ABSTRACT

BERNAL ZUNIGA, OSCAR Mimicking the Plant Leaf: Cellular Composite Materials for
Capturing Solar Energy and GBbase Biocatalysis. (Under the directiorPobfessor
Michael C. Flickingey.
Intact ghotosyntheticcells have significant stability advantages over isolgtadtosynthetic
pigments and eaction centersand could be used to fabricatdighly stable cellular
biocomposites that harvest sunlight, absorb, @@d produce fuels. What is needed are
inexpensive methods to concentraabilizeand deposiphotoreactive cells into composite
sheetlike flexible materials that can be easily illuminated, functionlong periods of time
in the gasphase much like natakleaves without dehydration, and can be stored dry without
loss of reactivityThis dissertation describésree novel cellular biocomposites for letegm
stabilization of concentrated photosynthetic microorganisms. Cells can either be deposited as
a thn nanoporous watdsorne latex coating on paper, incorporated during the paper making
process as an integral highly porous biocomposite (microbial paper) or deposited as a
precisely orientedcell monolayer on asurfacemodified clear polyester substratesing
dielectrophoresis (DEP).

Papefbased biocompositdsave a transport network that keeps cells hydrated with
nutrients, eliminatewaste materials and sepasgecreted product€0, absorptionwithout
cell outgrowth wagmonitored for >500 hours dm cellular coatingsof several strains of
cyanobacteria coated along with rAtmxic latex binder emulsions on chromatography paper
at rates that are up to 10 fold superior compared with an equivatenin& of biomass in
suspension andrevery close to plant leaves under the same experimental condiins.
also observed significant changdstlte tolerance to high temperature and light intensity by

cyanobacteria in latex coatings, which may pinpoint the need for the development of a new



theoretical framework to describe the behavioinomobilized living cells exposed tdigh
light intensity from a solar simulatoran approach that differs radically from simple
comparison with suspension kinetics data.

A logical, yet unexplored extensiaf the cellular coatings concept on paper was
reduced to practice i n drystabiliZedcellmar wocomposite c r o b i
that exploits all the available surface areithin the paper matrix for immobilization.
Hydrogen gas production froacetate by the activitigighly-concentrated purple nesulfur
photosynthetic bacteri@ntrappedin microbial paper can be sustained for >1000 hours
following drying and rehydration at rates up to 10 fold greater than those of any previous
cellular biocompsites developed by our group. By implementing a vaedewatering
method during drying and incorporating microfibrillar cellulose (MFChatcellulose fiber
blend cell retention wasignificantly improvel which establishethe conceptual fragwork
for future optimization of mass transfer, cell viability and optical/mechanical properties of
this novel biocomposite materialsplatform for highintensity cellular biocatalysts
immobilization.

A third project involved the fabrication and fundamental chariaetigon of ultra-thin
(~1 cell thick) cellular biocompositesf cyanobacteriaWe developed a novel cellular
coating method based on dielectrophoret&semblyof planktonic cellsin suspension
followed by controlled deposition om surfaceactivated cleaandflexible polyester sheet
Cell viability was preserved during deposition and predictions of the most energy favorable
cellular arrangements were obtained from numerical simulations of the assembly process.

Significant reduction of light scattering anlde observedcenhancd transmittance foDEP



coatings of cyanobacteriaas evidenceof reduced selshadingand more efficient cell
packagingcompared tdree settling obuspededcells onto the surface of the substrate.
Understandingthe cel-substrateinteractions in thesdiocomposites will enable
further intensification closer cell packingnddry stabilization of virtually any type of cell
(prokaryotic and eukaryotic) on any type of support. We envision these highly reactive
cellular biocompositessathe cornerstone of the emerging field of continuous bioprocessing
and as cosgffective biophotocatalysts that combine intensification, uniform illumination,
stabilization of reactivity and separation capabilities for a wide variety of industrial

applicdions.
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deconvoluted images of a gravity settled coatingsghechococcus PCC 700Red color
corresponds to natural fluorescenceSghechococcuBCC 7002cells. Magnification:125x.
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Figure 4.9 Transmission proles at different coating deposition stages: 1. Multilayered
polyelectrolyte coating. 2. BEP-depositedSynechococcusaing onactivated polyester. 3.

A suspension oSynechococcuat the same cell densitinsert: detail of a DERdeposited
Synechococcusoating lying flat on the back wallofaBG1li | | ed cuv e.tl49e é é é .

CHAPTER 5: Additional methods developed inthis dissertation

Figure 5.1 Synechococcus 70@ftowth profiles.A. SF012 screening. B. SF091 Screening.

L: latex, G: glycerol, S: sucrosErrorbars 1 St d Dev, n=3ééééckreececece.

Figure 5.2 Synechococcus 700hlorophyll production profilesA. SF012 screening. B.
SF091 Screening.: latex, G: glycerol, S: sucrosBrrorbare 1 St d Dev, .167/=3 e é é é

Figure 5.3 Synechococcus PCC70Gpecific chlorophyll production profilesA. SF012
screening. B. SF091 Screenirlg. latex, G: glycerol, S: strose Error bars® 1 Std Dev,
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Figure 5.5 Photobleachingand delaminaon of 4.5 cnf Synechococcus spatcheson
polyester shedéhcubated in BG11(N+) media unde PAR € mol|l Ppdtatl®@s m

"""""""""""""""""""

Figure 5.6 Photobleaching screening in-2ll plates.2.8 cnf Synechococcusatches and
suspension + latex bindercubated in BG11(N+) media under BPAR € mo|l pHshot on's
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Figure 5.7 Chlorosis and recovery profiles in suspensidn.Syrechocystis PCC6308. B.
SYNECHOCOCCUBCCTO0Z...... . uuutiiiiieeeeee ettt e e e e e e e e e e e e e e e e e e e e e aanns 175.

Figure 5.8 O, production and C@consumption by preserved plant tissue 8gdechococcus

cells in suspensiornserts show pictures of the peeged plant material att = 0 hours and t =
170 hourseéeéééeééeéeéeéeéeceéeceéeceeéeeéeéeéetrdéc

//////

CHAPTER 6: Summary and future outl ooiB6é éé é é é

Figure 6.1 DEP-mediated coating of polyester monofilaments with cyanobacteria. A. Raw
polyester monofilament (scale bar 200 um). B. Coating process at t = 15 min DEP exposure
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(scale bar 200 um). C. Raw polyester monofilament (scale bar 50 um). D. Coating process at
t = 30 min DEP exposure (scale bar 50 um). E. Partially coated washed polyester
monofilament (scale baéécecoecOMmEéééééeé dn

Figure 6.2 From fedbatch to modular continuous biomanufacturing. A. Traditional fed

batch process (upstream + dowaatn). B. Continuous upstream processing (perfusion)
coupled with batch capture. C. High density perfusion coupled with PCC chromatography
(complete continuous operation). D. Modular continuous manufacturing via cellular
biocomposite integrating awholekel bi ocat al yst wi th épéurl9sf i cat i
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CHAPTER 1

Introduction to Cellular Biocomposites



1.1 Definition: Cellular Biocomposites

This dissertation investigates a new concept that combines elements from
biocatalysis, materials science and industrial microbiolagifular biocompositesincluded
is the development of methods for the fabrication and characterization of a new geradratio
highly-porous, hierarchically structured cellular biocomposites that exploit the advantageous
metabolic characteristics of highly concentrated, ordered, photosynthetgrawimg cells,
adhesive polymers and fibbased porous biomaterials.

The tem cellular has its root in the Latin wordella, which refers to a small
compartment or enclosed spad8y the end of the XVII century, Robert Hooke, an English
natural philosopher used the term for the first titbedescribe the tiny empty spaces
contained by walls he observed while analyzing very thin slices of bottle cork with a
rudimentary microscope. What he saw was the highly porous structure of the cork oak
vegetal tissue formed by an array of empty-fieimg cell wall$. In time, the same term was
used to describe thenimalcules( il i tt 1 e ani mal so0) observed b
Leeuwenhoek in a pond water sample jUst 10
organisms were members of the filamentous algae dg&piusgyrg and this observation led
later on to the first description of singtelled bacteria, spermatozoa and complex
multicellular structures such as muscle fibers and blood véssels

The concept otellular solidwas born as a means to descnhaerials in which one
phase is solid and the other is empty space or &'fililtese materials are made up of an
Ai nt e ted petwork of organized struts or plates which form the edges and faces of

cel'{sn this context, Afcell so0 should be wunde



fundamental unit of living beingsCommon exarples include wood, bone, cork and coral,
which are solids that contain structural elements which themselves Ipaveusstructuré.

It is important to stress the fact that the cellular solids definition does not iamgly
biological origin of its constituents, and only describes the level of hierarchical organization
of the material(Fig. 1.1A). Cellular solids made of ceramicgluminuni, polymerg and

even carbohydratBshave been recently reportehenever the phase constituents of a
composite cellular solid are either partially or completely detdivem a natural source, it
canbe calleda cellular biocompositeExamples include microfibrillated cellulose reinforced
materialé, composites of other natural fibers with reSipssilicabased hierarchical
biocomposites fabricated from mammalian cells scaffblaisd diatomaceous earth filtration

matrixes?.
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Figure 1.1 Examples of ceIIuIar solidsA. Polyurethane (scale bar 500 pmip. Plant leaf

vascular system (scale bar 5 pm)mage byLouisa Howard, Rippel Electron Microscope
Facility, Dartmouth CollegeC. Latex coating ofiable E.coli cells (scale bar 4 prf)



In this dissertationthe termcellular will be used to describe both a high level of
organization at the microstructure le\aid the presence of whole living cells agegral
components of the biocomposite. As suek,exploit the natural extension of this concept to
the structure of the plant ledFig. 1.1B) and expand it to include those hierarchically
structured, multphase biomimetic biocompositésaturing stabized highly reactive cells
(Fig. 1.1C) This definition is purposely broad to includeytype of cell immobilized irany
type of (entirely or partiallysynthetic polymer obiologically-derived composite material
(matrix + reinforcement phases) and is independent of the fabrication method or final
application. Using this definition, some of the examples mentioned previously (wood, coral,
cork, bone)are or used tobe cellular biocomposites as the empty spaces in their
mi cr ostr uct uraeong timeoecupied lby)metabelically active and functional
living cells. However, thesexamplesare natural materials, not mamade. The methods
described in this work involve thprecise incorporation of live, negrowing planktonic
whole cells that do not exist in a biocomposite in nature into a biomimetic solid material
during the fabrication process under controlled conditions to preserve the viability and
reactivity of cells ashiocatalysts. The next section will develop in detail our case for
choosing the plant leaf as our biomimetic inspiration and the advantages of using non

growing cells for biocatalysis.

1.2 Mimicking the structure and functions of aplant leaf

Few (if any) ma-made materials or devices have accomplished the level of complexity,

functionality, synergy and hierarchical design found in plant leaves. Plant cells have evolved



biopolymers to assemble complex vascular networks, functionalized structures and sensing
organs. More importantly, they have developed a highly sophisticated packing strategy that
has allowed layered arrangements of photosynthetic cells so that plants can colonize a wide
range of habitats, have specialized physiological attributes and phetasystair pathways

to adapt to a highly dynamic environment. In this section, | will discuss the most important
functional aspects of biomimetic soft materials design applied to plant leaves structure and
organization and how tire structure can be used asnspiration to design cellular
biocomposites that can exceed the photosynthetic efficiency of natural leaves .

In terms of microstructural architecture, a plant leaf can be defined as a collection of
tissues arranged in a hierarchical layered organiZdti The outermost layer is the
epidermis composed of nepigmented epidermal cells forming a waxy coating that protects
against water loss and regulates gas exchange through small poresstatiath®. This
external interface can be either hydrophobic or hydrophilic depending upon the relative
roughness of the surface and the presence of wéorpbump¥’. Underneath thigrotective
layer comes thenesophyll which is considered to be the primary assimilative tissue where
photosynthesis takes place. The section closest to the epidermis ipeaiilade mesophyll
and contains tightly packed array of vertically elongatetular cells with a high
concentration othloroplasts(the specialized photosynthetic organelles in higher pfdnts)
There is enough space between cells to allow for water uptake via capillary actiG®and
absorption. Fulsun plants feature a mulayered palisade array (to optimize light
harvesting) while shade plants tend to have a siagiered palisadd The spongy

mesophylis beneath the palisade and is cosgd by round cells in a less tightly packaged



array, which allows fospace forthe gases captured by the stomatsbstomatathambers
connect the epidermis with the space between the spongytélisplly, a complex array of
veinsruns through the spongy space forming #ascular tissueof the leaf. Each vein is

made of avascular bundlefeaturing two types of tubes: theglemthat moves water and
minerals from the roots into the leaf and fgidoemthat transports photosynthetic products
(sugars) out of the leaf. The tubes are surrounded by a lignin sheath that is responsible for the

mechanical strength of the I&5fFig. 1.2)

co, in

Figure 1.2 Plantleaf structural architecturémage byDavid Meikle). Detail of a stoma
(lower left), a walnut tree cross section (upper right) and vein (lower right). SEM images by
Louisa Howard, Rippel Electron Microscope Facility, Dartmouth College

The key featurghat makes a plant leaf a cellular biocomposite resides in the plant

cell wall. This biocomposite structure is made of 4 basic building blocks: cellulose fibers,



hemicellulose, lignin and pectih A matrix of henicellulose and either lignin or pectin is

reinforced by cellulose fibers in one or several layers, while the orientation and volume

fraction of these fibers varies in each ldydihe cell wall is secreted by tliging protoplast

(a plant cell with no cell wall), layer by layer, beginning with a primary layer rich in

cellulose fibers and hemicelluloses criis&ed by glycoproteirfS. Once the cell matures, no

further growth occurand the stiffness and strength of the cell wall increases contributing to

the final mechanical stability of the leaf.

Based on the discussion above we can identify several planstiestural and

functional propertiethat can be exploited in a biomitieecellular biocomposite:

Cellular organization:a multilayered, hierarchical architecture featuring different
types of cells and biomaterials for optimal light penetration, gas exchange and
mechanical strength.

Nongrowing cells:a high concentration afornrgrowing photosynthetic cells that can
devote all their metabolic machinery to the production of desired metabolites in
detriment of biomass growth.

Vascular systema specialized network of channels, running both in open and closed
loops across the matrix, in charge of moving water, minerals, photosynthetic products
and waste materials in and out of the biocomposite.

Highly porous matrix:the void (superficial poreypace between cells and fibers
allows for perfusive flow (acting as a rudimentary vascular system) and allows for

transpiration and gas exchange. Superficial pores can act as stomata.



- Selftuning capabilities: the concentration of photosynthetic pigment{as
chloroplasts)n leaves is different in fulbunand shade plants. Photosynthetic cells in
a cellular biocomposite should be able to-setfe to the available light intensity and
photoperiod.
In this dissertation, we studied pajiirsed model cellar coatings and biocomposites
(chapters 2 and 3) as an interim step towards the development of an advanced biomimetic
device featuring precisely organized photosynthetic cells (chapter 4) on a microthadexs

substrate that resembles the functionalitg performance of a plant lg&ig. 1.3)

INITIAL MODEL GOAL

Cyanobacteria Monolayer
+ latex polymer Process cyanobacteria
coating coating

Intensification

=

Directed -
Assembly . =7

Random non-woven Flexible
vascular system microfluidic system

Figure 1.3 Biomimetic cellular biocomposites conceptual framewdérkModel papetbased
cellular biocomposite featuring a polymer + cyanobacteria coating and a rudimentary random
vascular system. B. An optimized cellular biocomposite coated on a flexible microfluidic
channel substrate to supply nutrients to a highly edleyanobacteria monolayer.

1.3ANegar owi ngo or dshiogagatystsngo cel | s
Our definition of cellular composite is based on the presence of whole cells as integral part of
the materi al mi crostructure.-glbeseig®estii gar

physiological state that has several advantages over growing systems and enables unique



biomaterial functionalities. In this section, we will briefly describe the advantages and
limitations of this approach, methods for keeping the cells uiniemlatrested growth mode
indefinitely and a brief historical background on the use of non growing cells as biocatalysis.

The terms Argsboownggoarceél isomre used interl
and bioprocessing literature. They refer to ctikst are intact but unable to grow because a
particular nutrient essential for growth is either in very low concentration or totally absent
from the culture medfa When in this physiological state, cells retain theietabolic
machinery for maximum catalytic efficiency and most of the feedstock will be used for
synthesis of the desired product or generation of intracellular storage materials instead of
metabolized to generate cellular energy to support genome replicaell division and
biomass growtff. Isolation and purification of the desired metabolite is also simplified with
resting cultures given that most bioprocesses carried out with growing cells have to deal with
other metabolites produced from components present in the Thedia

For the specific case of photosynthetic cells, a-guanwth state can be achieved by
changing the bioavailability of certain elements (N, S, P) or by @saimgtemperature, light
intensity or photoperidd. Another method involves transferring the cells from growing
media to a buffer solution right at the time of the growth phase when the cells are at an
optimal composgion to perform the desired catalytic function. The pH and salt concentration
in this buffer is adjusted in such a way that conditions are optimal for the production of the
desired metabolite(s) but not for active genome replication and cell gfoRessting cells
are formed by mitotic division but continued division is not required to sustain biocatalytic

activity. This is a critical concept for resting cells should be the most efficient forms of



cellular biocataf st s as they donoét need to germinat
catalytically activated, which involves additional metabolic energy expenditure. At the
morphological level, bacterial negrowing cells can be indistinguishable from vegetative
cells bu some are altered in sfZavith a darker and denser cytopldSm

The first reports on the use of rgrowing cells for the study of biological processes
date back to 1940By this time, methods for the production of active resting cells of
streptococé® and other bacteria were being developed for basic research on respiratory
activity?’, antibiotic developmerff, chromosome structure during cell divisiynribosome
distributior’®, bacterial toxin§ and autotrophic metaboliSfa A classical paper by
Bykhovsky and collaborators describe starved resting cef’s shermaniused to elucidate
the pathways of vitamin 8 and penicillinbdo s ynt hesi s n Nowddays, thar | y
use of norngrowing cells is still important as model systems to study the interaction of
antibiotics with biofilm&* along with he production of alcoho!y alkane?®, hydroged’ and
monosodium glutamat® under growh and norgrowth conditions. Resting cells are
routinely used by many pharmaceutical, fine chemical and biopharmaceutical companies for
chiral biotransformations in order to eliminate enzyme purification costs in combined
chemical and enzymatic synthesels plharmaceutical intermediates. In general, starved
resting cells are suitable models for the study of biosynthesis omloicular weight
compounds without the interference of processes related to culture development, genome
replication and cell divisioti.

Recent research has also focused on exploiting the inherent advantages of non

growing cells as immobilized biocatalysts. Given that growing cells may leave the
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immobilization matrix and plug the bioreactor,treg cells entrapped in a matrix offer more
flexibility and have fewer drawbacks for sustained operation of immobilized systems as well
as maintaining a constant concentration of the biocatalyst in the reactor conSeweral
examples of industrial processes using immobilized-growing cells can be found in the

0-43

literaturé®® along with more fundamental sties that address the control, modeling and

measuring aspects of growing and fgyowing systems for the production of a variety of
metabolite&™*®.

The Flickinger labgroup has developed a comprehensive knowledge on the use of
non-growing cells in waterborne latederived cellular biocomposites over the last 25 years
with the conviction that by using principles of molecular bggiometabolic and protein
engineering, materials science, anhydrobiolapft matterand process intensification (PI)
resting cells can be preserved in advarem@dpositematerials to eventually achieve catalytic
half-lives comparable to chemical catdlys . These c¢composi-thessh ewiflol
biocatalysts capable of being stored dry and rehydrated immediately prioftowbat still
remains to be understood in detail are the changes in gdigbtgy that take place at the
molecular level when cells are forced into a 4gpawth or resting state in suspension, on a
surface or in a composite microstructure. Only very recently McKinlay and collaborators
reported a mechanism that explains theiBantly higher H yield of on norgrowing N-
starved cultures ofRhodopseudomonas palustri®y using a combination of global
transcriptome and biomass composition analysis along™¥@ttebeled acetate tracking they

found that norgrowing cells shift heir metabolism to use the tricarboxylic acid cycle to

more efficiently metabolize acetate and generate more reducing power for hydrogen
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production while growing cells use the glyoxylate cycle exclusielhis recent discovery
points towardghe future capability to engineérs ¢ lufni n g 0  $& metabotism snm
response to nutrienimitation in cells used asiongrowing biocatalyststo dramatically
increasehe efficiency of theincorporation of a carbon sourc#o the producand minimize

other biosynthetic processes related to cell growth. It is also an example of how
transcriptome data alone is not sufficient to accurately predict the observed cellular
physiology to nutrienttarvation which resulted in a 3.5 fold higher hydrogen evolution rate

than with growingRps. palustrigells.

1.4 Bioprocess intensification

In section 1.2 we described the desirable biomimetic characteristics found in plant leaves that
can be applied on cellular biocomposite design. One of these features is the densely packed
array of vegetal cells that make up the leaf structure, which éatasshto many biocatalytic

units per unit area. This allows the plantritensifyits solar harvesting capacity, which is an
example of process intensification (PI). Pl can be defined as any engineering development
that leads to a substantialgmaller more productive cleaner, saferand moreenergy
efficient technology'. Some of the earliest applications of this concept were made by the
Eastman Kodak company in regards to increasing the efficiency of the oeaglmpment
process on plates and using spinning discs to generate thin plastié. fMfost of the early
developments in this area were achieved in the field of chemical engineering, where
technologies such as ratag devices for enhanced heat transfer (boilers, pipes), separation

(centrifuges) and reaction capabilities (fluidized bed and plate reactors) allowed significant
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improvements in energy management and production yield. The current emphasis of Pl is
directel more towards the optimization of processes in green chemistgnewable
energy*, carbon capturé@and most recently, bioproceissensification (BPH®>%,

The Flickinger lab has developed methods for cellular biocomposites fabrication that
exploit the advantages of BPI for engineering the nexteggion of highly efficient
industrial and environmental biocatalysts. In chapter 2 we describe a latex coating method
that achieves 10 fold photosynthetic intensification factors (defined as the ratio of O
production by paper coatings of cyanobactend @with respect to suspension cultures at the
same cell concentration) by concentrating-B0O fold a suspension of cells and depositing a
small volume of this highly concentrated slurry (50/50 suspension of cells in latex binder,
75uL) on a very small @a (1.5 crf). In this example all premises of BPI are fulfilled (i.e.
device size reduction, enhanced control over final properties, increased bioreactivity and
process speed) while taking advantage of thegrowth state of the cyanobacteria cells and

the location of the biocatalyst in the gas phase for optimala®&orption.

