ABSTRACT
JENKINS, JESSICA SHAWN. Engineering Multifunctional Living Paints: Thin,
ConvectivelyAssembled Biocomposite Coatings of Live Cells and Colldidaéx Particles
Deposited byContinuous Convectiv€edimentation AssemhlyUnder the direction of
Doctors Michael C. Flickinger and Orlin D. Velev).

Advanced composite materials could be revolutionized by the development of methods to
incorporate living cells into functional materials and devices. This could be accomplished by
continuously and rapidlgepositing thin ordered arrapé adhesive colloidalatex particles
and live cellsthat maintain stability and preserve microbial reactiv@gnvective assembly
is one method ofapidly assemlohg colloidal particles into thin €10 pum thick), ordered
films with engineeredcompositions, titknesses, and particle packing tladfer several
advantages over thickeandomly orderedomposites, including enhanced cell stability and
increased reactivity through minimized diffusion resistance to nuirientl rduced light
scattering. Thisnethod can be used poecisely deposilive bacteria,cyanobacteria, yeast,
and algaeinto biocomposite coatings, forming reactive biosensors, photoabsorbers, or
advanced biocatalysts.

This dissertationdeveloped new contirous eposition andcoating characterization
methods for fabricating ancharacterizing <10 um thick colloid coatingsmonodispersed
latex particle or cellsuspensionsbimodal blends of latex particles or live cells and
microspheres, and trimodal fornatibns ofbiomodallatex and live cell®n substrates such
as aluminum foil, glassporousKraft pape, polyester, and polypropyleneContinuous
convectivesedimentation assembly (CSA§ introducedto enable fabrication of larger

surface areand longcoatings by constantly feleng coating suspension to the meniscus, thus



expanding the utility of convective assembly to deposit monolayer or very thin diims
multi-layer coatings composed of thin layersa large scale.

Results show thin, tunable coasican be fabricated from diverse coating suspensions
and critical coatingparameters that control thickness and structi®article &e ratio and
charge influence deposition, convective mixing or demixing and relative particle locations.
Substrate wettality and suspension composition influence coating microstructure by
controlling suspension delivery and spreading across the subsfliatebes behave like
colloidal particles during CSA, allowing for deposition of very thin stable biocomposite
coatings of latexlive cell blends. CSA of particleell blends result in opepacked
structures (1815% mean void space), instead of tightly packed coatings attainable with
single component systems, confirming the existence of significant polymer peaedicle
interactions and formation of particle aggregates that disrupt coating microstructure during
deposition.

Tunable process parametessich asparticle concentration, fluid sonication, and fluid
density, influence coating homogeneity when the meniscus tsaonsly supplied. Fluid
density modification and fluid sonication affect particle sedimentation and distribution in the
coating growth front whereas the suspended particle concentration strongly affects coating
thickness, but has almost no effect omdvepace. Changing the suspension delivery mode
(topside versus underside CCSA) vyields disparate meniscus volumes and uneven particle
delivery to the drying front, which enables control of the coating microstructure by varying

the total number of particteavailable for depositionThe judicious combination ddll of



these parameters will enable deposition of uniform, thin, Jeédixmonolayers over areas on
the order of tens of square centimeters or larger

To demonstrate the utility of biocomposit@atings, his dissertationinvestigated
photoreactive coatingsaiificial leave$ from suspensions of latex particles and nitregen
limited Rps. palustrisCGA009 or sulfudimited C. reinhardtii CC-124 These coatings
demonstratedstable, sustained (>90otrrs) photohydrogen production under anoxygenic
conditions. Nutrient reduction slows cell division, minimizing coating outgrowth, and
promotes photohydrogen generation, improving coating reactivi§canning electron
microscopyof microstructurerevealedhow coating reactivitycan becontrolled bythe size
and distribution of the nanopores in the biocomposite layers. Variation=lioid
microsphere size and suspension composition do not affect coating reactivity, but both
parameters alter coating mistoucture. Brous @per coad with thin coatings of colloidal
particles and cell® enable coatings to be used in a-ghase without dehydratianay offer
higher volumetric productivityfor hydrogen productian Future work should focus on

optimizationof cell densityight intensity, media cycling, and acetate concentration.
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Figure 2.3: Example of yeast cell coating deposited using batch conveszienentation
assembly. Coating macrostructure demonstrating uniform particle distribution in the 20x25
mn? thick region (outlined in red dashed line) (A) and mitroacture demonstrating close
packed particléayer (B). Scale bar is 50 JML........ccovvvvveviiviiviemmreeeeeeeeeeeeeeniesn s smmmenn A 4

