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ABSTRACT

In this dissertation research, a water bioremediation system which utilizes silica gel
encapsulated biodegrading (biotransforming) bacteria was developed. Towards achieving
this goal, both fundamental and practical scientific contributions were made. Novel silica
gel compositions were developed for encapsulation of bacteria. The resulting bioreactive
materials were characterized in terms of the cytocompatibility of the encapsulation process,
and the physicochemical properties of the material. Feasibility of the process (e.g. material
cost, temporal stability) was also evaluated to enable scale-up. An engineering model of a
typical bioreactor utilizing the bioreactive material was developed for efficient utilization
of the encapsulated bacteria. Design parameters such as material geometry, size and
bacteria density encapsulated in the material were optimized using the developed
biotransformation/transport model. Characterization experiments also revealed that alcohol
treatment of E. coli cells expressing a catalytic enzyme (AtzA) can improve
biotransformation activity up to a critical alcohol concentration, which was attributed to
the enhanced membrane permeability of the cells. This was verified by comparing the
biotransformation activities of bacteria with intact cell membranes and bacterial enzyme
extract obtained via sonication. Long-term storage of the material at different temperatures,
desiccation levels, and with various lyoprotectant solutions (sucrose, trehalose, glycerol)
was studied to facilitate commercial use. By partial desiccation up to a critical water loss
level, both the activity of the encapsulated cells and mechanical properties of the material
were significantly improved. Large-scale synthesis methods were investigated to eliminate
the diffusion barrier of substrates to cells and enable industry scale production of the
material. Optimal operating conditions were determined to synthesize PV A/silica core-
shell nanofibers with encapsulated bacteria via electrospinning. Based on the generated
expertise in this research, a novel application was developed via encapsulation of
synergistically working bacteria in an optically transparent silica gel matrix. In this system,
heterotrophic bacteria performed aerobic biotransformation reactions while phototrophic
cyanobacteria provided the required oxygen via photosynthesis. This self-sustaining

system was shown to be more effective for oxygenation than external supplementation of

Vi



oxygen, which was attributed to the homogeneous and proximate distribution of the cells

in the matrix.
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Chapter 1: Introduction

1.1 Motivation

Water supplies throughout the world are being contaminated by various organic and inorganic
chemicals, which are byproducts of industrial and agricultural processes, posing a major
environmental health risk !. As an example, atrazine is one of the most commonly used agricultural
pesticides in the U.S. (and also in 70 other countries at an estimated annual rate of 111,000 tons ?)
and its concentration in drinking water is regulated by the Environmental Protection Agency (EPA).
After heavy rains, runoff water from farmlands can cause increased levels of atrazine
concentrations in drinking water that exceed these regulations. As the EPA pushes for stricter
regulations on atrazine, the effective life-time of conventional activated carbon treatments is
reduced *. Another potential risk for water pollution in the U.S. is caused by the use of the hydraulic
fracturing (fracking) method for natural gas extraction. This technique uses millions of gallons of
water, and several chemicals are added to water, including biocides, corrosion inhibitors, friction
reducers, scale inhibitors and surfactants. Some of these chemicals, especially the polycyclic
aromatic hydrocarbons (benzene, naphthalene, and etc.) carry potential health risks as known or

suspected carcinogens *.

In my dissertation research, a silica gel encapsulated cell bioremediation system was developed for
water treatment. Many pollutants found in water can be biodegraded by naturally occurring
microbes, which offers a green and sustainable solution to this problem. A powerful method to
utilize microbes is bioencapsulation (i.e. physical entrapment of bacteria in a host structure), which
provides a mechanical scaffold and protection to otherwise small and fragile cells, facilitating the
integration of the technology into existing systems. Bioencapsulation requires that the cells are in
a biocompatible, stable and mechanically strong encapsulation matrix. Silica is chemically inert,
resistant to microbial attack, mechanically strong and thermally stable, which makes it an ideal
material for this task. Bioencapsulation of cells has various other potential applications >, thus the
scientific output of this research can potentially benefit other areas of biomedicine and

biotechnology.

1.2 Background

1.2.1 Silica precursors and sol-gel chemistry



Silicon alkoxides are popular precursors for silica gel synthesis because they react readily with
water °. Hydrolysis of alkoxide precursors occur under acidic or basic conditions, followed by
condensation of the hydroxylated units leading to the formation of a mesoporous gel. This process
is called the sol-gel method '°. In a typical procedure, the first step is to hydrolyze a low-molecular
weight silicon alkoxide precursor molecule such as tetramethoxysilane (TMOS) or

tetraethoxysilane (TEOS) in the presence of water, acid catalyst and a mutual solvent:

Si(OR)4 + H,O — HO-Si(OR); + ROH
(Hydrolysis)

Hydrolysis of silicon alkoxide precursor results in the formation of silanol groups (Si-OH).

Through condensation, these silanol moieties react further and form siloxanes (-Si-O-Si-):

(OR);Si-OH + HO-Si(OR); — (OR);Si-O-Si(OR); + H,O (Water
condensation)
or
(OR);Si-OR + HO-Si(OR); — (OR)3Si-O-Si(OR); + ROH (Alcohol
condensation)

Finally, through polycondensation of silanol and siloxanes, SiO> matrices are formed (called
“gelation”). The resulting gel is an interconnected rigid network with pores of sub-micrometer

dimensions and polymeric chains whose average length is greater than a micrometer '°.

The major impact of the sol-gel method on cell viability is the alcohol (ROH molecule shown in
the reaction) produced during hydrolysis and condensation. Depending on the precursor used, this
alcohol is usually ethanol or methanol, for TEOS and TMOS respectively. Furthermore, in some
gel making protocols in the literature, alcohol is added to the precursor mix, as a mutual solvent to
eliminate phase separation between the silicon alkoxide and water. In the cases where no mutual
solvent is used, phase separation is observed in the initial mixture but it will disappear as alcohol

is produced through condensation reactions during gelation.

TEOS and TMOS are tetra-functional monomers because they can form 4 bonds after hydrolysis.
In order to change the gel structure, it is also possible to use methyltriethoxysilane (MTES) and

methyltrimethoxysilane (MTMS), which are trifunctional. Recently, another commercially

2



available product tetrakis(2-hydroxyethyl) orthosilicate (THEOS) is also being used in literature.
This is a tetrafunctional precursor which is highly soluble in water, which eliminates the addition

of alcohol to avoid phase separation !!.

Hydrolysis and condensation reactions continue after gelation, causing strengthening, stiffening,

” 9 The first stage is called syneresis,

and shrinkage of the matrix, in a process that is called “aging
when the gel contracts and expels the pore liquid. The second stage is called drying, when the liquid
evaporates and the gel is dehydrated. This characteristic shrinkage of aging process exhibits a
compressive load on the cells and eventually may cause cell lysis 2. Rooke et al. proposed
immersing the gels in culture media, to avoid evaporation and thus subsequent shrinkage arising
from aging '3. This hydration method prolonged the life and activity of the cyanobacteria within
the gel. Organic polymers have also been used as additives to form hybrid organic—inorganic gels

in order to reduce shrinkage via a ‘pore filling’ effect *. Some successful examples include

incorporation of sugars , glycerol '° or polyethylene glycol (PEG) '°.

Aqueous silica gel precursors such as silica nanoparticles (SNPs) and sodium silicate are also
appealing for gel synthesis due to their commercial availability at high volumes and low cost. Some
studies have shown that silica gel encapsulation with aqueous silica precursors yield a more
cytocompatible method > 7 18, Furthermore, SNPs are available in various sizes ranging from
nanometers to micrometers, enabling the microstructure of a silica gel to be fine-tuned by using

SNPs of different diameters.
1.2.2 Silica gel encapsulation of macromolecules and cells

Macromolecules and cells encapsulated in biocompatible matrices (i.e. bioencapsulation) with
retained activity, viability and metabolic functionality have extensive applications in biotechnology
(e.g. biosensing, biocatalysis, photobioreactors) and medicine (e.g. tissue engineering, recombinant
protein production, and drug delivery) '>2°, Long-term sustained activity of the encapsulated cells
still remains a challenge, because cells are more sensitive than biomolecules to the physical and
chemical effects of encapsulation. The biocompatible host must be a noncyto- and geno-toxic
material, including its degradation products. Numerous factors have to be thus considered in the
choice of host material such as the chemical composition, the surface morphology and the
mechanical and chemical stability (See Figure 1). In addition, the porosity/pore size of the material

is vital to allow the diffusion of the required nutrients and the byproducts of cellular metabolism 2!.



Different organic, inorganic and hybrid polymers can be used for cell encapsulation. Natural
(collagen, alginate, chitosan and etc.) and synthetic (poly-lactic acid (PLA), polyethylene glycol
(PEG), and etc.) polymers are attractive for cell encapsulation due to their abundance,
biocompatibility and biodegradability. However, natural polymers have high purification cost. In
the case of collagen, enzymatic degradability can be a problem. A potential limitation for alginate
gel is its often uncontrollable and unpredictable dissolution, which occurs by a process involving
the loss of divalent ions. Chitosan exhibits weak mechanical properties and lacks bioactivity, and
it is usually combined with calcium phosphate to increase its mechanical strength 22, For synthetic
polymers, some of the limitations are the bulk degradation mechanisms, which typically results in
a rapid loss of mechanical properties (e.g. in PLA gels), and the lack of biodegradation (e.g. in
PEG).

LIVING_CELLS

SYNTHESIS INTERACTIONS OPEN SYSTEM STABLE
METHOD PHYSICAL MATTER: ENERGY: &
CHEMICAL MNutrients & Meraholites Light

BIOLOGICAL (porosity, final shape, ..} (transparcney) RESISTANT

Figure 1 — Conditions required to design a biocompatible host for living cells (Adapted from

21)

Among the wide choice of materials, silica has appeared as a promising host for cell encapsulation.
Silicon is the second most abundant element of the lithosphere 2. Even if silicon is not abundant in

the biota (0.03%), it plays a crucial role in all living organisms. Silicon, present in nature as silicates
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and silica, is required for the production of structural materials of many living species and even for
major metabolic processes 2*. Therefore, being one of the most important and common chemical
substances used in industry, silica is the most appropriate inorganic material for encapsulating cells
and other biological species 4. Furthermore, the porosity of the matrix can be adjusted within the
mesoporous range to optimize encapsulation matrices for different cells. As a result, silica gels
have been studied extensively in the last decade for encapsulation of whole prokaryotic or

eukaryotic cells with promising results 2525,

Cytocompatibility of the silica gel
The major effect of silica gel encapsulation process on cells is the alcohol produced during
hydrolysis and condensation reactions. If the concentration of the alcohol is sufficiently high, it can
disrupt the cell membrane and have a detrimental effect on the cells ?°. Furthermore, the osmotic
stress induced by the high alcohol concentration in the extracellular space can cause cell lysis. If
the degradation reaction is a metabolic pathway, the decrease in viability of the cells will decrease
the performance of the system. To address this problem, evaporation of the alcohol by-product
from the hydrolyzed solution before cell encapsulation is employed in literature, using methods

such as roto-evaporation %32,

From a practical standpoint, the cell viability concern is limited to the cells being able to perform
their biodegradation (remediation) tasks. Therefore, as long as cells can perform the degradation,
viability or full metabolic activity of the cells is not essential. For instance, Reategui et al. ** have
encapsulated AtzA expressing E. coli to clean Atrazine from drinking water. Since the degradation
does not require cellular viability/activity, the cells are employed as micro-machines that produce
the enzyme. Consequently, even though the cells are not viable, the bioreactive material has shown
cleaning activity for up to 4 months after encapsulation. Furthermore, the activity of encapsulated
cells was 30% higher than the cells in solution. For this particular case, this may be attributed to
enhanced diffusion of the substrate through compromised cell membranes. However, there are also

studies 3% 3

which have reported higher enzymatic activity in confinement than in solution.
Porosity/pore size of the silica gel

Confinement of cells and transport of chemicals through the encapsulation matrix depends on the
porosity and pore size of the gel. A major advantage of silica based sol-gels for encapsulation is

that they form a mesoporous (2 nm < pore range < 50 nm) matrix that allows for nutrient diffusion
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while firmly entrapping cells 32. In particular, silicon alkoxide (TMOS, TEOS and etc.) derived
sol—gels typically produce matrices with pore sizes in the range from 10 to 50 nm *°. There are two
methods to modify the porosity/pore size of the matrix: a) changing the gel composition, b)
changing gelation conditions. In terms of gel composition, using an alkoxide precursor with higher
functionality leads to a denser network, hence a lower porosity. This can be experimentally shown
by replacing a gel formed by TEOS/TMOS (functionality=4) with MTES/MTMS
(functionality=3).

Gel composition can also be changed by addition of silica nanoparticles (SNPs) to the precursor
mixture. In mesoporous range, porosity is expected to increase with SNP size. As discussed before,
there are also other additives that can be used in making of the gel to improve cell-matrix
interactions, such as PEG. PEG interacts with the -SiOH surface of the gel and reduces the active
hydroxyl (-OH) groups that can form further siloxane bonds. Therefore, any additive that interacts

with the gel surface is expected to increase the porosity of the gel, and decrease shrinkage.
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Figure 2 — Polymerization behavior of silica (Adapted from 37)

Gelation conditions also change the porosity of the gel structure, and the effect of pH is shown in
Figure 2. It can be seen that to get a gel structure that is in mesoporous range, an acidic precursor

mix is required, and as the acidity of the solution increases, the porosity decreases. It’s been



reported that the gelation temperature increases the particle size, therefore increases the porosity of

the matrix °.
Mechanical properties of the silica gel

The developed bioreactive material must yield some mechanical strength to be feasibly used in
industrial applications. Otherwise, handling, transportation or utilization will be impractical.
Furthermore, if the material cannot maintain its structural integrity, cells can also start leaking from

the matrix, decreasing the performance of the system.

The mechanical properties of the material are primarily determined by the gel composition.
Functionality of the precursors determines the extent of cross-linking in the gel. Chujo et al. *® has
reported a direct correlation between the increase in the Young’s modulus and toughness of the gel
and the multi-functionality of precursors. Generally, it can be said that higher the functionality of
the precursors, the more rigid and stronger the gel is going to be. This can be experimented by using
alkoxide precursors such as TEOS and TMOS (functionality=4) and MTES and MTMS
(functionality=3). After gelation, condensation reactions keep occurring during aging, increasing
the strength and stiffness of the gel. Brinker et al. reported that during aging, both moduli
(Young’s/Shear) increase by orders of magnitude °. Jang et al *° has shown that for a gel comprised
of only silica nanoparticles (SNPs) and PEG, strength is directly correlated to SNP concentration.
However, if alkoxide precursors are also used, cross-linking might be hindered if SNP

concentration is too high.
1.3 Objectives

Main objective of my dissertation research was to develop a bioremediation system which utilizes
silica gel encapsulated bacteria for water treatment. The proposed system consists of a reactor
packed with the developed bioreactive material, which comprises the encapsulated cells in a porous

silica gel matrix. Components of the proposed system can be described as follows:

I.  Cells perform the cleaning of the water by chemical degradation of the targeted chemicals
into environmentally safe, non-hazardous products. This degradation process may be
performed in multiple ways: I) A recombinant bacteria strain expressing an enzyme which

degrades the target chemical can be used, so that the cell acts as a “bag of enzymes”, 1I) A



bacteria strain that metabolizes the target chemical can be used, so the cells use the
chemical as a primary source of energy.

II.  Encapsulation matrix is the material that acts as a porous barrier between the cells and
the environment, confining the cells within but allowing the chemicals diffuse freely.
Physical and chemical properties of this material should be such that the degradation
activity of the bacteria is sustainable for long periods of time. This requires that the
interactions between the material surface and the cells are not detrimental to the cells or do
not hinder the cellular reactions. In addition, both chemicals and degradation products
should be able to diffuse through the material without limiting the biochemical reaction
rates required for degradation. Silica gel, with its inert chemistry, porous structure and
mechanical strength is an ideal candidate for this task.

III.  Reactor is the vessel where the bioreactive material is contained in a flow-through system
to clean the wastewater. In such a reactor, the chemicals need to transport (I) from the bulk
flow to the bioreactive material, (I[) within the material to the cells, (III) through the cell

membrane to the cytoplasm for degradation reaction.

Figure 3 illustrates the bioremediation system in different length-scales, with silica gel microbeads
as the bioreactive material utilized in a packed bed reactor. The noted length-scales on the figure
are the characteristic lengths of the reactor, microbeads, average pore size of the gel and a typical

bacteria cell respectively.
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Figure 3 — Schematic of the proposed system in different length-scales



Margaritis et al ® provided an excellent summary of the desirable characteristics of the
encapsulation matrix for an immobilized cell bioreactor. Since my application here was water

bioremediation, the list is slightly modified, as provided below.

A cell encapsulation matrix (for a bioremediation system) is required to:

—

Maintain the activity of the cells for long periods of time.

Not react with substrates or products.

Retain its physical integrity and be insoluble under the bioprocess conditions.

Be permeable to reactants and products.

Have large specific area per unit volume.

Have high diffusion coefficients for substrates and products (and possibly nutrients).
Be resistant to microbial degradation.

Have good mechanical strength.

A e A I S

Retain chemical and thermal stability under bioprocess and storage conditions.
10. Recognized as environmentally safe for water treatment applications.

11. Be available in adequate quantities with consistent quality and acceptable price.
12. Be feasible to produce efficiently for desired quantities.

1.4 Overview of dissertation

In order to accomplish the main objective of my dissertation project, the research was partitioned

into four specific aims:
SA 1: Development of porous silica gels for bacteria encapsulation
SA 2: Biotransport/reaction modeling of a flow-through reactor with encapsulated bacteria
SA 3: Long terms storage of silica gel encapsulated bacteria

SA 4. Integration of developed silica gels with industry-scale manufacturing systems for scale-

up

The outline of these specific aims are shown in Figure 4. These specific aims were addressed in
Chapters 2, 3, 4 and 5 of'this dissertation respectively. Building upon the developed material design,
synthesis and modeling expertise, a novel co-encapsulation method for synergistically working

bacteria is discussed in Chapter 6. A summary of the research is provided in Chapter 7.
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Chapter 2: Silicon alkoxide cross-linked silica nanoparticle gels for

encapsulation of bacterial biocatalysts!

2.1 Introduction

Silica gels have been extensively studied for encapsulation of whole cells for different applications

52528 In most of these applications, ensuring

in biotechnology and biomedical engineering
biocompatibility (i.e. encapsulated cell viability) during the encapsulation process and in the
resulting gel has been a major challenge. Many studies were conducted to increase the
biocompatibility of the encapsulation processes ** by removing the alcohol produced by the gelation
process®® or by incorporating additives (such as polyethylene glycol (PEG), glycerol) into the gel
1518 However, recent studies reported that biocompatibility is not essential for biocatalysis
applications where a thermodynamically favorable reaction is catalyzed by intracellular enzymes.
For example, Fennouh ef al. reported catalytic activity in silica gels that contained encapsulated E.
coli cells with compromised cell membranes (observed by electron microscopy) **, Nassif and
Livage suggested that encapsulated bacteria can function as a “bag of enzymes” and suggested that
the cells can still be enzymatically active even if they had compromised membrane integrity *°. In
two different studies !”#!, it was shown that activity of the intracellular enzyme B-galactosidase
increased significantly when encapsulated E.coli were treated with organic solvents to enhance the
permeability of the cell membrane (and by potentially compromising it). These results showed that
for biocatalysis applications that do not require cell viability, steps to increase biocompatibility
(such as alcohol removal during encapsulation or incorporation of costly organic polymer additives
to protect the cells) can be eliminated. In the present study, our aim was to sustain and potentially
enhance biocatalytic activity while preventing leakage of intracellular enzymes from the
bioreactive material. Moreover, we sought to keep the cost of the process and the materials low by

bypassing the need to preserve cell viability.

Gel microstructure directly affects diffusivity of the chemicals through, and mechanical strength
of, the porous silica material. Therefore, it is desirable to develop encapsulation methods that
maintain catalytic activity of the encapsulated organisms, while simultaneously optimizing

chemical and physical properties of the gels. The conventional silica gel encapsulation method is

! Reprinted from Mutlu, B. R.; Yeom, S.; Tong, H.-W.; Wackett, L. P.; Aksan, A., Silicon alkoxide cross-
linked silica nanoparticle gels for encapsulation of bacterial biocatalysts. Journal of Materials Chemistry A
2013, 7 (36), 11051-11060. DOI: 10.1039/C3TA12303K
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the sol-gel transition of a silicon alkoxide '*. In a typical process, a silicon alkoxide such as
tetracthyl orthosilicate (TEOS) is hydrolyzed in the presence of water and an acidic catalyst.
Depending on the pH and temperature of the solution, the reactive silanol (Si-OH) groups of the
hydrolyzed silicon alkoxide go through condensation reactions to form siloxane (Si-O-Si) bonds,
developing a 3D porous gel structure. The cells are added to the solution after the hydrolysis
reaction is completed and they get entrapped within the gel during the condensation process
(polymerization). One limitation of this method is realized when the cells are exposed to acid,
which can hamper the activity of the intracellular enzymes or inactivate them irreversibly. To
eliminate this problem, the common practice is to adjust the pH of the solution before adding cells.
While neutralization of the pH can preserve enzyme activity, it may sacrifice gel microstructure

control, resulting in gels of inadequate diffusion or inferior mechanical properties.

Silica nanoparticles (SNPs) are also appealing as precursors for silica encapsulation of bacteria due
to their commercial availability at high volumes and low cost. SNPs are available in various sizes
ranging from nanometers to micrometers, enabling the microstructure of a silica gel to be fine-
tuned by using SNPs of different diameters. SNPs are commonly stabilized in highly alkaline
solutions and by lowering the pH of the solution it is possible to obtain a gel. Finnie ef al. have
shown that sulfate-reducing bacteria can be encapsulated in such a gel obtained by lowering the pH
of Ludox SM-30 SNP sol *>. However, cell encapsulation by using SNPs exclusively enables
limited control on the process and the properties of the formed gel. Therefore, SNPs are more
commonly used in combination with other precursors such as sodium silicate '”. However, it was
reported that mechanical stability, as determined by Young’s modulus of the gel, of sodium silicate
+ SNP gels decreases when the SNP concentration is increased 4. Therefore, in this study, we opted
to use a silicon alkoxide precursor (TEOS or MTES) to act as a crosslinker for the SNPs. After the
pH of the SNP sol was neutralized, the bacteria were mixed with the aqueous sol and hydrolyzed
silicon alkoxide was added to induce cross-linking and foster polymerization. Using this approach,
it was possible to fine-tune the microstructure, and therefore the diffusivity of the gel, by altering
the SNP size. A range of SNP to silicon alkoxide ratios were investigated to ensure formation of
an SNP-governed microstructure and silicon alkoxide functionality was investigated for its

potential effects on the process and gel structure.

We applied the methods described above to an important practical problem, using recombinant E.
coli cells expressing the atrazine dechlorinating enzyme AtzA to transform atrazine to

hydroxyatrazine. Atrazine (2-chloro-4-ethylamine-6-isopropylamino-s-triazine) is one of the most
12



commonly used agricultural herbicides in the U.S. and its concentration in drinking water is
regulated by Environmental Protection Agency (EPA). The World Health Organization (WHO)
determined an acceptable daily intake limit of 0.1 mg/L (~100 ppb) for atrazine in drinking water
4. whereas EPA determined an upper limit of 3 ppb as an annual average *°. Currently, atrazine is
removed from drinking water by filtration methods that rely on adsorption, most commonly
activated carbon, that has to subsequently be disposed of or incinerated with some loss of the
material. In this regard, a biocatalytic material that degrades atrazine is desirable for environmental
sustainability provided that it is cost competitive. The overall challenges for a silica-based
bioremediation system are that it needs to: (1) function well with trace levels of atrazine found in
drinking water (< 10 ppb), (2) sustain function for weeks or months in a continuous, flow-through

process, (3) be mechanically strong and stable under continuous flow conditions.

