 

not adhere much to the petri dishes, which were naturally hydrophobic, and could be 

reliably removed without damage. These gel disks were then trimmed to a diameter of 

40 mm with a razor to fit into the rheometer.  

3.6.2. Testing Method 

Loss (G’’) and storage (G’) moduli were measured with a TA Instruments AR-G2 

Magnetic Bearing Rheometer in a parallel plate configuration. An amplitude sweep found 

that samples were well within their linear viscoelastic (LVE) region at 0.01% strain, 

which was desired for this testing method. Each sample was analyzed with a frequency 

sweep from 0.1 to 100 rad/s. Data for frequencies lower than 0.1 rad/s are not reported 

because data was inconsistent at those low frequencies due to the rheometer plate 

slipping on the gel surfaces.  
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Figure 3-18: The TA Instruments AR-G2 Magnetic Bearing Rheometer used in rheology 

measurements (left). An example data set of loss and storage moduli data from a 2/4% 

agar/PVA blend hydrogel (right). 

The loss (G’’) modulus relates to the energy dissipated from the sample as heat when 

shear is applied, representing the viscous characteristics of the sample. The storage (G’) 

modulus relates to the energy elastically stored in the sample when shear is applied, 

representing the elastic characteristics of the sample. From loss and storage moduli data, 

the average loss tangent (ALT), also known at the tan delta or tan δ, was calculated with 

Equation (3-3) [79]. 

 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝑜𝑠𝑠 𝑇𝑎𝑛𝑔𝑒𝑛𝑡 =

𝐺′′(𝑙𝑜𝑠𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠)

𝐺′(𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑚𝑜𝑑𝑢𝑙𝑢𝑠)
 (3-3) 

The ALTs of each sample were well below 1, indicating that the systems were dominated 

by solid-like elastic behavior, as opposed to liquid-like viscous behavior. In this region, 

higher ALTs indicate softer solids [79]. The ALT was calculated by taking the G’’ to G’ 

ratio each angular frequency individually then averaging those values. The values did not 

vary much as a function of angular frequency because both moduli were linear functions 

of the angular frequency with very similar slopes. This is expected based on rheology 

theory, which states that the moduli lines are parallel within the LVE region [79].   
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3.7. Methanotroph Immobilization 

3.7.1. Cell Cultures 

Stock cultures of Methylomicrobium buryatense 5GB1 cryopreserved in DMSO at -80°C 

were used to streak working stock plates. An additional stock of a variant 5GB1 strain 

genetically engineered by the groups of George Bennett at Rice University and Mary 

Lidstrom at University of Washington as part of this project to produce larger quantities 

of crotonic acid, referred to as GM5GB1, was also maintained. Both variants were 

maintained and grown in the same manner. Agar plates made with 5GB1 media were 

streaked with thawed stock culture and kept at 30°C with about 20% methane headspace 

to grow colonies. Colonies took 2–3 days to grow to useful sizes. 

5GB1 working cultures were grown in batch culture bottles. Air-tight 750 ml bottles with 

150 ml of sterile 5GB1 media were inoculated with colonies of 5GB1 from working stock 

plates. Once inoculated, methane was injected into the batch incubators to achieve an 

approximately 20% methane headspace.  The incubators were continually shaken in a 

30°C room and their headspaces gases were purged and refreshed with 20% methane two 

days after inoculation. If the cultures were not used the next day, the headspaces were 

again refreshed. Figure 3-19 shows fully-grown cultures before harvesting.  

 

Figure 3-19: Batch incubators containing 5GB1 culture after three days of growth 

After the cultures completed growing, then were transferred to 50 ml centrifuge tubes and 

spun down into pellets in a swinging-bucket centrifuge at 3273 g-forces for 15 minutes. 
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Media supernatant was poured out and the cells were re-suspended in a smaller volume of 

fresh media, typically 1.5% or 3% of the volume of the original cultures. A suspended 

volume of 1.5% was the highest concentration that could be easily worked with, as denser 

cell cultures were thick slurries. Spinning cultures down to this volume resulted in dry 

cell weights of 33–53 mg per ml of culture. 

Cell and protein density were estimated by measuring absorption at 600 nm on a UV-vis 

spectrometer. Absorption values were compared to a calibration curve based on suspend 

solids (TSS) measurements. To make this calibration curve, absorption values of a 

sample spun-down and re-suspended were measured with repeated dilutions in 5GB1 

media, then 1–2 ml of culture was then dried in a vacuum oven. The dry mass was 

weighed, yielding the dry cell weight concentration of the original culture. The now 

known dry cell content of each sample dilution was matched to their respective 

absorbance values.  

To improve accuracy when measuring culture densities, a small sample of the re-

suspended cell culture was diluted until the absorption was in the linear region of the 

calibration curve and the culture density was calculated based on the measured value and 

the dilution factor.  

3.7.2. Immobilization 

Spun-down and re-suspended cultures were mixed with polymer solution for 

immobilization. The immobilization method depended on the type of experiment. First, 

polymer solutions were made at concentrations that would yield the desired final gel 

concentration when the solutions were mixed with the re-suspended culture. The ratio of 

bacteria culture to polymer solution was 1.5 ml culture per 8.5 ml polymer solution, 

which combined to make the final hydrogel volume. The ratio above is based on a final 

gel volume of 10 ml. This meant that that the polymer solutions were made 17.6% more 

concentrated than the desired final gel concentration.  

This ratio was chosen based on a trade-off between agarose set-point temperatures and 

maximum density of cell cultures. Higher concentrations of agarose set at higher 

temperatures. Thus, when making dense polymer solution to account for dilution with 
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cell culture, the denser solutions set at higher temperatures. The larger the culture to gel 

ratio, the denser the polymer solution must be and the higher its gelation temperature. 

However, the cells could be damaged by elevated temperatures and the set-point of 2% 

agarose solutions of around 45°C was already at the upper range of their tolerances. Thus, 

a low ratio of cell culture to gel was required. The polymer solutions for the 1.5 ml 

culture to 8.5 ml polymer solution ratio were still liquid at 45°C.  

However, high cell densities with the gel were desired to achieve high activity rates. 

Working with the practical limit of spinning cultures down to 1.5% of their original 

volume, adding 1.5 ml culture per 8.5 ml polymer solution produced dry cell weight 

contents of 5–8 mg/ml gel. Each 150 batch incubator grew enough cells for 15 ml of 

hydrogel.  

PVA Beads 

For measuring methanotroph metabolic activity while immobilized, cells were 

immobilized in polymer beads. Cell-loaded PVA beads were formed by mixing 20% 

PVA re-suspended cell culture and 5GB1 media to produce 10% PVA with suspended 

cells. This PVA mixture was dripped via syringe into a room-temperature mixture of 

4.5% boric acid buffered with carbonate to a pH around 7.5. The syringe was held high 

enough to that the drops rounded out before striking the liquid surface. Upon contact, the 

PVA quickly cross-linked, forming a thin skin of gel around a bead of liquid PVA. After 

2 ml of beads were dispensed, the beads were skimmed out of the boric acid solution and 

moved to 1.0 M di-sodium sulfate dissolved in NMS2 (nitrite mineral salts medium, see 

Appendix 9.1) at half the concentration in normal 5GB1 media. The pH of the sulfate 

solution was around 9.5, similar to 5GB1 media. The beads were in contact with the boric 

acid solution for under a minute. The cell-loaded PVA beads were left in 1.0 M sulfate 

for 1 hour, then removed and rinsed in RO water. 

Agar and Agar/PVA Blend Beads 

Beads of agar or agarose were made by dissolving the agar or agarose were dissolved as 

described in Section 3.1.1, but with concentrations to account for the dilution with cell 

cultures. All immobilization tests involving agar or agarose had final agar/agarose 
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concentrations of 2% (w/v). After the polymers were dissolved and mixed in centrifuge 

tubes, they were placed in either 45°C or 50°C water baths and equilibrated for 15 

minutes. Cell cultures were also placed into a 45°C bath for 5 minutes to avoid quickly 

lowering the temperature of the polymer upon mixing and causing it to thermoset. It was 

also desired to avoid exposing the cultures to rapid temperature changes due to potential 

temperature shock. After mixing, the solutions were kept at 45°C. The cell-loaded 

solution was pipetted 2 ml at a time as described in Section 3.1.2, using a 5 ml pipette tip, 

but rather than being dispensed into another container, it was deposited in droplets on a 

clean sheet of Parafilm. To minimize bead size and improve control, the pipette plunger 

was depressed slowly and the bead of solution clinging to the tip was gently touched to 

the Parafilm, transferring the bead to the parafilm. The tip was then raised, moved, and 

then touched to the Parafilm again. Bead size could be controlled by adjusting how far 

the plunger was depressed before transferring the bead to Parafilm, but the fine motor 

control required was difficult, so bead sizes were somewhat inconsistent, see Figure 3-20. 

The beads were allowed to cool and gel for 15 minutes at room temperature. 

 

Figure 3-20: Beads of cell-loaded 2/5% agar/PVA blend hydrogel on Parafilm after 

cross-linking. The black line separated two different 2 ml samples (multiple pieces of 

parafilm were needed to hold 2 ml of gel beads). 

Beads of agar/PVA blend hydrogels were made in the same manner as the agar or 

agarose beads, but after cooling, the films of beads were transferred to cross-linking 

solutions to chemically cross-link the PVA. The wax films tended to float on the cross-

linking solutions, so they were weighed down with pieces of stainless steel. Highly 

concentrated cross-linker solutions, particularly 1.5 M phosphate, had a tendency to form 
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crystals and precipitate upon contact with cool stainless steel, so the shim and cross-

linker solutions were warmed to around 30°C before submerging the Parafilm and beads.   

To reduce the impact of the cross-linking solutions on 5GB1 activity, sulfate cross-

linkers were buffered with carbonate buffer at half the concentration in normal 5GB1 

media, and were made in NMS2 media at half the usual concentration. This produced a 

solution with a 9.7 pH at 27°C. Phosphate cross-linking solutions were naturally at 9.3 

pH so were not buffered, but were made in NMS2 media at one fourth the usual 

concentration.  

After bead formation was completed, a steel scoopula was used to remove the beads from 

the Parafilm. The beads were mechanically stable enough to be easily handled without 

damage. 

To form beads with smaller characteristic diffusion lengths, 2 ml of cell-loaded polymer 

solution was pipetted as described in Section 3.1.2 with a 5 ml pipette tip onto a clean 

5x5 cm square of polycarbonate 0.5 mm thick. The solutions were pipetted and spread as 

evenly as possible over the polycarbonate squares, resulting in a film about 1 mm thick 

(the polymer did not quite cover the full 25 cm2 of the polycarbonate square). The 

polycarbonate squares were made slightly hydrophilic by treatment with 10 minutes of 

UV ozone the night prior to bead formation. The reduced hydrophobicity made it easier 

to spread the polymer solution evenly.  

The polymer solutions were allowed to cool and thermoset for 15 minutes at room 

temperature. Gels containing 2/5% agar/PVA blends were submerged in 1.5 M sulfate 

then 1.5 M phosphate, both for 30 minutes at 27°C. The sulfate was in NMS2 with 

carbonate buffer, both at one half the concentration present in 5GB1 media. The pH was 

adjusted to 9.5 with small amounts of HCl. The phosphate was in NMS2 at one half the 

concentration present in 5GB1 media and had a pH of 9.3.  

After cross-linking, the gel films were diced into squares of approximately 0.6 cm. Agar 

films were easily cut with a scalpel, see Figure 3-21. Agar/PVA blend gels were more 

difficult to work with due to their strength and elasticity, so they were cut into strips with 
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a scalpel then cut into squares with scissors. All cutting implements were washed with 

ethanol and given time to dry before use to limit cross-contamination.  

 

Figure 3-21: Diced film of cell-loaded 2% agar 

After gel formation was completed, a steel scoopula was used to remove the gel pieces 

from the polycarbonate squares. The gel squares were mechanically stable enough to be 

easily handled without damage. 