Figure 2.4: Micrographs illustrating the structures in composite coatings created from
polystyrene microsphere blend ratios. Segregation or dispersion is independentcts parti
type and controlled only by the size ratio of the smal) @d large particles ¢R All size

ratio blends are 1:1 by particle number. Scale bar@@am.............ccoovvvvviiiiiiiennneeeenn. 75

Figure 2.5: Micrographs of particle (and cell) structures in composite coatings assemble
from yeast and polystyrene microsphere blend ratios of (AuhQatex microspheres and
yeast and (B) 8.7um latex microspheres and yeast. Segregation or intermixing is
independent of particle type and controlled only by the size ratio of the srpalr(® large
particles (R). All size ratio blends are 1:1 by particle (or yeast) number. Scale bars are 20

Figure 2.6: Schematic illustrating the role of particle geometry (A) and interactions in a
bimodal suspension during convective assemlB) R,/R; < 0.25, smaller particles are
transported through the spaces between larger particles to the drying region by the convective
fluid flow, resulting in segregation of the larger and smaller particles. #& R 0.25, the

smaller particles are able to travel to the drying region as they are retained among the
adjacent larger patrticles, resulting in uniform intermixing of the smaller particles and larger
patticles in the formed COAtINGS. ........oiiiiii i 78

Figure 2.7: Effect of surface wettability or contact dagon coating length and surface
coverage for coatings deposited from a yeast suspension (A and B, respectively) and from a
biocomposite mixture of yeast and 1.0 um sulfate latex microspheres (C and D) on various
wettable substrates. Sample size is 3dlbicoating lengths, regardless of suspension type
(yeast only or yeadatex microsphere blend), 9 for the yelgex microsphere coating void
spaces, and 12 for the yeast coating void spaces. Each yeast eiatggasbating is
analyzed for maavoidspace and coating length............ccccooiiiiiien e 79

Figure 2.8: Surface topography determined by profilometry of the substrates used for the

composite coating deposition all pretreated with 70% (v/v) EtOH. Note the significantly
larger smaliscale and largscale variationsf the aluminum foil substrate................... 81
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CHAPTER 3: Continuous ConvectiveSedimentation Assembly of Colloidal
Microsphere Coatings for Biotechnology Applications

Figure 3.1: Schematic of coating microstructures that could be deposited using sequential
convective asembly of particle monolayers to form multilayer, composite bioreactive
devices. Each color represents a different type of particle or cell. Each new layer is
deposited after the underlying layer has dried under controlled temperature and relative
humMIidity CONAITIONS.........ccoiiiiiiieee e e e e e e e emnnnnn s 119

Figure 3.2: Schematic of the continuous convective assembly coating apparatusglui@he
delivery system pumps the suspension from the fluid reservoir (syringe) to the gap between
the deposition plate and substrate. Underside delsyetem shown...................o.o..... 120

Figure 3.3: Schematic of meniscus shape geomeasw®d in the volume evaluations.....121

Figure 3.4: Coatings deposited from 1.0 um microspheres (left) and an 80%(v/v) composite
blend of OptiPrep” and 1.0 pm microspheres (right). Scale isa6 mm:; arrows indicate
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Figure 3.5: Schematic of the proposed variation in coating assembly when suspension fluid
density is modified. (A) Aqueous particle suspension process. The particles disperse
throughout the meniscugB) OptiPreg"-medium with increased fluid densitgltering the
convective assembly mechanism by delaying particle incorporation into the coating23

Figure 3.6: Microstructure of coatings deposited on aluminum foil. (A, B) 80% (v/v)
composite OpRrepg™ + 1.0 pm microspheres and (C, D) pure 1.0 um microspheres. Scale
bars are 50 ym in (A, C), and 10 um in (B, D). The ridges in (C) are an artifact that arises
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Figure 3.7: Structure of coatings deposited from a 1.0 um microsphere suspension when the
tubing of the delivery system is vibrated at 400 Hz (left) or without vibration (righie

static coating has uneven particle distributadong its length and width whereas the vibrated
coating is highly uniform with npronounced particle aggregation along the substrate edges.
Scale bars for coating images and micrographs are 5 mm and 50 um, respectively; arrows
indicate direCtion Of dEPABDN. .......uuuriiiiiiiiiiiii ettt e e e e e e e e rmme e e e e e e e e 125

Figure 3.8: Effect of suspended particle concentration on coating (A) thickness and (B) void
space for regions of coatings deposited from 8%, 12%, and 16% suspensions of 1. 0 um
sulfated polystyrene polymer particles. Thickness profiles detedrtay profilometry are
grouped by sample number to simplify data interpretation. (C) Coating deposited at 16%
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solids showing minimized particle aggregation along coating edges. Arrow indicates
direction of deposition; scale bar iS 5.0 JM..........iiiiiiiiii i eeeer 126