Successful applications of atrazine bioremediation at high concentrations (samples from farm run-
off waters or buffer solutions fortified with atrazine), from 10 to 30 ppm, have been reported ¢+
but most laboratory studies have used much higher atrazine concentrations that do not mimic actual
environmental situations. Galindez-Najera et al. reported complete removal (i.e. effluent
concentration below detection limit of assay) of atrazine using a two-stage biofilm reactor with a
binary culture of Stenotrophomonas maltophilia and Arthrobacter sp., at over 30,000 ppb influent
atrazine concentration *’. Liu et al. reported above 90% removal efficiency of atrazine from
wastewater using a membrane bioreactor containing Pseudomonas sp. ADP, at ~15,000 ppb
influent atrazine concentration . While these approaches are suitable for removal of atrazine at
high concentrations, effluent concentrations are still significantly higher than 3 ppb, despite the
high removal efficiency. In a recent study, Buttigleri et al. utilized a membrane bioreactor (MBR)
with a denitrifying mixed culture atrazine treatment at low concentrations. >* With a 10 ppb influent
concentration, an average removal of 15% was obtained over a 3 month period. In addition to the
low performance of the reactor at low atrazine concentrations, it is also not desirable to have living
bacteria in a reactor for drinking water treatment. This requires further downstream processing to
ensure that any bacteria that leach from the system are removed from water, increasing the overall

cost of the system.

Our research group recently encapsulated recombinant E. coli cells expressing atrazine
dechlorinating enzyme AtzA into silica gels and the cells were killed by a post-encapsulation heat
treatment process. Batch activity tests were run with an ~30,000 ppb atrazine solution and

biocatalytic activity of non-viable encapsulated cells (0.44-0.66 pumol/g cells-min) was comparable
13



to free cell activity (0.61 umol/g-min) but sustained for a much longer time,4 months, compared to
free cells °!. However, at low concentrations of atrazine (10 ppb), the biocatalytic activity of the
cells was several orders of magnitude lower and the atrazine degradation of the encapsulated cells
in a packed bed reactor gradually decreased to an immeasurable rate within 2 weeks. Mechanical

integrity of the gels was also shown to degrade significantly during that time (data not shown).

To overcome the limitations of the previous studies, while also developing an economically feasible
product, the present study sought to develop catalytic silica bioreactive materials that maintained
high atrazine removal for long durations at a low influent concentration. Utilizing three of the
developed formulations in a flow-through packed bed reactor system, effluent atrazine
concentration was maintained at a level below 30% of the 10 ppb influent for 2 months.
Additionally, as compared to our previous study °!, mechanical strength of the material was
improved from a yield load of 0.2 N to a maximum of 3 N and cost of the product is significantly
reduced by eliminating high cost silica precursors and organic polymer additives from the
formulation. The design was conducted through a step-by-step evaluation/elimination process,
based on bioreactive material characteristics such as gelation time, transient catalytic activity at
high concentration and mechanical strength (Figure 5). Additional characterization studies
(diffusivity and cell viability assays, SEM) were also performed for better interpretation of the
results. Our results suggest that the developed catalytic bioreactive material(s) can be used for
continuous treatment of water to remove environmentally-relevant concentrations of atrazine from
drinking water. On a broader note, the proposed method can also be used to encapsulate different
biocatalysts, aimed to treat other low concentration contaminants (pharmaceuticals, personal care

products, endocrine disruptors, etc.) from drinking water supplies.
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2.2 Experimental

Materials

Tetraethoxysilane (TEOS: Si(OC;Hs)4) and triethoxymethylsilane (MTES: CH3Si(OC;Hs)3) of
reagent and technical grades, respectively were purchased from Sigma-Aldrich (Sigma-Aldrich
Corp. St. Louis, MO, USA). Ludox HS40 and Ludox TM40 SNP sols were purchased from Sigma-
Aldrich and NexSil 85-40 and NexSil 125-40 SNP sols were generously provided by Nyacol
(Nyacol Nano Technologies Inc., Ashland, MA, USA). All the SNP sols had 40% SiO> content by
mass and were stabilized by sodium ions. The only difference between different SNPs is the
nanoparticle size and their initial pH, as shown in Table 1. Technical grade atrazine was provided
by Syngenta (Syngenta Crop Protection, NC, USA). All the chemicals were used as received.
Ultrapure water (UPW) was used in all the experiments. UPW was prepared by filtering deionized
water through a Milli-Q water purification system (Millipore, Billerica, MA, USA) to a final

electrical resistance of > 18.2 MQ/cm.

Table 1 — Properties of the SNP sols used in this study

Commercial Abbreviation Average Density Initial
Name particle
. [g/mL] pH

diameter

[nm]
Ludox HS40 HS40 12 1.3 9.7
Ludox TM40 TM40 22 1.3 9.0
Nexsil 85-40 NS85 50 1.2 9.5
Nexsil 125-40 NS125 85 1.2 9.5

Bacterial strains and growth conditions
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The growth conditions were identical to those described previously, except for some minor
modifications. 3! E. coli DH5 a (pMD4) 32 was grown at 37 °C in superbroth medium with vigorous
aeration, supplemented with 30 pg/ml chloramphenicol. Intermediate cultures were grown by
inoculation with 1% (v/v) starter culture and diluted 100-fold in production flasks containing the

same medium. Cells were harvested by centrifugation at 6,000 x g for 20 min at 4 °C.
Catalytic bioreactive material synthesis and encapsulation

Hydrolysis and condensation reactions of silicon alkoxides were controlled by adjusting water to
silicon alkoxide molar ratio () and pH of the solution. 1:5.3:0.0013 molar ratio of silicon
alkoxide:water:HCI1 was used to obtain » = 5.3 and a pH of 4, which resulted in a fully-hydrolyzed
silicon alkoxide solution with a slow condensation rate. The values for » and pH were selected
based on previous literature reports. Brinker reported that, during hydrolysis with sub-
stoichiometric amounts of water (» < 4), condensation starts before complete hydrolysis and
alcohol-producing condensation reactions are favored. 3> However, increasing » excessively can
promote depolymerization of the gel by siloxane bond cleavage reactions. Therefore, an r value
that is slightly over 4 was selected. In the pH 3-8 range, hydrolysis rate of alkoxysilanes increases
when acidity or alkalinity of the solution increases and condensation rate increases with increased
alkalinity. 3* Therefore, the pH of the solution was adjusted to 4 to obtain fast hydrolysis and slow
condensation reactions. This ensured that the silicon alkoxide did not polymerize by itself but cross-
linked the SNPs. The hydrolyzed silicon alkoxides were kept in an ice bath until they were used to

further slow down condensation reactions.

For verification of the desired (fully hydrolyzed, slow condensation) state of the silicon alkoxide,
progress of the hydrolysis and condensation reactions were observed by IR spectroscopy. After the
initial phase separation of the silicon alkoxide-water-HCI solution disappeared, 0.15 pL samples
were extracted from the solution in 15 minute time intervals. Samples were placed between two
BaF, windows. The windows were sealed with vacuum grease to prevent evaporation. The sealed
sample was transferred to an infrared microscope attached to an FTIR spectrometer (Thermo-
Nicolet Continuum equipped with a Mercury Cadmium Telluride detector, Thermo Electron,
Waltham, MA, USA). The FTIR sampling resolution was 4 cm™', and 128 IR scans were averaged
per spectrum in the 4000-740 cm™! wavenumber range. The IR spectra were analyzed using OMNIC
(Thermo-Nicolet) software. This experiment was run in duplicate. The state of hydrolysis and

condensation reaction rates was determined by measuring the intensity of 6-OH bending peak of
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water at 1650 cm™ and the CH; bending peak of silicon alkoxide (TEOS, MTES) and produced
ethanol at 1384 cm’'.

The pH of the SNP sol was adjusted to neutral pH by adding 1M hydrochloric acid to avoid
inactivation of the enzyme and to eliminate initial pH variations between different SNP sols. After
pH adjustment, bacteria were momentarily suspended in a 1 g/mL aqueous suspension and added
to the SNP sol. The added amount was adjusted such that the final concentration of encapsulated

bacteria in the gel was 0.125 grams/mL of silica precursor (SNPs and silicon alkoxide combined).

Silicon alkoxide was added to the bacteria + SNP solution by pipetting a few times to obtain a
homogeneous sample. SNP sol to silicon alkoxide ratios were selected as 7:1, 3:1 and 1:1 (v/v).
Mass contribution of silica precursors to the gel microstructure can be estimated using two
assumptions: (1) Silicon alkoxide is fully hydrolyzed (2) All SNPs are cross-linked by silicon
alkoxide. With these assumptions, Table 2 shows the estimated silica content contribution from

different precursors of the gels.

The final product was either placed in molds or vials for gelation, depending upon the specifics of
the experiment to be conducted. The gelation occurred within seconds to hours depending on the
formula used. For molding of fast gelation time formulations, precursors were cooled by immersion
in an ice bath to slow gelation. During gelation and storage, the vials were kept closed and molds

were sealed with a PVDC film to prevent drying.
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Table 2 — Total silica contribution ratio of SNP sol/crosslinker by mass based on volumetric

ratio
Crosslinker TEOS MTES
SNP sol/crosslinker

o 7:1 3:1 1:1 7:1 3:1
Ludox HS40 8.45 3.62 1.20 7.54 3.23
Ludox TM40 8.45 3.62 1.20 7.54 3.23
Nexsil 85-40 7.80 3.34 1.11 6.96 2.98
Nexsil 125-40 7.80 3.34 1.11 6.96 2.98

Characterization
Gelation time

Bioreactive materials were synthesized in glass scintillation vials and gently shaken intermittently
to determine the degree of crosslinking of the gel. The time intervals between observations were
increased with increasing duration of the experiment. Gelation time was determined as the time

when solution in the container no longer exhibited observable flow when agitated.
Biocatalytic activity assays

Catalytic activity of the bioreactive material is determined by transient and steady-flow activity
assays. In transient activity assays, bioreactive materials were synthesized in glass scintillation vials
as 2 mL cylindrical blocks (3.5 mm thickness and ~570 mm? surface area), in triplicate. Three mL
of 150 uM (32.4 ppm) atrazine solution in 0.1 M potassium phosphate buffer (at pH 7.0) was added
on top of each gel and vials were placed on a rotary shaker. Samples were collected after 60 min
of incubation and immediately immersed in a 90°C water bath to stop their catalytic activity by
denaturing the enzyme. After inactivation of the enzyme, samples were filtered through a 0.2-um

pore size PTFE syringe filter to remove any particulates that may be released from the material.
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The concentrations of atrazine and its metabolite, hydroxyatrazine, were measured by using high

performance liquid chromatography (HPLC) as described by de Souza et al. 3

Transient activity
assays were performed right after encapsulation (day 0) and after 4 days of storage within
scintillation vials at room temperature. The vials were kept tightly closed to prevent samples from

drying.

For steady-flow activity measurements, bioreactive materials were synthesized in stainless steel
molds as hemispherical beads of 1.5 mm diameter. 6.6 grams of beads were transferred into 15 mL
glass bioreactors (Buchner funnels, coarse grade) that were connected to a peristaltic pump drive
(Masterflex L/S variable speed modular drive, Cole-Parmer, Vernon Hills, IL, USA). Ten ppb
atrazine solution in 0.1 M potassium phosphate buffer (at pH 7.0) was used as influent solution to
the bioreactors and was replenished whenever required during experimentation. A slow flow rate
of 0.05 mL/min was chosen to maximize residence time (5 hours) and minimize the produced
effluent water. Collected samples were treated as previously described and concentration of
atrazine in the effluent fluid was measured using the Atrazine Plate Kit (Beacon Analytical Systems

Inc., USA) in accordance with the manufacturer’s instructions.

Mechanical properties

Mechanical tests were performed on hemispherical beads (in triplicate) which were synthesized as
previously described. A uniaxial testing machine was used with a 5 N load cell with 0.05 N
resolution (Instron, Norwood, MA, USA). During testing, constant displacement rate was applied
to the material until the material failed. Results were obtained in the form of a load-displacement

curve.
Cell viability assay

Catalytic bioreactive materials were synthesized in scintillation vials, in triplicate. A 0.1 g aliquot
of the material was pulverized using a mortar and pestle and the crushed material was suspended
in 2 ml of sterile phosphate-buffered saline. The solution was serially diluted and spread-plated
onto Luria-Bertani agar with 10 pg/ml chloramphenicol. Cell counts were determined based on the

number of observed Colony Forming Units (CFUs) after overnight incubation.

Diffusivity assay
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Trypan blue solution (0.4%) purchased from Sigma (Sigma-Aldrich Corp. St. Louis, MO, USA)
was used to evaluate the diffusivity of the synthesized gels. Four hundred uL of gels without cells
were synthesized in polystyrene cuvettes with 10x4 mm base dimensions. One hundred pL of
Trypan blue solution was added on top of the gel and progress of the dye diffusion in the gel was

recorded by taking a picture every hour for 6 hours.

The diffusivity of the dye in the gel was evaluated by using the error function solution of the 1D

diffusion problem with constant concentration boundary condition *:

X

2x/ﬁ)

C(x,t) = Cgcxerfe(

In this equation C is concentration, x is distance from the boundary, Cgc is fixed boundary condition
concentration, t is time and D is diffusivity. To solve for D, we have used a 4 step image processing
technique: (1) The images were converted to grayscale, (2) The intensity values of the pixels were
averaged along the horizontal axis, (3) C(x)/Cgc was determined from the ratio of the averaged
intensity along a given horizontal axis at distance x over the averaged intensity at xo — averaged
intensity at X. (far enough from the boundary such that boundary condition has no effect), (4) x
values corresponding to C(x)/Cpc= 0.1, 0.2 and 0.3 were determined and obtained D values were

averaged. All the image processing and computations were done using MATLAB.
Microstructure

Gel and encapsulated bacteria were examined by scanning electron microscopy (Hitachi S-4700).
The encapsulated bacteria were fixed in 2% glutaraldehyde and then 1% osmium tetroxide in
cacodylate buffer (0.1 M sodium cacodylate, pH 7.3). After fixation, the samples were gradually
dehydrated in an up-grading series of ethanol (50, 70, 80, 95 and 100%). The samples were then
dried in a Critical Point Dryer (Tousimis Model 780A) using liquid carbon dioxide as transitional
fluid. Finally, the samples were sputter-coated with a thin layer of gold-palladium and examined

under the SEM.
2.3 Results and Discussion

In reporting the results, different gel formulations are denoted as SNP — SNP to crosslinker ratio

(v/v) — Crosslinker type (example: HS40 — 3:1 — TEOS).

20



2.3.1 State of hydrolysis and condensation reactions of silicon alkoxide

crosslinkers

After 1 hour of stirring, it was visually observed that the mixture became miscible in both TEOS
and MTES solutions. This is due to destruction of water and production of ethanol during
hydrolysis reactions. Based on the TEOS-water-ethanol ternary phase diagram, it is expected that
~85% of the water was destroyed at this point. ? Figure 6 shows the collected IR spectra from
samples in terms of normalized ratio of 3-OH bending peak of water to CH; bending peak (actual
spectra shown on inset) between 1 to 3 hours at 15 minute intervals. In both TEOS and MTES
solutions, the ratio initially decreased for 15 to 30 minutes, indicating continuing hydrolysis. Then
the water content in the solution started increasing with respect to the total amount of CHjs,
contributed from both silicon alkoxide and produced ethanol during hydrolysis reactions. This
shows that hydrolysis was completed and condensation reactions were taking place, as expected
based on the selected » and pH of the solution. It can also be seen that the ratio increased very
slowly, indicating that condensation rate was low and the hydrolyzed silicon alkoxide solution was
stable over time. It should be noted that while samples were being transferred to the BaF, windows,
it is possible that minute volumes of ethanol have evaporated. This would increase the H,O to CH3
amplitude ratio and explain the variation in the data points. Hence, it is possible that the increase is
due to a combined effect of condensation reactions and ethanol evaporation, which means that
silicon alkoxide solution is more stable than suggested by the data. Since we only seek to show
temporal stability over the duration of encapsulation process, we have stopped FTIR analysis after
3 hours. Stability of the silicon alkoxide solution is also verified by leaving the hydrolyzed silicon
alkoxide solution (both TEOS and MTES) in a scintillation vial without addition of SNPs. No

gelation was observed within 2 days of storage at room temperature.
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Figure 6 — Evaluation of the hydrolysis/condensation process by evolution of the peak

amplitude ratio of 6-OH bending / CH3 bending

2.3.2 Silica gel: Gelation time, diffusivity, mechanical properties and

microstructure

Materials were initially characterized by their time to gel, as shown in Table 3. Gels cross-linked
by MTES gelled in the time-scale of hours, whereas gels with TEOS crosslinker gelled within
seconds to minutes. It was also observed that increasing SNP size and SNP to crosslinker ratio
increased gelation time. In fast gelation time formulations, insertion in an ice bath was sufficient to
slow down crosslinking for molding. In the range of our experiments, the most prominent factor
that affected gelation time was the functionality of the silicon alkoxide crosslinker. This result can
be attributed to trifunctional MTES having less reactive sites for siloxane bond formation compared
to tetrafunctional TEOS. This result is in accordance with the observations of Innocenzi et al., 5
who observed an increase in gelation time of TEOS/MTES gels with increasing MTES content.

Another result was that gelation time increased when SNP to crosslinker ratio increased and larger
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SNPs were used. This can be explained by the decrease in the total number of reactive sites per

volume, as SNP content increases or nanoparticles get larger.

Table 3 — Gelation times for the catalytic bioreactive materials synthesized with selected

parameters
SNP sol Ludox HS40 Ludox TM40 Nexsil 85-40 | Nexsil 125-40
Crosslinker TEOS MTES TEOS MTES | TEOS |MTES|TEOS| MTES
7:1 7:1 7:1 7:1 7:1
3:1 3:1 3:1
SNP to crosslinker ratio (v/v) 7:1 3:1 7:1 3:1 3:1 3:1 3:1 7:1
1:1 1:1 1:1
1:1 1:1 1:1 1:1 1:1
Approximate gelation time* Sec | Min Hr Sec |Min| Hr Min Hr | Min | Hr | Hrs

*QGelation times are given as: Seconds (Sec): tgel < 1 min, Minutes (Min): 1 min < tgel < 10 min,

Hour (Hr): 10 min < tgel < 2 hours and Hours (Hrs): tgel > 2 hours)
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Figure 7 — Effective diffusivity of the selected gels
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Effective diffusivity of the Trypan blue dye in the selected gels is shown in Figure 7. It can be
observed that the highest diffusivities were around 2.25 x 10 mm?/s and were obtained with largest
size (NS125 ~85 nm) nanoparticles. In all gels, diffusivity decreased with decreasing SNP size,
except for HS40-3:1-MTES gel. Data from the 1:1-TEOS gels and HS40-3:1-TEOS gel are not
shown due to observed rapid propagation of the dye through cracks within the gel due to
gravitational force instead of diffusion. Dye diffusivity experiments show that the diffusivity of the
gel can be controlled by varying the SNP size. It was also observed that the effect of SNP size on
diffusivity is the most significant in 7:1-TEOS gels and least significant in 3:1-TEOS gels. This
can be explained by SNP size having more effect on the microstructure in 7:1 SNP to crosslinker
ratio gels as compared to 3:1 gels. This can also be observed in Figure 8. In 12 nm SNPs (HS40),
when SNP to crosslinker ratio was 7:1, SNPs were linked to each other with no observable
crosslinker. However, when the ratio decreased to 1:1 (i.e. crosslinker content increased), SNPs
were linked together with observable crosslinker. Note that the particles in 1:1 ratio appear slightly
larger, because of crosslinker deposition on the surface before crosslinking. Similar effect of SNP
to crosslinker ratio was observed for 50 nm SNPs (NS85). In 7:1 SNP to crosslinker ratio, particles
were linked together with small area of contact. In 1:1 ratio, smaller aggregates of silica were
observed along with the SNPs, formed by condensation reactions of the crosslinker. Note that even
though the silicon alkoxide is stable in low pH conditions of the hydrolysis, when SNPs are
introduced the pH of the solution rises and condensation reactions are unavoidable. Perullini et al.
reported the effect of SNP content on diffusivity in sodium silicate + SNP gels, where diffusivity
of cationic dye Crystal Violet was used as a model. They reported that transport was faster when
the gel was richer in SNPs. ** We observed a similar trend only in TEOS cross-linked NS125-7:1
and NS85-7:1 gels. For MTES cross-linked gels, the effect of SNP to crosslinker ratio did not have
a significant effect on gel diffusivity. The decreasing effect of larger SNP size on gel diffusivity
was observed in all MTES gels, except for TM40 to HS40 transition in 3:1 gels. Encapsulated cells

in silica gel are shown in Figure 9.

It should be noted that, a macroporous structure was observed in SEM micrographs of the NS85-
3:1-TEOS gel. This was caused by excessive crosslinker deposition on the SNP surface and large
SNP size. However, it is interesting that this macroporous structure was not conserved when SNP
to crosslinker ratio was increased to 7:1 or SNP size was increased to ~85 nm (NS125 SNPs). One
would expect to see increased diffusion rates of NS85-3:1-TEOS gel, with increased porosity seen

in SEM images, however this was not the case as shown in Figure 7. Therefore, microstructures of
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the gels (especially the conditions leading to the observed macroporous structure of NS85-3:1-

TEOS gel) needs to be further investigated in future studies.

Mechanical properties of different samples were evaluated on the basis of load at compressive yield
(Figure 10). In both TEOS and MTES cross-linked gels, best mechanical properties were obtained
with the smallest size SNPs (HS40 and TM40 respectively) and there was a decreasing trend in
load at compressive yield when SNP size was increased. When 12 nm size HS40 SNPs were used,
decreasing the SNP to crosslinker ratio decreased the load at compressive yield of the gel. On the
contrary, when 85 nm size NS125 SNPs were used, the effect was reversed. Independent from the
crosslinker functionality, we observed a decreasing trend in load at compressive yield of 7:1 gels
with increasing particle size. As seen in Figure 8, for 7:1 gels, number of SNPs per volume increases
when SNP size is decreased. Therefore, the number of crosslinking sites increased per volume
which can explain the increase in compressive strength. MTES cross-linked gels had higher
compressive strength than TEOS in TM40-7:1 and NS125-7:1 formulations. However, a wider
range of gel formulations need to be tested to evaluate the effect of crosslinker functionality on
mechanical strength of the gels. We selected hemispherical beads for mechanical testing since they
were utilized in the flow-through biocatalytic activity assays. However we suspect that the
geometry of the samples has contributed to variation in the results, due to non-perfect curvature of

the samples.
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Figure 8 — Particle-scale SEM micrographs of TEOS cross-linked gels with different SNP
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same for all images)

In summary, it was observed that during gelation, silicon alkoxide crosslinkers can react with
surface silanol groups of SNPs and deposit on the particles and/or form aggregates by condensation
reactions. Note that even though the silicon alkoxide crosslinkers are stable after hydrolysis in low
pH conditions, introduction of the SNPs in neutral pH catalyzes the condensation reactions.
Therefore, it is unavoidable to obtain small aggregates of silica formed by silicon alkoxides. Higher
SNP to crosslinker ratios favor microstructures dictated by SNP size as shown in Figure 8, which
also increases the diffusivity of the gel. However, the gels with higher diffusivity values (such as
NS125-7:1-TEOS, NS125-7:1-MTES and NS125-3:1-MTES) have lower mechanical strength

under compressive loading as can be seen in Figure 10.
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Figure 9 — Cell-scale SEM micrographs of TEOS cross-linked gels with different SNP sizes

(HS40 ~12nm and NS85 ~50nm) and SNP to crosslinker ratios (scale-bar is the same for all
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Figure 10 — Mechanical properties of the selected silica gels
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2.3.3 Bacterial biocatalyst: Cell viability and catalytic activity

Cell viability assay results are shown in Figure 11 (Gel formulations with no viable cells on day 0
are not shown). On day 0, TEOS cross-linked samples with 7:1 and 3:1 SNP to crosslinker ratio
had viable cells with comparable CFU counts, whereas 1:1 SNP to crosslinker ratio samples had
no viable cells. MTES cross-linked samples had viable cells with 7:1 SNP to crosslinker ratio, but
not with 3:1 SNP to crosslinker ratio. On day 4, only one of the TEOS cross-linked samples (HS40-
7:1-TEOS) had viable cells. MTES-7:1 gels, however, had viable cells even though the CFU count
has decreased 1-2 orders of magnitude on average. It is well known that ethanol is detrimental to
the bacteria and time-scale of alcohol’s detrimental effects is very rapid. Therefore, we expect that
all the viability loss in day 0 is due to alcohol. However, alcohol does not explain the decrease in
viability after 4 day storage period. One possible explanation is the aging of the material and
stiffening of the gel inducing increased mechanical stress on the cells. Another possible explanation
is the desiccation of the bacteria due to lack of water. For either theory, we were unable to find

evidence based on micrographs obtained after 4 days of storage (data not shown).