Agarose Films in the BLP 

Films of cell-loaded low-melt-agarose were cast onto BLP reactor plates for test runs of 

the BLP in the same manner as described in Section 3.5.2, just on a larger scale. The well 

in the BLP plate had an approximate volume of 13 ml, but casting a uniform gel was 

found to be easiest with a volume of 25 ml to allow for even spreading with overflow 

along the edges. Cell-loaded agarose solution with a final density of 2% (w/v) was mixed 

previously in Section 3.7.2. All 25 ml was poured onto the reactor plate at once and 

spread as described in Section 3.5.2 and Figure 3-15. The spreading was competed faster 

for the BLP plate than the flow plates because the metal BLP plate pulled heat away from 

the gel faster than the plastic flow cell base plate, causing it to thermoset faster. 

Completing the process from the start of the pour to finishing spreading in under 30 

seconds generally gave good results.   
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Figure 3-22: A cell-loaded film of low-melt-agarose after 2 hours of running in the BLP 

reactor 

3.8. Methanotroph and Gel Lyophilization 

Lyoprotectants were tested by preserving cultures of 5GB1 then testing their methane 

consumption. Lyoprotective medias based on bovine serum albumin (BSA), glucose, 

sucrose, trehalose, and glycerol were tested. 

All lyoprotectants were added to full-strength 5GB1 media. “Mist. dissecans” 

lyoprotectant contained 7.5% glucose and 20% bovine serum albumin (BSA) [72]. 

“ATCC” lyoprotectant contained 10% (w/v) sucrose and 5% BSA [80]. “BSAT” was 

based on the ATCC lyoprotectant but instead contained 10% trehalose and 5% BSA. 

Table 3-1: Lyoprotectant names and contents 

Name Percent BSA (w/v) Sugar Type Percent Sugar (w/v) 

Mist. Dissecans 20% Glucose 7.5% 

ATCC 5% Sucrose 10% 

BSAT 5% Trehalose 10% 

 

BSA was dissolved in 5GB1 media at room temperature in 25 ml glass beakers with 

magnetic stir rods at speeds such that the surface of the media concaved slightly, but no 

vortex was formed. Powdered BSA flakes were sprinkled over the surface and allowed to 

slowly dissolve for about 15 minutes. Once the flakes were mostly dissolved, more flakes 

were added. This process was repeated until the stock concentration of 20% (w/v) was 
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achieved, which took a couple hours. This slow process was to avoid the BSA powder 

clumping together and being very difficult to dissolve, as happens if it is aggressively 

stirred. The BSA stock was sterilized by filtering with a sterile 0.2 µm cellulose acetate 

syringe filter and stored at 2°C in a 50 ml centrifuge tube. BSA at these concentrations is 

a strong surfactant and will greatly foam if shaken or aggressively stirred.  

Cultures of 5GB1 were grown as described in Section 3.7.1 and spun down to 3% of their 

original volume and 0.6 ml of culture along with 0.4 ml of 5GB1 media and 1 ml of 

double concentration lyoprotectant stock solution were dispensed into 5 or 7 ml screw-

cap cryogenic vials and mixed by gentle inversion. 

The cryogenic vials were transferred to a Nalgene Mr. Frosty Cryo 1°C Freezing 

Container filled with isopropanol as per instructions, and moved to a -80°C freezer for at 

least 4 hours. The freezing container was calibrated such that the cells were cooled and 

frozen at a rate of 1°C an hour to reduce ice crystal formation.  

The samples were removed and transported on dry ice to a VirTis 3.5L DBT ES-55 

lyophilizer. Before drying, a small hole was punctured in the side of each cryogenic vial 

near the base. A clean pin or thumbtack and a gentle tap with a hammer was used to 

make the holes and the process was done quickly and with minimal handling to avoid 

thawing the samples before they were returned to dry ice. Without this hole, the frozen 

sample plugs had a tendency to be forced up and out of the vials by trapped expanding 

gas during the drying process.  

The VirTis lyophilizer was cooled to -56°C and the chamber was pumped down to 

200 mTorr. Nylon-coated glass flasks were chilled to -80°C along with the frozen 

samples. The frozen samples were placed in the flasks and connected to the lyophilizer 

manifold, quickly lowering their pressure to 200 mTorr. This transfer was done quickly 

to limit chances for the samples to warm and melt before exposed to vacuum. Samples 

were left in the lyophilizer overnight to dry. 

After drying was complete, the vials were removed and the vent hole made at the base of 

each vial was sealed with Parafilm.  
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Figure 3-23: The VirTis DBT lyophilizer used for drying samples (left), a frozen 5GB1 

sample in a cryogenic vial (center), and a dried 5GB1 sample in a cryogenic vial with the 

hole sealed with Parafilm (right) 

The drying of hydrogels was also tested. Solutions of 2% agarose containing 5–20% 

glycerol or 10% trehalose were cast in 50 mm diameter plastic petri dishes and allowed to 

cool. They were then frozen in a -20°C freezer for 1 hour, then moved to a -80°C freezer 

for at least 2 hours. The gel dishes were transported to the lyophilizer on dry ice and 

placed into the main chamber of the lyophilizer because the dishes were too large for the 

vacuum flasks. The chamber was pumped down and left to run overnight.  

3.9. Methanotroph Activity Testing  

Metabolic activity rates were quantified by measuring the rate of consumption of 

methane by methanotrophs. The production of metabolic products and byproducts were 

not measured, nor were cells microscopically examined or live/dead ratios quantified. 

While ultimately the production of metabolic products is the most important variable for 

a commercial bioreactor, methane consumption is easier to measure, can be used to 

analyze any methanotroph species regardless of their metabolic products, and it was 

assumed that methane consumption would directly relate to product formation.  
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3.9.1. Sample Preparation 

Immobilized Cells 

Gel beads were created as described in Section 3.7.2 and 2 ml of beads were placed into 

75 ml crimp-top bottles along with 8 ml of 5GB1 media, see Appendix 9.1.  

Chemical Exposure 

To test the effect of exposure to chemicals such as cross-linkers on methanotroph activity 

independently of immobilization, activities were measured in suspension. Cell cultures 

were added to cross-linker solutions in centrifuge tubes and incubated at similar 

temperatures and for similar times as cells would experience during immobilization. 

During this exposure time, cell densities the same as the immobilized cells, with 3 ml of 

suspended culture for every original 7 ml of cross-linker solution. Chemical exposure 

concentrations were calculated based on the concentration after the cultures were added. 

After exposure, 2 ml of the exposed culture were pipetted into 75 ml crimp-top bottled 

and diluted with 8 ml of 5GB1 media. This produced equal cell content and total liquid 

volume as the activity tests with immobilized cells.  

Frozen and Lyophilized Cells 

Frozen cell samples in cryogenic vials were removed from the -80°C freezer and placed 

on dry ice for transport to prevent slow thawing which might damage cells. Once ready, 

the cryogenic vials were placed in 37°C water baths for 15 minutes to thaw. The thawed 

cultures were transferred to 75 ml crimp-top bottles and diluted with 5GB1 media to a 

final volume of 10 ml. Lyophilized cultures were re-suspended in 5GB1 culture to 

achieve final volumes of 10 ml, then transferred to 75 ml crimp-top bottles. For some 

tests, the cryogenic vials of lyophilized cultures were placed in a 37°C incubator for 10 

minutes before being re-suspended in 37°C 5GB1 media. To remove protectants or other 

substances, some samples were also spun down in a centrifuge and re-suspended in 5GB1 

media. The wash was repeated twice more. For some tests, after the final rinse the cells 

were re-suspended in 5GB1 media containing 10 mM sodium formate and incubated at 

37°C for 1 hour. 
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Control 

Most activity tests also included samples of 5GB1 culture that were not treated further 

after being spun down and suspended. Culture volumes of 0.3 ml were transferred to 

75 ml crimp-top bottles along with 9.7 ml of 5GB1 media and stored at room temperature 

while other cells underwent treatments. 

 

Figure 3-24: Crimp-top bottles used during activity testing, all containing samples of 

GM5GB1, (left) 2/5% agar/PVA blend gel beads, (center) 2% agar beads, (right) 

suspended in media.  

Methane and Incubation 

Once all samples were prepared, usually in triplicate, the crimp-tops were sealed and 

each was injected with a syringe of 4 ml of methane at room temperature. This slightly 

over pressurized the bottles, but the approximately 7% increase in absolute pressure was 

assumed to not impact methanotroph behavior. Initial methane headspace fraction was 

7% (v/v) on average. Initial methane concentrations were measured as described in 

Section 3.9.2, then the bottles were incubated at 30°C on shake tables. Measuring the 

initial methane headspace concentration before shaking the bottles at 30°C did not allow 

methane to dissolve and reach equilibrium between dissolved methane and headspace 

methane, but the solubility of methane in water is low enough so that allowing 

30 minutes for equilibrium between dissolved and headspace methane was not found to 

measurably impact methane headspace concentration. 
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3.9.2. Methane measurement 

The amount of methane in the sample bottles was quantified by gas chromatography. 

Samples earlier in the project were analyzed using a HP 6890 Series GC System, while 

later samples were analyzed on a Shimadzu GC-8A Gas Chromatograph. Both are 

expected to have good accuracy and results will not be differentiated based on the 

analysis tool; the switch was only made due to a building relocation.  

 

Figure 3-25: The HP 6890 Series GC System (left), and an example output curve (right) 

Before measuring the methane headspace, the sample bottles were removed from the 

30°C shaker and were left at room temperature while the measurements were taken, 

which could take up to 30 minutes depending on the number of samples. This time out of 

the shakers and at a cooler temperature could in theory slow metabolic activity during 

that time due to no mixing and metabolic processes slowing at lower temperatures. 

However, this potential source of variation was not accounted for during data analysis 

because all tests were analyzed relative to other samples in the same testing sequence, 

and all such samples received identical treatment.   

Gas chromatographs (GCs) were started and warmed up according to their standard 

operating procedures. Then gas from a sample bottle headspace was drawn into a 100 µl 

gastight syringe and injected into the GC input port. Methane eluted from the GC column 

after about 0.7 minutes and samples were spaced apart by 1 minute, which was found to 

be more than adequate to avoid peak overlap. Peak areas were recorded along with the 

time of the first measurement.  
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4. Results 

4.1. Hydrogel Swell Testing 

4.1.1. Pure PVA 

Before swell tests as described in Section 3.3 were performed, some qualitative initial 

tests were performed by making gel beads and placing them in capped test tubes 

containing RO water on a rotisserie. Based on these initial tests, sulfate cross-linking 

followed by phosphate strengthening was selected as the most promising cross-linking 

method for this project.  

Initial tests found the 10% PVA cross-linked with 5% boric acid formed a very strong 

hydrogel, but the gel swelled then dissolved in water in less than a day, which is clearly 

unacceptable for use in a bioreactor with tight dimensional tolerances. 

Glutaraldehyde was found to form very weak hydrogels that could not maintain their 

shape when handled or placed in water. This does not contradict existing literature, which 

only discusses glutaraldehyde used in dried films. While drying films of PVA cross-

linked with glutaraldehyde is a viable method of immobilizing bacteria, such a method 

would require the gel film to shrink when drying, then swell when rehydrated. This 

would make adhesion impractical because as the gel shrunk or expended, it would need 

to detach from the reactor surface to prevent the gel from cracking in the case of 

shrinking, or buckling in the case of swelling. 

Freeze-thaw cycles were found to form qualitatively strong gels, but there were concerns 

of the effect of freeze-thaw cycles on 5GB1 activity rates and on adhesion. Gels cross-

linked with sulfate and phosphate were selected as the most practical option for further 

investigation. 

Swell tests as described in Section 3.3 were performed on 10% PVA cross-linked with 

1.5 M sulfate for 8 hours, then 1.5 M disodium phosphate for 2 hours. Another sample set 

was prepared with the same method but with 1.0 M of both solutions.  