Figure 3.9 Variation in (A) meniscus volume and (B) mean void space over coating length
during topside snd underside CCSA deposition. Insets show sampling scheme for
characterizing each parameter; all marked distances are inronmtlie beginning of the
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Figure 3.10: Structure of coatings deposited from a 1.0 um microsphere suspension at a
suspension delivery rate of (A) 0, (B) 1.0, (C) 2.0, (D) 4.0, and (E) 6.0 pL/min during
underside CCSA deposition. Scale bars for coating images are 5 mm; anchoztel
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APPENDIX

APPENDIX A: A Versatile Method for the Preparation of Hydrated Microbial -Latex
Biocatalytic Coatings for Headspace Gas Absorption and Gas Evolution

Figure A.1: Latex immobilization method. All coating steps are carried out according to

the requirements of the individual organism being imniwdd (for example in an anaerobic
chamber forC. ljungdahliicoatings) 1. Cells grown and harvested by centrifugation 2. Wet
cell pellet resuspended by vortexing 3. Latex mixed with cell suspension until homogeneous
4. Cell formulation applied to demated surface of exposed sterile 3MM chromatography
paper substrate using a pipette, 3MM filter paper strip wrappedpiart2foil sleeve for
sterilization 5. Substrate folded and removed from remaining sterile foil cover 6. Substrate
and coating are insed intobalch tube by either submerging the coating in 10 ml of medium
(with coating pointed down) or leaving the coating inlieadspace (coating at the top)

Figure A.2: Cumulative oxygen or hydrogen evolution and carbon monoxide or carbon
dioxide utilization by hydrated paper immobilized organisms in sealed tubes.

A) ImmobilizedSynechococcus sBCC7002 utilized 3.6 2.0 mmol C@m? hr* and
produced 5.00 0.25 mmol @ m? hr'when incubated in the headspace.

B) ImmobilizedChlamydomonageinhardtii CC124 utilized 3.9& 0.07 mmol COm>
hr'and produced0.2 + 0.2 mmol @m? hr*when incubated in the headspace.

C) Immobilized Rhodopseudomonas palustG&A009 produced 5.8 0.5 mmol H m™
hr*when submerged in the medium compli® when incubated in the headspace of
the microbioreacto0.47 + 0.04 mmol kW m? hr? (rates calculated for < 75 hr).
Hydrogen production increased to #40.3 mmol H m? hr! when the headspace
coatings were submerged in the medium which is compatabthe rate observed
over the same period for the coatings which were submerged from the beginning 2.1
+ 0.6 mmol B m? hr! (rates calculate for data >75 hrrrow indicates when the
coating was submerged in medium.

D) Immobilized Clostridium ljungiahlii OTAlconsumed & 1 mmol CO rif hr' and
1.84 + 0.08 mmol Bm™? hr'while producing 2.1% 0.09 mmol C@m? hr'. Error
bars £ 1 Std Dev, n=3 for all eXperiments.........cccccceeeeeeevieemeccicieee e, 257

Figure A.3: Latex coating thickness determined on frozen coatings for fourretfiffe
microorganisms on 3MM chromatography paper. Dry coatings were not hydrated prior to
freezing at-80°C. Hydrated coatings were immediately hydrated after latex deposition
(without air drying) by the appropriate medium wicking from the liquid frbmen hottom of

the tube up to the top of the strip (< 1 niejuprior to freezing aB0°C...............ceeee. 259
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Figure A.4: Confocal laser scanning microscopy of deconvolutgdane tilted images of
3MM chromatography paper coated wiynechococcuBCC 7002 in SF012 latebinder
emulsion. Color is natural fluorescence of cellulose §ibe512 pixels/ 1 mm area. A.
BG11 medium hydrated chromatography paper. SynechococcuBCC 7002 latexcoated
paper hydrated with BGL1 MediUm.........uuuiiiiiiiai e eeeer e 260
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CHAPTER 1

Introduction and Overview

A version of this chpterwill be submitted to

Materials Advances in Bionspired MaterialgSpecial Issue)



1.1Introduction

Fabricating industriascale, ordered arrays sfntheticlatex particles and living cells
that are highly reactive andmechanicdy stade when rehydated requires a deposition
strategy that unifies colloid science and biologyonvective assemblgneets this need by
rapidly depositingsuspendegarticles, including whole cells and latex particles, into thin
(typically less than 10 prthick), organizedfilms with engineered adhesion, compositions,
thicknesses, and particle packinglhese coatings have a wide ety of applications,
including photobiological hydrogen, oxygen or liquid fymbduction[1-3], generating clean
fuels from sunlight, waterand industrialbyproducts[4-6], or nontoxic alternatives d
antifouling paints lden with toxic heavy metals, antibiotics, or biocides],7eliminating
debris through cell shedding, digestionantibiotic secretion [10].