1E+08 -

SMP type
OHS40
—_ aoTM40
) mMS85
D elg7 BHS123
= 1E+07
-
[=]
—
=
L
S, 1E+06 -
ey
£
D J(
o
S
b2 _
< 1E+05
1E+04 T T T T T
IT:1 (day 0) 71 (day 4) 31 (day 0) 31 (day 4) I 71 (day 0) 71 (cay 4) |
| |
TEOS crosslinked MTES crosslinked

*Unshown data has very low wiability that is below the detection limif ofthe assay.

Figure 11 — E. coli viability in TEOS and MTES cross-linked bioreactive materials after
encapsulation (day 0 and day 4)
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Transient biocatalytic activity results show hydroxyatrazine (degradation product of atrazine by the
encapsulated AtzA biocatalyst) concentration in the initially 150 uM (~32.4 ppm) aqueous atrazine
buffer solution after an hour of incubation with the catalytic bioreactive material. Results for TEOS
and MTES cross-linked gels are shown in Figure 12 (a) and (b). For TEOS cross-linked gels, the
most prominent factor affecting biocatalytic activity was SNP to crosslinker ratio. On day 0, 7:1
and 3:1 samples had comparable biocatalytic activity for all SNP sizes; whereas 1:1 samples had
significantly lower activity. On day 4, 7:1 samples retained 50 to 90% of their activity (except
NS85) while 3:1 samples lost more than 50% activity. We did not observe a trend based on the
SNP size. Based on these observations, we did not proceed with the 1:1 ratio for the MTES cross-
linked gels. For MTES cross-linked gels, 7:1 and 3:1 samples had comparable biocatalytic activity
for all SNP sizes on day 0, similar to the TEOS case. Likewise on day 4, 7:1 samples retained 60
to 90% of their activity (except HS40) while most of the 3:1 samples lost more than 90% of activity
(except NS125). Unlike the previous case, we could observe an apparent trend based on the SNP
size where activity increased slightly with increasing SNP size. MTES cross-linked gels had higher
activity than TEOS gels on day 0 for all SNP sizes and SNP to crosslinker ratios. On day 4, most
of the 7:1 gels with MTES crosslinker had higher activity (except HS40) and 3:1 gels with both
TEOS and MTES had comparably low activity, except for NS125-3:1-MTES. We selected 8 gels

out of 20 to proceed with the mechanical tests, based on their activity on day 4.

It was shown in a previous study that biocatalytic activity does not require cell viability ' and
MTES-3:1 results in Figure 12 confirms this result. Based on the day O results in Figure 11, three

conclusions can be drawn:

(1) In most cases, SNP size did not significantly affect viability of the cells.

(2) When SNP to crosslinker ratio was decreased to 1:1, cell viability decreased to zero. Note
that crosslinker content of the gel increases from 12.5% (7:1 ratio) to 25% (3:1 ratio) and
50% (1:1 ratio) as SNP to crosslinker ratio changes. Since hydrolyzed crosslinker solution
also contains produced ethanol during hydrolysis reactions, ethanol content also doubles
and quadruples respectively; which would explain the loss of viability.

(3) When the crosslinker with lower functionality was used (MTES), the cell viability
diminished in 3:1 ratio, even though the alcohol content contribution from MTES is lower
(assuming full hydrolysis, hydrolyzed MTES solution contains 25% less alcohol than
TEOS) due to its lower functionality. Since MTES gels have longer gelation times,

bacterial cell membranes are fully exposed to alcohol for longer durations, which can
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increase the detrimental effect of alcohol. Day 4 results show that all MTES cross-linked
gels with 7:1 ratio had viability, whereas only HS40-7:1 gel had viable cells within TEOS

cross-linked gels.

The transient activity results show that biocatalytic activity is affected significantly by SNP to
crosslinker ratio and crosslinker functionality, but not SNP size. The loss of activity with decreasing
SNP to crosslinker ratio can be explained by chemical composition within the gel. When SNP to
crosslinker ratio decreases, water content decreases and alcohol concentration increases and both
parameters can hamper enzymatic activity. We have shown that by increasing SNP size, diffusivity
of the gel increases. Therefore, we would expect SNP size to have an effect on activity if the overall
reaction rate was limited by species transport in the gel. However, no correlation was observed
between the catalytic activity rate of the bioreactive material and its diffusivity. This result suggests
that the reaction rate is either limited by the enzymatic reaction rate of AtzA or a larger transport
resistance that occurs at the cell membrane or material/solution interface. It was previously reported
that there is about 7% variation in the catalytic activity of free E. coli cells expressing AtzA 3.
Consequently, we believe that the variation in the activity of free biocatalyst contributes to the
variation of activity results in encapsulated cells. In future studies, reaction kinetics studies should
be conducted in both high and low concentrations of atrazine with free E. coli cells expressing
AtzA to better understand the reaction/diffusion rate limitations on the overall catalytic activity
rate. The effects of pH and alcohol content on the catalytic activity rate of the free cells should also

be investigated.

Three formulations (HS40-7:1-TEOS, TM40-7:1-MTES, NS125-7:1-MTES) were selected for
flow-through biocatalytic activity experiments based on the results of transient activity assays and
mechanical testing. We selected HS40-7:1-TEOS and TM40-7:1-MTES based on their sustained
activity during storage (Figure 7) and superior mechanical strength (Figure 10), and NS125-7:1-
MTES based on its superior biocatalytic activity on day 4 (Figure 7). As a negative control, we
used TM40-7:1-MTES gel without encapsulated cells. Long-term steady-flow biocatalytic activity
assay results (Figure 13) show that for all the selected gels, the effluent atrazine concentration was
sustained below 30% of the influent concentration of 10 ppb for 2 months. It can be observed that
effluent concentration of the reactor with the no-cell control gradually reached the influent
concentration only after ~7 weeks, suggesting that some portion of atrazine was still being adsorbed
by silica gel within that time frame. The difference in effluent concentrations between no cell

material and encapsulated cells over the duration of the experiment shows that the removal of
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atrazine was mostly due to degradation rather than adsorption. Within the reported duration of the
experiment, no significant variation in atrazine removal efficiency was observed amongst different
gel formulations. Therefore steady-flow performance of different formulations could not be
evaluated. This is primarily due to the long residence time of atrazine solution within the
bioreactors, concealing any performance difference between the gels. Higher flow rates need to be
investigated in future studies to fully assess the limitations of the developed materials both in terms

of their mechanical integrity and degradation activity.
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2.4 Conclusion

Sol-gel encapsulation of bacterial biocatalysts in silica gel requires a fine balance between
obtaining good material properties (mechanical strength, structural integrity, permeability, etc.) and
preserving biocatalytic activity of the cells. These constraints cause limitations on the design
process, oftentimes leading to insufficient material properties or biocatalytic performance. Solving
these problems usually involves incorporation of additives, which in turn increases the cost of the
material. In this study, we show that by using silicon alkoxide cross-linked silica nanoparticle gels
for encapsulation of bacterial biocatalysts, silica gel microstructure can be fine-tuned while
preserving good biocatalytic activity. Use of SNPs as the major silica precursor and elimination of
the additives significantly reduces the cost of the material, making it a suitable alternative for large

scale water treatment applications.

Besides pesticides, other low concentration contaminants in drinking water supplies
(pharmaceuticals, personal care products, endocrine disruptors, etc.) is also an increasing concern,
and studies suggest that water treatment plants cannot completely remove these pollutants by
conventional treatment methods *’. Our results show that the developed catalytic bioreactive
materials can be used to remove trace levels of atrazine in a flow-through packed bed reactor system
with high removal efficiency for at least 2 months. Therefore, the developed encapsulation method
in this study holds potential to be applied to different bacterial biocatalysts, and can be used for

removal of other pollutants from drinking water supplies.
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demonstrated by measuring effluent concentration of atrazine. The influent concentration

was 10 ppb.
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Chapter 3: Modelling and optimization of a bioremediation system
utilizing silica encapsulated whole-cell biocatalyst?

3.1 Introduction

Silica gel encapsulation of biocatalysts (i.e. bioencapsulation) have been extensively studied in the
last decade '“. Silica gel bioencapsulation provides a robust mechanical structure and protection to
otherwise fragile biocatalysts (enzymes or whole cells), which makes the technology more
applicable to a wider range of engineering applications. In addition, many studies report long-term
stabilization and possible enhancement to catalytic activity after encapsulation *®. A major focus of

these studies has been material and process design: Investigating biocompatible sol-gel routes %3,

incorporating biocompatible polymers >3

and improving the encapsulation process to preserve
and enhance biocatalytic activity. The possibility of using biocatalytic materials synthesized by

silica gel bioencapsulation for water bioremediation applications have also been investigated !,

In order to utilize a biocatalytic material (i.e. synthesized by bioencapsulation) in a water
bioremediation application, specific constraints of the system need to be considered. These
constraints include performance (such as the desired effluent concentration), material/operation
costs (e.g. cost of material, biocatalyst, pumping costs) and mechanical properties (e.g. strength,
stiffness) of the biocatalytic material. These parameters not only depend on the material, the design
and the encapsulation method, but also depend significantly on the independent design parameters
such as biocatalyst loading density (p) and characteristic length (i.e. size and geometry) of the
material (L.). Therefore, determining the optimal values for these design parameters are essential
for successful utilization of the biocatalytic material in a large scale industrial bioremediation

application.

In this study, we proposed an optimization method to determine the design parameters: p and L.,
for a bioremediation system. This system is comprised of a flow through packed bed bioreactor,
filled with biocatalytic material (silica gel encapsulated AtzA biocatalyst). The proposed method
consists of three steps (Figure 14). First step is the experimental characterization of the catalytic

activity of the free cell biocatalyst and the permeability/mechanical properties of silica gel. For

2 Reprinted from Mutlu, B. R.; Yeom, S.; Wackett, L. P.; Aksan, A., Modelling and optimization of a
bioremediation system utilizing silica gel encapsulated whole-cell biocatalyst. Chemical Engineering Journal
2014. DOI: http://dx.doi.org/10.1016/j.cej.2014.07.130
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encapsulation of a free cell biocatalyst, these properties of the gel need to be investigated as a
function of p. This necessity arises from the micron scale size of the free cell biocatalyst,
significantly affecting the microstructure of the mesoporous silica network. Second step is the
development of a steady-state reaction/diffusion model for the encapsulated cells and experimental
verification of this model. Last step is the optimization of the design parameters for the
bioremediation system, using constraints on performance, mechanical properties and cost. There
have been previous studies where the dependence of Thiele modulus (@) and the effectiveness
factor (1) of encapsulated cells in alginate matrices have been investigated by varying p % or L. -
85, However a method to use this information in a bioreactor setting, while satisfying biocatalytic
performance, mechanical properties of the material and cost constraints to optimize p and L. has
not been established. Furthermore, silica gel encapsulation provides some unique differences such
as production of ethanol during encapsulation (which affects cell membrane permeability) and strict

inhibition of cell proliferation.

Step 1: Step 2: Step 3:
Characterization Modeling Optimization for a
packed bed reactor

Determine the rate
constant for free cell N k(p) Determine thiele Minimize L. such that

biocatalyst \ modulus (®) and oL AP < AP, (maximum
effectiveness factor () N (P.Lo), allowable pressure drop)

Der(p) 171 for a geometry and a n(e,Le) o
Evaluate effective / range of characteristic > L.
A 4

diffusivity of the substrate [] lengths
within the gel matrix Nal Minimize p such that
Cout < Ces (effluent
concentration is smaller )
Determine the E(p), o(p) than desired) and v

A\ 4

mechanical properties of mechanical properties
the matrix are satisfied.

Figure 14 - Design algorithm for determining optimal cell loading density (p) and

characteristic length (L.) for silica gel encapsulated biocatalyst

Atrazine (2-chloro-4-ethylamine-6-isopropylamino-s-triazine) is a widely used herbicide in the
U.S, up to 36,000 tons annually, along with other parts of the world such as Canada, Africa and the
Asia-Pacific region . Its concentration is regulated by the U.S. Environmental Protection Agency
(EPA) to 3 ppb in drinking water *°, and thus, bioremediation is of great practical importance.
Currently, atrazine is removed from the drinking water by adsorptive filtration methods, most
commonly using activated carbon that has to be disposed of or recharged by incineration with some

loss of the material, added cost and COxz release. The biocatalyst used in this study is a recombinant
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Escherichia coli (E.coli) strain overexpressing the atrazine dechlorinating enzyme AtzA that

transforms atrazine to hydroxyatrazine.

Our research group has previously shown that silica gel encapsulated AtzA biocatalyst can sustain
its atrazine degradation activity over four months >!. We have also shown that AtzA biocatalyst can
be encapsulated in different geometries including slabs, spherical beads or electrospun PV A/silica

nanofibers ¢’

. When utilized in a spherical bead form in a flow through packed bed reactor
bioremediation system, continuous degradation activity at low ppb concentrations of atrazine was
achieved . In this study, we propose an optimal design for the biocatalytic material to satisfy
specific performance constraints, such as reaching the desired 3 ppb limit in the effluent with a
sustained influent AtzA concentration of 10 ppb, while ensuring high mechanical integrity of the

system at a low cost.
3.2 Experimental

Materials

Reagent grade tetraethoxysilane (TEOS: Si(OC;Hs)4) was purchased from Sigma-Aldrich (Sigma-
Aldrich Corp. St. Louis, MO, USA). NexSil 125-40 silica nanoparticle (SNP) sol was purchased
from Nyacol (Nyacol Nano Technologies Inc., Ashland, MA, USA). Technical grade atrazine was
provided by Syngenta (Syngenta Crop Protection, NC, USA). All chemicals were used without
further purification. Ultrapure water (UPW) was used in all the experiments, which was prepared
by filtering deionized water through a Milli-Q water purification system (Millipore, Billerica, MA,
USA) to a final electrical resistance of > 18.2 MQ/cm.

Bacterial strains and growth conditions

The growth conditions were identical to those described previously °!, except for some minor
modifications as described below. E. coli strain DH5a (pMD4) 32 was grown at 37 °C in superbroth
medium with vigorous aeration. The medium was supplemented with 30 pg/ml chloramphenicol.
Intermediate cultures were grown by inoculation with 1% (v/v) starter culture and diluted 100-fold
in production flasks containing the same medium. Cells were harvested by centrifugation at 6,000

g for 20 min at 4 °C.
Silica gel synthesis and encapsulation of cells
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A previously reported silica gel matrix (NS125-7:1-TEOS) and encapsulation method was used in
this study , where the cells are well-entrapped in the silica matrix and are not able to proliferate.
Briefly, TEOS was hydrolyzed by stirring (2 hours) at a 1:5.3:0.0013 molar ratio of
TEOS:water:HCI. The pH of the Nexsil 125-40 SNP sol was adjusted to neutrality by adding 1M
hydrochloric acid. After pH adjustment, bacteria were suspended in phosphate buffered saline (1 g
cells/mL PBS) and added to the SNP sol. Hydrolyzed TEOS was added to the bacteria and SNP
solution by pipetting a few times to obtain a homogeneous sample. The final product was either
placed in silicone molds (for mechanical testing) or in 20 mL scintillation vials (for activity testing)

for gelation.
Characterization of free cell AtzA catalyst reaction Kinetics

It was previously reported that free AtzA enzyme obeys Michaelis-Menten (MM) kinetics and its
K and Vi values were determined 3. To apply these values for kinetic modeling of an intact cell
containing AtzA, one would need to have good estimates of parameters such as: enzyme
concentration in the cell, cell membrane permeability and diffusivity of atrazine/hydroxyatrazine
in the cell. Instead, we used a more convenient approach by developing a free cell model that does
not require explicit knowledge of these parameters. We also investigated the effect of ethanol (a

by-product of silica gel synthesis), on cell membrane permeability and free cell kinetics.

A 0.003 g aliquot of cells suspended in PBS was added to five mL (p = 6 x 10 g cells/mL) of an
atrazine solution (concentration of atrazine ranged from 30 to 150 uM) prepared with 0.1 M
potassium phosphate buffer (at pH 7.0) in a 20 mL scintillation vial. Scintillation vials were placed
on a rotary shaker and incubated for 20 minutes. After incubation, samples were collected and
immediately immersed in a 90°C water bath to stop the catalytic activity by denaturing the enzyme.
After inactivation of the enzyme, samples were filtered through a 0.2-um pore size PTFE syringe
filter to remove the cells. The concentrations of atrazine and its metabolite, hydroxyatrazine, were
measured by using high performance liquid chromatography (HPLC) as described by de Souza et
al *>. HPLC results were converted to concentrations using calibration curves for atrazine (0 to 150
uM, 30 uM increments, R? = 0.9986) and hydroxyatrazine (0 to 80 uM, 20 uM increments, R? =
0.9999).

In order to evaluate the effects of ethanol concentration, a similar procedure was followed with

minor changes. Three mL buffer solutions were prepared with ethanol concentrations ranging from
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1% to 50% (v/v). Sonicated cell suspension was obtained by immersing a sonicator tip into the free
cell suspension and operating it at 30% power, 5s on-off intervals for 90 seconds. After sonication,
sonicated cell suspension was centrifuged to separate the supernatant with cytoplasmic proteins
from the cell membrane fragments. Then, 0.03 g of non-sonicated free cells and 50 pL of
supernatant solution (0.005 g cell extract) from sonicated cells were added to the buffer solutions
with ethanol and were incubated for an hour. After incubation, 2 mL of 150 pM atrazine solution
was added (pree = 6 x 107 g cells/mL and psonicatea = 1 x 10* g cell extract/mL) to a final
concentration of 90 uM and vials were incubated for 20 minutes. The remainder of the assay

procedure was identical.
Determination of atrazine transport in silica gel matrix

The silica gel matrix was synthesized as a thin cylindrical disk (diameter = 7.5 mm, thickness = 3
mm). One side of the disk was exposed to a reservoir filled with 150 uM atrazine solution in 0.1 M
potassium phosphate buffer, and the other side was exposed to water. After 24 hours of exposure,
samples were collected to determine the amount of atrazine that permeated through the membrane
from the atrazine reservoir to the water reservoir. In order to investigate the possible effect of cell
loading on the matrix permeability, silica gel disks with wild-type cells (that do not express AtzA)
were synthesized as a control. Cell loading density (p) values of 0.11, 0.20, 0.33, 0.43 and 0.5 g

cells/mL gel were tested. Rest of the experimental procedure was identical to the cell-free disk case.
Evaluation of the mechanical properties

Cylindrical test pieces of silica gel matrix with a thickness of 12 mm and a diameter of 12 mm were
synthesized using a silicone mold. After 24 hours of aging in the mold, the samples were air dried
for another 24 hours for easy removal from the molds. It was observed that the sample diameter
decreased from 12 mm to 11.4 & 0.1 mm during this process. After removal from the mold, samples
were rehydrated by immersion in PBS before the mechanical testing on an MTS QTest 10 machine
(MTS Systems, Eden Prairie, MN, USA). Compressive strength () and elastic modulus for
compression (E) of the material were evaluated by compression tests conducted on the hydrated
samples at 1%/min strain rate. Cell-free samples and samples with cells (p =0.059, 0.11, 0.20, 0.33
g cells/mL gel) were tested in quadruplicate. Samples were determined to be too weak for practical

purposes beyond p = 0.33 g cells/mL for mechanical testing and therefore not tested.

Experimental verification of reaction/diffusion model
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Silica gel matrix with encapsulated cells was synthesized as a cylindrical slab (gel thickness =7 +
0.1 mm) at the bottom of a 20 mL scintillation vial. The experiments were conducted immediately
after gelation and no changes in dimensions were observed due to shrinkage or swelling of the gel.
Five different cell loading density (p) values were tested (0.03, 0.059, 0.11, 0.20, 0.33 g cells/mL
gel) in triplicate. Three mL atrazine solutions (in 0.1 M potassium phosphate buffer) at 150 uM
concentration were added to the scintillation vials. Vials were placed on a rotary shaker and
incubated for 20 minutes. After incubation, solution was removed, replaced with fresh atrazine
solution and incubated for another 20 minutes. This “re-spiking” procedure was repeated 5 times,
until further atrazine adsorption to the silica gel matrix has stopped (as verified by mass balance)
so that steady state degradation was achieved. In preliminary studies (data not shown), it was
observed that atrazine adsorption to silica gel matrix reduced the observed activity rates. This is
because the atrazine transport within the matrix is hindered by adsorption of atrazine to silica gel.
Therefore, minimizing adsorption by re-spiking yielded an accurate estimation of the steady-state
activity rates. Note that this re-spiking procedure also removes any cells, which may have been
leaked from the gels during gelation. The experimental measurements of activity were then

compared to the predictions of the reaction/diffusion model developed.

The aim of the developed model is to successfully estimate the steady-state biocatalytic activity of
encapsulated cells, based on cell loading density (p), characteristic length (L.), and geometry of the
material. Two dimensionless numbers can be used to estimate the steady-state performance of
encapsulated catalysts: Thiele modulus (®) and the effectiveness factor () . @ is the ratio of
characteristic reaction rate to characteristic diffusion rate. Small values of ® (® << 1) correspond
to reaction-limited catalysis while large values of @ (® >> 1) correspond to diffusion-limited
catalysis. 1 is the ratio of observed reaction rate (robs) to maximum reaction rate (rmax), which would
only be achieved in the absence of internal diffusion limitations. Mathematically, these two

dimensionless numbers are expressed as follows:
K/ free* r
@ =L, [“Eee® (]a)and n = 225 (1.b)
Deff I'max

Note that K'sree (01 K'enc Which can also be used in Eqn. (1.a)) and Desrneed to be determined in
characterization studies. n can also be analytically derived as a function of ®, for different

encapsulation geometries. For slab and spherical geometries, i can be written in terms of ® as ©:
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1
tanh(®)

__ tanh(®)
)

(for slab) (2.2) and 1 = ¢ | — | (for sphere) (2.b)

Using Eqn. 2.a or 2.b, n can be determined and inserted in Eqn. 1.b to get an estimation for the
observed degradation rate. For verification of this model, we compared this expected degradation
rate to the experimentally observed degradation rates. For modeling results, we have used two
different rate constants (K'ree and K'enc), to demonstrate the effect of ethanol concentration on free

cell activity.

Table 4 — Parameters used in the packed bed reactor case study

Influent atrazine 50 ppb Reactor volume 10 L (400 cm? x

concentration (Cin) V) 25 cm)

Desired output <3 ppb Packing density 0.6

concentration (Cou) (e)

Flow-rate (Q) 1 L/min Fluid properties Water properties
(1, po) at 20°C

Cost of cells 0.1 $/g cells

Optimization of p and L.