1.5 Model photosynthetic systems used in this thesis

Two model photosynthetic organisms were used during this project: strains of cyanobacteria
and a purple nesulfur bacteim (PNSB) Cyanobacteria are photosynthetic prokaryotes,
formerly known to as blugreen bacteria or blugreen algae and were among the first
organisms capable of harvesting electrons from water and releasing molecular oxygen to the
atmosphere, which make thempessible for most of the current composition ofiDair®.

They are also the primary nitrogen fixers on earth, putting them on the base of the food chain
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as they are responsible for converting atmosphesitoNnore readily available species like
NH," in the soif’. These organisms are almost ubiquitous in every environment on earth:
from oceans and freshwater as planktonic cells, forming complex biofilms over rocks or as
endosymbionts with higher plants and fifigi

As the most primitive photosynthetic organisms on earth, cyanobacteria share
characteristic traits with both algae and higher plahéble 1.1). They possess a distingi
system of intracellular membranes known as thylakoids where the photosynthetic and
respiration reactions take place. They also have multiple photosynthetic pitfments
Cyanobacteria are also tolerant to desiccadioth many strains are halotolerant. Most of the
desiccation resistance characteristics of cyanobacteriical for longterm stability during
dry storage- are related to the thick proteinaceous sheath that surrounds the cells. This
protective coatingsi composed of polysaccharides (glucose, galactose, rhamnose, mannose,
arabinose), proteins and negatively charged components (glucoronic acids, phosphate,
sulphate}®. Their cell wall is rich in peptidoglycan and mpeptidoglycan carbohydrates
(mannosamine, glucose, mannose and glucosamine)laya@xy fatty acid®’.

In contrast, PNSB are a very versatile group of photosynthetic prokaryote
microorganisms capable oatalyang hydrogen production under anaerobic conditiosisig
nitrogenasewith no need to protect their photosynthetic apparatus from inactivation from
oxygen;in addition, they are capable of fixing atmospheric nitrogamitrogenase aitity

in the processa surprisingcharacteristic discovered 50 years ®go
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Table 11 Characteristics of the main groups of photosynthetic organfstig*

. Resistance
. Size | Genome . Cellular
Domain - Pigments to
( € m| Size (Mb) desi . Structure
esiccation
Phycobilisomes tﬁ;gl\g ?(ljls
Cyanobacteria | Prokaryote| 0.54 2 chIorophyI_I a, High proteinaceous
carotenoids
sheath
Microalgae Chlorophyll a, Cell wall,
(unicellu?ar) Eukaryote | 10-12 110 chlorophyll b, Moderate | chloroplasts,
carotenoids flagella
Chlorophyll a, Rigid cell
Higher Plants | Eukaryote | >1000 160 chlorophyll b, Low wall,
carotenoids chloroplasts

PNSB are easily isolateftom soil aml water,can grow as aerobes if oxygen is
present to generate energy by respiration or as photoautotrophic organisms in the presence of
light (they synthesize the light absorbing pigments and acquire a characteristic color
depending on the spies) with production of kby cyclic photophosphorylatidi. Over 20
genera ofPNSB have been descrihdout most of the current knowledge about the group
comes from studies in four specieRhodospirillum rubrum,Rhodobacter capsulatus,
Rhodobacter sphaeroideand Rhodopseudomonas palustrithe latter being the most
interestinggiven its extraordinaryobustness and the preserdehe genes that encocd
three nitogenase isozymes in its gendfeurrent efforts are focused on photobioreactor
design and illumination optimizati8h along with pigment content manipulation at the

molecular levé to improve H production yields under anoxic conditions.
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1.6 Cellular biocomposites fabrication methods

A wealth of methods have been developed for classical cellular solids and cellular
biocomposites not containing whole living cells as integaat of their microstructure based

on both biologically and nohiologically-derived polymer materials. Most of these
techniques are based on technologies for processing of plastics and general composite
materials. Rudimentary, poorly structured bioconmess can be fabricated by
compounding’, extrusior!, injection moulding and cemingling of thermoplastic polymers

with natural fikers’®, with a small proportion being assembled by thermosetting biopolymer
processing’. Higher levels of structural organization can be achieved by foaming, casting
and extrusioh While these methods can yield beautifully crafted biomimetic materials (i.e.
honeycombs and collagdike fibers), the manufacturing conditions are not, in most cases,
compatible with preserving the viability andctivity of living cells (high curing
temperatures, mechanical shearing, high pressures and toxic resin use). For this reason we
customtailored three different approaches for fabrication of cellular biocomposites that
preserve cellular viability and gerage significant levels of hierarchical organization:
waterborne cellular coatings on paper, microbial paper and dielectrophoretic deposition of
living cells. The following sections describe the historical backgrounds and approaches in the
context of livirg cell biocomposites fabrication. For specific methods the reader should refer

to chapters 2, 3 and 4.
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Table 12 Summary of microbial systems used by the Flickinger lab as latex cellular coatings

Organism Application Ref.
Escherichia coli Biosensorcoating 8
Escherichia coli Kinetic modeling 7
Escherichia coli Microstructure assessment 80
Escherichia coli Microstructureevolution 81
Escherichia coli Patch coating 6
Escherichia coli Ink-jet printing 82

Thermotoga maritima | Hight temperaturéiocatalysis, bimodal blenq  ®°
Gluconobacter oxydans High intensity oxidation, blayer coating 84
Gluconobacter oxydans Reactivity modeling &
Gluconobacter oxydans Ink-jet printing 86

Rhodopseudomonas palustr H, production, polyester coating 87,88
Rhodopseudomonas palustr H, production, paper coating s
Clostridium ljungdahli CO, CQ, H, consumption, paper coating | "

Synechococcus PCC 7002 CO, capture, paper coating 75,89
Synechocystis PCC6308 CO, capture, paper coating 89
Synechocystis PCC6803 CO, capture, paper coating 89
Anabaena PCC7120 CO, capture, paper coating 89
Chlamydomonas reinhardtii CQO, capture, paper coating »
Kluyveromyces fragilis Ink-jet printing 82

Saccharomyces cerevisia€ Convective assembigeposited coating | %% °*

1.6.1 Waterborne adhesive cellular coatings: microbial paints and inks

Nanoporous, adhesive lateglpmer coatingshat contain enzymes or viable microorganisms
have great potential to be used as biocatalf#itkinger and members of his research group
pioneered thalevelopment oimethods for the fabrication dfighly reactiveacrylate and
acrylate co-polymer derived latex waterborne coatings of resting cells of several

microorganisms(Table 1.2) on nonporous substratebased onearly work by Eastman
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Kodak and their academic comsunts These coatings are stable when rehydradad
catalytically active for 100s to D0s of hours.

The Flickinger group has recently expanded the nanoporous latex biocoating method
to coating paper with other photosynthetic organisms (cyanobacteria and  algaely
studies by the Flickinger lato immobilize E.coli cells in small coated patches showed that
the pore size of a latex coating is governed by the size and distribution of the latex particles,
therefore making it desirable to havienodal blends of lovglass transition temperatuf€)
acrylate polymer particles with good wet adhesion and-fihmnforming polystyrene
polymer particles witha Ty high enough(>100°C) to avoid particlecoalescence into a
continuous nonporous filnduring dryingandto blockthe continuation of polymer parkc
coalescence following rehydration (wet coalescefi¢€jgure 1.4A). Other studies in latex
composite membranes for micro and ultrafiltration applications found that in addition to
particle size, theorosity of the coatingis a function of the structurajze, shapesurface
charge and mtivity of the latex particlesnigeneral, latex particlesan be modified thave
a hydrophilic surface composed mainly of surfactasusface graftegholymer speciegsuch
ashydroxyethyl celluloseqind charged groups derivedritahe polymerization proce<s

The reactivity ofnanoporousiocatalytic coatings is a function of coating thickness
and microstructureand the substrate surface eneagyng with polymer particle chemistry
determing the adhesive strength when wet or ttegpaciy of the coating to be delaminated
from the substrate as staatbne biocatytic films®. On the other hand, the effective coating
biocatalyticreaction ratgintensity) is related to the volume fraction of entrappedctive

cells, which needs to be maximizedring the process of coating, film formatiairying,
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storage and rehydrationlowever, increasing cell conteld¢yond a maximum determined by

cell sizedecreases overall biocomposite permeability as well as decreasing adhesion to a
substrate. Polymer particle coalescence and therefore coating permeability is controlled by
polymerwater interfacial tension, capillary forces due to water evaporation, layer
compressin, interparticle adhesion and the glass transition temperatgref(the particle¥

(Figure 1.4B,C).

Coating functionality andgorosity can be furthe enhanced by different emulsion
compositions and drying methods. It is possible to genemaiiéi-layered coatinggtop-
coated with a nanoporous layer drtially coalescegolymer particle without cells)to
protect the microorgasms from harsh environmestand avoid celloutgrowth into the
medid®. Of particular interest for eliminating wet coalescence following rehydration are
formulations containing bimodal blendsradn-film forming (high Ty) hard polymeparticles
in suspension with smalleacrylatefilm-forming (low Ty) fisoft latex paricles or core shell
approacheso avoidpermeabilitylossfollowing rehydratiofi® due to wet coalesceneehich
can cause a significant reduction in diffusivity over months of use as hydrated biocatalytic
coatings. The rate of loss of coating porosity by wet coalescence is reldtedipymer
particle chemistry anihcubation temperatuf

Other applications of coatings containing viable mmm@anisms include
biosensor€®® inkjet printing of living cell8® and arrays of metabolically active
microorgansms for expression librari®s Chapter 2 will focus on the microstructure and

reactivity characterization of latex coatings of cyanobacteria on chromatograph¥’ paper
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Figure 1.4 A. Schematic ohonporouslatex film formation proced& B and C:Cryo-SEM
micrographs showing different degrees of polymer particle coalescande particle
deformationat the base of a coating (in contact with a 4#pmmous substrate) resulting from
arresting polymer particle coalescence during dying

By using a porous support to keep the cells hydrated from behind (and thus
eliminaing the need for a bulk liquid phase surrounding cells in suspension and reducing the
overall water consumption of the process) and place the photoreactive biomass in the gas
phase, illumination is optimized (reduced s#fding) and gas mass transfelistasce is

reduced.

1.6.2 Microbial paper: the renewablefiber-based biaatalyst carrier
Our work on paper coatings of cyanobacteria (see chapter 2) along with the recent
developments on cellulose nanocomposites led us to the conception of a newcigihdaof

biocomposite we call microbial paper that addresses the following:
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- A cellulosebased matrix as a biomass carrier capable of preserving cell viability
when being stored and shipped dry and reactivated upon rehydration.

- Leveraging the expertise ohd paper industry to engineer the pore space in the
cellulose matrix for immobilization of whole live cells (not just the surface area).

- Exploiting the vast knowledge of paper engineering for fabricating new types of
bioactive cellulosévased materials witvirtually as many applications as there are
industrially-relevant organisms available in nature (as long as the embedded microbes
do not degrade the cellulose matrix).

These and many other questions inspired us to develop the concept of microbial
paper: a portable, flexible, inexpensive and highly reactive cellular biocomposite that can be
stored dry and used for lostigrm immobilization of virtually any type of livinged.

Much has changed in paper technology since the rudimentary papermaking method
developed in ancient China by 200 BCE. Current paper technology is reinventing itself due
to the development of micro and nascale cellulose fiber materials that offewaler range
of applications given their strength, abundance, low weight, stiffness, optical properties and
biodegradability?. Cellulose micro and nanofibers can be extracted from wood and other
agricultural productsr can be directly produced as bacterial cellulose (BC) produced by
bacteria belonging to the genetdgrobacterium, Acetobacter, Pseudomonas, Alcaligenes,
Sarcina and Rhizobiuth Nanocomposites of cellulose with digphilic and hydrophobic
matrices are currently being investigated to be used as packaging films (due to their
exceptional barrier properties), flexible displays (microfibrillated cellulose films are highly

transparent) and nanopaper featuring enhancechamneal properties and low thermal
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expansion coefficient& In the field of bioactive materials, nanofibrillated cellulose has

found alternative uses as a suitable platform for immobilization of bioactive mof€cules

%0, 101, é02, 10?:

drug delivery systent cell cultur antibacterial agent¥' and wound dressing®

(Fig. 1.5.

Considering the natural origin of paper pulp, microbes are always present thorough
the process and are gradually eliminated by high pressudekigh temperatures used to
achieve the final mechanical strength of these matefals.literature survey reveals that
under normal manufacturing conditions, most of the contaminating microbial population is
eliminated by standard paper manufacturingcpssing conditions and only spores survive in
the final paper produt®*2 Aside from one study on the use Bfcillus cereuso produce
handsheets of paper under controlled laboratory conditions (drying temper&tGlea8Ca
model system to obtain risk assessment data in cellulosietfised materials®, no reports
have been found on cellulose fidesed materials that include reactive living cells as
integral part of their structure.

To our current knowledge, no optimization of the paper pressing and drying
conditions has been ade specifically to preserve vegetative microbial viability and
reactivity during and after the papermaking process. For this reason, the data in this thesis on
how to generate reactive microbial paper is already the basis for NCSU invention disclosure
12046 (October 2011) and subsequent IDFs. Our approach incorporates whole living
vegetative cells early on during the papermaking process and preserves viability by carefully

controlling the pressing and drying conditions during the film formation process.
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Figure 1.5 Summary of current and potential applications of bacterial cellulose (BC) and
nanofibrillar cellulose (CNF) (adapted fr8% Micro and nanofibers offer great potential for
cellular biocomposites given theiexcellent mechanical and optical properties,
biodegradability and biocompatibility

1.6.3 Dielectrophoretic assembly fordirected depositionof living cells

Early on during my graduate research work | realized the unsuitability of the previous

fi t h jrankoily orienteaellular coating or film fabrication methods to optimize BPI by
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relying on drying and seHeveling to determinecell packing dry thickness (~50um)
adhesion, anthtex coatings porosity and microstructudemore precise method was needed

in order to control the final distribution and packing density of the cells in the biocomposite
and understand the cét-substrate interactions that stabilize the composite material both
when dry and following rehydratio Dielectrophoresis (DEP) of charged particles emerged

as a tool to address these issues and provided useful additional features and new possibilities
to engineer microstructure during biocomposite deposition.

DEP is thefi t maion of suspended partisleelative to that of the solvent resulting
from polarization forces produced by an inhomogeneous electric dtéld The latter
characteristic of the electric field is the key element that differentiates DEP from
eledrophoresis, as particles show electrophoretic mobility under the influence of spatially
uniform electric fields when a charged interface between the particle surface and the
surrounding fluid is preseftf. The zetapotential of the particles can be estimated from
electrophoretic mobility data and provides with useful data on the surface charge (generally
negative for living cells due to the composition of the plasma menifant) either
positive or negative for polymer particles depending upon surface chemfistry

The use of electric fields for particle manipulation in suspension hasratev
advantages, which explains the current proliferation of publications on the theory and
applications of DEP (2000+ papers over the last 10 yéarsyhe simplicity and
inexpensiveness of the equipment and mateneeded to build the chips allows for all
electrical components to be hasired while circuitry can be easily configured for many

different applications. Additionally, all the forces exerted on the particles can be fine tuned
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and controlled by manipulath of parameters like voltage, frequency, wave shape and
electrolyte concentration, which in turn can be adjusted by simple interaction with a single
piece of equipment (wave generator) or changes in media composition.

A dielectrophoretic force is geneedt when a nowniform AC field is applied to a
particle suspensidff. The DEP force occurs through the interaction of induced dipoles on
the surface of the particles and the gradient of the field, which is diffementthe classical
concept of direct electrostatic interaction between the charges and theharging
electrode polarization produced by the alternating f{€lidure 1.6A). Given that living
cells are generally more polarizable than the media, thelyttebe attracted to areas of high
electric field intensity (close to the electrodes) where chains and eventually 3D structures are

assembled due to the action of the DEP chaining force and gfagfigure 1.6B).

e e R S .~ <
— e o
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Figure 1.6 DEP schematics. A. Force distribution in a DEP chipf B. COMSOL simulation of
cyanobacteria cell alignment in suspension in the presence of and AC field (see chapter 4)

The DEP chaining force is proportional to the field streraytid depends on the

length of the particle chain, and the distance between particles. The magnitude of this force is
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maximum when patrticles align in the direction of the field, which is the case when the
system is monodispersed (same particle type) regardietse onagnitude of the particle
polarizability compared to the medfia For more complex systems (i.e. more than one
particle type), particle chains can be formed in other directions, approaching 3D sheet
structuresas the level of homogeneity among particles decr&sdhe cellular coating
method described in detail in chapter 4 combines this-DE&iated assembly action with a
surfaceactivated substrate to yield permanenthiented cellular coatings of cyanobacteria.

A formal mathematical description of the DEP forces and their interaction with living cells is
presented in chapter 4.

Most of the current research efforts involving DEP are based on early attempts to
manipulatebacterial cell¥* and genomic materigf, which eventually gave rise to the
modern gebased separation techniques for nucleic acids. Differences between the
membrane polarizality of live and dead cells, or between populations of cells with different
membrane receptors allow using DEP to precisely separate cells in continuous systems
similar to flow cytometer$®. DEP has also been userdengineer artificial 3D structures of
insulinoma cells that can withstand mechanical shock and fluid flow forces if the DEP force
is maintainetf”. More importantly, cells remained viable in all cases and can divittee
presence of the electric fiefd. More recently, DEP has been used to obtain permanent (i.e.
structures that do not disassemble after the electric field is turned off) chains and monolayers
of yeast cells andunctionalized polymer particles that can be manipulated in magnetic

fields'*®. These structures may be useful for the fabrication of multitarget pathogen detection
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platforms that can perform filtration, sortingdatrapping of cells simultaneousf) and for

the positioning of target cells prior to electroporation for gene defitfery

1.7 Potential applications of cellular biocompoges

The concept of significantly concentrating and immobilizing whole living cells that do not
grow out of an adhesive nanoporous biocomposite which preserves viability, stabilizes and
intensifies the reactivity several orders of magnitude (BPI) opensiadwf possibilities for
engineering nogrowing industrially relevant microorganisms that could be immobilized on

a wide range of suitable supports using colloidal polymer chemistry. An extensive review of
all potential applications of this kind of matdris beyond the scope of this dissertation, but
some feasible examples inclug@eg. 1.7)

- Reactive biofilters: purification of industrial wastes from a gas (VOCs) aidliq
(industrial waste water) coulde accomplished by engineered strains of bacteria
which can be concentrated and stabilized as components of composite papers or
nonwoven textiles. The nonwoven fibers provide both mechanical support for the
hydrated cells and serve as a filter to separate the biotransformation products from the
waste magrials.

- Intensified surface water bioremediation: composite landscape fabrics could provide a
costeffective method to clean large volumes of surface water from toxic recalcitrant
chemicals (pesticide, fertilizer or herbicide +offi) by incorporating stailized
engineered microbes into the nonwoven fabrics. This engineered cellular composite

approach would be more efficient than lagoand naturabiofilters. Biofilm reactors
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are low intensity, can be poisoned, starved, cannot be dried and are nai ladle t

engineered to respond quickly to staptor changing contaminant loads.

Bioremediation
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Figure 1.7 Potential applications of cellular biocomposites. Engineering of microbial cells
and immobilization supports opens a wide range of possibilities for biopriotessification
(adapted frorft 132139

- Biosensors: Embedded cells can be engineered to sense or report (by color change,
fluorescence, luminescence) dangerous levels of contaminants in water or air. This
can lead to a new generation of4siensing filter materials.

- Specialty papers and smaitbdrboard: Papers and fiberboard can be engineered for
specific appé$¢manat o omat asi dilbs of or struct ul

cellulose from fungal degradation. Smart papers and fiberboard materials could sense
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and respond to changes iretbnvironment or protect the contents (of the package or
the structure) from decay when wet by engineering cells to secrete environmentally
friendly antimicrobial and antifungal compounds.

- ABi omi metico | eaves: Di f fer eplantcgld) withosynt t
complementary light absorption and biosynthetic capabilities can be combined into
one multilayered composite material to create advanced materials with potentially
greater capabilities than natural plant leaves.

- Biophotovoltaics: Multiayered cellular biocomposites of, @Qnd H producing
bacteria and cyanobacteria can produce electric current from gas flux across a
charged membrane. Microfluidics could be incorporated to optimize nutrient delivery

and waste removal.