To test if vary the volume of media that the gel was submerged in influenced swelling 

rates, one sample set of PVA treated with 1.5 M solution was put in a round dish 
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containing 150 ml of RO water. This water was never replaced for the duration of the 

testing. The other two sample sets were placed in a dish containing 750 ml of RO water, 

which was replaced with fresh RO water after each measurement. The purpose of this test 

was to see if leaving samples in the same media would impact swelling or dissolving 

rates, such as might happen if the gel partly dissolved and the presence of dissolved PVA 

in the solution impacted the behavior of the gel. 

All of the gel samples swelled, although the samples cross-linked in 1.0 M solutions 

swelled more. There were no differences outside the margin of error between the samples 

that were soaked in the refreshed water vs the stagnant water that was not refreshed. The 

gel masses stabilized after 5 days of soaking and remained stable for 60 days. Figure 4-1 

shows this swelling data, although truncated to 20 days for easier interpretation. 

 

Figure 4-1: Swelling of 10% PVA gels in water. Cross-linked with 1.5 M sulfate then 

1.5 M phosphate and soaked in stagnant RO water (1.5 M S) or continually refreshed RO 

water (1.5 M R), or cross-linked with 1.0 M sulfate then 1.0 M phosphate and soaked in 

continually refreshed RO water (1.0M R). Error bars show standard deviation of 

replicates. 

All the PVA gels contracted after cross-linking due to the cross-linking process pulling 

the polymer molecules closer together and squeezing out water. This resulted in negative 

swelling ratios relative to the mass of the uncross-linked polymer at the start of swell 

testing. 
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All the gels had a somewhat lumpy and uneven appearance after cross-linking. All of 

them displayed some swelling and buckling, which caused most to detached from their 

dishes, see Figure 4-3. This detaching allowed water to get under the gels, so gels were 

gently removed from the dish and patted dry on both sides before weighing.  

 

Figure 4-2: Photos of 10% PVA gels throughout swell testing. Each row contains sample 

triplicates as labeled. 

 

Figure 4-3: Close-up of 10% PVA gel that bucked due to swelling, creating empty space 

under the gel 
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4.1.2. Agar and Agarose 

Agar, agarose, and low-melt agarose did not noticeably swell in water nor 5GB1 media. 

This was consistent with expectations based on literature values. It was thought that 

5GB1 media could potentially cause the agar and agarose to behave differently due to 

osmotic pressure, but any such effects were minor. Swelling ratios are shown in Figure 

4-5 and Figure 4-5, note the small scale of the y-axis. Minor variations are thought to be 

largely due to experimental error. 

 

Figure 4-4: Swelling of agar, agarose, and low-melt agarose (LMA) in RO H2O. Error 

bars show standard deviation of replicates. 

 
Figure 4-5: Swelling of agar, agarose, and low-melt agarose (LMA) in 5GB1 media. 

Error bars show standard deviation of replicates. 
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Figure 4-6: Photos of agar and agarose during swell testing. Each row contains sample 

triplicates. Rows from top to bottom are (1) agar in water, (2) agar in media, (3) agarose 

in water, (4) agarose in media, (5) low-melt agarose in water, (6) low-melt agarose in 

media. No visible changes occurred, and color variation is due to lighting. Slight 

roughness visible on agar samples due to naturally textured surface of agar emphasized 

by the lighting. 
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4.1.3. Agar and PVA Blends 

Effects of PVA concentration 

As might be expected, the swelling properties of agar/PVA blends were a function of 

their composition, with higher PVA content corresponding to greater changes in mass 

and shape when submerged in 5GB1 media. All blend gels sat for 15 minutes at room 

temperature after dispensing into their dishes, which caused the agar to thermoset, 

resulting in a weak hydrogel. The thermoset agar held the gels together when they were 

submerged in water, so no gel was washed away before cross-linking occurred. If the gel 

blends were not cooled before being submerged, much more of the gel was washed out. 

These hydrogels were then submerged in 1.5 M sulfate overnight (16 hours), then 

submerged in 1.5 M phosphate for 2 hours. Both cross-linking steps were done at room 

temperature. The phosphate solution partially precipitated during cross-linking, so the 

phosphate crystals were rinsed off the gels with RO water before they were submerged in 

5GB1 media. 

There were some initial dramatic changes in mass, possibly due to the crystals of 

phosphate washing away. After that initial period, some of the blend gels had fairly stable 

mases. The 2/7% agar/PVA blend was the only gel that experienced significant swelling, 

but the 2/3% and 1/5% blends were also visibly warped and had unstable masses, losing 

mass through the experiment, see Figure 4-7 through Figure 4-9. Recall that Equation 

(3-1) calculate swelling ratio based on the hydrogel mass before cross-linking, and some 

sample masses changed during cross-linking, so their initial swelling ratios shown in the 

figures are not zero. 

The 2/3% agar/PVA blend gel was noticeably softer than other gels, which was 

unexpected. The 2/1% and 2/2% blends had stiffness similar to that of agar, while the 

2/5% has elasticity and strength similar to PVA. The 2/5% blend developed minor visible 

texture, see Figure 4-10, but the mass was consistent and surface roughness was minimal. 

The gels showed long-term stability. After 56 days, the average swelling ratios of all but 

one of the blend hydrogel sample sets were within 2% (absolute) of their values at 7 days. 

The swelling ratio of the 1/5% agar/PVA blend increased by 3% (absolute). 
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Figure 4-7: Swelling of agar/PVA blends containing 2% agar in 5GB1 media. Initial 

values are non-zero due to mass changes during cross-linking. Error bars show standard 

deviation of replicates. Not shown: after 56 days, all values within 2% (absolute) of 

values at 7 days 

 

Figure 4-8: Swelling of agar/PVA blends containing 1% agar in 5GB1 media. Initial 

values are non-zero due to mass changes during cross-linking. Error bars show standard 

deviation of replicates. Not shown: after 56 days, all values within 3% (absolute) of 

values at 7 days. 
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Figure 4-9: Swelling ratios of agar/PVA blends after 7 days in 5GB1 media as a function 

of PVA content. Error bars show standard deviation of replicates. 

 

Figure 4-10: Photos of agar/PVA blend gels during swell testing. Each row contains 

sample triplicates. Rows from top to bottom are (1) 2/1% agar/PVA, (2) 2/2%, (3) 2/3%, 

(4) 2/5%, (5) 2/7%, (6) 1/1%, (7) 1/2%, (8) 1/3%, (9) 1/5%. Brightness varies from image 

to image due to inconsistent lighting and automatic camera settings, basic brightness and 

contrast adjustments have been applied. 
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Effects of Cross-Linker Concentrations and Cells 

Swelling of 2/5% agar/PVA blend hydrogels after cross-linking and strengthening with 

either 0.5 M, 1.0 M, or 1.5 M sulfate and phosphate were tested. Samples of gels loaded 

with 0.8% (w/v) GM5GB1 dry cell weight were also tested. 

Samples were cross-linked in their sulfate solutions for 4.5 hours, then their phosphate 

solutions for 2.25 hours, both at 27°C. Abiotic gels were tested in triplicate. Biotic 

samples were tested in duplicate, other than the 1.5 M sample, which only had a single 

biotic sample due to an experimental error.   

The samples treated with 0.5 M cross-linkers did not form solid gels and the samples 

flowed out of their dishes. The 1.5 M cell-loaded sample had water trapped under the gel 

which was not noticed for the first 4 hours of testing. Based on the swelling ratio data, it 

is likely that the trapped liquid was present from the start of the swell test. When the 

trapped liquid was noticed, the gel was cut with a scalpel and the liquid released, 

reducing the gel mass for the data point at 4 hours. No gel was visibly lost, but it is 

uncertain how the test was impacted.  

 

Figure 4-11: Swelling of 2/5% agar/PVA gels in 5GB1 media. Samples were cross-linked 

with either 1.0 M or 1.5 M sulfate and phosphate. Cell-loaded (“bio”) samples included 

0.8% (w/v) GM5GB1 dry cell weight. Error bars show standard deviation of replicates. 

No replicates for 1.5M Bio. The 1.5M Bio point marked as * is after trapped water was 

released at 4 hours.  
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Figure 4-12: Photos of 2/5% agar/PVA blend hydrogels during swell testing. Each row 

contains sample replicates. Rows from top to bottom are (1) 1.0 M cross-linked, (2) 

1.0 M cross-linked with 0.8% (w/v) dry cell mass, (3) 1.5 M cross-linked (4) 1.5 M cross-

linked with 0.8% (w/v) dry cell mass (no replicates available). Increase in opacity after 

cross-linking is due to PVA crystal formation. Inconsistent lighting resulted in color and 

brightness variation, but the 1.0 M cross-linked samples did noticeably become more 

transparent. Not pictured: the 0.5 M cross-linked samples, which flowed out of their 

containers 

While the 2/5% agar/PVA blends cross-linked in 1.0 M solutions showed less swelling 

than pure PVA given the same treatment, they had a swelling ratio of about 15% after 

3 days. The addition of immobilized cells qualitatively weakened and softened the gels, 

and the cell-loaded gels also had higher swelling ratios, see Figure 4-11 and Figure 4-12. 
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All gels other than the 1.5 M cell-loaded sample initially had negative swelling ratios, 

due to mass reduction during cross-linking, similar to the pure PVA.  

4.1.4. Hydrogel Swelling Comparison 

All samples of agar and agarose stayed within 2% of their initial masses, and that 

variation is likely more due to minor experimental inconsistency than actual variation in 

swelling. The mass variation of the agar and agarose gels is much smaller than those of 

the 10% PVA gels, which swelled by 30% and 60%, see Figure 4-13. While a swelling 

ratio of 30% is a considerable reduction in swelling compared to literature values for 

PVA cross-linked with sulfate alone, it is still quite high for microfluidic applications 

[45].  

Abiotic agar/PVA blends experienced less swelling than the samples 10% PVA, and all 

but the samples with the highest PVA content had final swelling values within 4% of the 

initial value, see Figure 4-13 

 

Figure 4-13: 5-days swelling ratios of agar and agarose in RO H2O and 5GB1 and 10% 

PVA cross-linked in 1.5 M or 1.0 M sulfate and phosphate. Error bars show standard 

deviation of replicates. 
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Figure 4-14: Swelling ratios of agar/PVA blends after 7 days in 5GB1 media. The first 

number of each level is the percent content of agar, and the second number is percent 

content of PVA. Error bars show standard deviation of replicates. 

Adding 5GB1 cells to agar/PVA blend gels increased their swelling ratios. During swell 

testing with cell-loaded cells, the abiotic sample of 2/5% agar/PVA blend gel had a lower 

negative swelling ratio than was observed during the other agar/PVA test that did not 

have cell-loaded gels, see Figure 4-15. 

 

Figure 4-15: Swelling of 2/5% agar/PVA gels after three days in 5GB1 media. Samples 

were cross-linked with either 1.0 M or 1.5 M sulfate and phosphate. Bio samples 

included 0.8% (w/v) GM5GB1 dry cell weight. Data from the previous test with 2/5% gel 

also shown, see Figure 4-7. Error bars show standard deviation of replicates. No 

replicates for 1.5M Bio. 
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It is not clear why two different tests of abiotic 2/5% agar/PVA blends both cross-linked 

with 1.5 M sulfate and phosphate had such different swelling ratios. There was no 

intentional different between the two tests. The swelling behavior is not quite as different 

as Figure 4-15 indicates, however. Comparing their swelling ratios over time shows that 

both show similar behavior of an initial drop in mass immediately after being submerged 

in 5GB1 media, then stabilizing, see Figure 4-16. 

 

Figure 4-16; Comparison of two swelling tests in 5GB1 media of 2/5% agar/PVA blend 

hydrogels cross-linked with 1.5 M sulfate and 1.5 M phosphate. Series #1 data is from 

Figure 4-7, Series #2 data is from Figure 4-11. Error bars show standard deviation of 

replicates. 