For a bioremediation system, maximizing 1 (or minimizing ®) is not sufficient for optimization of
p and L. because other constraints such as performance, material/operating cost and mechanical
properties of the material need to be satisfied. In order to demonstrate this, a case study is
considered where atrazine contaminated water is treated using a bioreactor packed with spherical
biocatalysts in a flow-through setup. Table 4 shows the parameters and performance criteria used
in the case study. For simplicity, external mass transfer resistances within the reactor are assumed
negligible such that Csyrface (L) = Coui (L), where Caurface 1S the atrazine concentration at the bead

surface and Cuyi is the concentration of the bulk flow, at a distance L from the inlet of the reactor.
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3.3 Results and Discussion
3.3.1 Characterization: Reaction Kkinetics, diffusivity and mechanical

properties
Free cell AtzA catalyst reaction kinetics and effect of ethanol concentration on activity

Figure 15.a shows that up to the solubility limit of atrazine in water (in the 30 - 150 uM range) the
enzymatic reaction transforming atrazine into hydroxyatrazine is of first order. Therefore, the free

cell model takes the following form:

r= kfree(p)CAtrazine = k,freepCAtrazine 3)

where Cagrazine 1S the atrazine concentration in [UM], Kree(p) is the degradation rate constant for free
cells at a given cell loading density [s7], K'fee is the degradation rate constant for free cells per cell

loading density [s"//(g cells/mL)] and r is the reaction rate in [umole/L-s].

Using the experimental parameters (p = 6 x 10*) and a least-squares-regression analysis, we
determined that Keree= 4.43x 107 57! and incorporating p, we get K'gree = 7.38 x 102 s°'/(g cells/mL).
For verification of these results, we obtained an activity value per cell mass using experimental
parameters (5 mL solution, 0.003g cells) and an initial atrazine concentration of 150 uM. This leads
to an activity rate of 0.66 pmoles/(g cells - min), which is in accord with our previously reported

free cell activity of 0.61 & 0.04 umoles/(g cells - min) measured at 150 uM atrazine concentration

51
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Figure 15 — a) Free cell AtzA biocatalyst activity (at p = 6 x 10™* g cells/mL solution, 20
minute incubation time) b) Effect of ethanol concentration on biocatalyst activity
rate constant (K'iree)

Figure 15.b shows that both K'sree (free cells) and K'sonicatea (Sonicated cells) change significantly
with changing ethanol concentration (Cgon). It can be immediately observed that K'senicatea 1S an
order of magnitude higher than K'see when Crion = 0%, which shows the effect of transport
limitations caused by the cellular membrane and intracellular transport. It can also be observed that
the activity loss with increasing Cgon is more significant with sonicated cells compared to free

cells, since there is no protection offered to the free enzyme by the intracellular environment. A
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peak can be observed around Cgion = 30% for free cells, which can be attributed to increased

permeability of the cell membrane due to ethanol damage.

Assuming full hydrolysis and condensation, we can estimate the ethanol concentration in the
synthesized gel to be approximately 5% (v/v). Then, using Figure 15.b, a new rate constant for
encapsulated cells as K'free@s® Eton = K'enc = 3.58 x 102 s71/(g cells/mL) can be obtained to be used

in the reaction/diffusion model.
Atrazine diffusivity in silica gel matrix

Figure 16 shows that atrazine has a diffusivity of Der = 3.51 x 10* mm?/s within the silica gel
matrix (an order of magnitude lower than that of water in water 7°: 2.3 x 10 mm?*s) without
encapsulated cells. In contrast, Trypan blue dye (MW: 873 Da) has a diffusivity of D¢gr=2.25x 10
* mm?/s in the same silica gel matrix %, therefore it was expected that atrazine (MW: 218 Da) had
a higher diffusivity due to its smaller molecular size. It was observed that increasing cell loading
density (p) increased the permeability of the gel to atrazine. To incorporate this into the model, the
following correlation, derived from the data presented in Figure 16 was used to estimate the

diffusivity of the matrix for a given p as follows:
Der = (7.23 x 107#) p + (3.46 x 10"*) mm?/s (4)

8E-04

R*=0.9872

6E-04 -

D¢ [MM?/s]

4E-04 -

2E-04 - | | | | |
0 0.1 0.2 0.3 0.4 05
p [g cells/mL gel]
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Figure 16 - Change in gel diffusivity to atrazine (D.x) as a function of cell loading density

(p)

Based on (4), it can be seen that diffusivity of atrazine in the gel increased with increased cell
loading density (p), from 3.51 x 10* mm?%/s up to 6.93 x 10 mm?/s. We suspect that this
phenomenon could be due to increased transport of atrazine through: a) Cell-silica interface within
the matrix, b) The cells themselves. Due to this effect, p not only affects the biocatalytic activity

rate constant, but also the transport of atrazine in the matrix.
Compressive strength (o) and elastic modulus (E)

Figure 17 shows that cell free silica gels have 6 =~ 1.75 MPa, E = 160 MPa. It can also be seen that
both ¢ and E of the material deteriorate with increased p, down to 6 = 0.28 MPa, E = 23 MPa at
the maximum tested p (0.33 g cells/mL gel). Both ¢ and E showed an exponential decreasing trend

with the following least-square fit correlations:

6 = 1736.5¢>°0 [kPa] (5.a), E = 182.19¢79%6P [MPa] (5.b)
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Figure 17 - Mechanical properties of the gel (Maximum yield strength (o) and Elastic
modulus (E)) as a function of cell loading density (p)
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Figure 18 - Steady-state model verification
3.3.2 Biodegradation/transport model verification

Figure 18 shows that the experimentally observed activity was lower than the expected activity of
the model when ethanol-free rate constant (K'see) is used. This result suggests that 19.7% + 10.2%
of cell degradation activity was lost during encapsulation. When 5% ethanol medium rate constant
(K'enc) 1s used, the observed activity was higher than the expected activity (116.7% + 14.7%). This
result suggests that the alcohol content of the gel is overestimated or some alcohol evaporated
during gelation. Even though expected activity with k'enc was slightly lower than the experimentally
observed activity, it was still used for optimization purposes, to ensure that the performance

constraints of the system is met.
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3.3.3 Optimization of design parameters p and L.

Figure 19 shows the range of attainable operating conditions for a spherical biocatalyst in terms of
® and n, for 0.01 <p <1 gcells/mL gel and 0.1 <L. < 10 mm. Figure 6.a shows that as L. increases,
® also increases, indicating that diffusion limitations become more severe as material gets larger,
as expected. As p increases, ® also increases, and the effect is more significant at large values of
L.. Figure 19.c shows that the increasing trend in @ reflects a decrease in 1, which can also be seen
from Eqn. (2.b). Two-dimensional projections of Figure 19.a and 6.c are shown in 6.b and 6.d for
ease of visualization. The inset in Figure 19.b shows that diffusion limitations become significant
(® > 1) when L. of the material (sphere radius) exceeds 0.1-0.3 mm, depending on p. Figure 19.d

shows that for a typical bead radius of 1 mm, AtzA biocatalyst reaction is severely diffusion limited
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and only 35% (at p =1 g cells/mL gel) to 90% (at p = 0.01 g cells/mL gel) of the material can be

utilized.
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Figure 20 - a) Pressure drop (AP) across the packed bed reactor based on L., b) Effluent
concentration (C,y) of the packed bed reactor based on p and flow-rate (Q), ¢)

Maximum yield strength (¢) and total material cost based on p
Optimization of L.

It is apparent from Figure 20 that L. should be minimized to decrease the diffusion limitations,
regardless the material geometry or reactor type. However, in a packed bed setup, minimizing L.
is not desirable due to increased pressure drop, which would increase initial cost (high pressure
pump, high pressure reactor design) and operating costs (pumping cost) of the system. Figure 20.a
shows the pressure drop vs. catalyst size for a range of volumetric flow-rates, based on Ergun

equation !

AP 150u(1 — &)%u, N 1.75(1 — €)pruy®
L e3(2L.)? €3(2L,)

(6)
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where p is the fluid viscosity, pr is fluid density, up is superficial velocity of the fluid and L is the
length of the reactor. Due to this pressure drop, instead of minimizing L., it is more practical to set
a lower bound on n and pick the corresponding catalyst size. n = 0.9 is a reasonable selection that
ensures 90% utilization of the material. The inset of Figure 6.d shows that if a minimum of n=0.9

is selected, the optimal value for catalyst radius is L.= 0.2 mm, regardless of p.
Optimization of p

Minimizing p is desirable to increase effectiveness factor, obtain enhanced mechanical properties
and decrease material cost; whereas it should still be large enough such that performance
constraints of the system are satisfied. For a packed bed reactor operating at steady-state, the output
concentration is given by %
—eVn(p)kenc(p)
Cout = Cine Q (7)

Note that both i and Kkene changes with p. Figure 7.b shows the change in output concentration of
the packed bed reactor as a function of p, for the selected optimal catalyst size L.= 0.2 mm and a
range of volumetric flow-rate values (Q = 0.1 — 10 L/min). It can be seen that to obtain the desired
output concentration lower than 3 ppb, p must be greater than 0.11 g cells/mL gel (for Q =1 L/min).
Figure 20.c shows that to minimize the cost and maximize mechanical strength of the material,
minimum p value that satisfies the performance constraint should be selected. Then, for this case
study, p = 0.11 g cells/mL gel is the optimal cell loading density, which yields 6 = 578 kPa and a
material cost of $120 to fill up a 10 L reactor.

In this case study, optimal design parameters (L. = 0.2 mm and p = 0.11 g cells/mL gel) were
selected to minimize material cost and pressure drop, maximize material strength while satisfying
a performance constraint for a given reactor size and flow-rate (Q). Selection criteria of these
parameters are summarized in Table 5. It can be seen that if any of these constraints are relaxed
and other constraints are imposed on the system, Figures 7.a-c can still be used to determine values
for L. and p, which satisfy these requirements. Otherwise, they can also be used to determine that
all the constraints cannot be satisfied at once and one or more of the requirements need to be

relaxed.

3.4 Conclusion
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In this study, we proposed a 3-step (1. Characterization, 2. Modeling, 3. Optimization) design
approach for determining cell loading density (p) and characteristic length (L) of silica gel
encapsulated AtzA biocatalyst used in a packed bed bioremediation system. The approach was to
maximize mechanical properties and minimize material/operation cost, while satisfying
performance requirements of the bioremediation system. This 3-step approach is demonstrated for
a case study, whose parameters are described in Table 4. The proposed method to choose minimum,
maximum and optimal values of these design parameters are summarized in Table 5. Note that
Table 5 is not specific to silica gel encapsulated AtzA biocatalyst, and can be used for other
biocatalytic materials. However, this requires a corresponding characterization and modeling step,

as described in this study.

Table 5 — Minimum, maximum and optimal values of p and L.

Minimum value Maximum value Optimal value

L. | Imposed by AP | Imposed by n (Figure Minimum value
across the reactor | 6.d) satisfying AP < APmax
(Figure 7.a) (Maximum allowable

pressure drop)

p | Imposed by | Imposed by material Minimum value
performance properties and cost of satisfying Cout < Ces
constraint of the | the material (Figure 7.c) (Desired effluent
system (Figure 7.b) concentration)
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Chapter 4: Long-term preservation of silica gel encapsulated bacterial
biocatalysts by desiccation®

4.1 Introduction

Silica gel encapsulation of whole-cells (i.e. bioencapsulation) has extensively been studied in the

14.21. B Silica gel bioencapsulation provides a

literature and summarized in recent reviews
mechanical scaffold and protection to otherwise small and fragile bacteria, which makes the
technology applicable to a wide-range of engineering applications. These applications include
water bioremediation 3 %, where the encapsulated bacteria biodegrade chemicals that diffuse
through the porous silica gel. A typical water treatment scheme with encapsulated bacteria consists
of a flow-through reactor, packed with the biocatalytic silica gel synthesized as small spherical
beads. In such a configuration, a small bead size is desirable to decrease the internal diffusion length
of the chemicals (thereby increasing the efficiency of the material). However, this increases the
pressure drop in the system due to increased packing density of the beads, requiring a strong and

stiff gel material (typical compressive strength in the range of 1 to 10 MPa ’*7%) that can withstand

high pressures in such a reactor.

Drying the silica hydrogel is a desirable post-gelation step for improving gel mechanical properties.
After initially forming to encapsulate bacteria, the silica hydrogel structure continues to
polymerize; strengthening, stiffening and shrinking the matrix, a process called aging °. Drying the

material during/after this process further improves the mechanical properties 7677

, also making the
material lighter for ease of transportation and storage. However, preserving activity of biological
materials in a desiccated state is a challenge. Some bacterial species have evolved mechanisms to
survive desiccation by utilizing non-reducing disaccharides such as trehalose and sucrose 7% 7. It is
suggested that these disaccharides replace the surface-bound water to protect the integrity of the
cell membrane and proteins during desiccation. Therefore, we hypothesized that introduction of
these lyoprotectants or glycerol (a widely used osmolyte and cryoprotectant 3% ') can potentially

protect and preserve the biocatalytic activity of the encapsulated bacteria during drying.

3 Reprinted from Mutlu, B. R.; Hirschey, K.; Wackett, L. P.; Aksan, A., Long-term preservation of silica
gel-encapsulated bacterial biocatalysts by desiccation. Journal of Sol-Gel Science and Technology 2015, 74
(3), 823-833. DOI: 10.1007/s10971-015-3690-8.
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Long-term retention of biological activity (growth, metabolic activity, and enzymatic activity) of
bacteria encapsulated in silica gels is a challenge, even without dehydration of the material. For
instance, with an aqueous silica encapsulation method and glycerol as an additive, Nassif et al.
reported that the percentage of culturable bacteria in silica gels diminished to 40% while the
percentage of bacteria that can incorporate glucose declined to 55% in 4 weeks 2%, In a more recent
study, Perullini et al. reported a similar encapsulation method by replacing glycerol with glycine
betaine, where after 15 days, viability of encapsulated E. coli reduced to 40% *. Klein et al.
investigated atrazine bioremediation by encapsulating Pseudomonas sp. ADP in silica/polymer
fibers and reported that after 15 days the atrazine removal rate reduced to 35% under non-growth
conditions *. These results were obtained right after encapsulation however, the effect of storage
on activity has not been investigated. The most promising technique to date for long-term storage
was reported by Pannier et al., where phenol degrading Rhodococcus ruber was encapsulated in
silica gels by freeze-gelation, followed by freeze-drying for 24 hours ®'. With this technique, they
obtained degradation activity comparable to pre-storage values after 6 months of storage at 4°C.
The downside of this approach is the cost associated with the scale-up of the process for

manufacturing at large scales for industrial use.

We have previously reported a silica gel encapsulation method for an atrazine biodegrading
Escherichia coli (E.coli) strain and demonstrated that the material sustained long-term biocatalytic
activity ( > 2 months) in a flow-through, packed bed bioreactor . We used low flow-rates in that
study, emphasizing material design and retention of long-term activity under continuous use in the
reactor. In this study, we are focusing on drying and storage conditions for the same material, in
order to improve its mechanical properties while sustaining biocatalytic activity until use. In both
studies, we used a recombinant E.coli strain overexpressing the atrazine dechlorinating enzyme
AtzA that transforms atrazine to hydroxyatrazine. This transformation within the bacterium is a
thermodynamically favorable hydrolytic reaction that does not require viability. Atrazine (2-
chloro-4-cethylamine-6-isopropylamino-s-triazine) is a widely used herbicide in the U.S, up to
36,000 tons annually, and is also deployed in Canada, Africa and the Asia-Pacific region . Its
concentration is regulated by the U.S. Environmental Protection Agency (EPA) at 3 ppb in drinking
water, and thus, bioremediation of atrazine in surface or groundwaters is of great practical

importance.

In the first part of this study, we investigated how aging/drying parameters affected the mechanical

properties and biocatalytic activity of the material (Figure 21). Later, we tested the biocatalytic
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activity of the encapsulated AtzA bacteria in the presence of lyoprotectants with and without
drying. To better understand the results, we tested the effect of these lyoprotectants on non-
encapsulated bacteria and bacterial protein extracts (cell extracts obtained by sonication, see
methods for details) in solution. In the second part of the study, we selected the most effective
parameters from the first part and measured the activity of the material after long-term storage
(three months). Additionally, we investigated the effect of storage temperature on the activity of
the bacterial biocatalyst. We determined that without using any lyoprotectants, partially dried gels

preserved the activity of the encapsulated bacteria for three months when stored at 4°C.

Step 1: Aging/Drying Step 2: Storage
Encapsulation n : g ,
Drying rate: | % Water loss: | Suspension solution: | Temperature:
Slow, fast Il 22%, 44%, 68%, 97% || SUC, TRE, GLY, PBS | RT, 4C
Bacterial - ' | ' *
biocatalyst &
e e ey ey
{ ) i , 4
Silica gel E Mechanical properties | Encapsulated cell { i -
é‘_ of the material H activity ong-term activity
.

Figure 21— Outline of the study
4.2 Experimental

Materials

Reagent grade tetraethyl orthosilicate (TEOS: Si(OC2H5)4) was purchased from Sigma-Aldrich
(Sigma-Aldrich Corp. St. Louis, MO, USA). NexSil 125-40 colloidal silica nanoparticle (SNP)
solution was purchased from Nyacol (Nyacol Nano Technologies Inc., Ashland, MA, USA).
Reagent grade atrazine was provided by Syngenta (Syngenta Crop Protection, NC, USA). All
chemicals were used without further purification. Ultrapure water (UPW) was used in all the
experiments, which was prepared by filtering deionized water through a Milli-Q water purification

system (Millipore, Billerica, MA, USA) to a final electrical resistance of > 18.2 MQ/cm.
Bacteria strains and growth conditions

The growth conditions were identical to those described previously °!, except for some minor
modifications as described below. E. coli strain DH5a. (pMD4) 32 was grown at 37 °C in superbroth
medium with vigorous aeration. The medium was supplemented with 30 pg/ml chloramphenicol.
Intermediate cultures were grown by inoculation with 1% (v/v) starter culture and diluted 100-fold
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in production flasks containing the same medium. Bacteria were harvested by centrifugation at

6,000 g for 20 min at 4 °C.
Silica gel synthesis and encapsulation of bacteria

A previously reported silica gel matrix (NS125-7:1-TEOS) and encapsulation method was used in
this study . Briefly, TEOS was hydrolyzed by stirring 2 h at a 1:5.3:0.0013 molar ratio of
TEOS:water:HCI. The pH of the Nexsil 125-40 SNP sol was adjusted to neutrality by adding 1M
hydrochloric acid. After pH adjustment, hydrolyzed TEOS was added to the SNP solution by
pipetting a few times to obtain a homogeneous sample. The final product was either placed in
silicone molds for mechanical testing (cylinder with thickness = 12.5 mm and diameter = 12.5 mm)
or in 20 mL borosilicate glass scintillation vials (cylindrical slab with thickness = 7 £ 0.1 mm) for
gelation. To produce samples for activity testing that contained encapsulated bacteria, bacteria were
suspended in different experimental solutions (PBS, 0.4M sucrose, 0.4M trehalose or 30% (wt/wt)
glycerol) at a density of 1 gbacteria/mL and added to the SNP sol after pH adjustment. The final
bacterial loading density in the gels was 59 mgbacteria/mLgel. Mechanical testing samples did not

have encapsulated bacteria.
Evaluation of mechanical properties after aging and drying

For the aging study, after gel synthesis in the silicone molds, samples were extracted and stored in
a PBS solution until they were tested. For the drying study, samples were kept in the molds and
placed either in a sealed container with drierite (for fast drying) or in a ~85% relative humidity
chamber where humidity was kept constant by a saturated potassium chloride solution (for slow
drying). After removal from the molds, samples were rehydrated by immersion in PBS before the
mechanical testing. Testing was performed on an MTS QTest 10 mechanical testing machine (MTS
Systems, Eden Prairie, MN, USA). Compressive stress at failure (c) and elastic modulus for
compression (E) of the material were evaluated by compression tests conducted on the hydrated

samples at 1%/min strain rate.
Evaluation of biocatalytic activity
Non-encapsulated bacteria and bacterial protein extracts

Bacteria were suspended in PBS, 0.4M sucrose, 0.4M trehalose or 30% (wt/wt) glycerol solutions

(at a density of 1 gbacteria/mL) and incubated from one hour to one day. Then, 30 uL of bacteria
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solution was added to 3 mL (bacteria loading density = 1 x 10-2 gbacteria/mL) of an atrazine
solution at 150 uM prepared with 0.1 M potassium phosphate buffer (at pH 7.0) in a 20 mL
scintillation vial. Scintillation vials were placed on a rotary shaker (at 125 rpm) and incubated for
20 minutes. After incubation, samples were immediately immersed in a 90°C water bath to stop the
catalytic activity by denaturing the enzyme. After inactivation of the enzyme, samples were filtered
through a 0.2-um pore size PTFE syringe filter to remove the bacteria. The concentrations of
atrazine and its metabolite, hydroxyatrazine, were measured using a Hewlett-Packard HP 1090
Liquid Chromatograph system equipped with a photodiode array detector. The detection method
used an analytical C18 reverse-phase Agilent column at a wavelength of 220 nm, a H2O/methanol

solvent ratio of 35%/65% and a flow rate of 1.0 mL/min.

To assay bacterial protein extracts, bacteria were suspended in PBS at a density of 0.1 gbacteria/mL.
A sonicator tip was immersed into this solution and operated at 30%, 5 seconds on/off, for 30
seconds, three times. Then, bacteria debris was removed from the solution by centrifugation at
10,000 rpm for 5 minutes. 200 pL of the supernatant solution with the bacterial protein extract was
added to 2 mL of PBS, 0.4M sucrose, 0.4M trehalose or 30% (wt/wt) glycerol solutions and
incubated until the time point for the activity measurement. Atrazine solution was added to the
bacterial protein extract solution, to reach a final concentration of 90 pM. The rest of the procedure

was identical to the activity measurements for non-encapsulated bacteria.
Encapsulated bacteria
Two methods were tested for the introduction of the lyoprotectants to the encapsulated bacteria:

Incubation (post-encapsulation) method: Bacteria were suspended in PBS before encapsulation.

After encapsulation, gels containing the encapsulated bacteria were incubated with lyoprotectant

solutions.

Suspension (pre-encapsulation) method: Bacteria were suspended in lyoprotectant solutions before

encapsulation. No solution was added after encapsulation. Dry gels were also obtained with this

method, with a drying step following the encapsulation process.

We will refer to these three different cases as: I) Wet-I gels (incubation method), II) Wet-S gels

(suspension method) and III) Dry gels.
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Based on these methods, bacteria were either suspended in PBS, 0.4M sucrose, 0.4M trehalose or
30% (wt/wt) glycerol solution (1 gpacterin/ ML of solution), and encapsulated as described in silica
gel synthesis section. After gel synthesis, samples were washed with PBS to remove any bacteria
that may have escaped encapsulation. For Wet-I gels, ten mL of 0.4M sucrose, 0.4M trehalose,
30% (wt/wt) glycerol or PBS solutions were added, and incubated until the time point for activity
measurement. For Wet-S gels and Dry gels, no solution was added after encapsulation and Wet-S
gels were PTFE sealed and capped to prevent further drying. For Dry gels, samples were air dried
until they lost 22% (40 h), 44% (110 h), 68% (170 h) or 97% (300 h) of their total water (initial
water content = 65% wt/wt). Then, samples were PTFE sealed and capped. Gel weights were
measured at corresponding time points to ensure that they have not dried further. All the samples
were stored at room temperature, except for the long-term storage study where storage at 4°C was
also investigated. At corresponding time points, activity was measured by adding 3 mL atrazine
solution (in 0.1 M potassium phosphate buffer) at 150 pM concentration to the scintillation vials
(for Wet-I gels, the incubation solution was removed first). Then, vials were placed on a rotary
shaker and incubated for 60 minutes. The rest of the procedure was identical to the activity

measurements for non-encapsulated bacteria.