1.8 Organization of this dissertation

The original objective of my graduate research work was to develop new methods for the
fabrication of monolayer cellular biocomposites containing model live photosynthetic
microorganisms. Along the way, | developed novel microstructure cieaiation and
photoreactivity measurement approaches, new types of cellular biocomposites and described
in a quantitative basis the reactivity changes that take place after cellular immobilization.
Chapter 2 presents a detailed description and chawatten of the wet coalescence method
originally developed by the Flickinger lab for deposition of cellular coatings of cyanobacteria
on chromatography paper. A detailed analysis of the long term reactivity, specific

photosynthetic factors, influence of tparature and light intensity and microstructure is
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provided along with intriguing correlations between microstructure and biocomposite
performance. Chapter 3 addresses an extension of the cellular coating concept into a novel
type of cellular biocomposit¢hat includes whole living cells as an integral part of the
microstructure: microbial paper. A discussion on the original pobdabncept method and

data along with an optimized approach for fabricating and characterizing microbial paper
films is presentd. Chapter 4 focuses on the development of a dielectrophoretic method for
the fabrication of highly oriented-dell thick cellular biocomposites of cyanobacteria on a
clear substrate. This method provides with ultimate control over the final biocomposite
microstructure and constitutes a suitable platform for the basic characterization and
simulation of the assembly process. Chapter 5 describes a set of methods developed to
support binder screening, microbial culture and reactivity measurements. Finaltyerch

provides future directions to expand this work.
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Abstract

We describe datex wet coalescence extrusive coating method that produces upfdatal 10
specific photosynthetic rate enhancements by nitiaiéed nongrowing cyanobacteria
deposité onto paper, hydrated and placed in thegesse of small tube photobioreactors.
These plant lealike biocomposites were used to study the tolerance of cyanobacteria strains
to illumination and temperature using a solar simulator. We report sustaineab€@ption

and Q production for 500 hours by hydrated gasase paper coatings of nrgrowing
Synechococcus PCC7002, Synechocystis PCC6803, Synechocystis P@ab808baena
PCC7120. Nitrate-starved cyanobacteria immobilized on the paper surface byatbe
binder did not grow out of the coatings into the bulk liquid. The averagec@@&umption

rate in Synechococcusoatings is 5.67 mmol fh™ which is lower compared to the rate
reported in the literature foArabidopsis thalianaleaves under simitaexperimental
conditions {8 mmol n¥ h™), but yet surprisingly close considering the simplicity of the
coating method We observed average ratios of oxygen production to carbon dioxide
consumption (photosynthetic quotient, PQ) betweerl#43 which mayindicate a strong
dependence on nitrate assimilation during growth and was used to developgewwtn
media formulation for intrinsic kinetics studiédghotosynthetid ntensificationFactors (PIF)

(O, production by nitratdéimited cyanobacteria in lategoatings/Q produced by nitrate
limited cell suspensions) in cyanobacteria biocomposites preparedweincell pellets
concentrated 100 to 300 fosthow 710 times higher specific reactivity compared to cells in
suspension under identical nitrdit@ited nongrowth conditions. This is the first report of

changes of cyanobacteria tolerance to temperature and light intensities after deposition as a

46



thin coating on a porous matrix, which has important implications forplgase
photobioreactor design using@nous composite materials. CHiacture SEM and confocal
microscopy images of cell coating distribution on the paper biocomposite suggest that the
spatial arrangement of the cells in the coating can affect photoreactivity. This technique
could be used tdabricate very stable, mularganism composite coatings on flexible
microfluidic devices in the ggshase capable of harvesting light in a broader range of
wavelengths, to optimize thermotolerant, desiccation tolerant or halotolerant cyanobacteria

that poduce Qwith secretion of liquiefuel precursors synthesized from £0

2.1 Introduction

Global energy demanid projected to triple from 13.5 terawatt (TW) in 2001 to 43 TW by
2100". Approaches for a more efficiensel of energy are needed along wstable,cost
effective technologiewith long haltlivesto capture solar energy which is the cleanest, most
abundant, and most undetilized energy sourée One approach to improve solar energy
harvesting capacity is to fabricate inexpensive watars ed fAcel | ul ar bi ocom
that mimic or exceed the function and stability of natural plant leaves by ordering one or
more layers ofclosely packediving photosyntheticcells on a surfacevith a nontoxic
adhesive polymer binde€ellular compositas a term used to describe materials in which

one phase is solid and the other is empty space or &fldismmon exampks include wood,

bone, cork and coral, which are solids that contain structural elements which themselves have
a porousstructure resembling ceflsin the present study, we exploit the natural extension of

this cortept to the structure of the plant leaf and expand it to include those hierarchically
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structured, multphase biomimetic biocomposites that include whole living cells as an
integral component of their structu®uch biomimetic composites should be faliedafrom
optimized cells and netoxic polymer binders deposited ontoexpensive substrate
materials, be flexible, contain namowing cells with complementary functions for light
harvesting, C® absorption and net carbooompound biosynthesis, andhave stable
photoreactivity. The stability must be comparable to natural leaviesm months to many
years.

Our focus is to develop inexpensive methods to rapidly assenurhposites of
adhesive colloidal polymer particles and concentrated, stabilized, ordered unicellular
photosynthetic bacteria, cyanobacteria and microalgae as flexible materials that can be stored
desiccated (dried) and when rehydrated retain their pytostic reactivity for 1,000s of
hoursandtheir ability to assimilate carbon dioxide into useful products. We have previously
demonstrated this concept with the purple -saliur photosynthetic bacteria
Rhodopseudomonas palustighich remained metabobdly active without growth in I
starved nanoporous coatings for over 4,000 hours producing hydrogen gas from acetate at a
constant rate We have now extended this concept of coating-groming concentrated
photosyithetic cells to microalgdand cyanobacteria.

The metabolic engineering of microalgae for solar energy trapping and production of
fuel precursors is being intensely studi€d The next step, the ability to rapidifabricate
composite materialiFom adhesive layers of spatialfixed light-absorbing complementary
cells will enable engineering afexpensivestable bisolar energy trapping materials for a

variety of light intensities and wavelengths. These multilaydriedompositesof highly
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concentrated cellscould significantly exceed the low light harvesting efficiency of
cyanobacteria omicroalgaen bioreactor$®. Cyanobacteria have small genomes that can be
easily manipulatedcan produce bt’ andsequester CQefficiently*®. Geneticly modified
strainshave been reported that are capable of producing isobutyrald&higtmrené’,
ethanof" %% 1-butanof* ?* isoprenoid triterpenés ethylené® #’and organic ads”® ?°from
CO,, which makes this group of unicellular organisms promising candidates to be
incorporated into photoreactive cellular composite matéfidfs Carbonassimilatio? and
hydrogen productioii®* by cyanobacteria are also being studied for miedohiel cells
( MF C®%td produceelectric current from b and Q flux across an ion exchange
membrane.

As amodel system to fabricate inexpensive fgosaowing cyanobacteria composite
materials with a micro vascular systémenable photosynthesis in a gdgseanalogous to
plant leaves (to provide nutrients, minerals and water tegnowing photosynthetic cells
we report several methods for coating adhesive colloidal polymer particles and
photosynthetic cyanobacteria on paper supports that hydrate the cell coating by the fluid in
the paper pores below the coating. When placed in -plygse these coatings alis@0O;,
and produce @or H, for 100s of hours with continuous illuminatfr. These methods are
in contrast to attempts by other groups to immobilize viable cyanobacteria for nitrogen
fixation using macroporous supports such as polyvinyl and polyurethane foams, hollow
fibers, cotton and siff*®. Cyanobacteria immobilization has also been achieved by

ﬁ0-42

adsorption to natural polymers suchastosafi®*?, synthetic polymeféand crossinking**
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6 or by entrapment irsilica solgel and alginat®€*®. None of these methods can

49



concentrate or deposihih, adhesive monolayers of cyanobacteria to fabricate highly
structured multlayered composites that mimic the structure of natural leaves. Also, the
microstructure of these materials is irreversibly altered when dried affecting the viability and
reactivty of the cells which do not recover when rehydrated.

Previously reported cyanobacteria immobilization methods can be used to screen
strains in order toevaluate the cells' photaeactivity after immobilization. However,
fabricating many of these mategatan be time consumirand there are considerable mass
transfer limitations, light scattering and cell shadilmgaddition, the specific reactivity of
cells immobilized in these materials is seldom reported.order to overcome these
limitations, we deeloped a rapid and inexpensive method for screening of cyanobacteria
coatings based on wet coalescence of a suspension of cyanobacteria cell paste mixed with an
emulsion of nortoxic adhesive latex polymer particles and protective carbohydtatéich
can generate small coatinggdrated with norgrowth mediafor rapid gagphase reactivity
measurement¥.

Determination of changes in specific reactivity between illuminated photoreactive
cells suspended in liquid and cells immobilized in a single cell layer (monolayer) on a
surface is critical to engineering multilayer and highly structured photobiocompdsites
first step to predicting how to optimize highly organized rdlayered arrays of negrowing
photoreactive cells for efficient illumination and mass transfer and ferséquestration, we
report new methods to characterize the microstructure ek labatings on papefan
inexpensive nonwoven substiatand determination of the specific photoreactivity of

cyanobacteria after immobilizatio®ne major advantage of this system is that these coatings
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can be placed in the gakase of small tubes as nature photobioreactors where the gas
phase pC@can be controlleédnd the cells protected from UV irradiation by the glass tube
wall. In this systemthe illuminated nanoporous cell coatings are continuously hydrated by
capillary action from the small wamme liquid phase at the bottom of the tubes, and the
coatingentrapped cells do not grow out of the coating into the bulk lidqrioducts secreted
from the cells into the paper pore liquid are accumulated at the bottom of thettulsethe
paper provide both a gaphase support as well as a separation mathe.simplicity of this
approach allows rapid testing of multiple engineered cyanobacteria or combinations of
cyanobacteria with other photosynthetic unicellular organiémth complementary light
harvesting or biosynthetic capabilitjeswith different chemistries of adhesive colloidal
binders to identify the most promising candidates for cellular composite fabricAtiat.is
learned for this system can be applied to coating of microfluidic stgopoth channels
engineered for gas transport and harvesting

Paper is an inexpensive nonwoven support material to understand how to coat
cyanobacteria plus adhesive waterborne polymer binder emulsions on a fiber matrix that can
be hydrated and supportedthe gagphase to enhance G@ass transfer as well as develop
methods to characterize the pore network that remains after latex iatlepalescence
(generating wet adhesion). More importantly, the high density of cyanobacteria coated onto a
cellulogc fibre matrix functions as a model vascular systebnderstanding the
microstructure of model cyanobacteria composites will open new paradigms in the field of
waterbased, flexible cellular biomimetic composites that are mechanically stable with

reactivty engineered to exceed thatraftural plant leaves
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Here we reporthe reactivity of paper coatings of four species of cyanobacteria: the
unicellular strainsSynechococcu®CC7002 Synechocystis?CC6308 and Synechocystis
PCC6803and the filamentous strafmabaenaCC7120 We compare thspecificreactivity
of these organisms both in coatings on paper in theplgase and in suspension under
continuous illumination. We have also developed a new method to study the effect of light
intensity using a solar simulator as well as the effect of temperature palS@rption and
O, production.SEM cryoefracture and confocal laser scanning microscopy (CLSM) methods
are usedo visualize coated paper microstructure for elucidation of ¢gtliloution on and

within the paper matrix and cellulose fiber pore space.

2.2 Materials and Methods

2.2.1Cyanobacterial Strains, Media, and Growth Conditions

Wild type SynechococcuBCC7002 SynechocystiBCC6308 SynechocystiPCC6803and
AnabaenaPCC7120were grown aerobically in 25@IL flasks containing 50 mL 0BG11
medium at 100 oscillations/ min in®shavol or bi t
fluorescent light (light intensity measured using adOR, LF190SA Quantum Sensor,

Lincoln, NE) at 25°C.BG11 was prepared as previously descriiedll growth and non

growth coated paper experiments were performed under continuous illumination.

2.2.2 Adhesive latex Immobilization
For all cyanobacteria strainthe latexcell formulations were prepared from wet cell pellets

by centrifuging 45 ml of an Of20b&  tday o8Bl culture in 50 ml conical tubes in a bench top
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centrifuge for 15 min. at 3,000 ¢cand £C. The wet cell pellets (WCP) were mixedth a
commercially available low Tg netoxic acrylic latex emulsion bindday vortexing (15 s)

until homogenous slurries of cells were obtained that concentrated the cells approximately
100 to 300 fold over their concentration in suspension cultureS (fIWCP from ~150 ml

of suspension culture depending on straimpm the slurries 200 pL were transferred to an
Eppendorf tube containing 200 pl of SFO2a t e x  ( R h@ld aneosgdnic Sovent

free acrylate copolymer latex paint binder, 43.5% solisximum viscosity 300cP,
minimum film formation temperature 0°C, pH adjusted to pH 7.0, prepared without bjocides
Rohm and Haa<Co., Philadelphia, PA), and the mixture was mixed by vortexing until
homogenous (15 s). Coatings were manually prepared bydexg 75 pl of formulation

using a pipet tip (Finntip®250 Universdlhermo Scientific, San Diego, CA) evenly over a
scribed 14 mm circle centered on one end of dry, sterile folded 3MM chromatography paper
(3MM Chr, Whatman International Ltd., Maidstoriengland) template (2 cm by 14 cm) in

triplicate (Fig. 2.1)

2.2.3Determination of headspace gas absorption or evolution

The coated chromatography paper was immediately placed into vertical Balch tubes
containing 10 ml of the BGHtowth medium without vaiting for the latex coating to dry;

the tubes were sealed and flushed for 5 minutes with a gas mixture of 8830 R0% CQ

Abiotic controls were prepared by placing uncoated chromatography paper strips of identical
dimensions into Balch tubes contaigithe same volume of BG11 medium. The paper strip

was placed into the tube with the coating 8 cm above the liquid siF@ace.2A).
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Figure 2.1 Extrusive latex coating metho80 niL of a homogeneous 50/50 (V/V) suspension

of cyanobacteria cells and latex binder are aspirated into ai2f{petter tip. A formulation

bead is formed by partially expelling part of the formulation from the pipet tip. Cell
formulation is applied to demeated surface of sterile 3MM chromatography paper. The
pipet tip does not touch the paper. The latex formulation flows-lesedfs) on the paper
surface. The process is repeated on a different location while cell formulation is deposited by
droplets and llowed to selflevel. The final 1.54 cfcoating is ready to be transferred into
Balch tube bioreactor.
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Figure 2.2 Evaluation ofCO, absorption by cyanobacteria in response to illumination by a
solar simulatorA: Hydratedpaper coatings of cyanobacteria in Balch tube bioreactors. B:
Solar simulator schematic. The light beam coming from a 300W Xenon lamp is directed to
the coating samples using a series of internal and external mirrors. A reflective shield was
built around he solar simulator in order to keep UV radiation from escaping to the outside.
Temperature inside the shield was controlled by a varsided fan.

The entire chromatography paper was completely hydrated by wicking liquid from
the bottom of the tubeotthe top of the paper. The coatings remained adhesive and stable
during paper hydration. Visual inspection suggested limited latex coating penetration into the
chromatography paper substrate. All tubes were then vented using a water trap back to 1 atm.
All coatings were incubated wunder coost fluot
illumination without shaking at 2& unless they were evaluated using a modified solar

simulator (see below)longterm continuous C@capture and @production was achied
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by flushing the photobioreactors withe gas mixture as soon as €®as depleted from the
headspace as indicated by gas chromatography analysis of headspace gas composition. This
flushing procedure was periodically repeated for d totaibation timeof 500 hours with no

additional BG11 medium addition to the tubes.

2.2.4The effect of temperature andight intensity on coating reactivity

The effect of temperature and light intensity was studied ®ithechococcu®CC7002

coatings prepared using the same procedure described in the previous sections. Tubes
containing coatings and BG11 media were incubated in a controlled environment chamber at

5 different temperatures in the range2%5 AC wi th constant?s100 &m
illumination for 6 hours. For the effect of light intensity, coatings were incubated in a solar
simulator (M9119, Newport, Irvine, California) equipped with a 300W Xenon 148480

emission 406700nm with discrete peaks in the UV and re&mared rang), a light intensity

meter (LFCOR, LF190SA Quantum Sensor, Lincoln, NE) amadified witha temperature

probe (Dickson, TM125 probe, Addison, Jlghirror (Conair, Stamford, CT), and a variable

speed fan (Sunbeam, Boca Raton, &Llight intensities inhe range 520 0 0 € mo | phot

m? s’ PAR with a constant temperature of 35°C at pH 5.5 for 6 Hfigs2.2B).

2.2.5Chlorophyll a extraction from coatings
Chlorophylla was extracted from the latex coatiagtrapped cells using 90% acetone. Intact
14 mm diametercoatings werecut from the chromatography paper strip and submersed in

1.5 mL of 90% acetone. Extraction was performed during 30 minutes in the dark at room
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temperature and tubes were centrifuged a®d® RPM for 10 min. All supernatants \eer
sampled for absorbance at 664, 647, 630 and 750 nm using a Genesys-\2@ UV
spectrophotometer (Thermo Electron Corporation, Marietta, OH). The process was repeated
three times and the supernatants were pootediisingle extract. The amount of chlohgp

a(eg/ L) extracted from>ach coating was calc

ChLﬁé’lﬂg: [1185C6Ab3664' AbS,5O)- 1-54C6Ab%€§7,' Abslso)' O-OdAbsemo' Absl50)]ve
¢L~ r O

Where Absg, is the supernatant absorbance at 664 nmgAls the supernatant
absorbance at 647 nm, Ahsis the supernatandbsorbance at 630 nm, Absis the
supernatant absorbance at 750 nm (turbidity corrections the volume of ethanol extract

(mL),Vsi s t he s ampl e istheléngtmodthe(clvette paealteldo the light path.

2.2.6Intrinsic kinetics in illuminated suspension cultures with growth limited by nitrate
To compare the reactivity of suspended, illuminated-growing cells and cells coated on
chromatography papearnder norgrowth conditions we modifiedthe formulation of the
BG11 mediaby decgeasingthe concentration of NaNC10-fold from 17.6 mM to 1.76 mM
to arrest cell growth while maintaining metabolic activity. All other media components and
concentrations were kept identical.

Cell slurries ofSynechococcuBCC7002were prepared as prenxisly described and

washed twice with 45 mL of lowitrogenBG11 From the same batch of slurry, we extruded
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paper coatings and inoculated suspension cultures in triplicate with the same volume of
formulation (75 pL). Coatings were hydrated in 10 mL ofdoiivogenBG11, which was the
same tot al vol ume wused for the suspension
photons rif s illumination without shaking at 2&, while suspension cultures were kept

well mixed by mounting the tubes in a shaker (Laidea®, Labindustries Inc., Berkeley,

California).

2.2.7Headspace Gas Analysis

A Hewlett Packard 7890A gas chromatograph cc
sieve 5A porous mesh polymer packed stainless steel column and a thermal conductivity
detector was used for headspace analysis 00 N, and CQ. Argon was used as the

carrier gas at a flow rate of 39 mL/min with injector/oven/detector temperature settings of

160°/160°/25%C, respectively.

2.2.8Coating imaging and microstructure

Hydraed chromatography paper coating microstructure was determined from deconvoluted
z-plane images obtained by confocal laser scanning microscopy (CLSM) using an Olympus
BX-61 optical microscope (Olympus America, Center Valley, PA) equipped with
transmittedfluorescence modes and a 515 nm argon ion laser (CVI MellesGriot.
Albugquerque, New Mexico, USA). Cyanobacterial natural pigment florescence was detected
at wavelengths greater than 650 nm (excitation at 488 nm) while paper fiber autofluorescence

was visualzed at 530 nm (excitation around 400 ni8amples were imaged using the
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green/red channels simultaneousl! y. A stack
direction perpendicular to the paper plane
paper. Imge J software (National Institutes of Health, Bethesda, Maryland) was used to
reconstruct the topographic profile of the samples. The Tikhdfibber algorithm was used

for image deconvolution, noise reduction and improving image quality.

Coating microstrature was studied by scanning electron microscopy (SEM) using a
Hitachi 3200N Variable Pressure Scanning Electron Microscope equipped with a 4Pi Isis
EDS system for digital image acquisition. All coatings were observed in two or more
randomized locationssing a 5kV accelerating voltage. Each location was imaged multiple
times using sequential magnifications ranging from 100x {60DX to characterize surface
topography, cell distribution and available pore sp&aenples were sputter coated prior to
imagng with a thin layer of gold in a mild vacuum (~100 mTorr of Ar gas pressure; 600 V
accelerating voltage) for 5 minutes and immediately placed in the SEM vacuum chamber for
analysis. Crossectional images were obtained by freezing dry coatings in ligjtidgen
and manually crydracturing with a frozen sharp blade while submerged in the liquid
nitrogen. These samples were mounted in a €sess8onal sample holder and spuiteated

with gold using the procedure previously described.

2.3 Results andDiscussion

This is the first report of latex coatings $ynechocystiBCC6308 SynechocystiBCC6803
andAnabaenaPCC7120that retainphotosyntheticeactivity for over 500 hours as measured

by CO, consumption and £evolution when supported by hydrated paper in theppase.
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Preliminaryreactivitydata forSynechococcuBCC7002n hydrated gaphase latex coatings

on paper wagreviously reported by our grotlp All coatings (preared in triplicate) with

the four test strains of cyanobacteria were reactive when incubated in the headspace of the
Balch tube miniature bioreactorsig. 2.3AB).

The three unicellular strains were significantly more reactive compared to the
filamentols AnabaenaPCC7120 All organisms showed nearly constant photosynthetic
quotient (PQ, molar rates of,Qyroduction/CQ consumption) during the time interval
studied. No apparent reactivity decrease (a plateau in a cumulative oxygen production/carbon
dioxide consumption plot) was observed during 500+ hours of continuous illumination.
SynechococcuBCC7002is the most reactive @he cyanobacteristrainstested {able 2.1),
yielding a cumulative CQuptake rate of 5.67 mm@i?@™. Under similarexperimental
conditions, CQ uptake rate by plant leaves of wild typeabidopsis thalianahas been
reported as 18 mm@h?® ™ °°. We use thiArabidopsisvalue as a reference because paper
coatings are a model dhe functionality of natural plant leaveBurther ncreasing the
cyanobacteria biomass concentration in our coatimgsti-layered coatingsand improving
the coating method and microstructure wWilely lead to coatings of cyanobacteria that
surpass thphotosynthetic performance Afabidopsideaves.