4.2. Hydrogel Adhesion 

4.2.1. Agar and Agarose 

Agar and agarose had no appreciable adhesion on steel nor polycarbonate, regardless of 

surface cleaning and ozone treatment. Low-melt agarose could be affixed to shims made 

of anodized aluminum by dispensing the agarose into the shim and placing them in a 

40°C vacuum oven for a minute, which pulled the polymer solution into the many pores 

of the aluminum oxide. When removed from the oven, the gels set and stayed attached to 

the shim due to physical interlocking with the rough surface, see Figure 4-17.  
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Figure 4-17: Agarose on a small sample of anodized aluminum. The edges of the gel have 

been cut with a razor, leaving visible gel residue in the surface pores (left). A cross-

section of agarose interlocking with a rough surface (left). 

Adhesion shear tests with agarose on anodized aluminum still had low maximum shear 

values, compared to PVA and agar/PVA blend hydrogels, due to the low elasticity and 

strength of low-melt agarose. During the tests, the gel sheared off the shim, leaving being 

gel-filled pores on the aluminum surface. Evidently the thin strands of gel interlocked 

with the surface of the aluminum could not withstand much force before mechanically 

failing, likely due to agarose’s brittleness. The end result was low yield shear results, see 

Figure 4-18. 

4.2.2. Polyvinyl Alcohol 

PVA had much stronger adhesive properties than agar and agarose. This is not surprising, 

as PVA is a major component in common glues [81]. The hydrophilicity of the surface 

had a large impact on the adhesion of PVA, which is also not surprising because PVA is a 

very hydrophilic molecule. PVA adhered to clean but still hydrophobic polycarbonate far 

better than agarose on steel, treating the polycarbonate with UV ozone for 10 minutes 

increased the adhesion yield shear by an order of magnitude, see Figure 4-18. Substrate 

hydrophobicity was quantified by the contact angle of distilled water in air, measured on 

an FTA 135 goniometer, see Figure 4-19. 

The adhesion strengths found for PVA on steel and ozone-treated polycarbonate are 

similar to those found by Fuchs for alginate on APTMS-treated surfaces, although the 

data may not be directly comparable due to different testing methods [27]. Fuchs’ 

adhesion values were measured on an Instron Mechanical Tester model 5763, which 
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pulled the shims apart at 1.33 mm/min. These values were measured on a self-made 

apparatus which pulled at 23 mm/min, but the shims moved at a slower rate due to 

stretching of the fishing line. 

 

Figure 4-18: Adhesion yield shear of low-melt agarose (LMA) and 10% PVA. LMA on 

clean stainless steel treated with UV ozone for 10 minutes and anodized aluminum after 

vacuum treatment to pull the polymer into surface pores. LMA when the gel itself sheared 

due to low elasticity and strength. 10% PVA cross-linked by 4.5% boric acid on clean 

stainless steel treated with UV ozone for 10 minutes, clean polycarbonate, and clean 

polycarbonate treated with UV ozone for 10 minutes. Error bars show standard deviation 

of replicates. 

     

Figure 4-19: Contact angle of distilled water on polycarbonate surfaces cleaned with 

ethanol and treated with 10 minutes of UV ozone and images of a water drops taken 

during testing, data collected on an FTA 135 goniometer. Error bars show standard 

deviation of triplicates. 
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4.2.3. Agar/PVA Blends 

Adhesion strengths of agar/PVA blend hydrogels were a function of PVA content, as 

might be expected based on swell test results. At low concentrations of PVA, hydrogel 

blends containing 2% agar behaved similar to pure agar, showing no appreciable 

adhesive force. Increasing the PVA content to 3% resulted in a noticeable qualitative 

decrease in the strength and firmness of the gel, but little difference in absolute adhesion 

strength. Further increasing PVA content dramatically increased adhesive strength, and 

there was a 13.5 times increase in adhesive strength between the 2/3% and 2/5% 

agar/PVA hydrogel blends, see Figure 4-20. The adhesion yield shears of the 2/5% 

blends were smaller than those measured for pure 10% PVA, however. 

 

Figure 4-20: Adhesion yield shears of agar/PVA blend hydrogels cross-linked in 1.5 M 

sulfate. All blends were 2% (w/v) agar. Error bars show standard deviation of replicates. 

Adhesive strengths of agar/PVA blend hydrogels were also a function of the cross-linking 

method. Gels cross-linked with 4.5% (w/v) boric acid had greater adhesive strength than 

those cross-linked with 1.5 M sodium sulfate for identical durations at the same 

temperatures. In addition, the temperature histories of the gels influenced adhesion 

strength. Hydrogels which were cooled to room temperature, causing the agar 

components to thermoset, then cross-linked at 27°C had lower adhesion strengths than 

gels which were cross-linked at 45°C without cooling, see Figure 4-21. The gels cross-

linked at 45°C were cooled to room temperature after cross-linking. 
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Figure 4-21: Comparison of adhesion yield shears of 2/5% agar/PVA blend hydrogels 

cross-linked in either 1.5 M sulfate or 4.5% (w/v) boric acid. Gels cross-linked “warm” 

were placed in 45°C cross-linking solutions before the agar could set and were only 

allowed to cool to room temperature after three hours in the cross-linker. Gels cross-

linked “cool” were cooled for 15 minutes at room temperature, permitting the agar to 

thermoset, before being placed in 27°C cross-linking solutions. Error bars show standard 

deviation of replicates.  

Immobilizing methanotrophs in the agar/PVA hydrogel blends did not have a significant 

impact on the adhesion strength of 2/5% agar/PVA hydrogel blends cross-linked with 

1.5 M sulfate then 1.5 M phosphate, see Figure 4-22.  

 

Figure 4-22: Comparison of adhesion yield shears of 2/5% agar/PVA blend hydrogels 

cross-linked in 1.5 M sulfate after being allowed to cool.  Cell-loaded gels contained 

immobilized GM1-5GB1 bacteria. Error bars show standard deviation of replicates. 
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4.3. Hydrogel Flow Cells 

Flow cells containing 2% agar gels did not noticeably change during a week-long test. 

The agar gels retained their dimensions and appearance and did not impede flow. Agar 

films were not qualitatively softer after the flow test and remained inside the impression 

on the bottom flow cell without being detached by the flow. 

Flow cells containing 10% PVA gel which were cross-linked in 1.5 M sulfate for 

12 hours then hardened in 1.5 M phosphate for 10 hours experienced major swelling. 

After 1 day, the gel within the flow cell looked more transparent and smoother due to 

swelling. After a week, the gel protruded upwards in many places, pushing onto the top 

flow plate, see Figure 4-23 though Figure 4-25. While this did not totally block the flow, 

the uneven blockages inherently disturbed the flow uniformity in the flow cell.  

The initial film of PVA was not perfectly uniform and contained bubbles, due to the 

difficulty of working with the viscous and sticky solution. After cross-linking, the gel had 

notable bumps which were small but visible, about 0.5 mm in diameter. These bumps 

might have been large crystallites formed during cross-linking or dense sections of PVA 

due to imperfect dissolving of the PVA pellets, see Section 5.2.2 and Figure 5-5 for 

discussion. While the non-uniform initial film could in theory impact swelling behavior, 

such as large swollen areas forming from the initial crystallites in the PVA, the number 

and position of swollen areas in the PVA did not visually align with the initial 

crystallites. Furthermore, no crystallites were visible in the PVA film after the flow test, 

presumably due to bulk swelling smoothing out gel and making initial minor thickness 

differences less significant. The PVA hydrogel retained its mechanical integrity, peeling 

from the inside of the flow cell in one piece after the week-long flow test. 
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Figure 4-23: Flow cell containing 10% (w/v) PVA gel after week of running. Swollen gel 

pushed on top plate, blocking flow. 

 

Figure 4-24: PVA 10% (w/v) gel after a week in flow cell. Visible bumps are blister-like 

protrusions due to gel swelling and buckling upward.  

 

Figure 4-25: Cross-section diagram of a PVA blister shown in Figure 4-24. 

Agar/PVA blend hydrogels performed similarly in flow cells as agar gels, which is not 

surprising due to their similarly low swelling rates. After a week of testing, 1/3% and 

2/5% agar/PVA blend hydrogels did not noticeably swell. Their firmness and mechanical 

strengths were qualitatively unchanged and they peeled from the flow cells in one piece.  

The 2/5% agar/PVA gel blend had noticeable bumps before the test, somewhat similar to 

the 10% PVA. Unlike the PVA test, the gel blend retained its appearance through the test. 

These bumps were not noticed during other experiments with agar/PVA blends. It is 

suspected that they were result of a procedure done only during flow cell testing, possibly 

the very long cross-linking times. Because the bumps did not change size during the flow 

cell tests, they did not seem to impact flow cell performance. 
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Figure 4-26: Agar/PVA blend hydrogels before and after a week in a flow cell. The color 

changes are due to 1 g/L calcein in the flow media to make gel swelling more visible. 

4.4. Hydrogel Rheology 

Rheological tests found that all tested agar/PVA blends had average loss tangents (ALTs) 

considerably lower than 1, which is expected for solid gels. There the ALT of the 2/4% 

agar/PVA blend was greater than both the 2/3% and 2/5% blends to a 95% confidence 

interval. This corroborated the qualitative observations that the 2/3% and 2/4% blend 

hydrogels were softer and weaker than the 2/2% and 2/5% blends. The 2/2% blends felt 

and behaved much like agar, being rigid and brittle. The 2/5% blends felt and behaved 

much like PVA, being elastic and strong. The 2/4% blend was mushy and broke easily 

when handled. 

2/5% Agar/PVA blends 

After gelation After Week in Flow Cell 
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Figure 4-27: Average loss tangent of agar/PVA blend hydrogels with 2% (w/v) agar 

content. A spike in the loss tangent is seen at 4% PVA, indicating a softer gel. Error bars 

show 95% confidence intervals. 

4.5. Methanotroph Activity 

4.5.1. Immobilized Cells and Cross-Linker Exposure  

All activity tests for immobilized cultures or cultures exposed to cross-linkers were 

performed in triplicate. 

Activity of 5GB1 cultures were tested after 2 hours incubation at 37°C in 1 M sulfate and 

5% boric acid, both in full-strength 5GB1 media buffered. The sulfate was buffered to pH 

9.5 by the normal 5GB1 media. The 5% boric acid was dissolved in 1 M carbonate 

buffer, 20 times the concentration of normal 5GB1 media, which resulted in a pH around 

9. After this incubation period, cells were centrifuged out of solution and washed with 

media, then re-suspended in clean media. Cells were also immobilized in 10% PVA 

beads cross-linked with boric acid for 1 minute, then 1 M sulfate in full-strength 5GB1 

buffer for 3 hours. The activities of cells immobilized in 2% agar mixed at 50°C were 

also tested. 

The cultures exposed to boric acid and sulfate had nearly identical methane consumption 

rates as the untreated culture suspension. The cultures immobilized in PVA and agar had 

significantly lower methane consumptions, about 50% and 60% the rate of the untreated 

suspension, respectively, see Figure 4-28 and Figure 4-29.  
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Figure 4-28: Consumption of methane by 5GB1. (Media) untreated cells suspended in 

media, (BBA) exposed to 5% boric acid in 5GB1 media buffered to pH 9, (1M S) exposed 

to 1 M sulfate in 5GB1 media buffered to pH 9.5, (PVA) immobilized in 10% PVA cross-

linked for 3 hours in 1 M sulfate in 5GB1 media buffered to pH 9.5, (Agar) immobilized 

in 2% agar mixed at 50°C 

  

Figure 4-29: Consumption of methane by 5GB1 after 6 hours. Total methane consumed 

from bottle headspace (left), and consumption normalized to the consumption by the 

untreated cultures in media (right). (Media) untreated cells suspended in media, (BBA) 

exposed to 5% boric acid in 5GB1 media buffered to pH 9, (1M S) exposed to 1 M sulfate 

in 5GB1 media buffered to pH 9.5, (PVA) immobilized in 10% PVA cross-linked for 3 

hours in 1 M sulfate in 5GB1 media buffered to pH 9.5, (Agar) immobilized in 2% agar 

mixed at 50°C. Error bars show replicate standard deviation, accounting for error 

propagation. 