4.3 Results and Discussion

4.3.1 Mechanical properties of the gel after desiccation

The two different drying methods applied resulted in approximately 0.45% water loss per hour for
fast drying, and 0.09% water loss per hour for slow drying, respectively (determined by the initial
slope with the first four time points, Figure 22 a). The gel shrunk to 44% of its initial volume at
68% water loss but did not shrink with further drying (fast drying method, Figure 22 b). We
observed that the mechanical properties of the gel - elastic modulus (E) and compressive stress at
failure (o) - improved only slightly during aging in PBS (without drying). When the material was
aged in these conditions, the highest mechanical properties were achieved after 5 days, where o
increased from 46 + 20 kPa to 126 + 22 kPa and E improved from 1.15 + 0.61 MPa to 3.51 + 1.05
MPa. However, the improvement in mechanical properties were significant (two orders of
magnitude) when the samples were dried. ¢ improved to 5.4 + 0.63 MPa, and E improved to 1104
+ 109 MPa at ~97% water loss (Figure 22 ¢ and d). Note that in Figure 22 ¢ and d, the mechanical

properties are reported with respect to water content (not drying time). It can be observed that the
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water content had a significant impact on the mechanical properties of the gel while the drying rate

did not. Therefore, we have proceeded with the fast drying rate for the remainder of the study.
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Figure 22 - Mechanical properties of the gels after aging and drying: a) Rate of water loss,
b) Shrinkage, c) Elastic modulus (E), d) Stress at failure (o)

It has been reported that drying silica gels at high temperatures increases the mechanical properties
of the material significantly: For instance, Rabinovich ef al. reported colloidal silica gels with ¢ =
6 MPa, after drying for a week at 150°C "°. Similarly, Mackenzie et al. reported that TEOS derived
silica gels with E = 5 GPa 77 were obtained by drying for three weeks at 200°C. The drying
temperatures used in these studies would destroy the biocatalytic activities of even the most stable
thermophilic enzymes. Therefore, it is not feasible to dry the gels that contain encapsulated bacteria
at high temperatures. In this study, we reached mechanical property values of (c =46-126 kPa) and
(E =1.15-3.51 MPa) without any drying. These values were very similar to the values (¢ = 50-100
kPa and E = 90-400 kPa) reported by Krupa et al. for TEOS derived silica hydrogels that are
synthesized and aged in physiological conditions 2. Nevertheless, the mechanical properties
achieved here are significantly lower than those that could be achieved with high temperature

drying. Therefore, we have opted to dry the gels to improve the mechanical properties, but did it at
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room temperature to sustain biocatalytic activity. The results showed that removal of 68% of the
initial water content in the gel resulted in significantly improved mechanical properties (¢ = 4.8 +
0.7 MPa and E = 814 + 53 MPa), while the biocatalytic activity was maintained (Figure 22 ¢ and
d). Note that these values are well within the range of typical catalysts used in packed bed reactors
7475 Even though further drying continued to improve the mechanical properties, the biocatalytic
activity started to decrease, rendering additional drying of the gel unfeasible (see biocatalytic

activity section for further discussion).

Wet gel 22% water 44% water 68% water 63% water
loss loss [13 loss (cracked)

Figure 23 — Images of gels for activity testing

Note that cracks may form in the gel during drying and shrinking, depending on the surface energy
of the mold material and the interactions between the mold and the gel. Cracking was observed in
some of the samples used for biocatalytic activity testing where the sample gels were synthesized
in borosilicate glass (high surface energy) scintillation vials (Figure 23). The effect of these cracks
on activity results is discussed later in the manuscript. It is reasonable to assume that cracks would
affect the mechanical testing results very significantly. To avoid cracking of the gel samples to be
used in mechanical testing, gels were cast in hydrophobic silicone molds. No cracks were observed
in any of the mechanical testing samples. The significant increase in the mechanical properties also
suggested that crack free samples could be obtained when the gels were synthesized in hydrophobic

molds.
4.3.2 Biocatalytic activity

Encapsulated bacteria activity experiments were conducted to determine the effects of the
processing parameters (drying level and lyoprotectant type) and the explicit effect of time on long-

term storage stability. Three cases were tested: Wet-I gels, Wet-S gels and Dry gels. Wet-S gel with
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PBS is neither dried nor have lyoprotectants, thus form the baseline for activity measurements.
Therefore, for easier assessment of the effects of drying and lyoprotectants, all the encapsulated
bacteria activity results (Figure 24) are reported with respect to the atrazine degradation activity of
Wet-S gel with PBS immediately after encapsulation (r = 1.23 + 0.23 pumoles/min, shown as 100%
normalized activity at t0 in Figure 24.b). Activity of this gel had a decaying trend over time,
eventually going down to 42 + 229% of the initial activity after 300 hours. Activity of the Wet-I gel
with PBS decreased over time as well (Figure 24.a), decaying from 207 + 30% (at t = 40h) to 146
+ 8% (at t = 300h). Thus, it was concluded that without drying or the addition of lyoprotectants,

encapsulated bacteria lost activity over time when stored at room temperature.
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Figure 24 — Effect of the tested lyoprotectant solutions on the biodegradation activity of
wet gels: a) Wet-I gels (incubation method) b) Wet-S gels (suspension method)

All Wet-I gels had significantly high biocatalytic activity (ranging from 200% to 350%) after 40
hours of incubation. Note that no activity measurement was taken at t0 for Wet-I gels to provide
time for the diffusion of lyoprotectants into the gel. Wet-1 gels with 0.4M sucrose and PBS solution
had higher than 100% activity, even after 300 hours of storage (137 + 17% and 146 + 12%,
respectively). Wet-1I gel with 0.4M trehalose showed a steep decline after 40 hours, and had the
worst activity amongst the lyoprotectants after 300 hours of incubation. Therefore we did not
proceed with trehalose in the rest of the encapsulated bacteria activity measurements; however we
still investigated the reason for this inhibitive effect (see effect of lyoprotectants section for details).
Even though all the wet gels (Wet-I and Wet-S) lost activity over time, Wet-I gels (Figure 24.a)
had higher activity throughout the experiment compared to the Wet-S gels (Figure 24.b). The loss
in activity of Wet-S gel with PBS was comparable to Wet-S gel with 0.4M sucrose (Figure 24.b),
whereas Wet-S gel with 30% (wt/wt) glycerol lost activity very rapidly.
59



These results show that when the gels were stored (wet) at room temperature, they lost activity over
time. One possible explanation for the decrease in encapsulated bacteria activity over time is the
gradually increasing concentration of alcohol in the gel due to alcohol-generating condensation
reactions that can continue during aging of the gel. We observed that the mechanical properties
reached a maximum after 5 days of aging (data not shown), which showed that the aging process
continued for at least 120 hours. This explains why the Wet-I gels had higher activity than Wet-S
gels (compare data in Figure 24 a and b). The excess water in the incubation solution effectively
reduced the concentration of produced alcohol within the gel, and thus its effects on activity. To
better understand the effects of lyoprotectants (e.g. the unexpected difference between sucrose and
trehalose, despite their similar chemical structure), we also investigated their effects separately on

non-encapsulated bacteria and bacterial protein extracts.

Effect of the lyoprotectants

We observed that the activity of the bacterial protein extracts was affected significantly when
incubated with lyoprotectant solutions (Figure 25.a). After one hour of incubation of the bacterial
protein extracts in the 0.4M sucrose, 0.4M trehalose and PBS solutions, full biodegradation of
atrazine to hydroxyatrazine was observed in the 20-minute activity assay, except for 30% (wt/wt)
glycerol suspended bacterial protein extracts which achieved only 55% conversion. However, after
one day of incubation in the lyoprotectant solution, only 10% of the original biodegradation activity
was observed in 0.4M sucrose and 0.4M trehalose suspended bacterial protein extracts and 5%
biodegradation was observed with the 30% (wt/wt) glycerol group. These values were significantly
lower than the activity of the bacterial protein extracts incubated in PBS, where 60% of the original

biodegradation activity was remained.
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Figure 25 — Activity of: a) bacterial protein extracts* and b) non-encapsulated bacteria
in different lyoprotectant solutions. (*Error bars are too small to show on graph)

Incubation in different lyoprotectant solutions had a different effect on non-encapsulated bacteria,
as compared to bacterial protein extracts (Figure 25.b). Incubation in sucrose increased the activity
of the bacteria significantly (~300% w.r.t. PBS at 1 hour), whereas PBS increased the activity
slightly after a day of incubation (~164% w.r.t. PBS at 1 hour). In addition, the detrimental effect
of trehalose or glycerol was not as severe with the non-encapsulated bacteria, as compared to the
bacterial protein extracts. Activity of bacteria suspended in trehalose decreased to 46 + 15% and
glycerol decreased to 73 = 13% after a day of incubation, with respect to PBS at 1 hour while the

activity of the sucrose suspended bacteria remained high.

Trehalose had the worst effect on activity (amongst other lyoprotectants) when it was present in
the incubation solution (Wet-I gels, Figure 24.a). Trehalose also had a negative effect on the
biocatalytic activity of the non-encapsulated bacteria, as well as the bacterial protein extracts
(Figure 25). The effect was most prominent in the bacterial protein extracts, potentially due to lack
of protection from the cell membrane, and was naturally delayed in Wet-I gels due to diffusion
limitations in the gel. It was reported that trehalose can decrease enzymatic activity by increasing
the solution viscosity *. The viscosity of a 0.4M trehalose solution at 20°C is 1.29 cP ®, which is
29% higher than to that of water. To examine this possibility, we investigated the E. coli strain
DHS5a expressing a different enzyme: cyanuric acid hydrolase (CAH). This is also a
thermodynamically favorable enzymatic reaction within the bacterium, so its activity should be
affected similarly by the trehalose solution. However, we did not observe an inhibitive effect of
trehalose on CAH (results not shown). Thus, it was concluded that the reduction in activity was

caused by some specific interactions between trehalose and the AtzA biocatalyst.
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Sucrose did not cause an additional difference in activity in comparison to PBS, when it was
introduced by either method (Wet-1 or Wet-S gels), even after 300 hours of incubation (Figure 24
a and b). Sucrose did not reduce the activity of the non-encapsulated bacteria (Figure 25.b), but
significantly decreased the activity of the bacterial protein extracts, in a fashion similar to trehalose
(Figure 25.a). This was an interesting result because trehalose and sucrose have very similar
chemical structures (and molecular weight) and properties are also known to be very similar in
terms of the protection that they offer against desiccation and freezing. Therefore, this result
suggested that unlike trehalose, sucrose was not immediately transported inside the bacterium.
Luckey et al. and Wang et al. reported that permeation of sucrose through maltoporins (porins
responsible for diffusion of maltodextrins across the outer membrane of E. coli) is significantly
slower (by a factor of 40), as compared to trehalose 3% 8. Therefore, even though sucrose has the
same inhibitive effect on the enzyme activity as trehalose (as evidenced by Figure 25.a), this effect
was not immediately observed in encapsulated and non-encapsulated bacteria in the time period of
experimentation. An additional finding was that the activity of the non-encapsulated bacteria in
sucrose was higher than that in PBS. This suggests that besides its inhibitive effect, sucrose also
has a facilitative effect when it is not transported inside the bacterium. This may be due to the
osmotic stress, inducing crowding effects inside the bacterium and increasing the effective
concentration of atrazine. However, we have not observed an increase in encapsulated bacteria
activity with sucrose. Diffusion can be an activity rate limiting step for silica gel encapsulated
bacterial biocatalysts *’. The fact that the increase observed in non-encapsulated bacteria activity is
not observed in encapsulated bacteria suggests that the biocatalytic activity rate in the gel is limited

by the diffusion rate of atrazine.

Glycerol is a hygroscopic cryoprotectant, which has also been used in the literature as a
biocompatible agent in silica gel encapsulation 5. When encapsulated bacteria were suspended in
(prior to encapsulation) or incubated with glycerol, they performed worse than PBS and sucrose
(Figure 24 a and b). As expected, the activity of the bacterial protein extracts decreased significantly
when incubated with glycerol (Figure 25.a). In the time scale of the experiment, we observed a

small effect of glycerol on the activity of non-encapsulated bacteria (Figure 25.b).

In conclusion, all of the lyoprotectants tested had an inhibitive effect on the activity of the AtzA
biocatalyst at the enzyme (bacterial protein extract) level, which was an unexpected finding. To our
knowledge, such specific inhibitive effect of these well-established lyoprotectants to an enzymatic

reaction has not been reported. Since trehalose, sucrose and glycerol are widely used in the
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biopreservation field, it is worth exploring the nature of these interactions to identify other potential

enzymes that they can affect.

Effect of drying

A drying profile with an initial slope of 0.39% water loss/h was obtained when the gels were dried
(Figure 26.a). The activity of Dry gel with PBS (no lyoprotectant) and 0.4M sucrose increased up
until 68% water loss (after 170 hours of drying), up to 300-350% activity (Figure 26.b). This is an
interesting result because wet gels at this time point (170 h) had significantly lower activity: Wet-
I gels with PBS or SUC had less than 250% activity and Wet-S gels with PBS or SUC had less than
100% activity (Figure 24). Activity of Dry gels with PBS and SUC decreased sharply at 97% water
loss, after 300 hours of drying. Unlike PBS and 0.4M sucrose, Dry gel with 30% (wt/wt) glycerol
lost activity when it was dried. Based on these results, we proceeded with the long-term storage
experiments with Dry gels that contained bacteria encapsulated in the presence of 0.4M sucrose or

PBS.

It was an unexpected finding that the activity of encapsulated bacteria was sustained and even
increased with drying, without using any lyoprotectant additives (Figure 26.b). We believe that the
retention of the encapsulated bacteria activity is due to presence and availability of water on the
pore surface, despite the significant water loss from the gel. The highly hydrophilic nature of the
mesoporous silica gel used in this study facilitates strong water-silica surface interactions. It has
been hypothesized that at low water contents, all the nano-confined water is adsorbed to the surface
of the hydrophilic silica pores (surface water) and a liquid bulk phase (bulk water) exists only above
a certain level of water content *®. During the initial phases of drying, the bulk water is lost which
does not affect the hydration level of the encapsulated bacteria that interact with surface water.
Therefore, while no loss in activity is observed at 68% water loss (where only bulk water was lost
and surface water was retained), a significant loss is observed at 97% water loss. Even though
activity was not measured with slow dried gels, it would be reasonable to expect that the confined
water would also be retained during slow drying. However, it would take longer to dry the gels at
a slow drying rate (see Figure 22.a). The explicit effect of time on activity is further discussed in

the long-term storage results.
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Figure 26 — Effect of drying on the biodegradation activity of the gels: a) Drying profile
and time points b) Activity results of Dry gels

The increase in the encapsulated bacteria activity with drying can be explained by two phenomena.
It was observed that the material shrank down to 45% of its initial volume when it lost 68% of its
initial water content (Figure 22.b), which decreased the dimensions of the gel in each direction
down to approximately to 75% of their initial value. In a diffusion limited system, this much
reduction in size would translate up to a 25% increase in activity (see Mutlu et al. ¥ for additional
details). Since the observed increase in activity is higher, we believe that another factor is in play
as well. We hypothesize that a contribution to activity comes from formation of cracks in the gel
during drying in scintillation vials (see “Mechanical properties™ section for additional discussion
on shrinkage and crack formation), which increases the surface area of the material and facilitates

the transport of chemicals to the encapsulated bacteria.
4.3.3 Long-term storage of the encapsulated bacteria

It has been reported that storage in 4°C as compared to room temperature improves viability of the
silica encapsulated bacteria after four months of storage " *°. Since we observed a decrease in
activity when the gels are stored in room temperature (Figure 24), we decided to investigate storage
at 4°C as well. Storage results show a significant difference between cold stored (4°C) and room
temperature stored gels (Figure 27). Regardless of the level of drying or the choice of suspension
solution, encapsulated bacteria stored at 4°C had significantly (an order of magnitude) higher
activity than room temperature stored bacteria after storage. On average, wet gels lost
approximately 80% activity after three months of storage at room temperature. However, when

stored at 4°C, the activity of the wet gels was sustained.
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Figure 27 — Activity of gels after a) one month, b) three months of storage normalized w.r.t
encapsulated bacteria suspended with PBS immediately after encapsulation (to = 100%)

“Our research group has previously reported a similar difference in the biocatalytic activity of
Silica-PEG encapsulated AtzA bacteria stored at room temperature vs. 4°C [21]. In the same study,
it was also reported that non-encapsulated AtzA bacteria can retain biocatalytic activity only up to
21 days when stored at room temperature or 4°C, before activity was lost. In order to determine
whether this storage temperature difference is effective in the cellular or enzymatic level, we also
stored bacterial protein extracts (prepared from AtzA bacteria) at room temperature and at 4°C.
The results (Figure 28) show that bacterial protein extracts lost around 90% activity within one
week when stored at room temperature, and lost the same amount of activity within four weeks
when stored at 4°C. Thus, based on these non-encapsulated bacteria and bacterial protein extract
results, we can conclude that silica gel encapsulation is also beneficial for long-term storage (> 4

weeks) of AtzA bacteria while retaining biocatalytic activity.”
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Figure 28 — In vitro stability of bacterial protein extract stored at room temperature and
4°C* (*Error bars are too small to show on graph)

Drying level (water loss) did not have a significant effect on the activity of the Dry gels stored at
room temperature since a significant portion of the activity was already lost. Dry gels stored at 4°C
had the highest activity (300-350%) when the samples were dried up to 44% water loss before
storage. We have observed that the activity of Dry gels (PBS or SUC) at 68% water loss reduced
to 150-200% activity after a month of storage, as compared to 300-350% activity right after drying
(Figure 26.b). Nonetheless, 68% water loss gels still had comparable activity with the wet gels.
After three months of storage at 4°C, there was no change in the activity of the gels, indicating that
no more chemical or structural changes were happening in the gels and the biocatalytic activity was
stabilized. Since the enzymatic transformation in this study does not require viable bacteria,

bacteria viability after storage was not measured.

Similar to the activity results immediately after drying (Figure 26.b), encapsulated bacteria
suspended with PBS and 0.4M sucrose had comparable activity after one and three months of
storage. Therefore, we concluded that none of the additives that we investigated improved the
activity of the gels (when compared to PBS only) in the long-term, and thus use of lyoprotectants

is unnecessary during drying and long-term storage of silica gel encapsulated bacterial biocatalysts.
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4.4 Conclusion

In this study, we have shown that the mechanical properties (c and E) of a biocatalytic silica gel
can be improved up to two orders of magnitude by drying at room temperature. Drying is also
shown to preserve and enhance the activity of the material. Furthermore, this enhanced activity was
sustained without loss during long-term storage if the gels were stored at 4°C. After 3 months of
storage, the highest activity was achieved in gels with 44% of their initial water removed prior to
storage, while the highest mechanical properties (with sustained activity) was achieved in gels with
68% of their initial water removed. It was observed that all three lyoprotectant additives considered
in this study; 0.4M sucrose, 0.4M trehalose and 30% (wt/wt) glycerol inhibited activity of the AtzA
biocatalyst. Consequently, lyoprotectants did not improve the activity of encapsulated bacteria

during storage.

In conclusion, a biocatalytic silica gel material with enhanced mechanical properties and preserved
long-term biocatalytic activity was obtained by optimizing the post-encapsulation drying and
storage conditions. This is an important result widening the potential engineering applications of
silica gel encapsulated biocatalysts. It was shown that for silica gel encapsulated AtzA bacteria, the
optimal post-encapsulation procedure is to remove 44% (for highest activity) to 68% (for highest
mechanical properties) of the initial water, followed by storage at 4°C to achieve improved
mechanical properties and sustained biocatalytic activity. We expect that similar results could be
achieved with other bacterial biocatalysts, which utilize a thermodynamically favorable enzymatic
reaction within the bacterium and do not require viability for activity. However, further

investigation is required for biocatalysts that utilize a metabolic pathway and thus require viability.
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Chapter 5: Manufacturing of Bioreactive Nanofibers for
Bioremediation*

5.1 Introduction

More than one-third of the accessible freshwater throughout the world is used for agricultural,
industrial, and domestic purposes, leading to worldwide contamination of freshwater systems with
myriads of chemicals such as pesticides (e.g., DDT, acetochlor, and atrazine) or heavy metals (e.g.,
lead, mercury, and cadmium) as well as various synthetic chemicals, unmetabolized drugs,
hydrocarbons and radioactive wastes affecting the health of billions of people. In this context,
contamination of waters has become one of the major problems facing humanity and this issue has

received considerable attention over the past two decades (°*°?).

Electrospun membranes has been widely used in traditional filtration, and manufacturing of
biosensors, protective clothing, energy conversion systems, cosmetics, tissue engineering products,
drug delivery systems, electronic and optical devices, food items, and advanced composite
materials (°*®). Thanks to their high permeability, small pore size, high specific surface area, good
interconnectivity of pores and ability to be functionalized chemically at the nanoscale electrospun
nanofibrous membranes have been used in environmental remediation applications for the removal
of different contaminants from wastewaters such as adsorption of heavy metal ions (°*'°!). Apart
from their adsorbtive capability (e.g. of heavy metal ions) electrospun nanofibrous membranes are
also suitable candidates for biodegradation of various contaminants because of their potential to
incorporate immobilized enzymes ' or encapsulate cells within ', Dai et al. and Niu et al. made
laccase-containing fibrous mats by emulsion electrospinning and have reported rapid adsorption
and degradation of polycyclic aromatic hydrocarbons '* 1. Similarly, horseradish peroxidase
(HRP)-containing fibrous mats were made by emulsion electrospinning and the adsorption and
degradation of pentachlorophenol (PCP) was measured '%. The PCP adsorption values reached
were as high as 44.69 mg/g while the removal efficiencies were 83% and 47% for the immobilized

and the free HRP, respectively. Singh et al. used electrospun ZnO nanofibrous mats and

4 Reprinted from Tong, H.-W.; Mutlu, B. R.; Wackett, L. P.; Aksan, A., Manufacturing of Bioreactive
Nanofibers for Bioremediation. Biotechnology and Bioengineering 2014, 111 (8), 1483-1493. DOI:
10.1002/bit.25208. Research presented in this chapter was conducted in collaboration with Dr. Ho-
Wang Tong, who had significant contributions to this work.
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demonstrated the efficacy of these mats in complete degradation of naphthalene and anthracene
dyes in waters ', In a recent study, Klein et al. encapsulated Pseudomonas sp. ADP cells into

electrospun microfibers and demonstrated their atrazine degradation ability *°.

There are significant advantages offered by reactive filtration systems and biosensors that utilize
bioreactive organisms encapsulated in electrospun microfibers. There is also the potential for wide-
spread industrial use due to very high surface area to volume ratio achieved, ease in scale up and
the cost-effectiveness of the technology. However, development of a water insoluble, solvent-free
and multilayered coaxial encapsulation technology that ensures long-term reactivity of the
encapsulated microorganisms remains to be a challenge. Figure 29 summarizes the critical
requirements for wide-spread adoption of encapsulated cell-based electrospun systems in
bioremediation industry. In previous studies to date, cells have been encapsulated into electrospun
nanofibers made of materials that slowly degrade, such as polycaprolactone (PCL) ', or are not
biodegradable, such as Pluronic F127 dimethacrylate (FDMA) ', However, these fabrication
processes required extensive use of organic solvents, which are known to reduce the reactivity and
longevity of the encapsulated cells. Electrospinning techniques that do not require the use of
organic solvents were also developed and live cells have successfully been encapsulated by

electrospinning 0113

. However, the resultant materials were water-soluble, making them
unsuitable for use in aqueous environments that are encountered in all water bioremediation

applications.
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Figure 29 - Critical requirements for electrospinning reactive bacteria for
bioremediation applications.