In order to further investigate the metabolic characteristics of the strains tested, the
photosynthetic quotient (PQ) was calculated as a function of%ifRig. 2.4). The average
PQ value for the three freshwater unicellular strains is ~1.3, while the filamentous freshwater
strain average PQ is ~1.4 after an initial lag period following immobilization with very low

oxygen production.
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Figure 2.3 Longterm photoreactivity of hydrated paper coatings. Cumulative oxygen
production by hydrated paper coatings of cyanobacteria in Balch tube bioreactors. B.
Cumulative carbon dioxide consumption by hydrated paper coatings of cyanobacteria in

Balch tube bioreacter Error bars 1 Std Dev, n=3
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Table 2.1AverageO, production and C@consumption rates by1.54 émaper coatings of
cyanobacteria. n=3, 1 StdDev

O, average CO, average
Organism production consumption
(mmol m?h™®)| (mmol m?h™)
SynechococcuBCC700Z4 7.05 £ 0.29 5.67 £0.29
Synechocysti®CC6308| 6.58 + 0.30 5.13+0.23
Synechocysti®CC6803| 4.91 +0.10 3.70£0.18

Anabaen®CC7120 1.66+0.11 1.18 +0.09

2.0 -
1.8 -
1.6 -

1.4 <

1.2 <

1.0 -

0.8 -

d —e— Synechococcus 7002
0.6 -

Photosynthetic Quotient (PQ)

—v— Synechocystis 6308
1 —a— Synechocystis 6803
0.4 —e— Anabaena 7120
0.2 5
L} v I v I v ) v ) d ) v |
0 100 200 300 400 500 600
Time (h)

Figure 2.4 Photosynthetic quotiefPQ) as a function of time by hydrated paper coatings of
cyanobacteria in Balch tube bioreactors. Error baksStd Dev, n=3

When nitrate is present as the sole nitrogen source, it is reduced to ammonium to

become available for assimilation into organitrogen compounds. This process produces
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two molecules of oxygen per each nitrogen atom assimilated, and the energy required to
drive this reaction comes from water photolysis (reducing the amount of energy available for
CQO:; fixation). No further reduton is necessary if ammonium was the nitrogen source
hence no additional oxygen would be produecedhich explains the higher PQ values
observed under nitratich conditions’. Because nitrate is the nitrogenusze in BG11

media, the formulation can be modified for agmowth conditions by reducing the nitrate
supply in the media up to levels that maintain cellular metabolic activity but arrest cell
growth. Since the unicellular strains can be more conveniasdlynted, have higher
photosynthetic rates and lack a pwosmobilization lag period, we investigated
SynechococcusndSynechocystifor intrinsic kinetics studies.

The effect of temperature grhotosynthetiaates inmicroalgaeis rarely reported.
Furthermore, the effect of temperatu@ photoreactivity for surfaceimmobilized
photosynthetic biomass has not been characterized. We found that coaSygeaifococcus
PCC7002had the highest cumulative oxygen evolution with aperature optimum for CO
fixation/O, production of approximately 30°C producing 8.+ 3.86 x 1CG° pmol

O.,@ell*®' (7021 + 24.3 pmol Qéng Chi*'®™) at a constant light intensity of 100 umol

m?@* and a final average pH 5.7 + Or2the Iquid phasdor all coatingstested(Fig. 2.5).
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Figure 2.5 Temperature dependence of specific oxygen production ratg fyChydrated
paper coatings ddynechococcus PCC7Q@ror bars’ 1 Std Dev, n=3

Less than 5 x TDcells mL* were present in the liquid phase at the end of the
experiment as measured by hemocytometer countdg03% of the total immobilized
biomass). This optimum temperature for coati(@’C)is significantly lowerthanthe 38°C
optimum growth temperature reged for this strain in suspension cultdfest should be
noted that these two temperature optima refer to two different physiological processes: cell
growth andnongrowth gasphase photoreactivitgs coatingsNo optimum temperature for
photosynthesifas been reported f@ynechococcu8CC7002 but a reference value at 12°C
was reported foiChlorella®®. Ludwig and Bryantfound that genes coding for enzymes
involved in CQ fixation (RuBisCO, carboxysome, carbonic anhydrase, INearbonate

transporter) are upegulated at lower temperatures, which might explain the higher reactivity
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we observed at 30°C. Even though enzymatic reactions should be slower when the
temperatures reduced, C@solubility also increases at low temperatures, which suggests
that there is a tradeff in which Synechococcusightly regulates the CfOconcentration
mechanim in response to the concentration of £0 the media in order to avoid over
production of carbon fixation enzymes. At higher temperatures, there are also heat shock
responses that have been detected as an increase in the transcripts of genes coding for
chaperones that repair thermally damaged prdteiGenes involved in photosynthesis, £O
fixation, O, evolution, glycolysis and normal metabolic processes are all dagnlated as
temperature increases, which in combination with the decreased solubility ,0atG{iyh
temperatures may explain thbserved drop on gaghasephotosyntheticates.

The specific chlorophyllalpha content of Synechococcugells did not change
significantly over the course of thi&-hour experiment (averages of 0.049 + 0.005 pg
Chl,@ell* at t = Oh vs. 0.045 + 0.007 [@hl,(Cell* at t = 6h for all tubes tested), but it has
been reported that genes that control degradation of accessory pigments such as
phycobiliproteins can be wuggulated in response to hedtock as a means to obtain
alternative carbon under unfavotaizondition§™.

Limited data is available on the effect of light intensdg O, production for
SynechococcuB8CC 7002. An optimal light intensity for grow#t2 50 € mol “ghot ons
has been reported for suspension culfirdsit no saturation value of light intensity for gas
phase surfaceimmobilized O, production was reported. ForAnacystis nidulans
phots at ur ati on i s r emsnfs’dfollawing 2tfeld cleselyprklatep too t

nitrogen assimilation from nitrét® In this study, we found that latémamobilized
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SynechococcuBCC7002cells exhibit an optimabxygen productiomate of 12.61 + 1.83

102 pmol O®ell*®&™ (370.9 + 10.2 pmol @ing Chl,*®™) at a constant temperature of

35AC, 100 ¢ hs'landfiralopt 6.6 5 0.3nfor all tubes test@elg. 2.6). Less

than 5 x 16 cells mL* were present in the liquid phase at the endhef experiment as

measured by hemocytometer countir®.03% of the total immobilized biomass) and no

significant photobleaching was observed after 6 hours of incubation (0.037 + 0.007 pg

Chl,@ell* at t = Oh vs. 0.035 + 0.009 @hl.&ell* at t = 6h, average for all tubes tested).

Interestingly, the kinetics afxygen evolutiorfor coatedcells with continuous illumination

does not resemble the characteristic saturation profile commonly reported for growing

suspensions of microalf8eThe Q evolutionr at e at 50 €gisllowpuhot ons

responds quickly to a moderate incrésglse in

when it reaches its maximum value. If light intensity is further increa®ecevolution

decreases rapidly and is inhibstted at an int
This is an unexpected result given tBgnechococcuBCC7002has been reported to

be extremely tolerant to high light irradiatihdue to the protective action of hemepper

oxidase®. Saturation of the photosystems in coatings Syinechococcust lower light

intensity might be a consequence of the spatial distribution of hagitigentrated cells on

the surface of the paper. In suspension cultures and photobioreactors, individual cells are

constantly being mixed so they are never exposed to uniformly high illumination due to light

scattering and@onsiderablesel-shading, whichmy r esult i n anofthédoser ve

cell populationto higher light intensities given that the cells have a chance to repair their

photosystems in the time period they are not exposed to the maximum light intensity.
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Figure 2.6 Light intensitydependence of specific oxygen production rate Ajqey hydrated
paper coatings ddynechococcus PCC7Q@ror bars’ 1 Std Dev, n=3

When coated onto paper and exposed to constant illumination, cyanobacteria remain
in a spatiallyfixed orientation, theresi no mixing, and therefore each cell is exposed to
continuoushigh light intensity. The only barriers are the thin liquid layer covering the cells
and any polymer layers oany cellulose fibres on top of those cells (cells that are
immobilized deeper in & paper matrix). It is well known that freshwater cyanobacteria
adjust their position in ponds and lakes during the day in order to expose themselves to the
optimum light intensity and avoid photosaturation, a process that is not possible in an
adhesive cating and might be responsible of the relative intolerance to high light intensities

we observedHowever, by further development of this method, coating microstructure, light
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scattering and shading properties of cells spatfalbd in multiple layers aa be optimized
along with photo pigment content to reduce photosatur&tio

It has been reported that microbial nanoporous adhesive latex coaifngs
microorganismsare several fold more reactive than the same concentration of cells in
suspensiohwhen deposited over nguorous polyester salrates. We obserda significant
increase of theeactivity of cyanobacteria after mobilization by preparingorouslatex
paper coatings of three unicellular freshwater cyanobacteria strains and cell suspensions with
exactly the same amount of biomass. Both cell coatings and suspensions were incubated
under identical conditions of tempéure and illumination with shaken suspensions. The
cells were growthlimited by nitrate and the absence of growth as confirmed by
hemocytometer cell countir(@rig. 2.7). The amount of nitrate iBG11 media was decreased
to a tenth of the original concentration. Under these nitrtiggted conditions
cyanobacteria in latex paper coatings are significantly more reactive compared to suspension
cultures as measured by oxygen producficable 2.2 andFig. 2.8A).

For comparison, we defineRhotosynthetid ntensificationFactor (PIF) as the ratio
of O, production by nitratdimited cyanobacteria in latex coatings divided byppoduced
by nitratelimited cell suspensiongFig. 2.88). Due to the very low xygen evolution
reactivity of suspension cultures during the first 120 hours of incubation, the PIF during this
interval increases almost exponentially for two of the strains teBtapder coatings of
cyanobacteria are very reactive immediately after redtigsh, and do not go through the lag
period observed by the suspension cultures. For t > 120 hours, all three strains reached steady

PIF values. The onset of this steady period coincided with the end of the lag period in the
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suspension cultures and lastieat 70 hours until pigment bleaching was detected in the

suspended cells tubes.
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Figure 2.7 Arrestingcell growth using nitratéimited (NL) BG-Il media.Cyanobacteria cell
density counted by hemocytometer in BG11 and nitrate limited BG11 media. Cells do not

divide but remain metabolically active under rgnowth conditions. Error bafs1 Std Dev,
n=3

Table 2.2Specific aerageO, production rates (q€) by1.54 cni paper coatings and
suspension cultures of cyanobacteria. 1=8,StdDev

Immobilized Suspension PIF
O, average O, average .
Organism production 3 16 | production 2 19|z Immobilized
(omol.cel.ii®) | (pmol.cell™n) | Oz Suspensior
SynechococcuBCC700z 55.4 £ 9.25 5.81+£1.09 10.0+£ 2.85
Synechocysti®CC6308 57.2+10.3 8.22 +1.83 8.34 £+ 2.32
Synechocysti®CC6803 40.9 £ 8.36 5,55+ 3.04 8.05 £ 3.58
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Figure 2.8 Photoreactivity Intensification by paper coatings. Immobilized biomass
oxygen evolution compared to the oxygen evolution wépendedcells by freshwater
unicellular cyanobacteria strair8. Variation of Photosynthetid ntensificationFactor (PIF)
as a function of time by Synechococct®CC7002 SynechocystisPCC6308 and
SynechocystiBCC6803 Error bars’ 1 Std Dev, n=3

Photosynthetic Intensification factor (PIF)
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The detailed microstructure of latex paper coatings of several strains of cyanobacteria
was determined using ch®EM and fluorescent confocal microscopy. We exploited the
natural autofluorescence of both the chromatography paper and the cyanobacteria for
assessing the distribution of the cell coating on the fiber matrix, while SEM imaging provides
higher magnification detail of the alignment of the cells and the distributioneofatex
binder. Uncoated chromatography paffég. 2.9A) has an opepore structure with a broad
distribuion of flattened cellulose fibewidth and thickness that offers high surface area
(about 2 M g1)®. SEM imags with greater magnification reveal vahaped topographic
features on the surface of the fibgRg. 2.9F). This surface topography combined with the
microporous structure of the paper is responsible for the chromatography properties. The
pore structue formed by the celluke fibers on paper coated with latex binder
SynechococcuBCC7002(Fig. 2.9B) appears altered by the latex + cyanobacteria coating
with open pores still visible between fibres for liquid transport from the bulk liquid phase to
the porespace liquid, and gas diffusion to the cells through the thin liquid layer in contact
with the headspac&ynechococcuappears to randomly align in the same direction as the
paper fibres during the wet coalescence pro¢egs 2.9G) forming sheetike structures
linking adjacent fibres.The cell distribution in the coatingmay be related to the
directionality of the paper fibre matrikatex flow occurs prior to film formation resulting in
unequal distribution of polymer on and within the paper mairhere is evidence of cell
movement into deeper layers of the paper during latex film drying, as suggested by the
cyanobacterishaped void spaces observed on the surface of the coating. These structures

may be cells flowing along with the bulk latexrmulation into voids in the surface prior to
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polymer particle coalescencg®ynechocystis PCC6308 strain very similar in shape and size
to Synechococcus PCC7QGshows a similar behavior when coat&tle paper surfacé-ig.
2.9C) shows a notthomogeneous distribution of coating formulation, which is a consequence
of the manual extrusive coating deposition method which relies oteseling of the latex
cell suspensiorprior to film formation The seHlleveling properties of watborne latex
emulsions during drying can be tailored by emulsion composition and has recently been
reported to be altered by bgeneratedsurfactants in a coating during drying by
incorporation of Pseudomonas aeruginosato colloidal polymer systefi Using this
simple manual extrusion method for coating latex emulsions + cyanobacteria, some fibers
appear to be completely coated wilgnechocysti®CC6308cells while others show the
rough surface observed for SFOd@ated paper. More uniform coatings can be achieved by
altering the coating method, manipulating the emulsion composition or uskHjef ipknting
techniques.

A closer examination of the orientation of the lagmtrapped cyanobacter{&ig.
2.9H) indicaes an alignment in the direction of the cellulose fibres and coating of a portion
of the paper pore spaces beyond the surface of the paper matrix, very similar to the behavior
of Synechococcu$?CC7002 in the same porous substratdanoporous latex coating
microstructure, porosity and properties are altered by the size and shape of the embedded
cell’. ForSynechocystis PCC680&hich is approximately half the size of the two previous
strains, the coating appears ot block a large fraction of the available pore space as

revealed by confocal imagir(&ig. 2.9D)
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Figure 2.9CLSM and SEM images of chromatography paper coated with SF012 latex binder
+ cyanobacteriaA, F: uncoated chromatography paper. B, G: SF013y#mechococcus
PCC7002coated chromatography paper. C, H: SF018&yhechocysti®CC6308coated
chromatography paper. D, I: SFO15ynechocystiBCC6803coated chromatography paper.

E, J: SF012 AnabaenaCC7120coated chromatography paper. Magnification: 125x for A,

B, C, D, E, (scale bar 28n) i CLSM imaging256° pixels/0.0156 mrharea Magnification:
2500x for F, G, H, I, J (scale bar rth) T SEMimaging.
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Higher magnification of the grooves of indiuval fibres(Fig. 2.91) shows both cells
covered by polymer and void spaces (i .e. A t
formulation into the grooves prior to polymer particle coalescehe.size and distribution
of the pores in thiSynechoystis PCC680%0ating suggests that some of the latex binder
formulation on the paper fiber matrix migrated into deeper layers of the matrix prior to
polymer particle coalescence and adhesion. This is also supported by the smaller
Synechocystis PCC680&nabaena PCC712Gorms long chains, sometimes involving
hundreds of individual cells, which should increase the overall cohesiveness of the
formulation when mixed with the latex bindéknabaenacoatings appear as a continuous
sheet covering most of the aadble pore space on the surface of the pgpry. 2.9E) and
intact chains follow the topographic profile of the paper. Chains appear to have been dried
above and under individual cellulose fibers, but do not appear to follow the directionality of
the fibres. Instead, adjacent fibers appear to be pulled together to form small two
dimensional regions where the fibre matrix is homogeneously coverdadlyaena(Fig.
2.9J). Little or no evidence of cell sedimentation into the paper was obsenAthlmaena
coatings. All micrographs also feature regions of the chromatographic paper coated only with
the latex binder SF012. In this case, much of the porosity of the paper is preserved which
suggests that paper fibres are coated individually rather thancbatkl as a uniformly
coalesced layer filling the pore space. A closer look at individual SE@42d cellulose
fibres revealed extensive roughness generated by the ~300nm SF012 partially coalesced latex

particles covering the fibre surface.
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Crosssection, crg-fracture SEM images of &ynechococcu$CC7002 coating
revealedpenetration of the coating into the paper matrix. At low magnification most of the
cell-latex formulation appears to be covering the surface of the paper forming a coating ~20
pm thick. However, what appear to be latex formulation aggregates can beeobsetiie
paper matrix up to 250 um below the surface, which is a consequence of the random
distribution of the coating on the paper fibigsg. 2.10A). A layer of cyanobacteria and
partially coalesced SF012 particles covers the irregular surface dirtraatographic paper,
with some areas being thicker due to irregular leve(ffayv) of the polymer prior to film
formation anddrying. In these areas some bétcyanobacteria moweith latex binder prior
to film formation and are entrapped underneathdb&ting surface leaving a void on the
surface (Fig. 2.1B). The same phenomenon applies for those aggregates immobilized
between fibres in deeper layers of the paper matrix where cells sediment before film
formation (Fig. 2.10C). Comparisonwith the uncoted chromatography papdFig. 2.1Q
Control) revealsonly partial closure of the longitudinal pore space in the paper matrix by the
cell-latex formulation. However, abundant open pore space is visible underneath the latex
coating and between formulatioggregates due to the paper thickness (322 + 16'um)

Both the observed microstructure and the reactivity suggest new hypotheses are
needed for explaining the observed reactivity of lateated photosynthetic cyanobada
extruded onto paper. Higtesolution images confirmed the rbomogeneous, yet fixed
distribution of SynechococcuBCC70020n the surface of the chromatography paper, while
crosssectionalimagesshow irregular penetration of the coating formulatioto the fibre

matrix.

75



Analytical Instrumentation Facllity NCSU Analy trumentation Facility NCSU
5.0 KV EM Mag 250X e W 5.0 KV EM Mag 1000X

Analytical Instrumentation Facility NCSU

Analytical Instrumentation Facility NCSU
5.0 KV EM Mag 250X ‘ O N I RO L oo 5.0 KVEM Mag 2500
uopm

Figure 2.1Q Crosssection cryefracture scanning electron microscopy image of a latex
paper coating oBynechococcus PCC7Q0&. Magnification 250x (scale bar 166h). B.
Detail of the coating surface. Magnification 1000x (scale20em). C. Detail of the internal
paper matrix. Magnification 2500x (scale bamtf). Insert:Synechococcu8CC7002cell at
same magnification for reference.

Analysis of SEM and confocal images suggests several possibiatesifibre
motifs on and within the paper matrix, each featuring different implications for the photo and
gas adsorbing/evolving reactivity of the biocomposite. In the first case, dudédo mon

uniform extrusion coating method, there are regions of the paper that are not uniformly
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coated resulting in loss of a portion of the available surface area for solar energy trapping

(Fig. 2.11A).

Latex-only coated fibers

"Exposed" cells on fibers "Buried" cells on fibers

Figure 2.11 Diagramof observed coating microstiwre variations from SEM imageA.
SFO01l2 coated paper. B. Cell Afsheetso bet weer
fibers. D. ABuriedod cells on paper fibers. E
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Biocomposite oating uniformity can bemproved by using more sophisticated
methods for coating nonwovens (i.e. spin coating| printing, spraying, convective
sedimentation assembly, kit printingf®® that precisely control the deposited volyme
thinnessand the formulation distribution on the substrate. Cells can also span a portion of the
available micropores on the surface of the
are linked by latexparticles between paper fibr€big. 2.11B). In this case, additional
photoreactive surface area is created by partially filling some of the paper pores with reactive
cells while preserving nonwoven matrix porosity to allow for gas absorption and liquid
hydration. These larger pores may function similar to leaf stomata for temperature regulation
and gas exchange. Futuneprovement of thepaper coating methashouldpreciséy control
the latex deposition and adhesive polymer particle coalescence in orasidofilling or
blocking of the available pore space between the cellulose fibers. Interestingly, micropores
appearalso to be created bgells flowing with the latex binding from the coating surface
during the film formation proceg$ig. 2.11C), a pheommenon that could be further studied
in order to control the final porosity of the biocomposite. Latex formulation additives such as
carbohydrates that arrest the polymer particle coalescence process or that modify the
viscosity of he latex binder couldebusedo optimize coating microstructure. With respect
to the spatial location of cyanobacteria immobilized on the surface of paper fibres, cells can
be either Aburiedd i n p o bindeneor gluédcomtheecelldate by
fibres frombelow without being covered by polymer following the directionality of the paper
fibres (Fig. 2.11D & 2.1Z). When cyanobacteria are covered by a layer of partially

coalesced latex binder, another barrier for mass transfer and light penetration is sceiated,
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is desirable to reduce as much as possible any residual polymer on top of the cell layer.
Ideally, the microstructure of laighly reactive coating would be where the available paper
surface area is entirely covered by a thin coating of photoreamligz(one to several cells
thick) secured to the cellulose fibres by a small amount of adhesive polymer particles
surrounding or below the cells.