Cultures were exposed to elevated temperatures by submersion in 40°C, 45°C, and 50°C 

water baths for 10 minutes in 15 ml centrifuge tubes with occasional swirling. All these 
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cultures had activity rates very similar to the control which was left at 25°C, see Figure 

4-30 and Figure 4-31. 

 

Figure 4-30: Methane consumption of GM5GB1 cultures exposed to indicated 

temperatures for 10 minutes with occasional mixing. Not shown: all cultures reached 

100% consumption after 20 hours. Error bars show replicate standard deviation. 

 

Figure 4-31: Methane consumption after 4 hours of GM5GB1 cultures exposed to 

indicated temperatures for 10 minutes, normalized to untreated sample. Error bars show 

replicate standard deviation, accounting for error propagation. 

After development of the agar/PVA hydrogel blends, methane consumption of 

immobilized GM5GB1 was tested. Beads were cross-linked in 1.5 M sodium sulfate in 

half the concentration of NMS2 and carbonate buffer that is in normal 5GB1 media, with 

no phosphate buffer. The pH was about 9.7 and cross-linking was done for 2.5 hours at 

27°C. They were then strengthened in 1.5 M di-sodium phosphate in a quarter of the 

0%

10%

20%

30%

40%

50%

60%

0 1 2 3 4 5

M
et

h
an

e 
C

o
n

su
m

p
ti

o
n

Hours

25°C

40°C

45°C

50°C

0%

20%

40%

60%

80%

100%

120%

140%

40°C 45°C 50°C

N
o
rm

al
iz

ed
 A

cv
iv

it
y



84 

 

concentration of NMS2 that is in normal 5GB1 media with no other buffer. The pH was 

about 9.3 and the treatment lasted 1 hour. Each activity test bottle contained about 9.6 mg 

of dry cell mass. The immobilized cell cultures consumed no methane after 45 hours. 

The test was repeated with the inclusion of cultures which were not immobilized, but 

suspended in media after exposure to 1.0 M or 1.28 M cross-linking solutions. Identical 

cross-linking solutions were used. Cultures were exposed suspended in 2 ml of cross-

linking solution for 4.5 hours at 27°C, then diluted with 8 ml of full-strength 5GB1 

media. Cells immobilized in 2% agar were also included. 

Cultures were immobilized in 2/5% agar/PVA blend hydrogels in identical cross-linking 

solutions as previously, but with slightly different cross-linking times of 2 hours in 

sulfate and 1.75 hours in phosphate. Another set of beads were also made, but not cross-

linked in any way. These beads formed a very poor hydrogel which easily fell apart as it 

was scooped into 75 ml crimp-top bottles and mixed with 8 ml 5GB1 media. Each 

activity test bottle contained about 15.6 mg of dry cell mass.  

Exposure to phosphate and sulfate did significantly impact methane consumption rates. 

Exposure to 1.28 M sulfate eliminated activity, and 1.28 M phosphate almost did as well, 

although recovered was observed after about 24 hours. Exposure to 1.0 M sulfate and 

phosphate substantially reduced activity rates, see Figure 4-32 and Figure 4-34. 
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Figure 4-32: Methane consumption of GM5GB1 cultures exposure to (1M S) 1.0 M 

sulfate, (1.28M S) 1.28 M sulfate, (1M P) 1.0 M phosphate, or (1.28M P) 1.28 M 

phosphate for 4.5 hours at 27°C. (Media) untreated culture suspended in 5GB1 media. 

Error bars show replicate standard deviation. 

Immobilization in agar and especially in 2/5% agar/PVA blend hydrogel beads 

substantially reduced methane consumption. Unlike the previous test, methane 

consumption did occur in the hydrogel blend. The agar and blend gels were removed 

from the 75 ml crimp-top bottles and washed with sterile water buffered to pH 9.5 with 

carbonate and phosphate buffers of equal concentration as in 5GB1 media, see 

Appendix 9.1. Then the beads were returned to the crimp-top bottles with 8 ml of fresh 

sterile 5GB1 media and re-injected with 4 ml of methane. The agar and blend gels had 

much similar consumption rates after wash and refresh, and both increased. Both 

increased again after the second refresh, see Figure 4-33 and Figure 4-35. 
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Figure 4-33: Methane consumption of GM5GB1 cultures. (2/5% Gel) immobilized in 

2/5% agar/PVA blend hydrogels cross-linked in 1.5 M sulfate for 2 hours and 1.5 M 

phosphate for 1.75 hours at 27°C. Consumption after the first methane injection and after 

two different wash and refresh cycles shown. (2/5% No X-Link) immobilized in identical 

2/5% agar/PVA blend but not cross-linked. (2% Agar) immobilized in 2% agar hydrogel 

mixed at 45°C. (Media) untreated culture suspended in 5GB1 media. Error bars show 

replicate standard deviation. 

 

Figure 4-34: Methane consumption after 4 hours of GM5GB1 cultures exposed to (1M S) 

1.0 M sulfate, (1.28M S) 1.28 M sulfate, (1M P) 1.0 M phosphate, or (1.28M P) 1.28 M 

phosphate for 4.5 hours at 27°C. (2/5% Gel) immobilized in 2/5% agar/PVA blend 

hydrogels cross-linked in 1.5 M sulfate for 2 hours and 1.5 M phosphate for 1.75 hours at 

27°C. (2/5% No X-Link) cultures immobilized in identical 2/5% agar/PVA blend but not 

cross-linked. (2% Agar) cultures immobilized in 2% agar hydrogel mixed at 45°C. All 

consumption rates are normalized to untreated sample. Error bars show replicate 

standard deviation, accounting for error propagation. 
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Figure 4-35: Methane consumption after 4 hours of immobilized GM5GB1 cultures. 

Consumption after the first methane injection and after two different wash and refresh 

cycles shown. (2/5% Gel) immobilized in 2/5% agar/PVA blend hydrogels cross-linked in 

1.5 M sulfate for 2 hours and 1.5 M phosphate for 1.75 hours at 27°C. (2% Agar) 

immobilized in 2% agar hydrogel mixed at 45°C. Error bars show replicate standard 

deviation, accounting for error propagation. 

When immobilized in agar squares approximately 1 mm thick with 6 mm sides, cell 

cultures consumed similar amounts of methane as when in 4 mm diameter agar beads. 

The change in bead size made a larger difference for cells in 2/5% agar/PVA hydrogel 

blends beads. Cultures immobilized in the 4 mm gel blend beads had 6% normalized 

activity after the first methane injection, while the cultures immobilized in the 1 mm gel 

blend squares had 40% normalized activity, see Figure 4-36 and Figure 4-37. The smaller 

beads were cross-linked for only 30 min each in 1.5 M sulfate then 1.5 M phosphate, at 

with pH’s of 9.5 and 9.3, respectively.   

An otherwise untreated cell culture in suspension with half the cell density of the 

untreated culture had a normalized activity of 90%, indicating that increasing cell 

densities had strongly diminishing returns, see Figure 4-36 and Figure 4-37. 
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Figure 4-36: Methane consumption of immobilized GM5GB1 cultures. (2/5% Gel) 

immobilized in 2/5% agar/PVA blend hydrogels cross-linked in 1.5 M sulfate for 30 

minutes and 1.5 M phosphate for 30 minutes at 27°C. (2% Agar) immobilized in 2% agar 

hydrogel mixed at 45°C. (Media) untreated culture suspended in 5GB1 media. (Media 

1/2 cells) untreated culture in 5GB1 media with half the cell content of other media 

sample set. Consumption after the first methane injection and after a wash and refresh 

cycle shown.  Error bars show replicate standard deviation. 

 

Figure 4-37: Methane consumption after 2 hours of immobilized GM5GB1 cultures. 

Consumption after the first methane injection and after a wash and refresh cycle shown. 

(2/5% Gel) immobilized in 2/5% agar/PVA blend hydrogels cross-linked in 1.5 M sulfate 

for 30 minutes and 1.5 M phosphate for 30 minutes at 27°C. (2% Agar) immobilized in 

2% agar hydrogel mixed at 45°C. (Media) untreated culture suspended in 5GB1 media. 

(Media 1/2 cells) untreated culture in 5GB1 media with half the cell content of other 

media sample set. Error bars show replicate standard deviation, accounting for error 

propagation. 
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4.5.2. Lyophilized Cells 

Cultures of 5GB1 were not significantly inhibited by ATCC lyoprotectant, nor did 

refrigeration overnight at 2°C reduce methane consumption. Refrigerated cultures in 

suspension performed better than cultures that were left at room temperature overnight. 

Exposure to concentrations of 50% (v/v) glycerol overnight, however, did completely 

inhibit the cells and they did not recover after 24 hours. Lower concentrations of glycerol 

also eliminated methane consumption, with the exception of 10% (v/v), the lowest 

concentration tested, when the cultures were frozen overnight. There were no replicates 

during these activity tests, so precise quantitative rates of inhibition cannot be drawn 

from these data, but it is clear that exposure to glycerol does inhibit that metabolic 

activity of 5GB1, see Figure 4-38 and Figure 4-39. 

 

Figure 4-38: Methane consumption after 2 hours of 5GB1 cultures either refrigerated at 

2°C or left at room temperature overnight in (Media) 5GB1 media, (ATCC) ATCC 

lyoprotectant, or (50% Glycerol) a 50/50 (v/v) mixture of glycerol and 5GB1 media. 

Consumption normalized to the room temperature media culture. Data for cultures 

exposed to glycerol at room temperature is not missing; no change in methane 

concentrations were detected. 
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Figure 4-39: Methane consumption after 2.5 hours of 5GB1 cultures suspended in the 

indicated media and either refrigerated at 2°C or frozen at -80°C overnight, or 

lyophilized and reconstituted in 5GB1 media. (Media) 5GB1 media, (ATCC) ATCC 

lyoprotectant, or (__% gly) a mixture of 5GB1 media and the indicated concentration 

(v/v) of glycerol. Consumption normalized to the refrigerated media culture. Data not 

collected for frozen or lyophilized cells in media only. 

Later tests indicated that cultures lyophilized in BSAT initially showed no methane 

consumption, but recovered and started consuming methane after 24 hours, see Figure 

4-40. However, repeating these tests with more careful sterile practices to reduce cross-

contamination did not find any recovery and no methane was consumed, see Figure 4-41 

and Figure 4-42. This indicated that the tests where recovery was observed was due to 

cross-contamination during activity measurements, rather than recovery of the 

lyophilized cells. All lyophilized samples were incubated at 37°C for 15 minutes before 

reconstitution.  
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Figure 4-40: Methane consumption by 5GB1 cultures after (Media Fridge) overnight 

refrigeration in 5GB1 media. (BSAT Fridge) overnight refrigeration in BSAT 

lyoprotectant, (BSAT Lyo, MR) lyophilization in BSAT lyoprotectant and reconstituted in 

5GB1 media, (BSAY Lyo, FR) lyophilization in BSAT lyoprotectant and reconstituted in 

5GB1 media with 10 mM sodium formate, or (BSAT -80°C) overnight freezing at -80°C 

in BSAT lyoprotectant. Error bars show standard deviation of replicates. Only 

lyophilized samples had replicates. Media Fridge data are difficult to see because they 

almost exactly match the BSAT Fridge data. 

 

Figure 4-41: Methane consumption by frozen then thawed 5GB1 cultures after (Freeze 

BSAT) overnight freezing at -80°C in BSAT lyoprotectant, (ATCC) overnight freezing at -

80°C in ATCC lyoprotectant, or (Media) overnight freezing at -80°C in 5GB1 media. 