Silica nanofibers can be made by sol-gel electrospinning without using organic solvents, and the
produced electrospun nanofibers are water-insoluble > %, This makes silica an appealing material
for electrospin encapsulation biological materials, but the electrospinning process is not stable due
to continuously changing viscosity of the silica precursor solution during gelation %, In the present
study, we developed an electrospinning system that utilizes a microfluidic timer coupled with a
coaxial electrospinning setup. We utilized coaxial electrospinning that combines a silica precursor
solution (that formed a hard shell around the nanofibers) and a bacteria suspension medium (that
formed the biocompatible core for the nanofibers, encapsulating reactive bacteria). This enabled us
to continuously produce water insoluble, high bioreactivity nanofibers thus satisfying the critical

design requirements for successful bioremediation applications (Figure 29).
5.2 Experimental

Materials

Tetramethyl orthosilicate (TMOS), hydrochloric acid (HCl), and polyvinyl alcohol (PVA) were
obtained from Sigma (Sigma-Aldrich Corp. St. Louis, MO, USA). 8-28% w/v PVA was dissolved

in water to make the core solution. Silica was used as the shell solution by hydrolyzing TMOS in
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the presence of HCI. The molar ratio of TMOS:water:HCI was 1:2.8:0.00024. E. coli expressing
green fluorescent protein (GFP) were encapsulated for confocal microscopy imaging while the E.
coli expressing Atrazine Chlorohydrolase (AtzA) were encapsulated to be used for atrazine

bioremediation activity assays 6.
Preparation of reactive membranes

Figure 30 shows the schematic of the designed electrospinning setup capable of forming reactive
membranes comprised of nanofibers that have PVA-based biocompatible cores that contain the
encapsulated bacteria and porous silica shells surrounding the core. To prepare the core solution,
E. coli pellets were mixed with the PVA solution at a cell loading density of 0.5 g/ml and the
mixture was loaded into syringe A. Three different PV A solution concentrations [8, 18, 28% (w/v)]
were investigated. The hydrolyzed TMOS solution was loaded into syringe B, which was connected
to one of the inlets of a microfluidic timer. The 18% (w/v) PVA solution, which had the optimum
viscosity for electrospinning when mixed with the TMOS solution, was loaded into syringe C,
which was connected to the other inlet of the microfluidic timer. The microfluidic timer precisely
controlled the reaction of the hydrolyzed TMOS solution and the 18%(w/v) PVA solution. The
reaction time was set to 9 min to ensure that the optimum viscosity of the mixture is reached during
gelation before electrospinning. The viscosities of the shell solution and the core solutions at
different PVA concentrations were measured by a digital viscometer (NDJ-8S, Shanghai Nirun
Intelligent Technology Co Ltd). The flow rates of the shell TMOS solution extruded from syringe
B and the PVA solution fed from syringe C were 0.7 mL/h and 0.5 mL/h, respectively. This was
done to reach an optimum viscosity value for the mixture. A voltage of 15 kV was applied to the
outer needle by a high voltage power supply so that the shell solution was drawn by the electric
force while the core solution was drawn by the shear force at the interface of the core solution and
the shell solution, as illustrated in Figure 30c. Core/shell structured nanofibers were collected by a
grounded conductive plate. As a control, core/shell nanofibers that do not contain any bacteria were

manufactured.
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Figure 30 - Electrospinning setup for core/shell nanofibers having a bacterium-containing
core and a silica-based shell surrounding the core: (a) the coaxial electrospinning system
coupled with a microfluidic timer; (b) reaction between the hydroxide groups of PVA and the
silanol groups of silica during the electrospinning process; (c) effects of the three critical
parameters: the ratio of the flow rate of the core solution to the flow rate of the shell solution
(Qc/Qs), the ratio of the core needle protrusion length to the shell needle radius (Pc/Rs), and
the ratio of the viscosity of the core solution to the viscosity of the shell solution (pc/ps) on the
success of the coaxial electrospinning process.

Optimization of parameters

The quality of the electrospinning manufacturing system is defined by cell encapsulation efficiency
(g cells encapsulated per g material produced), and the production homogeneity (minimization of
defects such as droplets intermixed with the fibers as well as ensuring a uniform diameter
distribution of the nanofibers). Therefore, the quality of the product is affected by the physical and
chemical properties of the solutions used to make the core and the shell as well as the processing
parameters. To achieve the highest quality for production, a factorial design method was employed

to optimize the solution properties and the processing parameters.

Selection of the manufacturing parameters
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Continuous manufacturing of core/shell nanofibers via coaxial electrospinning relies on the
formation of a jet of the shell solution and the entrainment of the core solution. For successful
entrainment of the core solution, certain parameters should be optimized: (1) ratio of the flow rate
of the core solution to the flow rate of the shell solution (Qc/Qs), (2) ratio of the core needle
protrusion to the outer needle radius (Pc/Rs), and (3) ratio of the viscosity of the core solution to

) 7. The effect of these parameters on coaxial

the viscosity of the shell solution (pc/us
electrospinning is illustrated in Figure 30c. Extreme values of these ratios generally lead to poor
entrainment of the core material into the jet or formation of multiple jets rather than a stable
core/shell jet ''®. The values/levels for the parameters investigated in the present study are listed in
Table 6. Level 0, level 1 and level 2 corresponded to the low, medium and high levels, respectively.
A complete factorial design with three parameters and three levels was constructed to estimate the
resultant effects and the interactions between these parameters to determine the best conditions to

continuously produce core/shell nanofibers (Table 7).

Table 6 - Parameters and levels investigated in the factorial design

Parameter Level

0 1 2
A. Core solution flow rate [mL/h] 0.6 1.2 1.8
B. Core needle protrusion length [mm] 0.2 0.4 0.6
C. Core solution concentration [% (w/v)] 8 18 28

Product quality estimation

To determine the quality of the reactive membranes, three aspects should be considered: cell
encapsulation efficiency (y1), droplet (defect) formation (y2), and fiber diameter (y3). An ideal
reactive membrane should have a large density of encapsulated cells to enhance its specific
degradation rate per volume of the material produced. The defects (i.e. droplets) should be
minimized so that additional processes/steps for the removal of the defects from the final product
are not needed. Uniform fibers with smaller diameters are preferred because they not only decrease
diffusion length when the fiber diameter is larger than the bacteria size but also result in a higher

surface area-to-volume ratio and permeability. \
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Table 7 - Effects of the three parameters on the quality (y) of the electrospun fibers.

Exp. | Parameter and its Response y1 Response | Response y3; | Overall
level )2 response
A B C y
1 0 0 0 0.7810 0.3088 0.6026 0.5641
2 0 0 1 0.5429 0.1324 0.6485 0.4412
3 0 0 2 0 0 0.8603 0.2868
4 0 1 0 0.6571 0.3235 0.5993 0.5267
5 0 1 1 0.3048 0.2353 0.6648 0.4016
6 0 1 2 0.3048 0 0.6714 0.3254
7 0 2 0 0.9714 0 0.6616 0.5443
8 0 2 1 0.9810 0 0.7194 0.5668
9 0 2 2 0.9905 0 0.7194 0.5700
10 1 0 0 0.6381 0.5735 0.5819 0.5978
11 1 0 1 0.4857 0.3676 0.7784 0.5439
12 1 0 2 0.2667 0 1 0.4222
13 1 1 0 0.6476 0.5735 0.5742 0.5985
14 1 1 1 0.5143 0.4265 0.7707 0.5705
15 1 1 2 0.3048 0 0.9662 0.4236
16 1 2 0 0.9905 0 0.6572 0.5492
17 1 2 1 0.9810 0 0.7151 0.5653
18 1 2 2 0.9810 0 0.7271 0.5693
19 2 0 0 0.5524 1 0.5448 0.6990
20 2 0 1 0.2952 0.7353 0.6343 0.5549
21 2 0 2 0.1714 0 0.9651 0.3788
22 2 1 0 0.2952 0.4853 0.5699 0.4501
23 2 1 1 0.2476 0.1471 0.6288 0.3412
24 2 1 2 0.0762 0 0.9727 0.3496
25 2 2 0 0.9714 0 0.6703 0.5472
26 2 2 1 0.9905 0 0.7205 0.5703
27 2 2 2 0.9905 0 0.7194 0.5700

To determine the cell encapsulation efficiency, E. coli expressing GFP were encapsulated in
electrospun reactive membranes. The membranes were then washed with ultrapure water three
times to get rid of the loosely-bound, surface-attached cells to ensure that only fully-encapsulated
cells are visualized in the subsequent confocal microscopy images (Olympus FluoView FV1000,
USA). For each membrane, confocal microscopy images were obtained at three different regions
(the area of each region was 0.01 mm2). The number of cells in each region was counted (using

green fluorescence imaging). The average value (Nc), which reflected the number of cells within
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an area of 0.01 mm2, was used as a measure of cell encapsulation efficiency. The cell encapsulation
efficiency of each sample was given a value (y1), normalized with respect to the maximum number
of cells (Ncmax) measured among all samples so that y1 values were kept in a range between 0 and
1 (Eqn. 1). As the number of cells in Exp. 3 was the maximum among all samples, Nc was taken
to be equal to Ncmax in Exp. 3. Therefore, y1 = 0 in Exp. 3, as can be seen in Table 7.

N __ —N

Y= C;X . (1)

cmax

To determine defect formation, each reactive membrane sample was examined by Scanning
Electron Microscopy (SEM) (Hitachi S-4700, Japan). In each sample, SEM micrographs were
obtained at three different regions measuring approximately 256 pm2. The number of droplets (that
are not connected to fibers) in each region was counted and the values determined at the three
regions were averaged (Nd). The defect formation in each sample was given a value (y2) and
normalized with respect to the maximum number of droplets (Ndmax) measured among all samples
so that y2 fell within a range between 0 and 1 (Eqn. 2). As the number of droplets in Exp. 19 was
the maximum among all samples, Nd was equated to Ndmax in Exp. 19. Therefore, y2 = 1 in Exp.

19, as can be seen in Table 7.

Ny
N

d max

V= (2

To determine the fiber diameter uniformity in the produced filters, each SEM micrograph was
analyzed using ImageJ. The fiber diameters were measured at 50 different locations and the average
fiber diameter (D) was obtained. The response reflecting the fiber diameter of each sample was
given a value (y3) and normalized with respect to the maximum fiber diameter (Dmax) to ensure
that y3 fell within a range between 0 and 1 (Eqn. 3). As the fiber diameter in Exp. 12 was the
maximum among all samples, D was taken as Dmax in Exp. 12. Therefore, y3 = 1 in Exp. 12, as

can be seen in Table 7.

__D
y3_D 3)

max

The overall response (y) that corresponds to the overall quality of the manufactured filter (Eqn. 4)
is calculated as the weighted average of all of the parameters measured above.
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The weight for each outcome (yi) can be adjusted according to the desired application. If a very
high atrazine degradation efficiency is desired at the expense of increased defects (i.e. a high
number of droplets with respect to the number of fibers) in the finished product, one may assign a
higher weight for cell encapsulation efficiency and a lower weight for tendency of droplet
formation. On the contrary, if a moderately high atrazine degradation efficiency is sufficient but
the homogeneity of the finished product is of utmost concern, one may assign a higher weight for
the defect formation and a lower weight for the cell encapsulation efficiency. In this manuscript,

we assigned equal weights to each of the three outcomes (yi) used in this study.

The value of overall response (y) was between 0 and 1 for each reactive membrane manufactured
in this study. A quality response value of 0 indicated that the reactive membrane had a high amount
of encapsulated cells, had minimum defects, and the smallest fiber diameter among all reactive
membranes investigated, whereas a value of 1 meant the opposite. A reactive membrane with the
minimum overall response was regarded as the optimized membrane. The 27 experimental
conditions conducted in the three-parameter, three-level factorial design and the corresponding
overall responses were analyzed by a statistical analysis software (Statgraphics®) and optimum

values for operational parameters were determined.
Characterization

Fourier Transform Infrared Spectroscopy (FTIR) analysis was conducted with the reactive
membranes manufactured using the optimized parameters, silica/PV A nanofibrous membranes that
did not contain any bacteria, and silica/PVA mixtures with known E. coli content (for calibration)
using a Nicolet Continupm FTIR microscope. IR spectra in the range of 400-4000 cm-1 were
recorded at a resolution of 4 cm-1. Each sample was scanned at five different regions on the sample
using an aperture size of 100x100 um. The amount of the encapsulated E. coli in the electrospun
membrane sample was calculated using the ratio of the intensity of the Amide II peak
(corresponding to cellular proteins) to the intensity of the methylene peak (originating from silica
and PVA) (Figure 31). For SEM and Transmission Electron Microscopy (TEM, FEI Tecnai G2

F30, USA) imaging, reactive membranes containing E. coli cells expressing AtzA were
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manufactured using the optimized values for the parameters examined. Reactive membranes

comprised of core/shell nanofibers without any bacteria were also fabricated in a similar fashion.
Biotransformation of atrazine into hydroxyatrazine

Activity measurements of the optimized reactive membranes were conducted at room temperature.
The reaction was initiated by exposing the optimized reactive membrane to 5 ml of 0.1 M potassium
phosphate buffer (at pH 7.0) containing 150 uM (32.4 ppm) atrazine. The supernatant was sampled
after 20 min and the concentrations of atrazine and its metabolite, hydroxyatrazine, were measured
by high-performance liquid chromatography (HPLC) as previously described 2. Activity

measurements of the free bacteria were conducted in a similar fashion.
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Figure 31 - FTIR spectra of the nanofibrous membranes fabricated via variable timing
coaxial electrospinning technique developed here: (a) nanofibers comprising a PVA core and
a silica/PVA composite shell surrounding the core; (b) nanofibers comprising an E. coli-
containing PVA core and a silica/PVA composite shell surrounding the core.

5.3 Results and Discussion

5.3.1 Fabrication of silica-PV A-based core/shell encapsulating nanofibers

Silica is an excellent material for bioencapsulation because of its low cost, mechanical robustness,
manufacturability, thermal and pH stability, and chemical inertness 2%. Unlike most electrospun
fibers, especially those made of natural polymers such as gelatin or alginate, which are

mechanically fragile and rapidly dissolve in water, silica fibers can maintain their morphology in
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water during continuous use. Nevertheless, the silica fibers are yet quite brittle. Fabrication of silica
nanofibers via traditional electrospinning methods has previously been reported ''> 2%, For
example, tetraethyl orthosilicate (TEOS) has widely been used for fabricating pure silica or silica-
polymer nanofibers via sol-gel electrospinning 2! 122, However, the sol-gel process unavoidably
requires ethanol, which is not only released by the hydrolysis reaction but also is added to eliminate
phase separation and to accelerate hydrolysis. However, ethanol is known to negatively affect the
reactivity and the viability of the encapsulated bacteria. Therefore, to date there has been no report
of successful encapsulation of reactive bacteria in electrospun silica nanofibers. A mixture of TEOS
and aminopropyl triethoxysilane (APTES) °’ has also been used for forming silica nanofibers via

sol-gel electrospinning but the process still requires ethanol.

(a)
Reactants

Core/shell nanofiber . Porous

o silica + PVA shell

Figure 32 - (a) The nanofiber architecture comprised of a bacterium-containing water
soluble PVA core and a silica porous shell surrounding the core. SEM micrographs and
confocal microscopic images (insets) of the electrospun fibers with encapsulated E. coli
expressing GFP: (b) Experiment #3; (c) Experiment #19.
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In this communication, reactive membranes comprised of nanofibers made of silica and PVA were
produced using a novel coaxial electrospinning process. The uniqueness of the approach presented
here is that no extra ethanol needed to be added during the process, which maximized the
biocompatibility of the produced material while enabling continuous production. Furthermore, the
technology aims at encapsulation of intact bacteria, not purified enzymes. The advantage of
encapsulating bacteria over enzymes is that it is easier and more economical to grow and use
bacteria as the biodegradation agent since additional steps for enzyme purification are not required.
Furthermore, in intact cell encapsulation, the enzymes are better protected against swings in
temperature, pH and salinity since they reside in their native environment in the cytoplasm of the

cells.

Polyvinyl Alcohol (PVA) used in the formulation served multiple purposes; 1) PVA acted as a
thickener, helping to adjust the viscosity of the electrospinning solution, 2) enhanced
biocompatibility of the bioencapsulation solution by enveloping and protecting the bacteria the
geling silica precursors, 3) when mixed with the silica in the shell solution, decreased the brittleness
of the shell and increased its flexibility, 4) Increased the porosity of the shell, and 5) dissolved away
when the finished product was exposed to an aqueous solution, therefore increasing the

permeability of the membrane (Figure 32a).
5.3.2 Optimization of electrospinning parameters

The quality of the electrospun reactive membrane (represented by the overall response, y) is a
function of three parameters: cell loading density (represented by the response y1), defect formation
(represented by the response y2), and uniformity of the produced fiber diameters (represented by
the response y3). The value y was taken to be the average of y1, y2 and y3 and the lower the value
of y, the higher the quality of the produced reactive membrane. The value y for each formulation
was determined and is summarized in Table 7. It can be clearly seen that the overall response y
reached the minimum at Experimental condition 3, corresponding to the optimum design conditions
for manufacturing of the reactive membranes. On the contrary, the overall response y was the
highest at Experimental condition 19, indicating that the combination of the design parameters

resulted in a sub-standard membrane material.

Figure 32 shows the SEM micrographs of the reactive membranes that contain GFP expressing E.

coli encapsulated at conditions corresponding to Exp. 3 (Figure 32b) and Exp. 19 (Figure 32c). The
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inserts show the confocal microscopic images of the same samples. It can be clearly seen that more
cells were encapsulated in Exp. 3 compared to Exp. 19. This could be explained by rheological
analysis: The viscosity of the core solution used in Exp. 3 was approximately 4000 cP while it was
below 1000 cP in Exp. 19. The viscosity of the shell solution, identical in both cases, was measured
to be 4173 + 686 cP, a value very similar to the viscosity of the core solution in Exp. 3, but
significantly higher than that in Exp 19. Therefore, it was easier for the core at Exp. 3 to be entrained
by the shell solution and incorporated into the electrospun jet by the shear force generated at the
core-shell interface, thus enhancing the cell encapsulation efficiency. Although the average
diameter of the fibers fabricated at Exp. 19 was slightly smaller than that at Exp. 3, the membranes
fabricated at Exp. 19 were not considered to be superior than those fabricated at Exp. 3 since the
diffusional distance is independent of the fiber diameter when the fiber diameter is smaller than the
width of the bacteria. The diameters of the fibers in both samples were smaller than the width of an
E. coli cell (around 500 nm). Therefore, the thickness of the encapsulating shell produced in Exp.
19 should be similar to that of the encapsulating shell is Exp. 3, even though the average fiber
diameter in Exp. 19 was smaller. The substantial number of droplets observed in Exp. 19 results in
a lower quality of the manufactured membranes. In Exp. 19, the core solution flow rate was high
but the core solution was poorly entrained into the jet. Therefore, it is highly likely that the excess
core solution is drawn as a separate jet, which might be broken down into droplets by the electric

forces.
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Figure 33 - Three-dimensional response surface plots for the interaction effects
between: (a) core solution flow rate and core needle protrusion; (b) core solution flow
rate and core solution concentration; (c¢) core needle protrusion and core solution
concentration; (d) all three parameters.

The main effects of core solution flow rate, core needle protrusion and core solution concentration
on the overall response y were investigated. Figure 33a shows the surface plot as a function of the
core solution flow rate and the core needle protrusion distance when the core solution concentration
is kept constant at the medium level of 18% (w/v). The minimal response for y was observed when
the core solution flow rate and the core needle protrusion were low, indicating that a high quality
membrane could be manufactured by reducing both the core solution flow rate and the core needle
protrusion. Figure 33b shows the response surface as a function of the core solution flow rate and
the core solution concentration, with the core needle protrusion kept constant at the medium level
(0.4 mm). The response, y, in general decreased with increasing core solution concentration but the
core solution flow rate did not play a significant role, implying that for this specific protrusion
length, a higher core solution concentration would result in a higher quality membrane. Figure 33c
shows the response surface as a function of the core needle protrusion distance and the core solution
concentration, when the core solution flow rate was kept constant at the medium level (1.2 mL/h).
The minimum response for y was observed when core needle protrusion was at the low level while
the core solution concentration was at the high level, indicating that the quality of the membrane
could be increased by reducing the core needle protrusion and increasing the core solution

concentration. Figure 33d shows the response plot as a function of all three parameters and the plot
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clearly indicates that the minimum response of y (corresponding to the highest quality of the
membrane) could be achieved when the core solution flow rate and core needle protrusion were set
to low while the core solution concentration was set to high. Therefore, the optimum parameters
were chosen as: Core solution flow rate = 0.6 mL/h; core needle protrusion = 0.2 mm; and core
solution concentration = 28%(w/v) for the production of the membranes to be characterized and

analyzed in detail as described below.
5.3.3 Characterizations of the optimized reactive membranes

E. coli-containing nanofibrous membranes fabricated under the optimized conditions were
analyzed with FTIR spectroscopy. As shown in Figure 31, the silica/PVA matrix generated spectra
with prominent peaks between 3200 and 3500 cm-1 originating from the [1-OH vibrations, the
peaks between 2900 and 3000 cm-1 originating from the vibrations of the -CH2 groups, the peaks
around 1430 cm-1 due to the scissoring motion of CH2, and the peaks around 1380 cm-1 due to
the bending of CH2. Apart from the aforementioned common peaks, the FTIR spectrum for the £.
coli-containing nanofibrous membrane exhibited additional peaks including the peak at 1656 cm-
1 arising from the protein and water bending peaks generating the Amide I band and the peak at
1542 cm-1 due to the Amide II protein band. The amount of E. coli encapsulated in the electrospun
nanofibrous membranes was measured using the ratio of the intensity of the Amide II peak to the
intensity of the CH2 peak. In this analysis, the Amide II peak, instead of the Amide I peak, was
used because the Amide II peak does not include spectral contributions from water bending peak
located at 1650 cm-1 '2, Table 8 shows the correlation between the Amide II-to-CH2 ratio (m) and

the mass percentage of E. coli in fibers (n).

Table 8 - Relationship between the Amide II-to-CH; ratio (m) and the mass percentage
of E. coli (n).

Mass percentage of E. coli, n Amide ll-to-CHa ratio,
(% g/g) m
36 0.8405 + 0.0871
44 1.2659 + 0.1146
51 1.7051 + 0.1131

The relationship between m and n was determined to be:
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m=0.1549¢"%7"(5)

Using this equation, the mass ratio of the E. coli in the electrospun reactive membranes produced
at the optimum condition (Exp. 3) was determined as approximately 40% g cells / g matrix. This is

a very high level of loading that has not been reported elsewhere before.

SEM imaging was used to explore the ultrastructure of the core/shell nanofibers fabricated at the
optimized conditions (i.e., the conditions that minimized y). Figure 34a shows the electrospun
membrane comprising the core/shell nanofibers. When encapsulated, the bacteria were oriented
along the longitudinal direction of the nanofiber without experiencing a significant morphological
change due to encapsulation (Figure 34b). The surface of the nanofibers was smooth, indicating
homogeneous mixing of the PVA with the silica. The average diameter of the AtzA expressing E.
coli-containing nanofibers was 255 = 19 nm, which was similar to that of the GFP expressing E.
coli-containing nanofibers fabricated in Exp. 3 (263 = 17 nm). The core/shell morphology of the
nanofibers was confirmed by TEM imaging (Figure 34c), which showed that the thickness of the

porous silica shell was approximately 20 nm.
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59 nm

Figure 34 - (a) Core/shell nanofiber membrane produced by coaxial electrospinning with
the optimized conditions, (b) SEM micrograph of the core/shell nanofibers showing an
encapsulated E. coli (c) TEM image of the core/shell nanofibers showing the PVA core and a
silica/PV A composite shell surrounding the PVA core (portion between encapsulated bacteria
was selected).