Our observations suggest that the majority of the {aterobilized microalgae are
exposed to a constanigtt intensity during continuous illumination, which results in
cyanobacteria reaching photo saturation at lower light intensity. Surprisingly, we observe no
light saturation profile for paper coatings of cyanobacteria suggesting a decrease in the
overall tolerance of the biocomposite to higher light intensities. At low light intensities,
latex-entrapped cyanobacteria in deeper layers of the paper (<250 um in depth) may be light
limited, which might explain the low overall paper reactivity observed at 50 pimotons
m?s™.

Different cyanobacteria strains may be affected by the degree of latex polymer
particle wet coalescence during film formation. Diffusivity data for a similar acrylate/vinyl
acetate latex binder previously characterized in our groep9% Rohm and Haggsevealed
a strong dependenayf coalescenc®n the polymer glass transition temperatugg the
drying and rehydratiotemperaturedrying, relative humidityand the surface chemistry of
the polymer particléd. The degree of polymer particle coalescence defines the final
nanoporosityoptical properties of the coating, and the permeability to gas transport which
may also affect the response of the entrapped cyanobacteria to temperature and light

intensity. For this reason further characterization of rla@oporosity generated hbyet
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coalescence on paper and optimization of both the coating methodatsd binder
formulation are necessary.

What remains to be understood in detail are the changes in cyanobacteria physiology
that take place at the molecular level when cells are starvedtfogen in a nosgrowth or
resting state in suspension, on a surface or in a biocomposite. Only very recently McKinlay
and collaborators reported a mechanism that explains the significantly higkeidHof on
nongrowing N-starved cultures oRps. m@lustris By using a combination of global
transcriptome and biomass composition analysis along'i@tabeled acetate tracking with
simulations of altered pathway flux they found that 4goowing N> starvedRps. palustris
shift their metabolism to usée tricarboxylic acid cycle to more efficiently metabolize
acetate and generate more reducing power for hydrogen production while growing cells use
the glyoxylate cycle exclusively This recent discovery pomttowards future genetic
mani pul at-t omi odo imetchani sms of metabolism in
alter the incorporation of a carbon source and metabolite flux ingraming cells in
detriment to biosynthetic processes related togrelvth. We believe this type of adaptation
by cyanobacteria at the physiology level combined with the intrinsic reduction ef self
shading associated with surface immobilization may result in the significant enhancement of
specific photosynthetic rate webserved. More studies at the molecular level on-non
growing cyanobacteria physiology will be necessary to confirm this hypathesis

Paper engineered for minimal acrylate latex binder penetration during film formation

without blocking of the paper pores,gsificant mechanical strength when wet, and

optimized optical properties (e.g. brightness, reflectance) may further improve use of paper
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as costkeffective nonwoven porous material to support cellular composites for light
harvesting and COrecycling. Papebased microfluidic devices have been reported for
detection of a wide variety of analyfé& and for sensing devices when combined with
nanostructured materiafs®. We foresee coated cellular biocomposites incorporating a
microfluidic vascular network to be the next step in engineering biomimetic materials
inspired by the plant leaThese inexpensive flexible composit@ill have many applications

as intensified cellular biosensors, as biomimetic leaves, microbial photo fuel cells,
biocatalysts and highly reactive gas or liquid biofilters. The open paper pore structure
observed using a lowgTlatex binder emulsion andoncentrated cyanobacteria cell paste
presentsa wide range of possibilities for fabricating nonwowveraterialsthat combine
engineered photoreactive microorganisms with a porous substrate that provides structural
support, a pore network for nutrient anaquct transport, waste removal, and alsucfions

as a separation device for products secreted by the cells.

2.4 Conclusions

Paper is an inexpensive, flexible, porous nonworedel substrate for supporting latex
coatings of photoreactive cyanobacteriahe gagphase to functionsabiosolar absorbers or
biomimetic leaves, absorbing G@nd producing @ We coated four different cyanobacteria
strains with diverse morphologies and demonstrated that this simple method of latex binder
coating by extrusionsi capable of intensifying up to 10 fold tepecific photoreactivity of
suspendedyanobacterian nongrowth media designed from PQ dafde photosynthetic

rates measured from these coatings are very close to those reported in the literature for
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Arabidopsis thaliana Considering that neither the cyanobacteria strains tested or the
biocomposite paper microstructure have beg@tmized this level of photoreactivityis
remarkable and encouragesther development of methods concentrate and coatultiple
organisms together to fabricate motgjhly reactive leafike biocompositesvith a flexible
microfluidic vascular system.

Our results also suggesew correlations betweeryanobacterigpohysiology and
biocomposite microstructure. Coating midrasture images provide evidence of partial pore
filling and directional immobilization of some strains of cyanobacteria. Intensification of
photoreactivity could be further improved by increasing the uniformity of the coating on all
cellulose fibers, redung coating thickness, and controlling latex emulsion flow during
drying. By using a solar simulator, evobserved significant changes in light intensity and
temperature tolerance for nitrdtmited latexcoatings of SynechococcusPCC7002
compared to sugmded cellsThis is a motivation to further investigate the physiological
changes that take place after latex entrapmenttbetsurface opaper and other nonwoven
porous supports. This coating method can be used to fabricateongaltiism coatings tha
harvest light in a broader region of the light spectrum, or to fabricate inexpensive cellular
composite devices that require little more than water and light to sustairtelong

photoreactivity.
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CHAPTER 3

Microbial paper: the fiber-based photeabsorber

Oscar |. Bernal, Joel J.Pawlak and Michael C. Flickinger

A version of this chapter will be submitted to

Cellulose
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Abstract

Synthetic biology has the potential to enginplbtoreactive microbet have significant
stability advantages over isolated enzymes and syntpletitovoltaic materials that harvest
sunlight absorb C@ produce O,, volatile carbon products oH,. We report the
microstructure and reactivity of aovel nonwoven cellulose er cellular biocomposite
(microbial paper)dr long-temn stabilization of potentially any type of microorganism. Cells
are incorporatedluring the paper making process as an integoahponent of aighly
porouscellular biocompositethat can be stabilizedry. When rehydratedthe paperpores
functionas a transport netwotk keepthe entrappedells hydrated with nutrients, eliminate
waste naterials and separate secreted prodittdrogen gas productiodinom acetate by the
activity of the nitrogenasan CGAO009 Rps. palustrisntrappedat very high concentratian
handmademicrobial paper can be sustained for >1000 hours at a rate of 4.00 + 0.28 mmol
H, m? h'* following rehydration(a rate that is 2x and 10x greater than previously reported H
production rates biRps. palustridatex coatingghat were driedn polyester anaon-dried
formulations applied to the surfacepdper respectivelyBy adding vacuurdewateringand
controlled dryingstefs to the microbial paper making process and lipocating blends of
microfibrillar (MFC), soft wood (SW) and hard wood (HW) cellulose fibers we fabricated
microbial paper films that produce lgas at 3.94 + 1.0mol H, m* h™ and retain up to 60
mg nmi? DCW of Rps. palustrisMFC content appears to deténe the final cell load in the
film and may affect gas/moisture mass tranafet optical propertiesapabilitiesof the film.
SEM images of rehydrated microbial paper filmicrostructure reveal the distribution of

concentrated cells on and between pdibers that do not clog the pore space, which allows
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for perfusive flow through the cellulose fiber matr&ngineering optimized pulp blends,
additives andiber surface modification methods to generate even more stableetielbse
fiber binding will enable intensification and stabilization of other types of cells in cellulosic
or cellulosepolymer compositeonwoven supports. This celluléocompositenonwoven
paperbased materiatan be engineered in the futurecasteffective biophotocatalyst for
cleaningabsorbing greenhousgases orefficiently absorbing solar energghat combine
intensfication, uniform illumination, stabilization ofeactivity when driedand separation

capabilities for applications in biosolar energy.

3.1Introduction

Immobilizing a high number of viable and reactive microorganisms on a surface is a simple
and inexpensive approach to functionalize catalytically inert materials and intensify
bioreactivity several fold. However, if the supporting material is porous, theme inherent
limitation associated with most cellular biocoating methods given that only the most
superficial layers of the substraseirfaceare effectively utilized for immobilization of
micronsized cells, wasting most of the available intesi#dmcron scale pore spacand
surface arefor biocatalyst bindingThis intrinsic drawback can be overcome by developing
methods that incorporate thaocatalytic biomass during the early stages of substrate
manufacture in contrast to as a finishing treatmegoplied superficially to a prmade
immobilization matrix. This reasoning prompted us to revisit the fabrication method of

porous paper as a support for photosynthetic cells to adapt it for the production of cellular
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biocompositeslt does, however, intduce potential limitatiogof diffusion path length, light
seltshading and light scattering.

Paper has been present in human history sincedtsded existenda China by 200
BCE. The original fiber sources (fishnets, clothing, hemp and"bhsave been replaced by
wood-derived fibers that can be produced in different sizes and morphdldgigse method
itself has evolved from using fixestreen molds, acching (transferring wet paper sheets to
felt surfaces) and screpresses to modern paper machines capable of producing continuous
paper strips at very high speéd$he most recent technology development is the of
nanostructured celluloses as building blocks for the development of sustainable functional
materials. Cellulose nanofibrils (collectively called microfibrillar cellulose (MFC) or
nanofibrillar cellulose (NFQ)have excellent mechanical properties, large surface areas and a
variety of surface functional groups suitable to be used as targets for functiondlizEtien
process to obtain cellulose micro and nanofibrils from patellulose fibers is energy
intensive (generally involving an additional refining step followed by severalgriggsure
homogenizatior but the resulting MFC product (microfibril aggregates;120 nm in
diameer and up to several microns long) is capable of imparting novel interesting optical,
mechanical, thermal and biological functionalities to composite materials, including as you
will see in this chapter the capability to retain high concentrations ofevialdroorganisms
as part of the matrix while preserving viability and reactivity.

Microbial contamination is always present throughout the papermaking process and is
gradually eliminated by the high pressures and temperatures used to achieve the final

mechanical strength of the material. Contaminating biofilm (slime) samples collected from
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the wet end of paper and board machines using recycled fiber or unbleached pulp commonly
yield between 2.0 x 87 2.6 x 10? bacterial cells per gram of sliheand cells are usually
embedded in a matrix of polysaccharides. Among these cells, aerobic bacteria are the
predominant colonizers, especially members of the gBauaslus with few or no yeast and
molds present °. In the final paperboard produtiacteria belonging to the gendacillus
Paenibacillusand Brevibacillus are usually found in quantities fronk50 to 250 cfu @
homogenized paperbodfd?, which shows how the paper making process drastically
reduces the totaviable microbial counts. More interestingly, confocal scanning electron
microscopy of coated foegradepapers has showed that most of the surviving microflora
accumulatesat the interface between the cellulose fibers and the coating (polyethylene,
mineral pigments or biodegradable polymer). Soluble nutrients and no antimicrobial
compounds were found, whicheans that the limiting factor for bacterial proliferation in the
paper was the access to free water even under conditions of extensive'tetting

Aside from studies on the characterization of the residual microbratamination
after the papermaking process, there are very limited reports on the deliberate incorporation
of live microorganisms into a pulp suspension prior to film formation. In one example,
Bacillus cereuswas used to produce handsheets of paper rundetrolled laboratory
conditions (drying temperature 80) as a model system to obtain risk assessment data in
cellulosic fiberbased materiatd Under these conditions, only 5% of the vegetative cells and
spoes were retained in the paper.-RCR has been used to detect and quantify this same
organism in cardboard and paPeNo attempt was made to alter the paper making process

or to add protective substances in order tinoge the bioreactivity of the final paper. A low
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number of bacilli survive the traditional paper making process when the paper is dried at
80 C. Nomicrobialfunctionality or reactivity has ever been added to the paper other than to
show the presence difacilli in the final product. In a related, yet significantly different
approach, Liu and collaborators were able to encapsulate individual célkeoflomonas,
Zymomonasand Escherichiain individual triblock polymer fibers that remain viable for
monthsand are able to efficiently exchange nutrients and metabolic products with the
environment. Here, physical entrapment of the cells is achieved by electrospining a
suspension of the polymer + cells, yieldilogv cell retentionin the fibers in a lengthy and
hardto-scale process.

The microbial paper manufacture methods described in this chapter are novel, simple
and inexpensive, and conceptually compatible with the current papermaking infrastructure in
place (suggesting scalability). We report proof of concept reactivity and tnictse data
that will open the path for a new generation of sustainable cellular biocomposite materials for

diverse applications in biomanufacturing.

3.2Materials and Methods

3.2.1 Bacterial strain, media, and growth onditions

Rhodopseudomonas patas wild type CGA009 wagrown anaerobically in 160 mL glass
serum bottles (WheatoMillville, NJ) containing 100 mL of nitrogen fixing photosynthetic
Medium PM(NF}’ with an initial headspace pressurel atmN,. Cultures were incubated
at 30C under35 PAR pmol photons rf s (LI-COR, LF190SAQuantum Sensot,incoln,

NE) 40 cm below two 6 clear incandescent lightgithout shakingPM (NF) is composed
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of (per liter): 25 mL 0.5 M NAHPQ,, 25 mL 0.5 M KHPQ,, 1 mL 0.1 M sodium thiosulfate,

1 mL 2 mg/mLpara-aminobenzoic acid, 20 mL 1 M sodium acetate, 1 mL concentrated base
solution. Concentrated base solution is composed of (per liter): 20 g nitrilotriacetic acid, 28.9
g MgSQ, 6.67 g CaGlH.0, 18.5 mg (NH)sM0702417H,0, 198 mg FeSgY7H,O, 100 mL

metal 44 solution. Metal 44 solution is composed of (per liter): 2.5 g EDTA (free acid), 10.95
g ZnSQT7H0, 5.0 g FeSY7/HO, 1.54 MnSQH.0, 392 mg CuS@5H0O, 250 mg

CO(NQ)z 6H,0, 177 mg N&B4O-10H,0.

3.2.2Hand-made microbial paper: proof of concept method

Paper pulp was prepared by disintegration and blending of two rddederhed copier paper
sheetssurface coated with lateomtar, New Hill, NC) in 500 mL of ditD for a final
solids concentration of 2%olids using a household blendéDster, Boca Raton, FLat
maximum speed. This paper pulp was mixed with 100 manoODB40d  3day ofdRps.
palustriscultureusing three different methods: simultaneous pulping and biomass mixing by
maximumspeed blending, mixing at medium speed padping and manual mixing with a
glass agitator pogiulping. The resulting bacteria/pulp suspension was left undisturbed for
15 min prior to wet lay formation to allow for incorporation of the biomass into the fiber
matrix. Rps. palustrigmicrobial paper sheets were manufactured for the first time using a
commercial paper making kit (Greg Markim Inc., Milwaukee, WI). A 5.5 x 8 kairdwood

frame was set on a collection tray along with a mesh s¢Fegn3.1)
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The bacteria/pulp suspension was dispensed on top of the screen and distributed
manually to cover the whole mesh area. Another mesh screen was put on top of the
suspension along with a hard plastic cover screen sandwiching the suspension in between.
The wiole setup was tilted approximately 60 degrees with respect to the tray while gently
pushing on the edges and center of the plastic screen to eliminate water from the fiber
suspension.

After no bulk water flow was observed coming from the edges of tlye ttra wet
paper matte (still sandwiched between the two paper making mesh screens) was taken out of
the tray and set flat on top of paper towels. Additional paper towels were set on top of the
sheet and bodweight pressure was applied using a press bardntally, vertically and
diagonally. Finally, the two mesh screens were carefully peeled from the wet paper sheet,
which was set flat on aluminum foil in an environmentally controlled chamber set@t 30
and 60% RH.Drying was carried out overnight abese conditionsThe residual water

contentof the microbial papeafter drying was not determined.

3.2.3 Microbial paper film manufacturing: vacuum dewatering method

The vacuum dewatering method allows for more precise control over the final fiber
compodgion, the thickness and grammage of the microbial paper shéetslatex coated
paper pulps were prepared by haedring bleached kraft soft wood (SW) and hard wood
(HW) pulp sheets into approximately 2 inch squares and disintegration in a standard 2L
disintegrator at 1.2% solids concentration 808 rpm for 5 miff. Final solids concentration

was adjusted to 0.1% prior to storage at 4°C. Microfibrillar cellulose was prepared by
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disintegration followedby grinding and PFI milling for a final solids concentration of
0.19%". Pulp blends of these three fiber types were prepared by manually mixing the 0.1%
pulp slurries in a glass beaker along with 100 mlthefRps. palustrisculture. Microbial

paper films were manufactured by vacuum dewatering followed by restchiping. The

pulp blend/bacterial slurries wenganuallymixedwith a glass agitatdo ensure proper fibril
dispersion and cellular incorporation into the fiber matrix. A Buchner funnel with an 41 cm
diameter Whatman 41 filter and a metallic mesh screen was assembled on a vacuum
apparatus. The filter paper was wetted and vaeseated tahe mouth of the funnel. The
pulp/bacteria slurry was poured into the funnel (making sure it remained leveled at all times)
and the vacuum was reapplied until no bulk water flow was observed coming out of the
funnel discharge. At this point, vacuum wasnoved and the filnfilter assemblies were
removed from the funnel. Films were restrained dried still attached to the filter paper
between plastic rings overnight at°8) 60% RH in an incubator. Final films were ~60 § m

and 50100um thick(measured witha roundedip micrometer model C112GEB; Mituyo,
USA Corporation) Samples of the originaRps. palustriscell pool and filtrates were
collected for determination of the dry cell weigbtdetermine theetaineddry cell weightin

the microbial paper sheeby overnight dryingf the cell pool and filtrategn an oven at

70°C.

3.2.4Determination of headspaceH, production
The microbial paper films were cut infox 5 cmstrips andplaced into vertical Balch bes

containing 10 ml of the PM(NF) mediyrthe tubes were sealed and flushed for 5 minutes
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with 100% Argon Microbial paper films were either completely submerged in media for H
gas production experimentll tubes were then vented using a wdtap back to 1 atm. All
films were incubated undeool fluorescent light with 100 mo | p h™ost illumisatiom

without shaking at 2.

3.2.5Headspace Gas Analysis

A Hewlett Packard 7890A gas chromatograph
sieve 5A porous mesh polymer packed stainktesl column and a thermal conductivity
detector was used for headspace analysis 00k N, and CQ. Argon was used as the
carrier gas at a flow rate of 39 mL/min with injector/oven/detector temperature settings of

160°/160°/25%C, respectively.

3.2.6Film imaging and microstructure

Film microstructure was studied by scanning electron microscopy (SEM) using a Hitachi
3200N Variable Pressure Scanning Electron Microscope equipped with a 4Pi Isis EDS
system for digitalimage acquisition. All filmswvere observed in two or more randomized
locations using a 5kV accelerating voltage. Each location was imaged multiple times using
sequential magnifications ranging from 100x tgOD@x to characterize surface topography,
cell distribution and available pg spaceSamples were sputter coated prior to imaging with

a thin layer of gold in a mild vacuum (~100 mTorr of Ar gas pressure; 600 V accelerating
voltage) for 5 minutes and immediately placed in the SEM vacuum chamber for analysis.

Crosssectional image were ttained by freezing dry papersliquid nitrogen and manually
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cryo-fracturing with a frozen sharp blade while submerged in the liquid nitrogen. These
samples were mounted in a crgextional sample holder and sputteated with gold using

the pocedure previously described.

3.3Results and Discussion

3.3.1 Proof of concepphoto reactivity and microstructure data

Preliminary data suggests successful preservatiorRp$. palustrisphotoreactivity post
immobilization drying and rehydratiom microbial paper shegtFig. 3.2. By controlling

the pressing & drying conditions we were able to transfer our expertise on preservation of
Rps. palustricellular viability in latex coatings to the fabrication apaperbased cellular
biocomposite. It is also evident from the production data that thpapermanufacturing
conditions play a critical role on the final reactivity of the microbial paper sheet. The amount
of shear stress the cells are exposed to duhediomass incorporation steg well as the
strength and rate of adsorptiohtle cells to théibers mayaffect the final photoreactivity of

the paper, which was observed as significant differences between the primary and secondary
H, production ratedy sheets prepared usingfferent blending regimes. Theigh-shear
conditionswhich occurred when the cells were mixed with the pulp prior to vigorous mixing
seem toeffect longterm sustained photoreactivity as evidenced by the early plateaus
observed n sheets prepared by simultaneous pulping and blending of the biomass. The
maximum H production rate recorded from this first set of microbial paper sheets was 4.00 +
0.28 mmol H m? h, which corresponds to pegtiping manual mixing of the biomass it

the suspended fibers under lalear conditions. This rate doubles thepkbduction rate by
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latex coatings oRps. palustrion polyestef® (2.08 + 0.01 mmol Bim?h™) and is almost 10

times greater than thmte from paper coatingsof the same organism fabricated with the
method described in chapter 1 (0.47 + 0.04 mmehtf h™) previously reported by our
group. This performance is remarkable considering that thisrialates not been optimized

for photoreactivity, no osmoprotectants were included as part of the pulp formulation and the

paper making method is very rudimentary.
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Figure 3.2 Proof of concept microbial paper photoreactivitpongterm cumulative K
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The microstructure of the initial proof of conceptcrobial paper sheets provides
insight about the reasons for the high photoreactivity of this cellular biocomposite and
suggests potential opportunities for improvement.-Viegv SEM images oRps. palustris
microbial papel(Fig. 3.3A) reveal the distribution of the bacterial cells &ssters between
paper fibers (in their characteristic rosette morphology) that do not clog the nonwoven pore
spaceThis allows perfusive flow through the fiber mat

Cross sectional i mages show bact-erkad ce
phase connecting adjacent fibers and significant pore space is visible for product and nutrient
transport(Fig. 3.3B) This structureprovides a nonwoven microenvironment for cells to
survive dehydration and remain viable and reactive for long periods o&tieraehydration.
However the specific cellular mechanisms of dehydration survival and the mechanisms of
adhesion between celgd nonwoven fibers are unknown at this point. The micrographs also
reveal the presence of a wide distribution of cellulogerflengths and thicknesses, which is
a consequence of the simple method used for pulping the printer paper used as raw material.
As it will be discussed in the next section, a precise distribution of different types of fibers
will determine the final medmnical strength, magsansfer capabilities, optical clarity and
bacterial load of the microbial paper sheet, which makes selection of the type of pulp and

further improvement of the pulping process critical.
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10pm

Figure 3.3Proof of concept microbial papericrostructureA. Top-view SEM micrograph
of a handmadeRps. palustrignicrobial paper sheet (scale bar 2um). B. Cismsgtion (scale
bar 10um)
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3.3.2 Vacuumdewatered microbial paper films

The introduction of MFC in the pulp formulation affects theal cell retention in the
microbial paper film. A series of films with MFC content ranging betwed@@% blended

with equal parts of SW and HW fibers was prepared in order to characterize the effect of
microfibrillar cellulose on reactivity. Filtrate sgples from the vacuum dewatering process
were obtained to quantify cell retention with respect to the original bacterial pool.