Error bars show standard deviation of replicates. There were not replicates for the 

samples in plain media. 
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Figure 4-42: Methane consumption by lyophilized 5GB1 cultures after (BSAT) 

lyophilization in BSAT lyoprotectant, (ATCC) lyophilization in ATCC lyoprotectant, or 

(Media) lyophilization in 5GB1 media. Error bars show standard deviation of replicates. 

There were not replicates for the samples in plain media. 

5. Discussion 

5.1. Cost Considerations 

One of the primary reasons why agar and PVA were investigated was cost and 

economics. Agar and PVA are both commonly used in a variety of applications and thus 

mass-produced and easily available for purchase. Cost and availability can be roughly 

estimated by searching Alibaba.com, a widely-used website that connects wholesale 

distributors to buyers [82]. Agar and agarose powders are available from many sources 

for about $10 per kg, and PVA can be found for $2 per kg. Low-melt agarose, however, 

is a specialty product used in research environments, and wholesale supplies were not 

found. The lowest price for low-melt agarose from specialty suppliers was over $1000 

per kilogram, which is infeasible for a commercial application meeting the goals of this 

project. Thus, while low-melt agarose was a convenient material for small-scale testing, it 

was not considered as a final immobilization method. 

Sulfate and phosphate are also widely available products. While very high concentrations 

are needed to reach the desired mechanical strengths of agar/PVA blends, very little of 

the chemicals are consumed in the cross-linking process, so cross-linking baths could be 

reused many times before needing to be replaced.  
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5.2. Hydrogel Physical Properties 

5.2.1. Agar and Agarose 

The agar and agarose gels were stable in both water and 5GB1 media, and remained 

physically unchanged through flow cell tests. They are rather brittle gels, but mechanical 

stress is not expected under BLP operating conditions, so that is not a large concern. 

Low-melt agarose was used for multiple test runs in BLP 2.0 and 2.5, both as abiotic gels 

and gels loaded with 5GB1 or E. coli. The cell content did make the gels softer, and the 

effect was more pronounced with E. coli, but this change did not seem to translate to 

greater degradation in the reactor. However, these tests only lasted single days, as 

opposed to the weeks that a commercial reactor would run.  

Agar and agarose had poor adhesive strength. In the absence of mechanical locking, the 

gels slid right off all surfaces. Some investigations were made into modifying agarose or 

the surface to improve adhesion, but the results were not noteworthy, see Appendix 9.6. 

Gel detachment was not observed during test runs of the BLP 2.0 or 2.5, but these tests 

had short durations, and the bottom flow plates have small steel pillars which the gel 

encompasses, providing some mechanical anchoring. Gel detachment may have occurred 

during test runs of the BLP 3.0 reactor. During BLP 3.0 runs, an increase in the inlet 

pressure indicated clogging at the reactor outlet. It is possible that clogging was due to 

gel sloughing and blocking flow, although other factors may have been the primary 

cause, such as crystal precipitation from the media and partly closed outlet holes due to 

imperfect reactor alignment.  

Adhesion tests focused on adhesive resistance to shear force, which was a convenient 

way to quantify adhesion, but not representative of reactor conditions. Shear force due to 

fluid flow is rather low in the reactor, see Appendix 9.4. The greater concern is that a lack 

of adhesion makes it more likely that liquid could be forced underneath the gel. Once that 

occurs, it would be subjected to greater shear and more likely to peel up further, blocking 

flow, see Figure 2-6.  
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A reactor design where the gel is supported by a metal mesh embedded in the gel might 

be compatible with agar and agarose, and such design possibilities have been presented as 

future design iterations of the BLP reactor, see Figure 5-1 and Figure 5-2.  

 

Figure 5-1: Diagram of BLP reactor with gel mesh, compare this figure to Figure 2-4 

 

Figure 5-2: Image of agarose gel supported by wire mesh 

A mesh-supported gel allows a reactor design with liquid flowing on both sides of a 

single gel layer, which reduces the required number of flow plates and their material 

costs. Sandwiching the gel layers between liquid flow layers also decreases diffusion 

lengths in the gel, allowing for thicker gels without increasing diffusion lengths. 

5.2.2. Agar/PVA Blends 

The agar/PVA blend hydrogels are physically and morphologically more complicated and 

interesting than the pure agar or agarose gels. The properties of the gels varied as a 

function of their polymer composition and ratios, as well as the order in which the cross-

linking operations were performed.  

The transition between having agar-like properties to PVA-like properties as PVA 

content increased is not all that surprising, but it was unexpected that the transition was 

not a smooth linear change, but seemed to happen suddenly after a critical point. For 

blend gels with 2% agar content, the gels under 3% PVA had mostly agar-like properties. 

They were rigid, didn’t swell in water, and had poor adhesion. The 5% PVA had mostly 

Two liquid layers 
Gel layer supported by 

wire mesh 
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PVA-like properties. They were strong, elastic, had strong adhesion, but also swelled in 

water in proportion to their PVA content.  

The properties of gels around the transition point 3% to 4% PVA were surprising. These 

gels did not greatly swell in water, but they were soft, weak, and did not adhere to 

surfaces. This type of transition point seems to indicate a type of phase change behavior. 

The proposed morphology is that of a polymer blend with two interacting and competing 

phases, with one being dominant over the other. Agarose forms gels by hydrogen 

bonding with other agarose molecules and twisting together, but as argued by Lyons et. al 

[33], it can also hydrogen bond with PVA. However, PVA has a very different molecular 

structure than agarose and thus PVA molecules will not twist together with agarose 

molecules like agarose does during gel formation. Thus, PVA hydrogen bonding to 

agarose does not add structural stability, so PVA effectively interferes with agarose gel 

formation by replacing some structural agarose-agarose bonds with non-structural 

agarose-PVA bonds, resulting in a weaker gel. This is evidenced by the low PVA content 

gels thermosetting into stable gels without the addition of cross-linkers, but at or above 

3% PVA, the gels are soft and easily deform after cooling for 30 minutes. The effect 

becomes more pronounced with increased PVA content.  

This interaction also impacts PVA’s cross-linking, because while agar will hydrogen 

bond with PVA, it will not cross-link with cross-linkers like sulfate or boric acid. 

Additionally, agar and PVA form different crystal structures, so agar will be incorporated 

into PVA’s crystal structure. Thus, agar molecules hydrogen bonding with PVA interfere 

with PVA gel formation. 

The data show that it is possible for dominant phase forms a network throughout the 

whole gel, interacting with their like polymers and segregating the secondary polymer 

into enriched zones. The dominant phase depends on both absolute concentrations and 

ratios, evidenced by 1/5% agar/PVA blend hydrogels having much less swelling stability 

than 2/5% gels, see Figure 4-9. 

The segregation of the secondary phase into small patches limits the cross-linking of the 

secondary polymer on a macro scale, thus the blend gel does not have the properties of 
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gels formed by the pure secondary polymer. Increasing the concentration of the 

secondary phase won’t impart properties of the secondary polymer into the macro gel 

until a transition is reached, evidenced by the unchanging swelling and adhesion 

characteristics of low PVA content gel blends, see Figure 4-9 and Figure 2-24. 

A diagram of the proposed phase interactions is shown in Figure 5-3. 

 

Figure 5-3: Proposed phase mechanism of agar/PVA blend hydrogels. The gelation 

arrows indicate cooling and thermosetting the agarose and exposing the gel to sulfate, 

crystalizing the PVA. PVA crystallization is over-emphasized for illustrative purposes. 

The top pathway is a PVA-dominate phase and bottom is agarose-dominated. The 

pathway is determined by polymer concentrations and cross-linking treatment. 

For the intermediate concentrations, both phases are competing and interfering with each 

other, resulting in neither phase gaining dominance and the gel has poor cross-linking, 

resulting in a weak gel. This is evidenced by the spike in the average loss tangent at 2/4% 

agar/PVA, see Figure 4-27.  

At 2/5% agar/PVA blends, gels have the desired properties of both gels. Based on 

adhesion and rheological data, as well as the qualitative feel of the gels, 2/5% blends 

seem to be in the PVA-dominant phase, having the strength and elasticity of PVA. 
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However, the agarose seems to form enough of a network to limit swelling. This could be 

due to enough of a macro-scale agarose network being present to form a rigid structure 

that does not easily swell. 

This model was based primarily on experimental observation and knowledge of 

thermodynamics and polymer science. However, there is precedent for such models in 

literature. Co-polymer systems are of interest in a variety of fields, and there are many 

studies on their phase mixing and separation behavior. Phase separation can happen by 

two primary mechanisms: nucleation and growth, and spinodal decomposition [83].  

Nucleation and growth occurs in a meta-stable polymer compositions. Metastable means 

the system is at a local energy minimum, but a lower energy state is accessible over an 

activation energy barrier. If that barrier is overcome by either random fluctuations or an 

outside influence on the system, and a small nucleus of the lower-energy phase is formed, 

it will start a chain reaction and grow, similar to a crystal in a super-saturated solution 

[83]. See Figure 5-4 for representations of nucleation and growth and spinodal 

decomposition. 

 

Figure 5-4: Phase separation processes by nucleation and growth (NG) and spinodal 

decomposition (SD). Image source: Bockstaller and Thomas (2008) [83]. 
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There is observational evidence for nucleation and growth both with agar/PVA blends 

and pure PVA. Small lumps were observed in a variety of thin gel samples containing 

PVA. These lumps were a fraction of a millimeter in diameter and could be removed 

from the bulk hydrogel, see Figure 5-5. The resulting small spheres were much firmer 

and opaque than the rest of the gel and were highly elastic, bouncing on the lab bench 

when dropped. The elasticity, texture, color, and firmness seemed related to the 

properties of PVA granules before being dissolved, although the dry granules were 

considerably tougher than these spheres, which could be smooshed with tweezers. These 

observations led to the conclusion that the small spheres were PVA crystallites that had 

grown in the gel blend. The similarities to dry PVA granules raises the possibility that 

these spheres are simply small pieces of PVA that did not fully dissolve, but this 

explanation seems less likely due to the large number of these lumps compared to the 

number of dry PVA granules that were dissolved, and because they were not visible 

before gelling, indicating that they grew during the gelling process. Crystal formation is a 

known component of PVA gelation, so the formation of crystallites would not be 

surprising [46,48,49].  

 

Figure 5-5: PVA crystallites in a disk of 2/5% agar/PVA blend hydrogel. 

While there is this evidence for nucleation and growth occurring in agar/PVA blend 

systems, the proposed morphology of the agar/PVA blends more closely resembles the 

result of spinodal decomposition. Furthermore, these crystallites were not observed in all 
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samples, so crystallite formation and growth seems to be a different phenomenon that 

does not explain the blend properties.  

The morphology of spinodal decomposition closely resembles the proposed model, and 

the occurrence of spinodal decomposition in an agar/PVA blend is plausible based on 

literature. In spinodal decomposition, the polymer solution first exists in an unstable 

region of its phase diagram. In this state, separation is energetically favorable, so any 

micro fluctuations in composition will trigger a cascade where those regions become 

increasingly enriched and the phases separate further [83], see Figure 5-6.  

 

Figure 5-6: Model of spinodal decomposition over time in 2D. Image source: Zhou and 

Powell (2006) [84]. 

This raises the question of if the agar/PVA blends are in a state where spinodal 

decomposition occurs. Figure 5-7 shows a simple typical temperature-composition phase 

diagram for a two-component solution of weakly-interacting polymers. Many other and 

more complicated phase diagrams are possible for different polymer systems, but the 

principle is that there are regions of temperature and composition where the solutions are 

miscible and stable, regions where they are metastable, and regions where they are 

unstable. Because agar and PVA are not strongly-interacting polymers, and the gelation 

occurs at moderate temperature, it is most likely that the system is below its Upper 

Critical Solution Temperature (USCT), where separation is driven by molecular 
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interactions enthalpically favoring separated phases [85]. Such interactions have been 

observed in other polymer blend systems [86–88]. 