5.3.4 Transformation of atrazine into hydroxyatrazine

Rietti-Shatti ef al. immobilized Pseudomonas ADP using Ca-alginate encapsulation technique and
found that the bacterium lost much of its atrazine degrading activity upon immobilization (50%
reduction in atrazine concentration before immobilization versus 8% reduction in atrazine
concentration after immobilization) '?*. Vancov et al. encapsulated Rhodococcus erythropolis cells
in alginate-based spherical beads and demonstrated the ability of the encapsulated cells to degrade
atrazine. However, with soft materials such as alginate, there is always the risk of releasing cells
into the environment. Therefore, alginate gels are impractical for field applications due to their
inferior mechanical properties, inability to stop cell leakage, and poor cell viability during storage
125 A very recent study reported encapsulation of Pseudomonas sp. ADP cells into core/shell
nanofibers for atrazine bioremediation *°. The cell suspension was mixed with a core solution of
polyethylene oxide dissolved in water, which was electrospun with a shell solution made of
polycaprolactone and polyethylene glycol dissolved in chloroform and dimethylformamide. The
atrazine degradation rate was reported as 0.0023 pmol / g of nanofibers / min following
bioencapsulation. Although atrazine degradation was restored to 0.039 pmol / g of nanofibers / min
by allowing the cells to grow in the nanofibers, the degradation rate of the encapsulated cells was
still an order of magnitude less than the free cells. It is probable that the organic solvents involved

in electrospinning had adverse effects on the enzymatic pathway for atrazine bioremediation.

In this study atrazine degradation activity of both free E. coli expressing AtzA and nanofiber
encapsulated E. coli expressing AtzA were assessed using HPLC analysis. In order to measure the
reaction rates and the bioremediation efficiency accurately, the measurements focused on

production of hydroxyatrazine in order to eliminate the bias due to adsorption of atrazine by silica
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51, Table 9 shows the quantities of atrazine degraded/adsorbed and hydroxyatrazine produced per
unit gram of E. coli (or per gram of nanofibers) per minute for free and encapsulated E. coli. In
both cases, the rate of atrazine degraded or adsorbed was comparable to that of hydroxyatrazine
produced, implying that adsorption of atrazine into the silica-based nanofibers was negligible. The
specific activity of the encapsulated E. coli was at the same order of magnitude as that of the free

E. coli, indicating that the optimized reactive membranes did not present significant diffusional

resistance.
Table 9 - Biotransformation of atrazine into hydroxyatrazine
Free E. coli Encapsulated E.
expressing AtzA coli expressing
AtzA
Mole of atrazine degraded or 0.64 0.24
adsorbed
(Mmol / g of E. coli/ min)
Mole of atrazine degraded or N/A 0.10
adsorbed
(umol / g of nanofibers / min)
Mole of hydroxyatrazine produced 0.61 0.23
(Mmol / g of E. coli / min)
Mole of hydroxyatrazine produced N/A 0.10
(umol / g of nanofibers / min)

We showed that we could achieve high degradation activity levels in electrospun reactive filters
that are comparable to free-cells. In a novel approach, a multilayer geometry was utilized and the
bacterium-containing core was enveloped in a porous shell produced in a continuous fashion. This
served the purpose of increasing the biocompatibility of the process, adding an extra layer of
separation between the bacteria and the environment (to further protect against accidental release)
and also enhanced the encapsulation efficiency while minimizing the diffusion length. This scalable
technology can be used to manufacture bioreactive filters that can biodegrade chemicals at large
throughput levels, replacing the traditional size exclusion-based filtration systems. This opens new

avenues in industrial scale bioremediation of contaminated waters.
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5.4 Conclusion

Reactive membranes comprising electrospun nanofibers composed of a PVA core that encapsulate
reactive E. coli and a silica/PVA composite shell surrounding this core were fabricated by a novel
coaxial electrospinning method. Using this method, a very high loading efficiency of up to 40 grams
of E. coli in 100 grams of matrix material could be reached. The atrazine biodegradation rate
achieved by the reactive membranes produced by this method was quite high at 0.24 pmol / g of E.
coli / min, which is approximately 40% that of the free bacteria (0.64 pmol / g of E. coli / min).
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Chapter 6: Silica gel co-encapsulation for synergistic bacterial
biotransformation®

6.1 Introduction

Bacteria are used for chemical biotransformation (e.g. biosynthesis, biocatalysis, biodegradation,
etc.) reactions at a commercial scale '*'2°, Applications of microbial biotransformation reactions
extend to various sectors of the economy, including: renewable energy '*, healthcare '*!,
agriculture '*2, and environmental remediation '**. Traditionally, biotechnological processes have
used pure cultures of specialized naturally-occurring or recombinant expression microorganisms.
More recently, applications of mixed bacterial populations are being developed for commercial
use, drawing on the ability of microbial consortia to perform a larger variety of more complicated
tasks '**. A major challenge in utilizing mixed bacterial species is to achieve population stability

and control in an unstructured co-culture environment 3% 136

, where species compete for resources
leading to an unbalanced, suboptimal population ratio. These issues reduce the efficacy of the

system, and can lead to complete process cessation if one of the species is eradicated.

Silica gel encapsulation is a simple and feasible method for utilizing synergistic bacteria for
chemical biotransformation. Bioencapsulation (i.e. physical entrapment of whole-cells in a porous
3D matrix) enables precise control of individual bacterial populations by entrapping the bacteria in
a restricted volume. Thus, populations of individual species in the matrix can be optimized to
maximize the biotransformation efficiency. This method also facilitates transport of the substrates,
since co-encapsulated bacteria are located within micron-scale proximity of each other in the
matrix. Silica is a highly porous, mechanically strong and thermally/chemically stable material that
can be synthesized via a cytocompatible sol-gel process using silicon alkoxides. Aqueous silica
precursors such as silica nanoparticles (SNPs) and sodium silicate can also be incorporated into the
gel, further improving its cytocompatibility -5, For biotransformation applications, silica gel also
provides a robust mechanical structure, making the technology easier to integrate into existing
chemical and physical process systems. Its optical transparency makes it an ideal candidate for
encapsulation of phototrophs, as previously demonstrated '*7. As a result, silica gel encapsulation

of cells (eukaryotes and prokaryotes) has been studied, as summarized in these review articles '
21

5 This chapter is part of a publication that is currently in preparation.
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In this study, two different bacterial species: Synechococcus elongatus PCC 7942 (PCC 7942) and
Pseudomonas sp. NCIB 9816 (NCIB 9816) were used for synergistic biotransformation. NCIB
9816 is a highly useful and extensively studied microorganism, which can aerobically transform
over 100 aromatic hydrocarbons '*%. Aromatic hydrocarbons are an important subset of major
industrial feedstock chemicals, which are oxidized to higher value products (e.g. phenols,
benzoates, phthalates, quinones, hydroquinones, dyes, etc.). However, high oxygenation demand
of biotransformation reactions makes them less economically feasible than chemical synthesis
methods, despite their higher conversion efficiency. Some aromatic hydrocarbons, particularly
those with polycyclic rings, are also prominent carcinogens and EPA priority pollutants '*°.
Therefore, biotransformation reactions catalyzed by NCIB 9816 are also important for water

bioremediation applications 4

. In water bioremediation, mechanical aeration systems are
commonly used to provide the necessary oxygen for the biotransformation reactions. However,
these systems come with a high monetary and energy cost, which can account for more than 50%
of the overall energy consumption of the treatment process '#!. PCC 7942 is a cyanobacterium
which can provide oxygen via photosynthetic oxygen evolution reactions, as an alternative to
mechanical aeration systems. Photosynthetic oxygenation has been investigated in unstructured or
partially structured environments, but these studies suffered from low biotransformation

efficiencies due to lack of stabilization of the bacterial populations 4144,

We developed a silica gel co-encapsulation matrix for NCIB 9816 and PCC 7942, for synergistic
biotransformation of naphthalene (a model hydrocarbon) into CO; (Figure 35a). This was a self-
sustained biotransformation system, which operated without external aeration. The proposed co-
encapsulation system was designed such that NCIB 9816 and PCC 7942 preserved their
biotransformation/oxygen generation activity after encapsulation, while the material exhibited high
mechanical strength and optical transparency. Various silica gel compositions were tested, and an
optimal silica gel matrix was selected for co-encapsulation of both bacterial species. In a silica gel
cell encapsulation system, cells constitute the major proportion of the overall cost. Thus,
encapsulated cell densities needed to be optimized to maximize the biotransformation efficiency.
Light attenuation (due to absorption and scattering effects of the encapsulating gel and the cells
within) in the silica gel matrix was modeled, and experimentally verified by oxygen generation
rates of the encapsulated PCC 7942 at various cell densities. This model revealed a critical cell
density parameter, which maximized the oxygen generation rate of encapsulated PCC 7942. Based

on this rate, density of NCIB 9816 was optimized and the biotransformation performance of the
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system was experimentally measured. The developed co-encapsulation system was able to sustain
biotransformation reactions after the oxygen was depleted. Furthermore, it was shown that
photosynthetic oxygenation via co-encapsulated PCC 7942 was a more efficient method for
providing oxygen than aeration through the headspace. We proposed that this was due to facilitated
oxygen transport between the co-encapsulated bacteria in the gel. Confocal microscopy images
verified that the cells were homogeneously distributed in the gel, and were within micron-scale
proximity of each other. To the best of our knowledge, our study is the first to report co-
encapsulation of different bacterial species in a non-proliferative matrix (silica) that demonstrates

synergistic biotransformation.
6.2 Experimental

Materials

Reagent grade tetraethyl orthosilicate (TEOS, 98%) and Ludox HS-40/TM-40 colloidal silica
nanoparticles (SNP) were purchased from Sigma-Aldrich (Sigma-Aldrich Corp. St. Louis, MO,
USA.). NexSil 85-40/125-40 silica nanoparticles were purchased from Nyacol (Nyacol Nano
Technologies Inc., Ashland, MA, USA). All chemicals were used without further purification.
Ultrapure water (UPW) was used in all the experiments, which was prepared by filtering distilled
water through a Milli-Q water purification system (Millipore, Billerica, MA, USA) to a final

electrical resistance of > 18.2 MQ/cm.

Bacterial strains and growth conditions

Synechococcus elongatus PCC 7942 was obtained from the Pasteur Culture Collection of
Cyanobacteria, France. S. elongatus PCC 7942 was grown at 28 °C in BG-11 medium '* and was
contiguously bubbled with air. The cultures were incubated at light intensity of 50 &+ 4 umol photons
m-2 s-1. Cell growth was monitored by measuring OD730 on a Beckman DU 640
spectrophotometer (Beckman Coulter, Fullerton, CA). When the culture reached OD730 of 0.8, it
was harvested by centrifugation at 8,000 rpm for 20 min at 22 °C. Cultures of Pseudomonas sp.
NCIB 9816-4 were grown on Luria Broth (LB) at 30°C for about 8 h and used to inoculate minimal
salts buffer (MSB) at OD600 of 0.01. MSB was prepared following previously discussed methods
146 with the following substitutions (Hutner's Metals): 318 mg of Na2EDTA - 2H20, 24 mg of
CoS0O4 - TH20, 17.7 mg of Na2B40O7 - 10H20. The MSB was supplemented with 1 g naphthalene
per 300 mL media. Cultures were grown in 2 L. shake flasks (at 230 rpm) for 18 h at 25°C with
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vigorous aeration. Cultures that reached a final OD600 of 1.5-2.5 were filtered through glass wool
to remove any naphthalene crystals remaining in the solution prior to harvest. Cells were harvested
by centrifugation at 5,000g for 10 min. All cells were re-suspended at approximately 0.5 g wet
mass/mL in phosphate buffered saline (PBS) for encapsulation. The OD730 of the cell suspensions
were 1.2 after a 100-fold dilution.

Silica gel synthesis and encapsulation of bacteria

Tetraethyl orthosilicate (TEOS) was hydrolyzed by stirring 2 h at a 1:5.3:0.0013 molar ratio of
TEOS:water:HCI. The pH of the SNPs was adjusted to 7.4 by adding 1M hydrochloric acid. After
pH adjustment, PBS was added to further stabilize the pH of the SNPs and improve overall
cytocompatibility of the solution. Bacteria suspension was added to SNP/PBS solution, and
hydrolyzed TEOS was added to the SNP/PBS/bacteria solution by pipetting a few times to obtain
a homogeneous sample. The final product was placed in glass vials or 96-well plates (depending
upon the experiment) for gelation. Final volume of the gels consisted of 40% of silica precursors
(TEOS + SNP) and 60% of (PBS + Bacteria suspension). Gels were named based on the volumetric
ratio of TEOS to SNP in the gel formulation. For instance, SNP-3:1 gel with 10% [v/v] cells had
300 uL of SNP, 100 uL of hydrolyzed Si alkoxide, 100 uL of cell suspension and 500 uL of PBS
per mL of gel.

Mechanical property measurement

Gels were synthesized in cylindrical molds (diameter = 12.5 mm, height = 12.5 mm). After
gelation, samples were removed from the molds and placed briefly into PBS to keep them hydrated
until testing. The samples were tested by axial compression until failure at a loading rate of 1
mm/min using an MTS QT 10 mechanical testing machine (MTS Systems, Eden Prairie, MN). The
stress at failure was reported as is, and elastic modulus was calculated from the linear-elastic region

of the stress—strain curve using Matlab (Mathworks, Inc., Natick, MA).

Oxygen generation/consumption and biotransformation rate measurement

Oxygen generation and consumption rates of the silica gel encapsulated bacteria were measured
by using an Oxygraph Oxytherm System (Hansatech Instruments Ltd., United Kingdom). Silica
gels were made into cylindrical 200 pL test pieces by mixing the reagents and bacteria suspension
in a 96-well plate. After gelation, a thin copper wire was used to extract the test pieces and suspend

them in the reaction chamber during measurement. For oxygen production measurements with
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cyanobacteria containing gels, 3 mL of PBS was added to the chamber and the LED was turned on
to provide light to the cyanobacteria. For oxygen consumption measurements with NCIB 9816

containing gels, 3 mL solution of PBS saturated with naphthalene was added to the chamber.

For biotransformation rate measurements, NCIB 9816 and PCC 7942 were mixed gently via
vortexing prior to encapsulation. Silica gels with co-encapsulated cells were synthesized (500 pL
volume) in septa sealed, glass vials. After gelation, 9 mL of saturated naphthalene + BG11 solution
was added on top of the gel, ensuring that the vial was completely filled before sealing (except for
the samples with additional 4 mL of headspace). Then, the samples were placed on a shaker setup

and naphthalene concentrations in the solution were measured intermittently, as described in 47,

Confocal imaging of co-encapsulated cells

NCIB 9816 were incubated with BODIPY R6G fluorescent dye (ThermoFisher Scientific, MA,
USA) before encapsulation. PCC 7942 were encapsulated without addition of a fluorescent dye
because of their auto-fluorescence. Samples were prepared by pipetting 20 pL gel volume on a
glass slide and were sealed using an adhesive spacer and a cover slip. Confocal images were taken
using a Nikon A1Rsi inverted confocal microscope (Nikon Instruments Inc., Melville, NY), using

a 488 nm laser.

6.3 Results and Discussion

6.3.1 Material design and characterization

Silica gels were synthesized using two different precursors: Tetraethyl orthosilicate (Si
alkoxide) and aqueous silica nanoparticles (SNPs). The ratio of these two precursors, and the
diameter of the SNPs were adjusted to modify the mechanical and optical properties of the gels.
Optical properties of the gels exhibited a strong correlation with the diameter of the SNPs used.
Gels made with HS40 (12 nm) and TM40 (22 nm) SNPs were visibly transparent, while NS85-40
(55 nm) and NS125-40 (85 nm) gels were white and opaque, independent of SNP to Si alkoxide
ratio tested. Since optical transparency is crucial for efficient oxygen generation, NS85-40 and
NS125-40 gels were not further investigated. Visibly transparent gels synthesized with HS40 and
TM40 SNPs were further characterized using UV-Vis spectrophotometry (Figure 35b). 680 nm was
selected as a representative wavelength based on the light absorption of Photosystem II (where
oxygen evolving complex is located in cyanobacteria) being maximum. Nonetheless, in the entirety
of the visible spectrum, light transmittance of the gels synthesized with smaller (HS40) SNPs was
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higher than that of gels synthesized with larger (TM40) SNPs (data not shown). It can be seen that
transmittance of the TM40 gels decreased gradually as SNP to Si alkoxide ratio increased, but
HS40 gels were unaffected (Figure 35b). It is proposed that this is due to formation of silica
aggregates by the Si alkoxide during gel formation, as previously reported . These aggregates are
smaller than the TM40 SNPs but comparable in size to the HS40 SNPs, thus they do not affect the
optical properties of the HS40 gels.

The gel with the best mechanical properties (HS40-1:1) had an elastic modulus of 8.79 + 0.72
MPa and a stress at failure of 380 + 34 kPa (Figure 35c-d). HS40 gels had higher mechanical
properties as compared to the TM40 gels, for all the SNP to Si alkoxide ratios tested, which is due
to the higher crosslinking density of the smaller nanoparticles. HS40 gels were also superior to
TM40 gels in terms of optical transparency, thus TM40 gels were not further investigated.
Mechanical properties (elastic modulus and stress at failure) of the gels declined as the SNP to Si
alkoxide ratio of the matrix increased. This is in accordance with previously reported results that
increasing Si alkoxide content of the gel improves its mechanical properties, albeit reducing the
viability of the encapsulated biocatalytic bacteria . In that system the encapsulated bacteria were
recombinant Escherichia coli overexpressing a catalytic enzyme, and cell viability was not
essential. However, in this system both NCIB 9816 and PCC 7942 cells must be in a viable state to
carry out biotransformation and photosynthesis, respectively. Thus, we proceeded with measuring

their post-encapsulation biological activity with respect to the SNP to Si alkoxide ratio of the gel.

Activity of encapsulated PCC 7942 was evaluated by measuring their oxygen generation rate.
The rate increased significantly when the SNP to Si alkoxide ratio increased from 1:1 to 3:1, and
plateaued around 4.4 £+ 0.1 nmoles/min (Figure 35e). Conversely, activity of the silica gel
encapsulated NCIB 9816 strain was evaluated by measuring oxygen uptake coupled to
biotransformation of a saturated naphthalene solution. The naphthalene-dependent oxygen
consumption rate of encapsulated NCIB 9816 increased significantly from 1:1 to 3:1, and a
maximum of 45.3 + 6.6 nmoles/min was achieved at 5:1 ratio (Figure 35¢). These results verified
that a compromise was necessary between the cytocompatibility and superior mechanical properties
of the gel. HS40-3:1 gels had very small loss in oxygen generation (with PCC 7942) and
biotransformation (with NCIB 9816) activity, while maintaining better mechanical properties as
compared to the other cytocompatible (5:1 and 7:1) gels. Therefore, HS40-3:1 gels were selected

as the optimal gel for modeling and optimization purposes.
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6.3.2 Modeling of oxygen generation by silica gel encapsulated PCC 7942

Modeling was performed to obtain an analytical expression for the oxygen generation rate of
silica gel encapsulated PCC 7942, as a function of cell density (pc) and the light intensity (I) profile
in the gel. Light intensity profile in the gel is non-uniform, as both the silica gel and bacteria
contribute to light attenuation (At) via absorption and scattering effects. Thus, the oxygen
generation rate is both implicitly and explicitly (via attenuation) correlated with encapsulated cell
density. Light attenuation in photobioreactors (where bacteria are freely suspended in media) has

been extensively studied 43, and typically modeled by the Beer-Lambert law:
At(pc,x) = C1 pcx (1a)

where attenuation coefficient C1 represents cells’ contribution to light attenuation, p. is the cell
density (of PCC 7942), and x is the distance that the light travels in the cell suspension. This model

can be modified for silica gel encapsulated cells as follows:
At(pc,x) = (€ pc + Co)x (1b)

where attenuation coefficient Co represents silica gel’s contribution to light attenuation, and x
is the distance from the gel surface. Based on this model, it was hypothesized that when the cell
density (p.) is sufficiently high, cells that are farther from the light source receive very low intensity
light and do not measurably contribute to the oxygen generation. Thus, the net oxygen generation

rate of the encapsulated cells is expected to saturate beyond a specific p. value.

93



Silica gel matrix

-
- Synechococcus elongatus PCC 7942 «® Oxygen m* Naphthalene
) Pseudomonas sp. NCIB 9816-4 o« Carbon dioxide
b) 80 = HS40 gels C) 450 - = HS40 gels
70 u TM40 gels 400 = TM40 gels
% 80 | 5 350
300
o 50 =
3 i g 250 A
b4 & 200 -
g - % 150
w
K £ 100
g 10 @ 50
F oo 04
11 31 51 [ 11 31 5:1 71
d) Nanoparticle/Si alkoxide ratio [viv] E) MNanoparticle/Si alkoxide ratio [viv]
10 - = HS40 gels mPCC 7942 (synthesis) R
61 “mwoges  E 4‘;’ u NCIB 98164 (degradation) (% £
— 8 X 3 L50 &
g 7 3 g
£ g3 a0 E
a 6 = 3 ©
- [} -
ER b i
D : 5
E .2 -
= 34 B g
8 2 2 2
w - [ e
. | | 5 ;
o ~
8 , __ o ™ S
14 31 51 71 1:1 3:1 51 71
Nanoparticle/Si alkoxide ratio [viv] Nanoparticle (HS40)/Si alkoxide ratio [v/v]

Figure 35 - Silica gel matrix characterization based on optical and mechanical
properties of the material, and post-encapsulation activity of PCC 7942 and NCIB
9816. Four different nanoparticle to Si alkoxide ratios and two different nanoparticle
sizes (HS40 — 12nm, TM40 - 22 nm) were tested. a) Schematic of the
biotransformation system illustrating the silica gel encapsulated bacteria, and the
transport of substrates between cells b) Optical transmittance of the gels at 680 nm
and 1 cm path length, ¢) Stress at failure, d) Elastic modulus, e) Oxygen generation
rate of encapsulated PCC 7942 (in PBS) and oxygen consumption rate of encapsulated
NCIB 9816 during biotransformation (in saturated naphthalene solution) (All error
bars indicate standard deviation, n > 3).
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To verify this hypothesis, coefficients of equation (1b) were experimentally determined by
measuring light transmittance through silica gel encapsulated PCC 7942 at different cell densities,
as well as free PCC 7942 in suspension (Figure 36a). It can be observed that the light attenuation
through free and encapsulated cells are very similar, indicating that the optical transparency of the
designed gel is sufficiently high and major contribution to light attenuation in the gel is due to the
cells. Coefficients of equation (1b) were evaluated as C1 = 116.42 [mL/(mL cells-cm)] and Co =
0.089 [1/cm] for encapsulated cells in HS40-3:1 gel, by fitting equation (1b) to the experimental
data using least-squares regression. Using equation (1b), the light intensity (I) at a distance x from

the gel surface for encapsulated PCC 7942 was determined as:

I(,DC; X)
Iy

= T(pc,x) = exp(=At) = exp(=(C; pc + Co)x) (2)

Note that 10 is the light intensity on gel surface (which depends on the light source) and does
not depend on p. or x. Since the lighting configuration was consistent throughout the experiments,

light transmittance profile (T) was used as the measure of light intensity in the gel instead.