Qualitative inspection of the filrfiltrate series(Fig. 3.4A) revealed a positive
correlation between the MFC content and teeemtion ofRps. palustrisin the film as
evidenced by the increased intensity of the pigmentation in the film and the corresponding
decreased intensity of the color in the filtrate. The specHiprdduction data revealed some
unexpected trends betweehet MFC content and the photoreactivity of the fi(fig.
3.4B,C) Films in the lower MFC range have the highest speciipridduction rates but lose
specific reactivity as the MFC content is increased. Given that bacterial retention in the film
increasesvith MFC content, this specific reactivity drop might be related to mass transfer
limitations, selfshading or enhanced light scattering as the films gain barrier properties in the
upper MFC range. It is well known that pure MFC films have poor moistufesidin
coefficients and gas permeabiliié8® mainly as a consequence of the highly hydregen
bonded MFC network and strong interactions with the other components of the films.

Further insight into the maggansfer limitation problem of these blends can be
provided by plotting the Hproductivity data as a function of the film ar@ag. 3.5 A,B)

The trend takes a bell shape with an apparent maximum cumulative production3at 6

1.09 mmol H m? h'* around 60% MFC content.
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However the standamkeviation of all points from 20% MFC to 100% overlap and no
statistically significant maximum can be determined from this.daites number is still
comparable to the rate observed in films fabricated with the classicatniechel paper
making method desitred in the previous section, but the physical characteristics of the
vacuumdewatered films can be much more easily tuned using this improved method.

The data also shows that the ptoduction rate per fidecreases rapidly as the MFC
content is reducednd may bereduced in the high MFC range. At low MFC content, the
amount of retained biomass is minimal but mass transfer limitations mawp#hich may
explain the high specific Hproductivity rates (cells are not limited by mass transfer) but
rather bw overall photoreactivity per mOn the other extreme case, as the MFC content
approaches 100%, many more cells are retained which may result in reduced masstransfer
optical limitations which explains the low specificHbroduction rates and relaély high
photoreactivity per f In this case the effect of the lower productivity per cell is counter
balanced by the presencenofich higher biomagser unit area.

The previous findings imply that themmay be a tradeoff between the higher
bacterial retention level at high MFC contents and the observable microporosity created by
the presence of thicker SW and HW fibers in the biocomposite-vibop SEM imaging of
the Rps. palustrisfilms confirm the microstructer changes that take place as the MFC
content is variedFig. 3.6A, C, E, G, I, K) Micrographs of the films show nearly continuous
MFC networks at the higher MFC content with very little (if any) distinguishable
microporosity. IndividuaRps. palustrisels are visible on the surface of the film, but most

of the cells appear to be entrapped in the dense MFC matrix or entangled between SW and

109



HW fibers as the MFC content is decreased. As the MFC content is reduced the structure
Aopensod and tdiacreasescas onpre clearly ®videnced in cross sectional
micrographgFigs. 3.6B, D, F, H, L) Additional internal space for perfusive flow is created

by the presence of SW and HW fibers, which further explains the higher spegific H
productivity as the MC content decreases.

The microbial paper concept is still an eastgge technology with many potential
opportunities for improvement. The data presented in this chapter is merely exploratory but
should serve as a proof of concept for continued developriRer example, our current pulp
formulation includes native cellulose fibers that have not been surfaddied to better
complement the surface charge of the bacterial cells. The literature reports methods for the
chemical generation of positive chasgen the cellulose microfibrils surfaethat could
create an electrostatic interaction between the bacterial surface and the fibers (a similar
approach is described in the next chapter to sudatieate polyeste sheets). Surface
modification could improve cell retention in microbial papers with a low MFC content,
increase cell loading and alter porosity and mass transfer properties. In the search for these
optimized cekHfiber interactions, extensive charactation of the microbial papers will be
necessary in order to find a suitable tradeoff between optical clarity/reactivity/stability,
mechanical strength, porosity and bacterial load. The pulp and paper industry already has
methods which should facilitate thedaptation of this technology to the current paper

manufacturing infrastructure.

110



MFC/SW/HW (%)

100/0/0

80/10/10

60/20/20

40/30/30

20/40/40

0/50/50

Figure 3.6 Vacuumdewatered microbial paper film&, C, E, G, |, K: top views (scale bar
2um). B,D, F, H, J,L: cross sections (scale bar 10um).

111



Microbial papers and celluldsioc o mposi t e materials are a
technology platform that offers mamptentialmarket applicationsNo fiber-based material
with the capabilities described in this chapterrently exists in the market. Thearkets for
specialty nonwovens and spegyatapers continue to expand. Tipistentially entirely new
platform technology will add previously unimaginable functionality to papers, fiberboard and
nonwovenmaterials There are coatings and inks that camtanzymes, biocides or other
photoreactive biomolecules, anthicrocrystalline cellulose. Howevert h e s e Asmart
biomaterials are not capable of photosynthesis, biosynthesis, absorption of gasses or
mineralization of toxic air or water contaminants. Onliaat cells have these functions in
the context of a biomimetic matrix built around the cells and cusadiored to intensify

their reactivity.

3.4 Conclusions

The microbial paper concept may appear very simplisguitting a high concentration of
engireered microbes into paper. Howee the combination of custetailored pulp blends
and careful modification of the paper drying process results in a dry cellulavoren
cellular biocompositenaterial that stabilizes and entraps a very laghcentration bRps.
palustriscells. Microbial papers are the first biocatalytic meswvens generated by our group.
Our results suggest thahese cells regain biological activitfollowing rehydration and
produce H gaswithout outgrowth for 100s to 1,000s of howtsrates that arkigherthan
those of other cellular biocomposites and coatioigthis same organisrdeveloped in our

lab, which shows the great potential of such a promising technology.
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Our data also shows the functional and structural complexityh@fnonwoven
cellular biocomposite we have producédle explored the effect of somgrocessing
conditions and raw material formulations obtaining a wide range of photoreactivities, cell
retention and microstructures. Further optimization of this biomaterlhl require an
interdisciplinary approach by forest biomaterials science, microbiology and chemical
engineering. However, the potentiaiarket oportunities for using cells as green catalysts
could bevery large if microbes can be stabilized in a dryrfdwithout needing refrigerated
storage o shipping). A new model in which theanufacturesite can be sparated from the
site of usemight be feasiblevith development ohighly reactive cellular biocomposge
Nonwoven microbial papertave thisdry stallization functionality. No industry has
concentrated angreserved living cells using thdry nonwovens approacihis platform
technology willbe the prototype of a new generation of inexpensive biocatayaisheet
mat er i al slibrarie® waditrobidh paper sheets could be stored dry and readily
available for being shipped and rehydrated on sred used for a myriad of

biomanufacturing, environmental and bioenergy applications.
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Abstract

We report theinvestigation of dielectrophoresis (DEP) for the fabrication cellular
biocomposites of photoreactive cyanobacteryngechococcus PCC700dn flexible
polyester sheetgPE) Adhesion isgeneratedby priming a surfac@ctivated polyester
substrate with a laydyy-layer (Fb-l) assembled film of alternating charged polyelectrolytes

in order to generate a highly positive charged flexible substrate forbreling Cell
viabilities determined by vital stainingp to 95+ 2% after DEP deposition were observed

and the effect of voltage and frequency on chain length was investigated in suspension prior
to deposition.COMSOL-based numerical simulations predibetequilibrium structures of

the cells in the presence of an external electric field and are in excellent agreement with
experimental resultsThe effect of DEP on the surface coverage efficiency factor (SCEF)
was quantified and compared to that of gragijtledcyanobacteri@oatings, yielding up to

~60% in the presence of the electric field versus ~40% for free settling, which is remarkably
close to the theoretical efficiency of ~70% we estimated from gpromanentonvective
assemblednonolayer. Coatgs remain adhesive after the electric field is turned off due to
the electrostatic interaction between the negatively charged cyanobacteria and the positively
charged polyelectrolyte layer orhe substrate. Hdtosynthetic pigment integrity in
Synechocoats PCC7002cells is preserved afteDEP immobilization as revealed by
confocal laser scanning microscopy and spectrophotometry. Significant reduction of light
scattering and enhanced transmittance on DEP coatings of cyanobacteria demonstrate the
effect of reduced selshading compared to suspension cultures. This method was used to

assemble a robust, structured cellular biomimetic biocomposite that optimizes cell surface
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coverage and preserveyarobacteriaviability after surface attachmenthile achieving
precise controlover cyanobacteri@rientation and distribution on thRE substrate. This
could bea useful techniquéowards the development aiethods to fabricatenultilayered
biomimetic photoabsorbing material®n flexible mediacompaed of different types of
photosynthetic organisms immobilized on microfluidic vascular networks forihighsity

light harvestingi | e a v biafuiel pfoduction from C@

4.1 Introduction

Composite materials that mimic or exceed the function of rigilaat leaves have been the
subject of extensive research effooiver the last severdécades? We believe that the next
advance in this area will come from the incorporation of live levhphdosynthetic
cyanobacterias part of the structure of the material (a cellular biocomposite) given their
ease of genetic manipulation and themique capability to harvest solar light and convert
carbon dioxideinto useful chemical intermediates arfiels*®. Our focus is to develop
inexpensive methods to rapidly assembly biocomposites of stabilized, qrdeestive
unicellular photosynthetic micorganism&™° into a structure that hasducel selfshading,
optimizes surface coveragbarvess light in a broad portion of the visible spectruabsorbs
carbon dioxide for recyclingand that can potentlgl surpass theenergy harvesting
performance ophotovoltaic"*% Curent methods for cyanobacteria immobilization include
absorption to natural polymers such as chitb§an synthetic polymefd " and cross

18-20

linking*®%or by entrapment in saels such as silica géls®?and alginat& >* However,

none of these methods is capable of organizing cedlbsaimetworked/ordered/layered array
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with adhesive propertidsr creating a multiayered structure witbptimal light trapping on

a flexible substrate, mimicking the distribution of plant cells in a leaf. This task could be
accomplished witla method that organize=lls first in suspension and then deposits these
assemblies dn an adhesive surface. Several literatueports describe approaches for
fabricating freely suspended random cellular aggreffaf@sorganized cell assemblies via
DEP in AC electrical fields and methods for promoting cell adhesion to nanopatterned
surface®® and polyelectrolyte multilayet$®' sepaately. There are a few reports on the use
of DEP methods for collection and separation of cyanobacteria according to lipid content and
viability®*3*, but to the best of our knowledge no previous work has been done on DEP
mediated immobilization otWiable, reactiveclosely packedcyanobacteriauniformly on
polyelectrolyte coatings.

Dielectrophoresis (BP) has been extensively investigatedthe manipulation and
measurement of properties ofany types ofcells in suspensidh®’. It is defined asi t h e
force exerted on the induced dipole moment of an uncharged diaelectric and/or conductive
particlebyanomu ni f or m e f..éndhe présencefoi as altermating current (AC) field
of f r e qadipalempment,is induced in the cells resulting in pewtklace type of
linear chains. Cells in suspension distort the field in their surroundings inducing a net force
on the neighboring cells given by

& ¢‘- YYQ@ 1 90
Wherel}, is the dieleaic permittivity of the mediumR is the particle radius anfl is the
electric field intensity. This force is proportional to the electric field gradient squared and is

frequencydependent through the real part of the ClauMlossoti function K):
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HereQ corresponds to the dielectric permittivity of the partiéigjs the conductivity of the
media,{, is the conductivity of the particle arghw = o(+U )0/t Bfiis the Maxweh
Wagner chargeelaxation time.

Particles align into chains in suspension when exposed to an AC field due to the
attractive forces produced by the induced dipoles. This chaining force is proportional to the
square of the field intensity batiso depends upon the distance between particles and the
length of the chain through tli&coefficient:

& #-YY@] sn%fo & pm
The chaining force is proportional to the square of the real part of the ClMleasstti
function, which make it very sensitive to the field frequency.

The dielectrophoretic force also has a vertical compoRggip that acts in the same

direction along with the buoyancy forég when positive DEP is present and the particle

density () is greater than the rdeim density Jm):
o -y "Q

WhereR is the particle radius arglis the gravitational acceleration. The combination
of these two forces results in faster settling of theigdas oro the substrateExamples of
DEP applications involvindive cells include cancer diagnostits®, tissue engineering
application8> *°and environmentanonitoring®.

This study describes a new cellular coating deposition method that applies the

principles of dielectrophoretic assembly in suspension with adhesion to polyelectrolyte
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multilayers to yield a fletble, light-harvestingbiocomposite of viableyanobacteria. Low
cell-density suspensions are used to assess cell viability in suspension after DEP exposure
and to evaluate the effect of operating parameters on cell assembly. The numerical
simulations of he assembly process provide deeper insighttiméacell chaining mechanism

and the total electrical energy of the DESsembled structures in suspension. These arrays
are not permanent in the absence of biospecific linking molecules or functionalized
paricles’” and disassemble once the electric field is turned off. Our coating method preserves
the organization by creating a permanent electrostatic interdstioreen the cyanobacteria

and the polyelectrolyteoatal substrate. We study the microstructure ansitu viability of

these cellular coatings via optical, scanning electron and confocal microscopy after

deposition and assess their optical propertiesisyegde with suspension cultures.

4.2 Materials and Methods

4.2.1Materials and substrate activation procedure

Aqueous solutions of poly(sodium-sfyrenesulfonate) (PSS) (Mw=70000 Da) and
poly(allylamine hydrochloride) (PAH) (Mw= 15000 Da) (AldricBhemica] MO) were

prepared with deionized water (M) sy st e m, 18.2 Mq. cm) at a fi
Img/mL. A 125um thick polyester substrate (DuPont Melinex 454, Tekra Corp, NJ) precut

(75 x 25 mm) was wipeeéxtensively with 100% ethanol and partially hydrolyzed with a

boiling solution of 15 g/L NaOH faB0 minutes to generate a negative charge on its surface.

A polyelectrolyte coating was depositedmthis charged substrate by sequentially exposing

the top surface of the polyester to PAH and PSS solutions for 15 min with 2 min rinsing with
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deionized weer between each depositiofhe final activated substrate contains three

PAH/PSS bilayers and a final PAH positively charged layetsosurfacgFig. 4.1).
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Charged | ayer-by-layer polyelectrolyte Activated
polyester coating deposition polyester
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Figure 4.1 Polyester(PE) substrate activation procedue partially hydrolyzed, negatively
chargedPE substrates primed with a layer of positivelgharged PAH and subsequently
coated with polyelectrolyte layers of PSS and PAH of alternating charge

4.2.2Cyanobacterium strain, media, and growth conditions

SynechococcuBCC7002, was grown aerobically in 2611 flasks containing 50 mL of BG
11 medium at 100 oscillations/ min?s$'moolan
fluorescent light (light intensity measured using eCOR, LF190SA Quantum Sens, NE)

at 25°C. BG11 was prepared as previously descrfie8uspensions for dielectrophoretic
cellular coating deposition were prepared as follows: 1.0 ml of agd@D 1-day Bd

culture was centrifuged in 1.5 mpgendorf tubes in a bench top centrifuge for 15 min. at
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3,000 xg and room temperature. THG11 supernatant was removiey pipetting and the

wet cell pellet was resuspended in 1.0 ml of deionized water for a final cell density of ~8.0 x
10" cells mi* (viability experiments in suspension). For high cell density coating
experiments, the wet cell pellet was resuspended in 300 pL of deionized water for a final cell
density of ~35 x 10 cells mi*. The final pH ofall cell suspensions was between-8.8and

~1mM final average electrolyte concentration.

4.2.3Dielectrophoretic coating deposition procedure

Cyanobacteria dielectrophoretic alignment was carried out between two coplanar gold
electrodes vapedeposited on a 25 x 75 mm plain glass s{iéishe Scientific, NH) with a 3

mm gap in between. The gold electrodes were cleaned with NoChromix (Godax laboratories,
MD) overnight, rinsed with water and aried prior to DEP deposition. The activated
polyester substrate was ctd 10 x 5 mm to fit insidea 20 mm diameter, 1 nuthick
perfusion chamber (Grace Blabs, OR) that was used to covéne gold electrodes and
house the concentrated cell suspension to be coated. In order to minimize cell attachment to
the inner surfaces of the gold electrodes aredpgérfusion chamber, these elements were
treated with 0.5% H27 Pluronic surfactant (Molecular Probes, OR) for 30 minutes prior to
DEP deposition. The gold electrodes were connected to a 3312025 quarewave field
function generator (Agilent techngjies, CO) that provides with alDV peakto-peak AC

signal. This signal was amplified to 25V using a -BG voltage amplifier (Burleigh
Instruments, NY) connected in series along with a 1 puF capacitor used to filter any DC

component of the signal. The aiwt was completed with a digital multimeter (Instek, CA)
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monitoring the applied electric field wdfi was maintained &-10 V mni* at 50250 Hz

(Fig. 4.2A). Oriented cellular coating deposition was achieved by turning on the electric field
prior to filling the perfusion chamber with the cydracteria suspensiqifrig. 4.2B) Once

the perfusion chambevas loaded with 300 pl of cell susgeon, DEP was carried out far

hour at constant voltage and frequency. Coatings were rinsed in deionized water prior to

imaging in order to remove any unbound cells.

A B
Concentrated ALOn %8@%8
cyanobacteria Alignment in W ©
suspension suspension (_ oo
ElE (S
Perfusion Z,DEP V'B
chamber O r
Activated Polyelectrolyte
polyester <« Polyester Gealing
substrate substrate

TR e 8-10 V/mm, 200 Hz

Planar gold electrode i

Figure 4.2 A. Schenatics of the experimental apparatiss DEP cyanobacteriacoating
deposition. B. DEFmediated cellular coating deposition strategy. Cells are first aligned in
suspension and then depositetodhe surface of the activated substrate by a combination of
vertical DEP and buoyancy forces

4.2.4 Viability assay

To test whether or not the cyanobacteria survived the DEP procedure, a vital staining

technique with fluorescein diacetate (FDA) was (5€€DA (Sigma, MO) wvas dissolved in
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100% acetonéo a concentration of 0.5% (w/vyhis stock solution was diluted with BGL
media to make a 0.01% FDA solution. Equal volumes of cell suspension andBGDA
solution were mixed in an Eppendorf tube and incubated for 20 minutes prior to imaging.
Viable cells appeared bright fluorescenéem, while norviable cells appeared pale red or
colorles under fluorescence microscopy (488/530nm excitation/emission respectively)
Fluorescence images were captured before turning the fielddoduaing depositiongl5, 30
and 60 minutes) with DEP. ge exposure was adjusted manually to achieve optimal
contrast and brightness. Cell viability is expressed astbeagenumber of FDA positive
(viable)cells divided by the tal number of cells in three different fields

Samples were takefinom aculture subjected to DEP at different time intervals and
cultured in fresh B&1 media to determine cell survival after exposure to the electric field.
A sterile 24well plate (Corning, NY) was filled with 1.2 mL, each, of sterile -BGN+)
me di a. npléeswerk takeraevery 15 minutes from the DEP chamber for a total time of
1 hour,and werers uspended i n-119m@dia teeyleld a 1:50 BilGtion factor.
Three wells of the plate were inoculated fr
susgension. Nornoculated wells between inoculated rows served as abiotic controls to
check for cross contamination between successive rows. Jralblithe wells were mixed
with sterile pipette tips afts'andd0d odiigiane d a't
mn*for 1 week. Daily 10 eL samples were
hemocytometer (Hasser, PA) after mixingpf each wellwith a sterile pipetteprior to

sampling.
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4.2.5Coating imaging and microstructure
Cyanobacteria alignment iugpension was monitored and characterized using an Olympus
BX-61 optical microscope (Olympus America, PA) equipped with transrfitiedescence
modes and an Olympus BR digital CCD camera. For the experiments in which we
evaluated the effect of the DEJperating parameters on chain length we applied the electric
field during 2 minutes at the given conditions and took a series of five 40x micrographs
covering a line crossing the center microscope field from left to right in the gap between the
gold electodes. The values reported for chain length correspond to an average of the cell
counts performed in these five images.

DEP coating microstructure and cell viability were determined from deconvoluted z
plane images obtained by confocal laser scanningostopy (CLSM) using the Olympus
scope and a 515 nm argon ion laser (CVI MellesGriot, NM). Cyanobacterial natural pigment
florescence was detected in the red region of the spectra at wavelengths greater than 650 nm
(excitation at 488 nm). A stack of 50 CLSMmages 0. 2 &em apart i n
perpendiculato the coating plane wererecordec a t ot al depth of ~10
Image J software (National Institutes of Health, MD) was used to reconstruct the topographic
profile of the samples. The Tikhondfiller algorithm was used for image deconvolution,
noise reduction and improvingage quality.