 

Figure 5-7: Typical temperature-composition phase diagram for a two-component 

solution of weakly-interacting polymers. The striped gray areas are the metastable 

regions and the solid gray areas are the unstable regions. The labeled points are Upper 

and Lower Critical Solution Temperatures (UCST and LSCT). Image source: Simmons 

(2009) [85]. 

The proposed model is supported by the known gelling mechanics of agarose, which 

involves spinodal decomposition. As the agarose solutions cool, they enter the region 

under the USCT, where phase separations occurs between free-floating molecular 

strands, and interacting tangled molecular strands [89]. The entangled strands have lower 

energy and the system gels over time.  

Because PVA weakly interacts with agarose but cannot become entangled with it to form 

a gel [33], it seems likely that PVA would be miscible with agarose above the UCST, but 

separation would be favorable as the temperature drops below the UCST and thermal 

gelation begins. While total separation would be energetically favorable, the system is 

limited by the mobility of the polymer molecules. As the gel thickens, the mobility of the 

PVA and agar molecules is increasingly inhibited, until they are locked in place within 

the gel. Longer periods at higher temperatures result in greater separation of polymer 
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blends due to spinodal decomposition [90]. The observation that agar/PVA blends held at 

45°C in PVA cross-linkers had different properties than blends which were quickly 

cooled could be explained by different annealing times resulting in more or less spinodal 

decomposition. 

Thus, literature on polymer blends supports the theory that spinodal decomposition would 

result in different phases that are agar- and PVA-rich relative to the bulk gel. The ratio 

and distribution of these phases would impact the properties of the bulk hydrogel. The 

proposed morphology would explain the experimental results of this study. 

It is worth noting that while the 2/5% hydrogel blends showed good mechanical stability, 

there was not a total lack of swelling and degradation. Many of the agar/PVA blends 

showed an initial decrease in mass after cross-linking, and some, including the 2/5% 

blends, initially decreased in mass before stabilizing during swell testing. The strength 

and elasticity of the 2/5% gels did not qualitatively change during swell testing, but they 

become somewhat wrinkly over the course of the tests, see Figure 4-10 and Figure 4-12.  

The initial reduction in mass might be explained by the cross-linkers binding the 

polymers closer together than the initial solution, essentially squeezing water out of the 

gel. The initial reduction in mass after immersion in water or media is more difficult to 

explain. Partial dissolution of the PVA is one possibility. It could be that some PVA 

phase regions on the surface were not retained by the agarose matrix and dissolved away, 

but these regions would be expected to swell based on the pure PVA swelling data, not 

dissolve. Thus, partial dissolution of PVA is not a good explanation.  

Diffusion of water out of the gel into salty media due to osmosis could explain some 

mass loss, but the initial mass loss was also observed for 2/2% agar/PVA blends in pure 

water, which contradictors this theory.  

During swell testing of agar/PVA blends, there was visible cloudiness in the media. 

Initially the cloudiness was through to be a component of the media or microbial growth. 

However, greater cloudiness was observed during activity testing with agar/PVA blend 

beads than the agar beads, indicating that the blend hydrogels are the source. One 

possibility is the diffusion of excess cross-linker from the gels. If the gels reached 
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equilibrium with their cross-linking solutions, it is possible that not all the cross-linker 

would be bound to the matrix and might diffuse out. This would not explain the 

cloudiness well, however. The cloudiness had a slightly green/orange tint and clumped 

together and looked slightly like agar. Bits of agar seem to be a more likely source. 

Blends of agarose and PVA may not experience this issue. 

5.3. Hydrogel Biocompatibility 

Cultures of 5GB1 had significantly reduced methane consumption after immobilization in 

the tested hydrogels, but the results are not entirely discouraging. The cross-linkers used 

for strengthening agar/PVA blend hydrogels significantly inhibit 5GB1. This is not too 

surprising, considering the high osmotic pressures caused by such high concentrations of 

the chemicals in solution. This susceptibility to the cross-linkers would not be unique to 

5GB1, and in fact 5GB1 is a halophile and thus would be expected to handle the cross-

linking solutions better than most other organisms [10]. Unfortunately, reducing the 

concentrations of the cross-linkers significantly impacts the durability of the gels.  

However, the degree of inhibition is dependent on exposure time. Table 5-1 shows a 

summary of activity test data, note how the cultures exposed to 1.0 M sulfate for 2 hours 

had higher activity rates than those exposed for 4.5 hours, and how cultures in gels cross-

linked in sulfate for 2 hours showed higher activity than those in gels cross-linked for 2.5 

hours. Phosphate seems to be less inhibitory, given that the cells exposed to 1.5 M 

phosphate, while greatly inhibited, still consumed methane and partially recovered their 

activity levels after 24 hours.  

Thinner gel beads allowed for much shorter cross-linking times, which dramatically 

improved methanotroph activity. Table 5-1 shows that methanotrophs immobilized in the 

smaller gels with short cross-linking times do as well during their first methane 

consumption cycle as the methanotrophs immobilized in larger beads with longer cross-

linking times did during their second cycle. This behavior is evidence that the reduction 

in activity rates after exposure to cross-linkers is due to osmotic shock that temporarily 

inhibits the cells rather than killing them. 
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Table 5-1: Summary of activity test treatments and activity rates after four hours, 

normalized to an untreated suspended culture from the same test run. Only averages are 

shown. *Exposure done in full concentration 5GB1 media. **At 6 hours. ***At 2 hours. 
†Activity possibly altered due to no shaking overnight. ‡Non-GM 5GB1 used 

Treatment Sulfate 

Time 

Phosphate 

Time 

Cell 

Mass 

 Consumption 

at 4 h 

Normalized 

4 h Activity 

2/5% gel #1 2.5 h 

1.5 M 

1 h 

1.5 M 

9.6 mg None None 

2/5% gel #2 

 

2 h 

1.5 M 

1.75 h 

1.5 M 

15.6 mg 1st: 2% 

2nd: 14% 

3rd: 19% 

1st: 6% 

2nd: 35% 

3rd: 48% 

2/5% gel #3 (thin) 0.5 h 

1.5 M 

0.5 h 

1.5 M 

11.9 mg 1st: 14% 

2nd: 4%***† 

1st: 37% 

2nd: 22%***† 

2/5% no x-link - - 15.6 mg 42% 107% 

2% agar‡ - - 8.7 mg 28%** 55%** 

2% agar - - 15.6 mg 1st: 20% 

2nd: 24% 

3rd: 27% 

1st: 51% 

2nd: 61% 

3rd: 69% 

2% agar (thin) - - 11.9 mg 1st: 22% 

2nd: 13%***† 

1st: 58% 

2nd: 65%***† 

10% PVA‡ 

1.0 M sulfate* 

3 h - 8.7 mg 24%** 47%** 

1.0 M sulfate*‡ 2 h - 8.7 mg 48%** 93%** 

1.0 M sulfate 4.5 h - 15.6 mg 21% 54% 

1.28 M sulfate 4.5 h - 15.6 mg None None 

1.0 M phosphate - 4.5 h 15.6 mg 21% 53% 

1.28 M phosphate - 4.5 h 15.6 mg 2% 5% 

40°C 10 min - - 15.6 mg 45% 114% 

45°C 10 min - - 15.6 mg 42% 108% 

50°C 10 min - - 15.6 mg 38% 96% 

Suspension ½ - - 5.9 mg 18%*** 93%*** 
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Activity recovery after the initial shock of immobilization and cross-linker exposure is 

also showed by the results shown in Figure 4-33, where the cultures immobilized in 2/5% 

agar/PVA blend and pure agar hydrogels have increasing activity after each wash and 

refresh. 

Some consideration should be given to the possibility of contamination during activity 

tests. Methane headspace was measured by piercing the septum of each crimp-top bottle, 

and the same needle was used throughout the tests. While contamination would not be a 

concern over the course of a single-day experiments due to the lack of time for a small 

colony of introduced cells to grow, they introduced colonies could grow over the course 

of multi-day experiments and increase the measured methane consumption. However, 

contamination from the gas syringe is not very probable, because the gas chromatograph 

injection point is at 200°C and the metal syringe quickly heats up while in contact with 

the injection port, sterilizing it.  

Furthermore, the beads were washed with sterile buffered water and re-suspended in 

fresh media. While the washing would not remove all contamination, it would remove 

most cells growing in suspension, leaving the immobilized cells. The four-hour period 

between the wash and refresh and the next reading would not be sufficient for cultures to 

multiply again in suspension. This means that either the methane was consumed by cells 

initially immobilized in the beads, or that contaminating 5GB1 cells diffused into the 

beads and multiplied. While this is possible, it does not seem very likely that such a 

scenario would result in linear methane consumption rates that are close to matching 

those of cells immobilized in the agar beads, which did not show as dramatic of an 

inhibition. It seems more likely that a fraction of the immobilized cells truly did recover 

from the shock of immobilization and resumed methane consumption, which would result 

in consumption rates similar to the agar beads because both samples contained equal 

amounts of cells. 

It was previously thought that diffusion was a major component in reduced methanotroph 

activity. The cells immobilized in 4 mm diameter beads of pure PVA and pure agar both 
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had activity rates around 50% of cells suspended in media. A 2 mm diffusion pathways 

results in a characteristic diffusion time 16 times greater than a 0.5 mm pathway, see 

Equation (2-1), so methanotrophs in smaller beads would be expected to have higher 

consumption rates if they were previously limited by diffusion. If the system were highly 

diffusion limited, so that only the organisms on the surface were consuming methane, 

activity would scale with surface area. The thin square beads have a collective surface 

area about 60% greater than the 4 mm spherical beads 

However, the activity levels in the 1 mm thick square beads and 4 mm diameter sphere 

beads is quite similar. The reduced diffusion pathways and greater surface area did not 

result in greater activity rates relative to cultures in suspension from the same growth 

culture with equal cell densities.  

These results indicate that diffusion was not a major limitation on the activity of 

immobilized methanotrophs, which is rather unexpected. The reduced activity is not due 

to exposure to elevated temperatures or agar molecules, as cells suspended in the non-

crosslinked hydrogel blend performed the same as untreated suspended cells. Thus, it 

may be that being immobilized has a negative impact on methanotroph activity by some 

mechanism other than reduced diffusion.   

5.4. Methanotroph and Gel Preservation  

The ATCC and BSAT lyoprotectants show good biological compatibility with 5GB1 and 

did not inhibit cell activity after exposure. Cells also maintained similar activity levels 

after freezing at -80°C in these lyoprotectants. Consumption rates were very similar 

between untreated cultures in 5GB1 media at room temperature, and the thawed cultures 

that were preserved at -80°C. 

Glycerol and DMSO were not as compatible with 5GB1. While DMSO is used for the 

cryopreservation of 5GB1 samples, cultures must be refrigerated before exposure to 

DMSO then frozen immediately to avoid metabolic inhibition. When streaking working 

colony plates from the frozen stock, the streaking must be done quickly without letting 

the cultures fully thaw. This is because DMSO will greatly inhibit 5GB1 if exposed at 

room temperature, possibly due to DMSO interfering with the metabolic processes of 
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5GB1 if taken into the cell. Glycerol seems to have similar effects on 5GB1, eliminating 

it as an option for preserving gels as room temperature. Other studies have found the 

glycerol and DMSO both inhibit methanotrophs, although low concentrations (less than 

5%) can be tolerated if treated correctly [91,92]. 

Lyophilization of 5GB1 in both ATCC and BSAT greatly inhibited activity. Some results 

indicated that the culture activity recovered after 24 hours, similar to the effect observed 

later for immobilized cells. However, these results were deemed spurious because other 

more rigorous tests found that 5GB1 did not recover. It is thought that the spurious results 

were due to contamination while measuring methane content during activity tests. 

Activity tests of lyophilized cultures were conducted with the cells suspended in media, 

so washing the samples like was done with the tests of cultures immobilized in hydrogel 

beads was not an option. 