An oxygen generation model was developed based on equation (2), for two different geometries
based on the path of light being through: (Case I) a uniform cross-section box volume, (Case II) a
non-uniform cross-section cylindrical volume, as shown in Figure 36b. For these two cases, the

differential volumes were defined as:
dV = A dx (Case I)
dV = R cos(6) h dx d@ (Case II)

where A is the cross-sectional area of the box volume (Case I), R is the radius and h is the
height of the cylindrical volume (Case II). The oxygen generation rate of cyanobacteria is known
to be linearly correlated with light intensity, up to a saturation limit where photo-inhibition effects
start damaging the oxygen evolution complex 8, The encapsulation system was designed for
operation below the saturation limit, so the net oxygen generation rate in the differential volume

can be defined as:

dq = (kgeanT(pCrx) = kconpc)dV (3)
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All the parameters used in the model are summarized in Table 10. The total net oxygen

generation rate can be obtained by integrating the differential rate over the whole volume:

x=L
Q= f (kgeanT(p: x) — kconpc)A dx (Case I)(4a)
x=0

) 6=m/2 rx=2Rcos(6)

Q= ZJ J (kgenpcT(pP,x) — kconpc)R cos(8) h dx d (Case I1)(4b)
6=0 x=0

Taking equation (4a-b)’s derivative with respect to p. and finding its root reveals a critical cell

density (per) parameter, which yields a local extremum of the net oxygen generation rate. For the

simple case of free cells in suspension and a box volume, pe is evaluated using equation (4a) as

follows:
CipcV
 Alkgen — exp(— =155
Q= C — keonpcV
1
Taking partial derivative with respect to p. and solving for % =0:
c
a0 CipcV
% = —koonV + exp (— 1Pe )kgenv (5a)
ain(Kam) (o)
p — kCOTl _ kCOTl (5b)
cr —

C,V Gl

It is trivial to perform a second derivative test using equation (5a) to show that p. yields a local
maximum for Q. This result is consistent with our hypothesis that there is a critical cell density that
maximizes the net oxygen generation rate. Equation (5b) shows that p, is inversely proportional to
the attenuation coefficient (C1) and path length of the light (L). This means that more transparent
and thinner (small C1 and L) materials have a larger pe, as expected. We propose that calculating
per during preliminary design stage of a biotransformation system is beneficial, since it yields an
upper limit for the net oxygen generation rate of the system. If this limit is below the performance
criterion, the system is considered to be unfeasible. While an analytical solution may not always be
attainable for p.r, it can still be numerically solved for more complicated cases (e.g. encapsulated

cells in a cylindrical volume).
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The modeling results were experimentally verified (See Table 11 for experimental parameters)
using an oxygen electrode as shown in Figure 36¢. Cell density (p.) of the silica gel encapsulated
PCC 7942 sample was varied from 1% to 30% [v/v] to determine how p. affected oxygen generation
rate of the gel. The net oxygen generation rate of the gel sample increased with an increasing
amount of p. up to a point, then slightly decreased (Figure 36d). The maximum oxygen generation
rate of 3.7 = 0.7 nmoles/min was achieved at p. = 20% [v/v]. Base oxygen consumption rate
constant of PCC 7942 (Kcon) was measured in the absence of light (to eliminate oxygen generation)
as 22.1 £ 1.7 nmoles/(min.mL-cells). Incorporating Kcon and other known experimental parameters
for encapsulated cells into (4b), Kgen was evaluated by performing least-squares regression with the
experimental data. This yielded a Kgen value of 1228.6 nmoles/(min.mL-cells) and a fit as shown
in Figure 36d (blue). Then, finding local maximum of (4b) yielded a pcr of 7.82% [v/v]. In (3), it is
assumed that a differential volume receives only the transmitted light that passes through the cell
volume, which is closer to the light source. However, it was shown in the literature that cells also
receive some back-scattered light, which can also contribute to photosynthesis '¥. We addressed
this issue by modifying the attenuation function with a coefficient CS, to account for the back-
scattered light as follows:

At(p,x) = (6)

—(C1 pc + Co) X
C.

Then, we re-evaluated Kgen using (4b). This yielded a Kgen value of 721.74 nmoles/(min.mL-
cells), and a Cs value of 1.88 and a fit as shown in Figure 36d (red). Finding local maximum of
(4b) yielded a per of 12.1% [v/v]. It is evident that the second model (which includes back-scattering
effects) fit the data and captured the location of p. significantly better. This result suggests that the
model underestimates the available light to a differential cell volume if it only accounts for the
transmitted light and does not include the back-scattered light. This second model was then used to

optimize the co-encapsulated cell densities for synergistic biotransformation study.
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Figure 36 - Modeling the oxygen generation rate of the silica gel encapsulated PCC
7942. Light attenuation in the matrix by the silica gel material and encapsulated cells
was characterized using UV-Vis spectroscopy. Modeling results were experimentally
verified by measuring oxygen generation rate of encapsulated cells with varying cell
density. a) Light attenuation in freely suspended in PBS (red) and silica gel
encapsulated cells (blue), b) Model schematic illustrating the light attenuation in two
different gel geometries with encapsulated cells, ¢) Experiment setup (Oxygraph)
used for oxygen generation or consumption rate measurements with encapsulated
cells, d) Experimental measurements of oxygen generation rate of silica gel
encapsulated PCC 7942 (black diamonds), and model results with (red curve) and
without (blue curve) light back-scattering effects (All error bars indicate standard
deviation, n > 3).
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6.3.3 Optimization of the co-encapsulation matrix

We initially hypothesized that oxygenation via co-encapsulated cyanobacterial cells (PCC
7942) is not only a sufficient, but also a more efficient way to provide oxygen for the
biotransformation reactions. In mechanical aeration systems, oxygen needs to partition into water,
diffuse in the bulk liquid, get into the encapsulation matrix and reach the biotransforming bacteria.
We proposed that co-encapsulation with PCC 7942 enables oxygen generation in close vicinity of
the biotransforming bacteria, eliminating this transport barrier. In order to illustrate the proximity
of co-encapsulated cells in the gel matrix, confocal microscopy images were taken at two different
ratios of PCC 7942 and NCIB 9816 (10%:10% [v/v] and 10%:1% [v/v]) (Figure 37a). These images
show that after encapsulation, the bacterial cells were well distributed in the gel, and positioned
within a few microns of each other. This result is due to rigorous mixing of the bacterial species

prior to encapsulation, which is important for obtaining a homogeneous distribution.

The goal of the optimization study was to maximize the biotransformation of naphthalene to
CO2 using the silica gel co-encapsulation system (PCC 7942 and NCIB 9816). Modeling (in the
previous section) showed that maximum oxygen generation rate was achieved at a critical PCC
7942 cell density: p. = per. In the case of a co-encapsulation system, bacterial species other than
PCC 7942 also contribute to the light attenuation. Thus, the model developed in the previous section
had to be modified to incorporate the cell density of NCIB 9816 (pn). For simplicity, we assumed
that both species have the same light attenuation characteristics based on their similar size and
shape, as observed by confocal microscopy. Thus, p. term in equation (6) was replaced by the total
cell density pr, and then the total net oxygen generation rate for box and cylindrical volume cases

were obtained by inserting into equation (4a-b):

—(Cypr + CO)x)

x=L
Q= f (kgeanEXp< Cs —kconpc _kdegpN)A dx (7a)
x=0 —_—

11 11

. 6=m/2 rx=2Rcos(6) —(C p +C )
Q= Zf J- (kgenpcexp (# X> —kconPc _kdegpN)R 605(9) h dx df (7b)
0 —_— T

C
= = S
0 x=0 Il 11

I

In equation (7a-b), (I), (II) and (III) represent the oxygen generation by PCC 7942, oxygen
consumption by PCC 7942, and oxygen consumption during aerobic transformation by the NCIB

9816, respectively. We proposed that this system should be designed to have neither oxygen surplus
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(i.e. wasting oxygen that could be used for biotransformation) nor oxygen deficit (i.e. increasing
the light attenuation in the gel and cost of the system by encapsulating more NCIB 9816 which
cannot contribute to biotransformation). This design requirement was satisfied by solving equation
(7a) for Q = 0 (see Table 11 for experimental parameters), which yielded a non-linear p. vs. pn
curve (Figure 37b). It can be seen that p. increased with increasing pn, up to p, = 0.4% [v/v] where
a per value of 40% [v/v] was reached. If p, is increased beyond this critical point, additional PCC

7942 cannot provide more oxygen for the biotransformation reactions, yielding an oxygen deficit

(Q <0).

It is clear that in order to maximize the biotransformation rate of the system (which was the set
optimization goal), the density of PCC 7942 should be set to p.r, and the density of NCIB 9816
should be the corresponding p, value which yields Q = 0. It should be noted that the optimal
solution is not the most cost-effective point to operate the system, due to non-linearity of the Q =
0 curve. Thus, decreasing p. and p, respectively (i.e. moving left on the Q = 0 curve) would
increase the cost-effectiveness of the system. However, this also reduces the biotransformation rate,

which may not satisfy the performance requirements.

Based on the experimental parameters selected (See Table 11), the optimal volumetric ratio of
NCIB 9816 to PCC 7942 were approximately 1/100 = 0.01. We propose that the efficiency of
oxygenation can be calculated by considering a hypothetical case with no light attenuation in the
gel (either by the gel or cells), where all the PCC 7942 generate oxygen at the maximum rate (Kgen).
In such a case, the NCIB 9816 to PCC 7942 cell ratio would be equal to Kgen/Kdeg = 721.74/18000
= 0.04. Since 0.04 is the highest that this ratio can be, an efficiency factor (similar to the
effectiveness factor in heterogeneous catalysts where the rate is governed by the coupled
diffusion/reaction phenomenon) can be calculated as: 1 = 0.01/0.04 = 25%. This result means that
if the cells were co-encapsulated in an extremely thin gel with a single cell layer, one fourth of the
encapsulated PCC 7942 would be sufficient to supply the same amount of oxygen. In our
experiment setup, the strong hydrophilic interactions between the gel and the glass surface made it
difficult to obtain a very thin gel with uniform thickness. Thus, experimental parameters were kept

constant despite the low efficiency factor.

Naphthalene biotransformation experiments with silica gel co-encapsulated cells were
conducted as shown in Figure 37c. Four cases were tested: I) No cells: Silica gel without cells, II)

NCIB 9816: Silica gel encapsulated NCIB 9816, III) NCIB 9816 with air: Silica gel encapsulated
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NCIB 9816 with additional headspace which provides additional oxygen for biotransformation
reactions and IV) NCIB 9816 with PCC 7942: Silica gel co-encapsulated NCIB 9816 and PCC
7942. Based on oxygen consumption experiments of a scaled-down system (data not shown), the
point where the dissolved oxygen concentration in the solution was expected to be depleted was
approximately 4 hours. Thus, the time points were selected as 4 and 24 hours for the naphthalene
biotransformation experiment. In Case I, naphthalene concentration decreased only slightly over
24 hours (Figure 37d), verifying that the disappearance of naphthalene due to effects other than
biotransformation was minimal. For cases II, III and IV, naphthalene concentrations were
comparable after 4 hours at 52.3 = 4.1%, 49.8 £ 10.9% and 43.9 + 7.6% respectively. These values
indicated that when a sufficient amount of dissolved oxygen was present in the solution, oxygen
generation by encapsulated cyanobacteria did not make a difference. At 24 hours, the naphthalene
concentrations in cases II and III were still comparable, whereas the naphthalene concentration for
case IV was measured as 16.3 + 2.3%, which was significantly lower than cases II and III. This
indicated that dissolved oxygen was depleted in solution sometime between 4 and 24 hours, and
after the depletion of dissolved oxygen, PCC 7942 provided oxygen to further drive the

biotransformation reactions.

Experimental results also verified that oxygenation via co-encapsulated PCC 7942 (Case 1V)
was more efficient than providing oxygen via diffusion from a headspace (Case III). It is possible
that an aeration system which provides air directly into the solution (e.g. bubbling) could perform
better than Case III, since it eliminates the partitioning limitation of oxygen from air to solution.
However, this condition was not tested since naphthalene is a very volatile chemical and ensuring
that it would stay in the solution in an open system was not feasible. In our experiment,
approximately 60% to 70% of the naphthalene was transformed with the amount of dissolved
oxygen in water (Case I, Figure 37d). Dissolved oxygen in water at room temperature (260 pM)
can be utilized to transform approximately 15% of a saturated (246 uM) naphthalene solution into
CO2 (based on 7.5 moles of Oz per mole of naphthalene as previously reported '47). This suggests
that some partial transformation of naphthalene to intermediate species occurred without complete

transformation.

Densities of PCC 7942 and NCIB 9816 were optimized based on their activity immediately
after encapsulation, thus the biotransformation activity of the system was measured in a short time
period (24 hours). It is known that the activity of encapsulated bacteria can vary over time, even

when the cells’ growth in the encapsulation matrix is restricted 2. In addition, in our particular case
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a long term mutualistic relationship is expected to form between PCC 7942 and NCIB 9816, since
CO:2 is essential for carbon fixation by PCC 7942. Thus, oxygen generation by PCC 7942 will be
regulated by the biotransformation rate of NCIB 9816, and vice versa. While the long-term
optimization problem was not explored in this study, a method to address this issue would be to
encapsulate different species separately, measure their activity over time, and optimize the co-
encapsulated cell densities based on the time average of individual species’ activity. However, this
method cannot account for any mutualistic relationship between the co-encapsulated species, as

previously discussed.
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6.4 Conclusion

In this study we demonstrated that silica gel co-encapsulation of different bacterial species is a
feasible method for synergistic biotransformation. This technology has various immediate
applications in chemical synthesis and environmental remediation, but could also be used for
biosensing. The potential to use silica gel encapsulated bacteria as biosensors is reported in the
literature '** 11 and co-encapsulation of multiple species can amplify this potential. We expect that
co-encapsulated species could either act as a supporting organism to the prime sensory species, or
work successively to biotransform a sensory input (e.g. chemical) into a signal (e.g. light). This
technology could also be utilized as a platform to study fundamental microbial behavior. It has
been long known that bacteria can act as a community via quorum sensing, and more recently
interspecies quorum sensing was reported '32. Co-encapsulation could provide a unique method to
study this communication by enabling precise adjustment of bacterial communities’ volume and

proximity.
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Figure 37 - Synergistic biotransformation by silica gel co-encapsulated NCIB 9816
and PCC 7942. a) Confocal images of silica gel co-encapsulated PCC 7942 (red) and
NCIB 9816 (green) cells. Both species are homogeneously distributed in the silica gel
matrix and positioned in micron-scale proximity. b) Cell densities of PCC 7942 (p.)
and NCIB 9816 (p.) optimized for the experimental setup of the biotransformation
experiment. Q = 0 curve indicates the optimal operation conditions where the system
has neither an oxygen deficit or surplus. The maximum biotransformation rate is
achieved at p. = p. and corresponding p, on the Q = 0 curve c¢) Schematic of the
experiment setup used for biotransformation of naphthalene. Four cases were tested:
I) No cells (Negative control), II) NCIB 9816 (Oxygen is limited to the dissolved
oxygen in solution) , IIT) NCIB 9816 with headspace (Additional oxygen is provided
via the air in the headspace), IV) NCIB 9816 with PCC 7942 (Additional oxygen is
provided by the co-encapsulated PCC 7942) d) Results of the naphthalene
biotransformation experiment. NCIB 9816 with co-encapsulated PCC 7942 achieved
the highest biotransformation ratio (All error bars indicate standard deviation, n =
3).
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Table 10 — Oxygen generation rate model parameters

Symbol | Definition Value Units Notes

Kgen O generation rate | 721.74 nmoles/ Evaluated by
constant per unit ] fitting
volume of PCC (min-mL cells) experimental
7942 per s at data into the
100% light developed
intensity model

Kcon O consumption 22.1+£1.7 nmoles/ Experimentally
rate constant per ] measured via
unit volume of (min-mL cells) Oxygraph
PCC 7942 per s

Kdeg O consumption ~18,000 nmoles/ Adapted from
rate constant . Sakkos et al. '’
during (min-mL cells)
naphthalene
transformation per
unit volume of
NCIB 9816 per s

PT, Pes Cell density (T: Varies mL cells/ Pe, pn: Known
Total, C: PCC

P 7942, N: NCIB (mL (gel) volume) | pT=pc + pa
9816) Y [vIv] *

Co, C1, | Constants for Co=0.089, | [l/cm], Co, C1:
contribution of Experimentally

Cs cells (Co), silica Ci=11642, | [mL/(mL cells-cm], | measured via
gel (C1), and back- | - _ | gg [dimensionless] UV-Vis
scattering effects spectroscopy
(CS) to light
attenuation Cs: Evaluated

using the model

*Cell volume (mL cells) was equal to the volume of PBS suspended cells. See methods

for details of wet cell mass in a given cell volume.
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Table 11 — Experimental parameters for: a) Oxygen generation and consumption

(Oxygraph), and b) Naphthalene biotransformation

Definition Unit Oxygen generation [Naphthalene
and consumption biotransformation
(Oxygraph)
\% Volume of mL 0.2 0.5
sample(s)
R Radius of cm 0.32 -
sample(s)
Hor | Heightor Length |cm 0.62 0.15
L of sample(s)
A Cross-sectional cm?2 - 3.46

area of samples(s)
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Chapter 7: Research Summary

In this dissertation, studies were undertaken to develop a water bioremediation system which
utilizes silica gel encapsulated biodegrading (biotransforming) bacteria. Various silica gels were
developed, and evaluated in terms of the resulting materials’ physicochemical properties, as well
as commercial scalability of the approach and long term biotransformation activity. An
optimization method based on biodegradation/transport modeling was proposed to determine the
bacterial loading and size of the material based on the application. Long-term storage of the material
was studied to improve the shelf life of the material and facilitate its use in real-world water
treatment applications. Large-scale synthesis methods based on electrospinning were investigated
to eliminate the diffusion barrier of substrates to cells and enable industry scale production of the
material. A synergistic biotransformation system with multiple co-encapsulated bacterial species is

also investigated. Significant results of this work are summarized in this chapter.

In Chapter 2, a method is presented for encapsulation of bacterial biocatalysts in silica gels
formed by silica nanoparticles (SNP) and a silicon alkoxide crosslinker. Formulation of the gel was
optimized by changing the SNP size, SNP to crosslinker ratio and crosslinker functionality.
Hydrolysis and condensation reactions of silicon alkoxide were controlled by water to alkoxide
ratio (r) and pH of the solution. FTIR analysis was used to verify that a reactive and temporally
stable silicon alkoxide crosslinker was obtained. As a case study, recombinant Escherichia coli (E.
coli) cells expressing atrazine dechlorinating enzyme AtzA were encapsulated. Synthesized
bioreactive materials (silica gel encapsulated bacterial biocatalysts) were evaluated based on their
gelation time, biocatalytic activity and mechanical strength. Diffusivity assays and SEM were used
for characterization of the gel structure. It was found that SNP to crosslinker ratio affected all the
evaluation features, whereas crosslinker functionality primarily affected gelation time and SNP size
affected the mechanical strength and diffusivity. Based on systematic evaluation, three gel
formulations were selected and subjected them to long-term activity assay in a continuous-flow
bioreactor for removing trace levels of atrazine. The effluent atrazine concentration was sustained

below 30% of the influent concentration, < 3 ppb, for 2 months.

In Chapter 3, a 3-step design and optimization method is presented for a bioremediation system
utilizing silica gel encapsulated whole-cell biocatalyst. Characterization experiments were
conducted to determine the parameters of a steady state reaction/diffusion model for encapsulated

AtzA biocatalyst that was subsequently verified experimentally. Dimensionless numbers governing
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the reaction rate, the Thiele modulus (®) and effectiveness factor (1), were evaluated based on the
design parameters of the material, p (cell loading density) and L. (characteristic length). Mechanical
properties of the gel were determined as a function of p. Optimal values for p and L. were
determined for a case study, based on biocatalytic performance, mechanical properties and cost. It
was found that free biocatalyst reaction kinetics are first order with k'free = 7.38 x 10-2 s-1/(g
cells/mL) and diffusivity of atrazine in the gel increases with p, from 3.51 x 10-4 mm2/s up to 6.93
x 10-4 mm2/s. Modeling results showed that ~20% of activity was lost during encapsulation.
Diffusion limitations became significant (® > 1) when L. exceeded 0.1-0.3 mm. The optimal
catalyst radius and cell loading density were determined to be L. = 0.2 mm and p=0.11 g cells/mL

gel, for an atrazine bioremediation setup with a desired effluent <3 ppb.

In Chapter 4, different drying conditions for a silica gel encapsulated bacterial biocatalyst
(atrazine biodegrading Escherichia coli) were studied to enhance mechanical properties while
sustaining long-term biocatalytic activity of the bacteria. Drying after encapsulation is desirable to
enhance the strength of the gel and to make it lighter, facilitating its use, storage and transportation.
However, preserving biological activity of the cells in a desiccated state remains a formidable
challenge. Effects of lyoprotectant solutions containing 0.4M sucrose, 0.4M trehalose or 30%
(wt/wt) glycerol on the activity of the encapsulated bacteria during drying were investigated. It was
determined that two orders of magnitude increase in the elastic modulus (E) and the compressive
stress at failure (o) of the gel could be achieved by drying, independent of the drying rate. It was
shown that partially desiccated silica gels preserved and enhanced the biocatalytic activity of the
encapsulated bacteria up to a critical drying level. Atrazine biodegradation activity of encapsulated
bacteria suspended with 0.4M sucrose and PBS increased with increasing water removal, reaching
a maximum at 68% water loss. This enhanced activity was sustained for three months, when the

gels were stored at 4°C.

In Chapter 5, an electrospinning method is discussed for manufacturing low cost, highly
flexible and water insoluble bioreactive membranes. E. coli cells were encapsulated in reactive
membranes comprised of electrospun nanofibers that have biocompatible polyvinyl alcohol (PVA)-
based cores entrapping the E. coli and silica-based, mechanically sturdy porous shells. The reactive
membranes were produced in a continuous fashion using a coaxial electrospinning system coupled
to a microfluidic timer that mixed and regulated the reaction time of the silica precursor and the
PVA solution streams. A factorial design method was employed to investigate the effects of the

three critical design parameters of the system (the flow rate of the core solution, protrusion of the
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core needle, and the viscosity of the core solution) and to optimize these parameters for
reproducibly and continuously producing high-quality core/shell nanofibers. The feasibility of
using the reactive membranes manufactured in this fashion for bioremediation of atrazine, an
herbicide, was also investigated. The atrazine degradation rate (0.24 umol / g of E. coli / min) of
the encapsulated E. coli cells expressing the atrazine-dechlorinating enzyme AtzA was measured

to be relatively close to that measured with the free cells in solution (0.64 pmol / g of E. coli / min).

In Chapter 6, a co-encapsulation method is investigated for synergistically working
bacterial populations in an optically transparent silica gel matrix. Bacterial species working
synergistically can perform a larger variety of more complex chemical biotransformation reactions
than a pure culture. Typically, bacteria are able to grow in bioreactors, which leads to an
unbalanced, suboptimal population ratio with multiple species due to competition over resources,
predation and efc. Two different species: Pseudomonas sp. NCIB 9816 and Synechococcus
elongatus PCC 7942 were co-encapsulated. NCIB 9816 can aerobically transform over 100
aromatic hydrocarbons, which can be used for synthesis of commodity chemicals and
environmental remediation of water and soil. In our system, NCIB 9816 was used for
biotransformation of naphthalene (a model polycyclic aromatic hydrocarbon) into CO2 and
cyanobacterium PCC 7942 was used to provide the necessary oxygen for the biotransformation
reactions via photosynthesis. The developed silica gel was a cytocompatible, mechanically robust
(Elastic modulus > 8 MPa) and optically transparent (~4% transmittance loss per mm) material.
The oxygen generation rate of encapsulated PCC 7942 cells was modeled, revealing a critical cell
density parameter which maximized oxygen production. This model was then used to optimize the
system and maximize biotransformation efficiency. Experimental results showed that the co-
encapsulation system not only sustained the biotransformation reactions, but also performed better
than oxygenation by external supplementation. It is proposed that this was due to micron-scale

proximity of the co-encapsulated bacteria in the gel, which was verified by confocal microscopy. !>
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