Polyelectrolyte coating microstructure was studied by scanning electron microscopy
(SEM) using a Hitachi 320N Variable Pressure Scanning Electron Microscope equipped
with a 4Pi Isis EDS system for digital image acquisition. All coatingse observed in two

or more randomized locations using a 5kV accelerating voltegeh location was imaged
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multiple times using sequential magnifications ranging from 100x to 10000x to characterize
surface topographySamples were sputter coated ptionmaging with a thin layer of gold
in a mild vacuum (~100 mTorr of Ar gas pressure; 600 V accelerating voltage) for 5 minutes

and immediately placed in the SEM vacuum chamber for analysis.

4.2.6Surface coverage

Image Jsoftwarewas used to estimateating surface coverage frof®x optical microscopy
images at randomized locations in DEP cellular coatings. These images were convéoted
8-bit grayscale, thresholdnd processed using thf@nalyze particles capability of the
program. The backgroursiibtraction, particle size threshold and circularity were all adjusted
manually to detect all cells in the field and estintatevoid spacéetween particlesSurface
coverage was calculated as the product of the total number of cells detected timesatlpe a

area per cell divided by the total field area.

4.2.70ptical properties

The optical properties gilanktonicSynechococcus PCC 7QG8e 125 um thick transparent
polyester substrate arldEP generatedellular coatings oBSynechococcusn the polgster
sheetwere measured using a 1 ml cuvette filed with BG11 media (for coatings or substrates)
or cell suspensions in a Lambda 35 Perkin EImer\JS spectrophotometer equipped with

an integrating sphef@®SA-PE-20, Labsphere, NH) at ambient temperatévset of larger 4

x 25 mm cyanobacteria DEP coatings were fkitl(vertical) on the back wall of th&8G11

filled cuvette. Values for transmittance were obtained betwee®@d®m at 480 nm mih
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No evidence of cell release or outgrowth to the ligplthse was observed during our

experimentss indicated by hemocytometer caunt

4.3 Results and Discussion

4.3.1Substrate activation strategy
Flexible mlyester is a suitable substrate for photoreactive cellular coating deposition given
its mechanicabktrength and optical clarity. However, it is also chenhcadert, hence the
need for anactivation step prior to cellular coating deposition. Surface activation was
achieved via weak surface hydrolysis of superficial ester bonds in the presence of a
conentrated metal alkali hydroxide. This treatment creates negatively charged carboxyl and
hydroxyl groups on the surface of the polyester sheet that fix and stabilize the polyelectrolyte
coating in plac& *°

The partial alkali hydrolyss pretreatment was followed bya layerby-layer
deposition of a ~100 nm thick polyelectrolyte coatitigickness measured with \Aeeco
DektakD-150 Step profilometedata not shown) of composition (PAH/BFSAH. The first
polyelectrolyte layerhas a positive charge to bind tbhe negatively chargegartially
hydrolyzedpolyeste substrate and serves as a base layrethe sequential deposition of
alternatively charged layers of PSS and PAH. SEM imagirtgeofawpartially hydrolyzed
charged substrate shows @&anh polished surfacg-ig. 4.3A) primed to be covered by the
polyelectrolyte coatingAs the coating grows in thickness with subsequent polyelectrolyte
layers(Fig. 4.3B) topographic features becommre evident and ultimatelyomogeneously

cover the surface of the stbate homogeneousl¥ig. 4.3C) The last layer is positively
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chargedso it can bind to theegative chargeon the surface of the cyanobacteria cell Wall
and establish a stronglectrostaticnteraction capable of keeping the cells in place in the
absence ofan electrical field (Fig. 4.3D) No evidence of cell wall fusion to the

polyelectrolyte layer can be observed in these micrographs.

Figure 4.3 1-b-l polyelectrolyte coating deposition. A. Raw charged polyester substrate. B.
Coating at (PAH/PS%)C. Finalized coating (PAH/PSFAH. D. Synechococcus PCC7002
immobilized on polyelectrolyte coating. Scale bars: 2um
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4.3.2Effect of voltage and frequency on cell alignment

Our DEP immobilization strategy relies onassembly of cell chains and partialD2
arrangements in suspensiabove the polyelectrolyte substraWe characterized the effect

of voltage and frequency on cell ah lergth in order to choose suitable operating
parameters that promotell assembly in suspension while preserving cell viability. Voltage
was varied in a relatively broad range betweerbQW¥ in order to account for the greater
influence of the electric fieldstrength on cell surface polarization while frequency was
maintained between 5260Hz to avoid electrohydrodynamic flows at lower frequencies and
bulk fluid convective flowat higher frequencies. The frequency used in the experiment was
in a narrow rangén order to avoid the lovfrequency dielectric dispersion (LFDD)limit
characteristic of colloidal particles defined by the characteristic relaxation frequency of the
c el lgng = ADM/RY. It has been reported that above this frequency cell chain length
decreases due to a dipole magnitude decrease betiaee@rns inside and outside wpéast
cells’?. This parameter depends on the diffusion coiefiicD) of the ions in the double layer
(mostly Nd for BG11) and a dimensionless factdvl)(that represents the effect of the
electrosmotic ion flux aoss the double layer. Owstimate for this frequency is ~689H
subject touncertainty given the lacif specific physical data for this cyanobactesiein.
Because of thisTable 4.1reports a combination of values either measured or reported for
cyanobacteria The missing cyanobacterigparameters were ppoximatedusing those for
yeast All experimens were carried out at 8.0 x 1@ells mi* cell density, ~1.0 mM
electrolyte concentration (final value after cell wet pellet resuspension with deionized water)

and pH 7.0.
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Table4.1Physi cal

Location Parameter Symbol Magnitude Units
Cvioplasm Dielectric constant G 531x10° | C°J'm*
ytop Conductivity Gy 0.5 Sm+

Capacitance Cm 0.01 F m?
Membrane Transconductance Om 0 Sm?
Conductivity Cm 1.00 x 10 Smt
Dielectric constant V] 575x10° | Cc2J'm?
Cell wall — 5 T
Conductivity Uy 0.1 Sm
Counter-ionic | Dielectric constant GoL 1.15x 10" | C*J'm?
layer Conductivity Os 479 x 10° Sm’
. Dielectricconstant G, 7.08x10° | C*J'm*
Medium — 5 T
Conductivity Um 0.008 Sm
Inner diameter R 3.70 x 1¢° m
Outer diameter Ro 4.20 x 10 m
Double layer
thickness ® 3.00x 10 m
Cyanobacteria Debye length s 9.60 x 10° m
cell Zeta potential 6 -0.053 Vv
Effective dielectric 06 6 317 x 16° 2 7t mit
constant
Effective .0 © 0.035 S nit
conductivity
Frequency f 1256 Rad/s
System Voltage v 25 \Y
Na+ diffusion D 1.33x 10 m?s?
coefficient
Fundamental chargs q 1.60 x 10~ C
Boltzman constant Kg 1.38 x 10° JK?
Permittivity of free v 8.85 x 1012 c2 3l mt
space
Temperature T 298 K
Miscellaneous o
S“r;ace charge 0 177x16 | Cnm?
ensity
Effective Cy=
capacitance ofthe| Ua c 0 s 3.40 F m?
bound layer 2k, T Cyb
Dimensionless M=
factor 1+ (/g0 1.02 Unitless
TGP

par amet ggasd nfuldshell madélicgt> at i on
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Design Expert Software (St&ase, MN) was used to generate a response surface
experimental desigthat covered theoltage and frequency intervals. The response was the
average chain length obtainédm five 40x images of the glass electrode gap field after 2

minutes of DEP exposu(€ig. 4.4)
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Figure 44 Effect of voltage and frequency on average cell chain length in suspension. Error
bars +1 Std Dev, n=5
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For all frequencies up to 200 Hz, longer chains are formed as the vivitagases,
which correlatewell with voltage being the most important parameter for dielectrophoretic
assembl y. At f r @6 «chain cassemsbly & bpaniadly disrupted by
electrohydrodynamic flow and LFDD, which translates into a lower average chain length. At
50V, cell alignment in the direction of the field is fastes3-5s), chains are very close to
each other but tend to be shortkre to cell displacemetitom chain b chain due to the
stronger field intensity at the endde growing chainLower frequencies promote longer
chain assembly, but the process is significantly slower. The longest chains were observed at
50Hz and50V (about 13 cells per chaimaverage), buin this high voltage limitwater
electrolysis occurs and cell viability is affectdérequenies above 200 Hz resulted short
chains that tend to collapse with each other forming randomly shapedlistidggregates
of cells that quickly dissipate duo significant electr@smotic currents inside the chamber
From these observations we chose 200Hz and 25V as a suitable set of conditions that allows
for rapid chain assembly without significant electrohydrodynamic flow or water electrolysis

in the timescale chosen for coating deposition (1 hour).

4.3.3Cell viability during and after DEP exposure

Despite previous reports on bactesiarvival after dielectrophoresisit was necessary to
directly assess the viabilitgf Synechococcus PCC 7008lls after being exposed to\2%t
200 Hz during DEP depositiontimes up to 1 hourFDA staining showed that the
Synechococcusells remain viable for all DERxposure times testedrig. 4.5A). Image

analysis performed comparirthe fluorescence pictures with opticalicroscopy pictures
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taken simultaneously yielded viability values greater than 95+5% in all cases, regardless of

the alignment degree of the cells or their position relative to the electrodes.

Field off  DEP 15 min  DEP 30 min __ DEP 60 min

A
B
107’5
2, ] —+—Fieldoff p_=0.067h"
S —+—DEP15min p_=0.063 h"
T) 105_ -1
< —4—DEP30min p_ =0.062 h

—=—DEP60min p_=0.063 h’

10! Y 1 Y 1 A | LA ! | LS.
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Figure 4.5 Synechococcus PCC7002ability assay results. A. Timeourse optical
micrographs Vs. fluorescence microscopy images of cyanobacteria in suspension exposed to
2-10 V mni* field intensity. Scale bar: 50um. B. Cyanobacteria specific growth rates after
exposue to DEP
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To quantly and confirm cyanobacteria viabilitgells were also dlected from the
DEP chamber atach time interval tested with FDA staining and cultured in freshilBG
media to assess if the specific growth rate was affected after exposheeeiectric fld. As
can be seen ifig. 4.5B all samples were able to resume exponentialdieibion almost
immediatelyafter being transferred to tiB511 filled well, reaching in all cases comparable
cell densities (~10cells mI*) and comparakl maximum specific growthates after 1 week
of incubation. Thigorrelates wellvith the cell growthof a nonDEP-exposed control under
the same incubation conditions. These results show that the voltage arehéyeganges
applied to this cyanobacterstrainarenontlethal and do notaffectthe growthof the cells or
the stability of their photosynthetic pigment$his datecorrelats well with previous reports

in the literature regarding the viability and immeneactivity of bacterial cells exposéd

DEP>.

4.3.4Numerical simulation of cell assembly in suspension

We performed 2D electrostat s si mul at i ons mdtiphysics nhodeing COMS O
package (COMSOL,; Burlington, MA) to calculate the total electrical energy of a series of
discrete stages simulating an assembly process in suspension. Members of the genus
Synechococcusire typically described in the literature ashespcal cells 1.8 pm in

diametet®. However, ve have chosen to modeyanobacteriaas a peantshaped particle

composed of twgpartially fused spherical lobes € 2.1um) aligned in the same plane 2.8

pm apart fron each other (measured from the lobe centers) based on confocal imaging

measurementsf rapidly dividing Synechococcu8CC7002cellsin culture(Fig. 4.6A). This
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geometry better representhe dominant shape afcellular suspension during exponential
growth as the vast majority of cells (>98%yere observed under the microscope as cell
pairs connected through a common cell wall portion that elongates as cell division
progresses. The sutation box is defined by two conductive boundaries (top and bpttom
representing the gold electrodes providing 25V (&@. 4.6B) The box is bound in the left
and right sides by insulating nqeriodic boundaries witan enclosed area of 9 finAn
aqueous suspension of 1.,60 8NW0O156ci).r ol yt e
Living cells have multiple different biomolecular components, eackvith
characteristic electrical properties. Feynechococcus PCC7Q0&e modeled each cell as
composed of a 100 nm counter ionigda a 0.5 prthick cell wall a thin (001 pm)
dielectric cell membrane and an aqueawytoplasm(Table 1, Fig. 4.6C) The complex
polarizability of each component was calculated as a function of frequency by using the
multi-shell modeling equatiobhc = mcillind % applied to each layer inddually. The
final result is a simplified mod€Fig. 4.6D)treats theSynechococcusell as a singkshelled

particle of effective polarizability given by:

~Y - N - Nj,
Y ¢ Nj C- Nj.’.
- C - 1 _— 7 -
- :I l -_NJ -_NJ no
u VNG Nig
y

Where- Nj - —— and,, ¢, Y I Qour— p . Values for

N
the paameters are provided in table 4\Whenever specific values for cyanobacteria were

not available, yeast data listed in tHerature were used.
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A. Cell dimensions B. System geometry

" ' ki

3mm

3mm Cyanobacteria
cells
1 mM NacCl
C. Multi-shell model components D.Simplified model

v

Cytoplasm - €,, 0, |Cell membrane-c_,g..

Cell wall - £,, 0, | Double layer - &, ,0¢

Figure 4.6 A. Synechococcus PCC70G2Il dimensions from confocal laser scanning
microscopy. B. DEP chip system geometry specification for COMSOL modeling. C- Multi
shell model components (blue) for the polarizability dymechococcus PCC70@2ll. D.
Simplified model ofSynechococcus PCC7002Il with effective polarizability equivalent to
the multishell model.

The program calculates the electric field distribution in the box by first dividing the

space into triangular esh elements for which the Laplace equationi( 1t is solved
independently. The local electric energy density is givea by -O0 -- ‘O whereD is

the electric displacemenEi s t he el e g isrhe pernittivigy bfdvaceum.dBy U

138



integraing 0 over the control space the program calculates the total electrical energy

® . 0 Qoofthe system.

A comparison of a dynamic series of micrographs of cyanolaassembling into
chains in suspension with COMSGimulations at 200 Hzral 8.3 V mni depicting the
same cell arrangements reveals mechanistic detaithkeobssembly proceg&ig. 4.7A).
Given that at this frequency the cells are more polarizable than the media, the electric field
intensity is strongest at the poles of théividual cells and increases as the distance between
adjacent cells is reduced. Tleal electric field gradiertbetween cells ultimately pulls them
together by positive DEP and promotes chain growth in the direction of the field by addition
of neighborirg cyanobacteria to the chain tips. These artificial cyanobacteria filaments also
grow by addition of shorter chains that are pulled down from the top of the chamber and
cause Trearrangement of the 1l onger chain at
component of the DEP force or buoyancy are accounted for in the simulation but are always
observed experimentally). Total energy in the simulation box tends to decrease as cells orient
in the direction of the field, align in chains and come closer to e#wofr forming 2D
arrangments in suspensidifrig. 4.7B) The distribution of the repulsive forces along the
equatorial axis of the cells is minimized when aligned into chains, which translates into a
lower overall energy level that stabilizes the wholeitire. The tendency of chains to
aggregate into twdimensional hexagonal arrays is related to lateral interactions between the
dipoles induced in the neighboring particle ch@int the case of microspheres, isHaeen

shown that the electrohydrodynamic interaction of the flows around the particles also plays a
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major role on driving the attraction and aggregation of particles into ordered arrays in

suspensio.
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Figure 4.7 A. Snapshots of COMSOEkimulation at different stages of cell assembly vs.
experimental optical microscopy images of DEP assembBynéchococcus PCC706iken

over a 20 min. time laps®. Total electrical energy at discrete assembly stages from random
orientation to partial 2D assembly in suspension
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4.3.5Cellular coating depositionof photosynthetic cells using DEP

Being able to precisely control the physical distribution and orientation of photosynthetic
cellsin a monolayer on a surfacea key caplility for the fabrication othe next generation

of flexible biocompositéiophotoreactors. The vast majority of current photobioreactors rely
on very large volumes of suspension cultures, where cellsisaife each other limiting the
overall light harvsting efficiency’. By depositing a highly oriented array of oghacteria

on a flexible flat surface, each cell is illuminateciformly, light penetration is optimized,
illuminated surfacdo-volume ratio issignificantly increased and the liquid volume is
decreased, which translates into cost savings and simplified control schemes. When
immobilized in high cell density coatingspngrowingphotosynthetic cells have been shown

to be several fold more reactitlean suspension cultures and capaifleemainng reactive

after drying and rehydration for 1000s of hdfirsvhich makes immobilized bimmposite
biophotocatalysts a promising area of stdidlyimproving our capacyt to harvest sunlight
more efficiently and trap carbon dioxide using living cells to recycle-plagse carbomto
valuable products.

Our DEP coating deposition process has two general steps: (1) Cells are aligned in
suspension by the action of the positive DEP force that generates movement towards the
regions with high electrical field and (2) Cell chains are deposited on top of the activated
polyester substrate by the action of a combination of the vertical component of the DEP force
(Fzpep) and the buoyancy force {f- These two forces act in the same direction towards the
bottom of the chip when positive DEP is present and the particlestigher density than

the mediun(Fig. 4.2B)
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In order to maximize the number of cells than assemble into chains in suspension
(optimize chain length)he electric field must be turned on prior to loading the chip with the
cyanobacteria suspension. Giviat we are not interested on generating very large vertical
forces (we just need to guarantee positive DEP to avoid particle levitation under negative
DEP conditions), a two coplanar gold electrodes chip was used and the cyanobacteria cells
were resusperadl in deionized water prior to DEP assembly in order to ensure high cell
viability throughout the whole coating deposition process. Accelenatisb footage of a
low cell dersity deposition assaghows how chains being pulled down by vertical DEP and
buoyancy get attached to the substrate irreversibly as soon as they touch the positively
charged polyelectrolyte coating. Additional
immobilized and fall in place to increase the length of the growing chathelabsence of
the electrical field, cells settle randomly immediately after the chip is loaded and a significant
proportion of the cyanobacteria end up randomly immobilized on the polyester substrate.
Once the celbubstrate interaction has been establisno further r@rientation of the cells
on the substrate is possible with the biocompatible electric field strength used in this study.
Further proof of the irreversibility of this procedure was obtained by partially coating only
one half of the polyest substratevith polyelectrolyteand leaving the other Hauntreated.
Deposition videashows chains of cyanobacteriajagsembled at both sidestbe polyester
substratebut as the electric field is turned off chains on the right hand side of thiacete
fall apart while those located on thelyelectrolytecoated side remain aligned. If the field is
turned on again chains -essemble in the uncoated side while those on top of the

polyelectrolyte layer are not further affected by the field. Macrasdappection of the final
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coated polyester yielded a homogeneous coating pattern and with feent tgaaslucent
color (Fig. 4.8A) over the entirsubstrate surface and is stable for manipulation underrwet o

dry conditions.

4.3.6Cellular coating microstructure and the effect of DEP on surface coverage

The detailed microstructure of DEP coatingsSghechococcus PCC7068d gravity settled
controls was determined using optical and fluorescent confocal microscopy methods. A
reference nompermanent mnolayer of Synechococcus PCC7008ells obtained by
convective assembly bveeen to glass slidggig. 4.8B)was used as a reference for assessing
surface coverage efficiency (capillary forces during liquid phase evaporation pull cells
together as close ahey can physically be without disrupting the cell walf). we
exploited the natural autofluorescence of cyanobacteria for assessing both the distribution
and viability of the cell cating on the polyester substrate. A comparison between a high cell
density DEP coating dbynechococcug-ig. 4.8C)and a randomly settled control deposited
from the same soce cell suspensiofFig. 4.8D) reveals a higher surface coverage of the
available surface area when an electric field is used to assemble the cells together in
suspension prior to deposition. Using image analysis and particle detection software we
estimated average surface coverageieficy factors $CEF, defined as the surface area
occupied by cells divided by the total surface area of the field) for the referenee non
permanent monolayer, a DERposited coating and a gravigttled coating on suida

activated polyesteiT@ble 4.2)
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Table 4.2 Surface coverage efficiency factors (SCEF) and cell densities after deposition

Coating Type SCEF (+ 15%)| Total Cells (cells n¥) | Void Space(+ 15%)
Convective Assembly 70% 4.88 x 168° 30%
(nonpermanent)
Random gravity 40% 1.19 x10% 60%
settled
Oriented deposition o 0 o
(DEP) 61% 3.04 x 10 39%

Image analysis of the reference pmermanent monolayer assembled via convective
assembly provided with a theoretical liniir SCEF around ~70%Even though this array
might seem to be completely saturated with cells a closer inspection of the micrograph
reveals a consistent separation between adjacent cells that creates the free space accounted
for in the ~30% void space detected by the progiems separation is likely to be produced
by the thick proteinaceous sheath secreted bySymechococcusells. This protective
coating is composed of polysaccharides (glucose, galactose, rhamnose, mannose, arabinose),
proteins and negatively charged campnts (glucoronic acids, phosphate, sulpfatéyhen
cells are allowed to freely settle by gravity without the action of any external field, only
around 40% of the available space is occupied as there is nogdiavae to orient the cells
and organize them in a more efficient packing array. In the presence of a DEP field, surface
coverage improves to ~60% because of two distinct factors: first, the electric field promotes
assembly of cell chains and small 2D agements that are deposited-preented on the
sticky surface of the polyester substrate. As the number of cells in suspension decreases, the
vertical component of the dielectrophoretic force along with buoyancy pull down the

remaining cyanobacteria arfdrce them to occupy the remaining gaps in the growing
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monolayer. Eventually, as the available space becomes scarce, some of the cells end up
piling up on top of the first layer, especially at those coating locations where the space
between adjacent cells big enough to allow for partial interaction of the polyelectrolyte
coating with a small portion of the cell wall. This phenomenon causes the coating
imperfectionshat can be observed kg. 4.8Cas isolated coating locations where the array
is 2cellsthick. However, the few cells on thie®nd layer are not irreversibattached to
the substrate and eventually fall off, especially in the presence of convective flow across the
coating. The second factor has to do with the vertical component of théoBfeRvhich also
accelerates the cells in the z direction, which translates into more cells getting deposited on
the substrate per unit time compared to gravity sedimentation (at the same cell density in
suspension and identical deposition time).