Overall, the results from the lyophilization of 5GB1 are not positive, which is not 

surprising given the general difficulty in lyophilizing methanotrophs [69,70]. However, 

the results may merit further investigation. Further investigation was not done as part of 

this project due to shifting project priorities. 

The lyophilization and reconstitution of hydrogels was briefly investigated. Glycerol at 

concentration of 10%–50% (v/v) was found to help agarose gels maintain their shape 

during drying, and they did not shrink and crack like unprotected gels. Gels containing 

sucrose or trehalose also shriveled and cracked. However, agarose gels containing 

glycerol were weak and easily deformed. Higher concentration of glycerol resulted in 

increasingly weak gels. It is through that glycerol interferes with agarose gel formation 

similar to PVA, see Section 5.2.2. The addition of glycerol to gels containing PVA 

reduced shriveling and cracking of the gels, but it was not possible to rehydrate the dried 

gels by soaking them in water. Dry PVA is very hard and insoluble, requiring hours of 

soaking in hot water to dissolve. The lyophilization process returned PVA to this state 

and the dry PVA did not rehydrate even slightly after days sitting in warm water. The 

addition of 10% glycerol resulted in a slightly softer and spongy gel after drying, but did 

not improve water re-uptake.   
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6. Conclusions 

This work analyzed the swelling and adhesion properties of agar, PVA, and agar/PVA 

blend hydrogels as well as their biological compatibility with 5GB1. Agar and agarose 

hydrogels exhibited minimal swelling in water and 5GB1 media, but had poor surface 

adhesion. Efforts to chemically improve agarose adhesion were not promising. PVA 

hydrogels cross-linked with 1.5 M sodium sulfate then 1.5 M di-sodium phosphate 

showed lower swelling than literature values for PVA gels cross-linked with other 

chemical methods, but swelling was still too great for use in a microfluidic reactor. PVA 

had high surface adhesion values on clean steel and polycarbonate treated with UV 

ozone. 

A novel blend of agar and cross-linked PVA was developed, and its swelling and surface 

adhesion properties were investigated. The properties of the blend gel strongly depended 

on the ratio and absolute concentration of the polymers, as well as the process by which 

the hydrogels were cross-linked. A system of two interacting and competing phases was 

proposed as the microscopic morphology of these blend gels, which gave rise to their 

properties. 

Blend hydrogels of 2/5% agar/PVA were particularly promising, combining the desirable 

properties of both agar (low swelling) and PVA (strength and adhesion). They exhibited 

little swelling in water and 5GB1 media, and adhered to polycarbonate and stainless steel 

surfaces treated with ozone or oxygen plasma. Cultures of 5GB1 immobilized in these 

gels showed a reduction of metabolic activity, partly due to exposure to high 

concentrations to sulfate and phosphate during cross-linking. Shortening cross-linker 

exposure time from 2 hours to 30 minutes greatly improved activity rates, and 

immobilized cells increased their activity rates over time and with the continued addition 

of methane. Based on these results, the gels were deemed to be suitable for the 

immobilization of 5GB1. Further improvement of activity rates may be possible and 

would improve the usefulness of these gels for the immobilization of bacteria in 

bioreactors. 
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Preservation of 5GB1 by lyophilization was unsuccessful. Cryo/lyoprotectants containing 

bovine serum albumin (BSA) and sucrose or trehalose did not inhibit the activity of the 

cultures. Cultures with these cryo/lyoprotectants maintained their metabolic activity after 

being frozen at -80°C, but did not retain their activity through lyophilization. These 

results were not entirely conclusive, however, due to some tests showing recovery after 

24 hours and others showing no such recovery. It is not clear if the tests showing 

recovery were due to contaminated samples or the recovery of the original cells.  

7. Potential Future Work 

A speculative morphology of the agar/PVA blend hydrogels has been proposed, but is 

still largely unknown. Further work to analyze the morphology with further rheology or 

methods such as microscopic analysis, differential scanning calorimetry (DSC), Fourier 

transform infrared spectroscopy (FTIR), or X-ray photoelectron spectroscopy (XPS) may 

yield interesting and useful results. Elucidation of microscopic morphology is difficult, 

however, so conclusively identifying the morphology of the gel would be a challenging 

task [85].  

Only agar and PVA blends were tested, and purified agarose was not investigated. While 

agar and agarose have many similarities, they are not identical. Blends of purified 

agarose and PVA could behave differently than the agar/PVA blends tested here. It is 

particularly of interest if agarose/PVA blends do not increase solution turbidity, like was 

seen in some tests with the agar/PVA blends. 

Further investigation of the lyophilization of 5GB1 protected with bovine serum albumin 

and trehalose with greater controls to prevent contamination would establish if 5GB1 can 

recover its activity after drying, as the results of this work are inconclusive.  
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9. Appendices 

9.1. 5GB1 Media Recipe  

Adapted from Aaron Puri 

Last updated 2015/06/22 FC 

When culturing organisms genetically modified with kanamycin resistance, 50 µg/L 

kanamycin was added to the media.  

 

NMS2 (Nitrite Mineral Salts) (1L) 

7.5g NaCl 

0.2g MgSO4*7H2O 

0.014g CaCl2*2H2O 

1 g KNO3 

MQ H2O to 1 L 

Autoclave 

 

For each L of NMS2, add 

50 mL 1M carbonate buffer, pH 9.5 

20 mL phosphate buffer 

2 ml trace elements solution 

 

0.1 M Phosphate buffer solution (1L) 

5.44g KH2PO4 

10.73g Na2HPO4 * H2O 

Dissolve in ~800ml MQ H2O 

Adjust pH to 6.8 (We haven’t been 

doing this) 

Bring to 1L with MQ H2O and autoclave 

 

1 M Carbonate Buffer, pH 9.5 (1 L) 

58.8 g NaHCO3 

31.8 g Na2CO3 

Dissolve in ~700 mL MQ H2O 

Check pH (should already be 9.5 

because of 7:3 ratio of 

NaHCO3:Na2CO3) 

Bring to 1 L with MQ H2O and filter 

sterilize 

 

Trace elements solution (make fresh 

every 3-6 months) 

1.0g  Na2-EDTA 

2.0 g  FeSO4 * 7H2O 

0.8g  ZnSO4 * 7H2O 

0.03g  MnCl2 * 4H2O 

0.03g  H3BO3 

0.2g  CoCl2 * 6H2O 

0.6g CuCl2 * 2H2O 

0.02g  NiCl2 * 6H2O 

0.05g  Na2MoO * 2H2O 

Add MQ H2O up to 1L 

Aliquot into small bottles and autoclave 

Store at 4oC 

 

9.2. Adhesion Testing 3D Printed Mesh Design 

If these tests were to be replicated, I would advise eliminating the peaked cutouts on the 

top of the meshes (note that they are printed upside-down, as in the figure). The cutouts 
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were intended to allow gel to easily envelop the mesh, but the detail made printing 

difficult and messy. 

The mesh was printed with PLA filament with an effective 100% infill due to the small 

dimensions of the design.   

 

Figure A 1: Diagram of the 3D printed mesh used in gel adhesion testing 
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9.3. Schematics of Flow Cells 

 

Figure A 2: Diagram of the polycarbonate top flow cell plate used in flow cell testing. 

Image source: Fuchs (2015) [27]. 

 

Figure A 3: Diagram of the PEEK spacer used in flow cell testing. Image source: Fuchs 

(2015) [27] 
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Figure A 4: Diagram of the polycarbonate bottom plate used in flow cell testing. Image 

source: Fuchs (2015) [27] 

 

9.4. Flow Shear Force Estimate 

For simple case with one-phase flow, assume fully developed laminar flow between two 

plates, linear pressure drop, properties of water 

 

Figure A 5: Flow profile in the BLP reactor 

From Naiver Stokes, apply no-slip boundary condition and derive velocity profile shown 

in Equation (9-1) [12]  

 
𝑢𝑥 = −

1

2𝜇
(

𝑑𝑃

𝑑𝑥
) (𝐷2 − 𝑦2) (9-1) 
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Calculate mean flow rate ux̅̅ ̅ from Equation (9-1), shown in Equation (9-2). Substitute 

Equation (9-2) back into Equation (9-1) to yield Equation (9-3), the velocity profile based 

on the mean flow rate, channel height D, and position y. 

 
𝑢𝑥̅̅ ̅ =

𝑄

2𝐷𝑊
= −

𝐷2

3𝜇
(

𝑑𝑃

𝑑𝑥
) (9-2) 

 
𝑢𝑥 =

3

2
𝑢𝑥̅̅ ̅ (1 − (

𝑦

𝐷
)

2

) (9-3) 

Shear force on the on gel surface can be calculated using Equation (9-4) [11] 

 
𝜏𝑦=𝐷 = −𝜇 (

𝑑𝑢𝑥

𝑑𝑦
)

𝑦=𝐷

=
3𝜇 𝑢𝑥̅̅ ̅

𝐷
 (9-4) 

Input typical values from BLP 2.5 reactor and solve for shear force at the gel surface, 

shown in Equation (9-5). 

 𝐷 = 0.025 𝑐𝑚,  𝑊 = 12.6 𝑐𝑚,  𝜇 = 8.9 ×10−4𝑃𝑎 𝑠,  𝑄𝑙𝑖𝑞

= 1.3– 6.5
𝑚𝑙

𝑚𝑖𝑛
,  𝑄𝑔𝑎𝑠 = 10

𝑚𝑙

𝑚𝑖𝑛
 

𝑢𝑥𝑚 =
16.5

𝑚𝑙
𝑚𝑖𝑛

2(0.025 𝑐𝑚) (12.6 𝑐𝑚)
= 4.37×10−4

𝑚

𝑠
 

𝜏𝑦=𝐷 =
(3)(8.9 ×10−4𝑃𝑎 𝑠) (4.37×10−4 𝑚

𝑠 )

2.5×10−7 𝑚
= 𝟏𝟐. 𝟒 𝑷𝒂 

(9-5) 

This number is a very rough estimate does not account for interactions between the 

liquid, bubble, and gel surface, so actual shear forces may be much higher. It is likely 

within an order of magnitude, however. Estimate that max shear forces at surface of gel 

due to flow is on order of 100 Pa. 

9.5. Error Propagation Calculation 

Normalized methane consumption error bars included variation both from the measured 

consumption of the sample culture and the untreated culture that it is normalized to, 

shown in Equation (9-6). 
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𝜎𝑋𝑦 =
𝑥

𝑦
 √(

𝜎𝑥

𝑥
)

2

+ (
𝜎𝑦

𝑦
)

2

 (9-6) 

Where 𝑥 is the sample methane consumption, 𝑦 is the untreated culture methane 

consumption, and 𝜎𝑥 and 𝜎𝑦 are the standard deviations of the respective replicates. 

9.6. Modification and Adhesion of Agarose 

Some initial attempts were made to modify and immobilize agarose. One method was 

modifying agarose based on methods described by Mateescu et. al. [93] and Hermanson 

pg. 835 [60]. Agarose at concentrations of 5% (w/v) and 2% (w/v) were mixed with 0.1 

M Chloracetic acid and 3 M NaOH at 50°C for an hour. The goal was to functionalize 

agarose with carboxyl groups, allowing adhesion similar to alginate, see Figure A 6. This 

treatment could of course not be done with cells immobilized in a gel due to the toxic 

chloracetic acid and extreme conditions, so the intent was to modify the polymer, then 

allow it to thermoset and the toxic substances to diffuse into a large bath. Some test result 

gels did not thermoset, which might be expected for a modified agarose molecule. This 

would defeat the purpose of using agarose. Attempts to purify the polymer by repeated 

suspension in ethanol and centrifugation for NMR analysis were not successful. The 

method was not investigated further. 

 

Figure A 6: Proposed chemical reaction of agarose and chloracetic acid and adhesion by 

electrostatic interaction to a functionalized surface. 

Another method attempted to modify shim surfaces with polyethylene oxide brushes, 

which would become entangled with agarose gels, increasing adhesion. No increased 

adhesion was observed between agarose and the treated surfaces.  
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