CLSM images of the DEfeposited coatings oBynechococcugrovide further
details of the coating microstructure to assess cell viability after deposition. It is welh know
that live cyanobacteridave bright and distinctive fluorescence in the red region of the
spectrum (~680 nm) due to the presence of photosynthetic pigments and whiliabien
cells gain fluorescence in the green region (~530) as these pigments hwesalddat can be
seen inFig. 4.8E and4.8F, all the cells in the field have the charactirised fluorescence
which implies that viability is not affected after the deposition process regardless of the

presence of an AC electric field as driving force for the deposition process.
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Figure 4.8 Synechococcus PCC700&ating microstructure analysis. A. DieBated
polyester substrate. B. NgrermanentSynechococcus PCC700@onolayer assembled
between two glass slides by convective assembly. C. Oriented, tightly packed DEP coating
(optical microscopy). D. Gravitgetted random coating (optical microscopy).E.SM of
deconvoluted images of a DEP coating $ynechococcus PCC 7Q0E. CLSM of
deconvoluted images of a gravity settled coatingsphechococcus PCC 700Red color
corresponds to natural fluorescencesghebococcusPCC 7002 cells. Magnificatiori:25x.

256 pixels/0.0156 mrharea.
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As previously explained the deposition voltage and frequenagid not Kill
cyanobacteriacells in suspension, and given that P&& PAH arebiocompatiblewith
different types of ells, we were expecting most of the cells to survive the -BDieBiated
coating process. The electrostatic nature of the interaction between the cells and the substrate
is alsonot toxic for cells, given that it does not involve chemical ctlasking, membane
fusion or other mechanisms that affect cellular integrity. Cell alemmostimmobilization
is more evident using confocahaging, where it is eviderhat even those cells immobilized
on top of the primary monolayer are deposited as organizedsceaan if they eventually
detachfrom the coating due to the weaker and interaction of their cell walsach other
compared taells in direct contact with the polyelectrolyte coating.

These images suggest that thEP-mediated coating method yields anganized
array of viable cells attached to the substrate through a thin polyelectrolyte coating that does
not cower the cyanobacteria. This important because it implies that the gluing phase does
not constitute a mass transfer or light transmissioridsawhile the cells are fixed in place
with their photosynthetic apparatus intact. Furthermore, the facthéee is some residual
adhesivanteraction for some cells to attaththe primary monolayer in an oriented fashion
encourages us to imaginetpntial applications of this method for assembly of Haltered,
highly structured arrays of different types of photosynthetic cells capable of harvesting light
in a broader portion of the s pbgbtiransmitingCel | s
polyelectrolyte layers and fixed to a porous substrate that allows for nutrient exchange and
gas removal. Our group has already proved tbiscept using a simplextrusion coating

method o paper substrates where we were observed up to 10 fold speafasytthetic
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reactivity enhancements due to decreasedsselflin§®. Extension of our DEP approach to

other types of substrates seems feasible and potentially highly synergistic.

4.3.70ptical properties of DEP coatings
A UV-Vis spectrophotometer equipped with an integrating sphere was used to monitor the
polyelectrolyte coating deposition process and to characterize suspeunsizas along with
DEP coatings oSynechococcuBCC7002. Photosynthetic organisaissorb light at specific
wavelengths depending on the kind of pigment they use for harvesting solar light, and the
magnitude of the characteristic peaks can be associated with the viailifjhotoreactivity
of the cells.

As it can be seen iRig. 4.9, the raw polyester substrate isilamentally transparent
and allowsalmost 90% of the incident light be transmittedbetween 390 and 900 nm (this
range includes the visible light spectrum and part of the infrared). The six polyelectrolyte
layers roughlyaccount for a 10% further decrease in transmittance, suggesting that there is a
limit on the number of layers thean deposéd an a transparent substrate to keep it suitable
for use as a support for photosynthetic organisms. The transmittance redwgction i
symmetrical at all wavelengths and the vertical separation of the lines (related to the
thickness of each individual layer) is remarkably similar, which is expected given that each
layer was deposited during exactly the same time. Based on these da&émst up to-60
layers of polyelectrolytés a suitable number to maintain a good traffe between
adhesiveness and light transmission, especially for those bioreactor geometries where the

coating(s) is not to be illuminated from the top.
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Figure 4.9 Transmission prokes at different coating deposition stages: 1. Multilayered

polyelectrolyte coating. 2. BEP-depositedSynechococcusaing on activated polyester. 3.

A suspension oSynechococcuat the same cell densitinsert: detail of a DERdepog#ted
Synechococcusoating lying flat on the back wall of a BGfilled cuvette.

The cyanobacteria layer absorbs strongly in the visible range7@®0hm) and
features all the characteristic peaks for chlorophyll a (665 and 438nthpghycocyanin (620
nm). Compared to an equivalent number of cells in suspension, the transmission profile is
essentially the same, but the magnitude of the peaks is enhanced up to 15% at low

wavelengths, which implies enhanced light harwestctivity due to reduced setthading
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and a more closely packed cell array concentrated in a small area. Hence, by depositing a thin
layer of a photosynthetic organism we have functionalized an inert material into -a light

harvesting flexible cellular biocomposite.

4.4 Conclusions

We have developed a cellular coating method that combines the best features of both
dielectrophoretic assembly in suspension and surface modificationbviadéposition of
polyelectrolyte coatingthat allows the attached cells to staigaéd on the surface after the
DEP AC field is stoppedThis is an inexpensive way to precisely fabricate biocomposites
that exploit the light harvesting capabilities of photosynthetic cells and constitutes an
attractive functionalization technique to tummert materials intobio-photoreactivesolar
energy harvesting device$Ve demonstrated that cyanobacteria cells have a very similar
behavior compared to other types of cells and particles when exposed to AC fields in
suspension. Frondeposition parametescreeningand biocompatibility considerations we
identified a set of conditions of voltage, frequency and electrolyte concentration that allowed
us to streamline the deposition process while keeping the cells viable. Under these
conditions, we were able exploit the vertical component of the DEP force and buoyancy to
accelerate the settling of tiEEP-assembled chains without inducing a harmful temperature
increase in the sample or water electrolysis.

Our electrostatics simulations indicate that thaltetectrical energy of the system
tends to decrease during suspension assembly under the chosen electric field strength which

explains the almost instantaneous response of the cells to DEP and allowed us to deposit pre
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organized structures on the polyatetyte coating. The role of DEP during coating
deposition is to pronte a tighter packing of the cells on the surface as quanbfiathage
analysis of DEP and freeBettled coatings ddynechococcud his translates into more cells

per unit area (highesurface coverage efficiency) and an overall higher photoreactivity for
the material. Our measurements of diffuse transmittance allowed us to monitor the coating
process from surface activation to controlled cell deposition and provided with additional
insight regarding the effect of the immobilization process on the relative stability of the
photosynthetic pigments compared to cells in suspension. This type of whole photosynthetic
cell-basedbiocompositematerial could have exciting applications on bidpholtaic$® 2
featuring photosynthetic cells immobilized on a microfluidic vascular nefwirkclean

electric energy generation while beibigdegradable, selepairing and sustainable.
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CHAPTER 5

Additional methods developed in this dissertation
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5.1 Introduction

The fabrication, characterization and optimization of the microstructure and photoreactivity

of the biomaterials developed in this dissertation required a combination of methods from
different disciplines. The majority of these methods are described &l detprevious
chapters. However, much of the preliminary exploratory work carried out at the beginning of
this project had to do with screening of polymer lattices contact toxicity, cyanobacteria
reactivity in suspension, photobleaching and measureménturalamental electrical
parameters for DEP numerical simulations. These activities helped specify the latex binder
for subsequent cellular coating experiments, the model photosynthetic microbial system to be
immobilized and the conditions to carry outldarophoretic deposition in suspension. This
chapter describes those methods not addressed in preceding chapters as a reference for future

investigations on different photosynthetic systems or coating methods.

5.2 High throughput latex binder and coating additives toxicity screening

using 24well plates

A preliminary screening of the Flickinger lab latex library and commercial samples of acrylic
glues was performed to identify potential binders with suitable film forming and optical

properties to be usead coating experiments.
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5.2.1 Methods

5.2.1.1 Preliminarylatex emulsionpolyester binder screening

Samples of neat latex suspensions and dilutions in water (1:10, 1:100) were coated using a
# 0 Mayer rod over 425 um thick polyester substra@®uPat Melinex 454, Tekra Corp,

NJ) previously prepared with a holey vinyl mask to generate 2%coating patches. These
patches were dried at ambient conditions for 24h, and those that generated an optically clear
coating without cracking or delaminagy were rehydrated in water for 48h in a\2dll plate
(COSTAR, New York, USA) Those that retained adhesiveness and did not delaminate or
blistered following rehydration were identified as potential candidates to be used in coating

experiments.

5.2.1.2Standard latex emulsioncontact toxicity assay

250 mlof a culture ofSynechococcus PG002incubated under 1700 P AR € mo | ph
m? st at 25°C for 4 daygcell density 1 x 10cells m?) were divided into 50 niliquots of

the culture into four preveighted, sterile 50 mL disposable centrifuge tuli@slls were
centrifuged10 minutes at3000 xg. The cell pellet was washad 50 mL sterileBG11

medium and centrifuged again at the same conditions described above. The supernatant was
extracted by pipettopand the tube was weighted with the pelléte Tveight of the pellevas
determinedby subtracting the weight d¢iie pe-weighted tube. file amount of latexsucrose

and glycerol to be added to the cellas calculated using the formulation ratio 1.2g oedt

pellet (WCP), 350 pL 0.58 g miIsucrose, 150 pL 100% glycerol and 1mL latex bihder

Tubeswere numbered-4. Table 5.2 describes the distribution of the components in the
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tubes. In all tubes, BG11 medium wadded in place of any missing formulation components
and mixed gently until homogeneous. Tubes were allowed to stand for 30 minutes at room
temperature. After this time all tubes were topped off with sterile BG11 to 50 mL and
vortexed. 2 mL of each susmgon were pipetted in each well of a-2#ll plate.
Hemocytometer cell coustand chlorophyll extractions were performeat t = Oh and
subsequently every 24isingthe whole content of three welfsr a total of 8 data points per

plate.

Table 5.1 Contactoxicity assay formulation distribution

Treatment 1 2 3 4
Latex + + - -
Glycerol + - + -
Sucrose + - + -

5.2.1.3Chlorophyll a extraction from cell suspensions

Cell suspensions were centrifuged at 30@Pfar 10 min.Chlorophylla was extracted from
the cell pellets by submersiom 1.5 mL of neat EtOH. Pellets were resuspended by
vortexing prior to boiling for 1 min at 100°C. Pigment extracts wenetrifuged at 15000
RPM for 10 min. All supernatants were sampled for absorbance artb350nm using a

Genesys 20 UWis spectrophotometer (Thermo Electron Corporation, Marietta, ORH.
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process was repeated for a total of three times and the supernatants were pooled in a single

extract.The amount of chlorophy# ( g/L) extracted from each coatimgas céculated a$ >

8

O ¢ "B o' "0

Where Absggs is the supernatant absorbance at 665 nmysflssthe supernatant absorbance
at 750 nm(turbidity correction)Ve is the volume of ethanol extract (mL)s ¥ the sample

vol ume (idthe Jengthofdhe guvette parallel to the light path.

5.2.2 Sample results

A total of 21 latex binders were screened for film formation on a polyssbstrate after 24h

of drying at ambient laboratory conditiofBable 5.2. From these only nine formulations
formed a stable, adhesive and optically clear coating over the polyester (neat or diluted with
water). The patches belonging to those nine binderse rehydrated in water for 48h. Eight

of these formulations remained stable after rehydration with different levels of water
incorporation into the coating, and one of them delaminated completely from the substrate.
Five of these lattices belonged teethatex library (KAK3945, KAK3947, JP1225, SF091,
SF012) while 3 were samples from commercial acrylic glues (Wellbound, T.Medium, Rod.
Dodge). Latex binder SF091 obtained biocifftee from Rohm and Haas has been used
previously by our laboratory for sevéngpes of cells, however it is no longer available.
SF012 is the currently available equivalent binder that can be obtained from Dow Chemical.
Given that the composition of the commercial products is not accurately provided by the
manufacturer and therg no data regarding biocompatibility with cyanobacteria, two binders

were chosen from the group of formulations that were successfully screened from the library
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(SFO012 and SF091) as they retained some optical clarity after rehydration and did not
undergoany undesirable changes (i.e. delamination or blistering) after rehydration. We used

these two binders ttest the feasibility of using the 24ell plate method to screen lattices

and performed a series of experiments in whisaspensios of SynechococcuBCC7002

were exposed to the latex formulaticascording to the standard contact toxicity a$sayl

were testedor cell proliferation, chlorophyll content and chlorophyll per cell measurements

during one week.

Table 5.2Latex screening results

Latex over polyester, 24 h drying Rehydrated coating in water after 48 h
Latex Neat 1:10 water | 1:100 water Neat 1:10water | 1:100 water
HP1055 | White/Crack.| White/Crack.| White/Crack.
KAK3397 White White White
KAK3395 White White White
KAK3393 White White White
JP1225 Transparent| Transparent| Transparent| Slight White | Slight White | Transparent
KAK3389 White White White
KAK3391 White White White
KAK3401 White White White
KAK3941 Transparent| Transparent| Transparent
KAK3945 Transparent| Transparent| Transparent White Transparent| Transparent
KAK3947 Transparent| Transparent| Transparent White White Slight White
Ultra Matte White White White
B. Acrylic White White White
Slow Dry Transparent| Transparent| Transparent| Delaminated| Delaminated| Delaminated
Liquitex White White White
Wellbound | Transparent| Transparent Opaque White Slight White | Slight White
T. Medium | Transparent| Transparent| Transparent White Slight White | Transparent
Bob Ross White White White
Rod Dodge | Transparent Opagque Opaque White Slight White | Slight White
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Figure 5.1 Synechococcus 70@gtowth profiles.A. SF012 screening. B. SF091 Screening.
L: latex, G: glycerol, S: sucrosError bars’ 1 Std Dev, n=3
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The growth profiles obtained for SF012 and081 are very similarFig. 5.1) For
SF091, the two treatments that included latex on the formulation yielded lower cell densities
compared with the controls, specially the one that includedoseicand glycerol, which
might be associated to some degree of sensibility to a component of the formulation or
decreased light penetration to the well due to the scattering characteristics of the latex
particles. For SF012 the formulation that include@xatsucrose and glycerol reached a
higher cell density compared to latex by itself with no cryoprotectants.

Chlorophyll a extraction measurements showed that pigeyeiesis begins as soon
as the plates are set under the lights, faldvey a sharp inease in total chlorophyll alpha
concentration as the cells enter their exponential growth gRageb.2). Despite the similar
behavior of all the treatments up to t = 100h (a lag period with a lower rate of chlorophyll
synthesis due to cell acclimatioa the new microenvironment in the well), the total final
pigment concentration was always greater in the presence of the latex binder and comparable
to that of the control. If latex was not present in the formulation, the finalcGhtentration
tended tdbe lower as if there was a synergistic effect with respect to the binder but not with
the cryoprotectants. This observation led us to modify the coating formulation protocol
described in this chapter by excluding both glycerol and sucrose from the foomsia our
formulation for making paper coatings $ynechococcusontains only a 50/50 suspension of

cells and latex as described in detail in chapter 2.
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The average chlorophyll content i8ynechococcusells growing inthe 24well plate
system is lower than the 2 pgll™* value reported for the shakedlasystem previouslFig.
5.3). As can be seem ithe plot, the controls came frashake flasks at 2pg chlorophytll™,
but after 1 week of incubatiom ithe 24well plate the averaggpecific pigmentontentwas
reduced to 0.5 pg chlorophydell™, which was the same value reached by the cells in the
presence of any of the two types of lafewte the sharp bleaching peak in the botteim
5.3Bfor the first 24 h)This behavior is likely to be a consequence of the different conditions
of aeration ad illumination the cells are exposed to in thevi2dl plates. While shake flasks
have baffles that disrupt the mixing pattern, distribute the liquid in a thin film on the flask
wall and create bubbles that enhance gas transfer between the liquid arthges the
bottom of the plate wells is flat and the radial displacement of the shaker moigithieve
acceptable mixing in the plate. Similarly, the effective light intensity in a shake flask is lower
due to the geometry of the incubator (illuminatialoypded from the top) and the greater
culture volume in the flasks. The top of the plate is directly exposed to the lights so some
cells can reach photosaturation and decrease their specific chlorophyll a content as a self
tuning response to the higher Higintensity Fig. 5.4). Our results on paper coatings of
Synechococcualso showed that cells tend to modulate their chlorophyll content and saturate
at lower light intensities when the geometry of the system isgiy restricted (i.e.
immobilized in a coating or a small liquid phase at high cell density in the well). These
observations served as a motivation to further investigate the effect of intensification (i.e. a
high cell density in a small volume or on a dnsarface area) on tolerance to high light

intensity and temperature as reported in chapter 2.
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Figure 5.3 Synechococcus PCC70Gpecific chlorophyll production profilesA. SF012
screening. B. SF091 Screenimhglatex, G: glycerol, S: sucrosError bars 1 Std Dev, n=3
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t=24h

t=48h

t=72h

t=96h

Figure 5.4 Self-tuning of Synechococcus PCC70@2owing in 24well plates L: latex, G:
glycerol, S: sucrose

We performed a series of qualitative patch coating experimentsSyitechococcus
patchedo test coahg stabilityupon rehydrationn BG11(N+) media. Specdally, we were
interestedn finding out if any chlorosisould be reproduceah 4.5 cnf patchesncubated in
shake flasksand testing suitable patch dimensom be used on 24ell plates. Pigment
bleaching wasalso observed ifsynechococcupatches, but the bleaching rate is different
dependingon the type of latex used.athes prepared using SF091 degrade faster than

SF012 patches, which is clearly visible as a loss of the characteristic green color and the
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appearance of blisters on the surface of the coating. Furthermore, by t = 144 h, SF091

patches begin to disassemble and altingantegrityis lost(Fig. 5.5.

SFO12 SF091

t=0h

t=48 h

t=96h

t=144h

Figure 5.5 Photobleachingand delaminatiorof 4.5 cnf Synechococcus spatcheson
polyester shedhcubated in BG11(N+) media unde PAR € mol|l Ppdtatl®@ s m
for 1 week.
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Similar photobleachingresults were reproduced using smal2B8 cnf patches
suitable to be used on 2¢ell plates(Fig. 5.6) Over the course of 1 week #he patches
bleacledtowards a pale yellow coloration, at different rates depending upon their location on
the plate. Visual comparison with suspensiohcells + latex revealed thatleaching also
occurs in suspension, but subsequent recovery of ¢gmeepit is observed for long periods of
time with no fresh media addeBleaching occurs more quickly in patches and suspensions
including SF091 latex which correlates well with the results obtained in shake flask culture
with the bigger4.5 cnf patches. Irgeneral, coatingeemain bleached but some cells escape
to the media and grow in suspension. Further studies will be necessary to determine if patch
bleaching is reversible upon incubation on fresh medizaase achievedsingsuspension
cells. Based onthe apparent toxicity of SF091 and the lack of clarity/stability of the
remaining binders tested, we chose SF012 as the latex binder to be used for our paper

coatings experiments (chapter 2).

5.3 Chlorosis and pigment recovery in suspension cultures

As an integral part of our stiies on the metabolic characteristee®d kehavior of two of the
cyanobacteria unicellular strains grown in our laByrechococcus PCC7002nd
Synechocystis PCC630&nd after analyzing the preliminary bleaching resuléscribd in
the previous sectigrwe decided to conduct a studgth both strains in which we aimed to
reproduce at least one complete cycle of chlorosispegnentrecovery under the regular

conditions we use fazulture maintenance in shake flask culture.
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Figure 5.6 Photobleaching screening ##-well plates.2.8 cnf Synechococcugatches and
suspension + latex bindercubated in BG11(N+) media under PPZAR € mo|l pshot ons
at 25°C for 1 week
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5.3.1 Methods

5.3.1.1Chlorosis and recovery protocol

500 mL shake flaskscontaining 100 mL of BG1ll media were inoculatém
Synechococcus PCC70@2d Synechocystis PCC63@8ock cultures at0’ cells mL™ and
incubate in a shaker at 25°C and FTAR ¢ mo | “pdt ilummatien. Chiorophyll a
extraction was performeddaly according to the proto¢odescribed before. Total Ghl
concentration wadollowed until the yield reached0-15% of the maximum chlorophyll
concentration recorded in the flaskg this pointbleached culturesere transferred to sterile
falcon tubes ad centrifuged at 3,000x g for 15 minutes. €lls were resuspended in fresh
BG11(N") media and transfeed back tothe original culure flasks. Qltureswere incubated
and tested for total Chtoncentratiorunderthe same conditions unté new pigment Bk

wasobserved and sueguent pigment bleaching resumes.

5.3.2 Results

Both strains readd their maximum chlorophyll @ncentrations in approximately 10 days

and started to bleach up to a minimum by dayrR2@. 5.7) As shown by the largerror bars

and the pictures of the flasks during tHedrhing phase, cells in different flasks did not

lose their pigment at the same rate, even when incubated under the same light intensity and
temperéure; this observation differs frothe homogeneous rates dflorophyll synthesis

observed duringhetwo growth phases recorded.
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Figure 5.7 Chlorosis and recovery profiles in suspensidn.Syrechocystis PCC6308. B.
Synechococcus PCC7Q02
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