Hyperthermophiles [11], pkaryotes, and yeast [12, 13}Je preserved and stabilized
when deposited in thin (<50 pmadhesive filmsof randomly ordered cells. dls
encapsulated in agar4Jl alginate [B], and silica [B] or codeposited with adhesive latex
(stable emulsions of pginer microspheres in aqueous medilmaye been shown to be more
stable and reactive thahanktoniccells [17]. However, onlylatex biocoatinggan sabilize
desiccatedcells, concentrate (500 to 10@8ld) cells to a very high volume fraction, and
maintan the integrity of microbial membranes during dryin@][1 Once rehydrated, these
coating have beershown tostabilize microbial reactivityand protein synthesiwithout

outgrowth for thousands of hours [2Because thegignificantly improe cell reectivity by



controling packing and thinness, convectivagsembled coatingse a powerful structure
for capturing the diverse catalytic functions of whole celd§.[1

Microbial reactivity is alsa functionof t he support maiporcsityxk 6 s t h
which are formedduring film formation and dehydration [19]Latex coatings, unlike gel
matrices,maintain adhesiveness and structural integuityen wet or dehydrated amdn be
readily engineered for improved nanoporodityalteringpolymer partite chemistryor co-
depositingcarbohydrates andlycerol These porogens protect the entrapped cells from
osmotic stress bgrresing polymer particle coalescence during coating formatidowever,
although both the convective assembly and Mayer rodsitepomethods preserve microbial
viability and reactivity during film formation and dehydration, only the former metland c
fabricateorderedmonolayers (ongarticle or one cellthick) [20]. These monolayers have
improved nutrient diffusion and reducéght scattering, thus overcomirige mass transfer
and opticallimitations of thicker hydrogels Mayer rod coatingsand bioceramicgFigure
1.1).

Here weoverviewthe nonbiological convective assembly literatumth an emphasis on
how the method hasvolvedfrom a batch process limited to theeationof monodispersed
particlearrays to its current state as a continuous process capable of fabricating biocoatings
from a diverse range of particle suspensions. Téwslution has helped solve the
fundanental challenge of engineering mulyered coatings with high reactivity, stability,
and robustness by clarifying how multiple process, substrate, and particle parameters affect

coating structureWe also describe howhe method selectively immobilizes/é cells to



create biomimetic, artificial leaves and compare these biocoatings to other biomimetic

encapsulation systems.

1.2 Background
1.2.1 Coating Fabrication Methods

Methods to generate <75 um thick adhesive latex plus living microbial biogsatere
pioneered by the FlickingeGroup using simple drawdown Mayer rod coating methods,
however the limit of coating thinness of this method is ph® thick [21]. This group
demonstrated that lowgacrylate latex binder emulsions can form nanop®m@eatings that
retain adhesion to coating substrates when rehydrated in media because the latex particles
partially coalesce and figluedo the cells to
particle coalescence forming nanopores surroundingnibeonsize cells [2, 3, 11]. This
method was showto be capable of fabricating biocomposite coatings cantuia very
high density of a wide variety of microorganisms without loss of coating mechanical stability
(delamination, cracking) or impairmerdf microbial viability, protein synthesjsand
reactivity following rehydration [18, 19]. However, in order to generate highly structured
coatings for future applications (nanoporous and perfusive structures}biaigrer (LBL)
coating methods will beneeded to fabricate mulayered and channeled systems with
tailored diffusion, light trapping and reactivity [2]. As such, understanding how to reliably
fabricate much thinner monolayer arrays of polymer particles and live cells on rigid and

flexible swbstrates is of significant fundamental interest and practical importance, as



understanding the reactive properties of a layer of single cells ordered into an adhesive
biocoating is paramount to the fabrication of the next generation of LBL artificialdeance
other biemimetic devices [22].

The Flickinger Group at the University of Minnesota in collaboration with Schriven and
Schottel used a hand Meyer rod draw down coating method to deposit composites of
microbial cells and nanoscale latex particles ito 200 cri-scale patches, strips, or sheets
on flexible polyester substrates with a range of thicknesses from 10 to 250 um and a variety
of random particle packing configurations [2, 3, 11, 19, 23]. Microbe viability is preserved
during film formation ad drying by the addition of osmoprotective carbohydrates that also
arrest polymer particle coalescence by forming carbohydrate glasses during drying [18]. The
method relies on low glacrylate cepolymer or norfilm forming plus film forming polymer
partide blends to alter compaction and arrest coalescence during evaporation to generate
nanoporosity [22] However, thissimple coating strategy iémited by wire diameter to
coatings of >10 unthick. Fabrication ofeactive multilayer coatings foprototype devices
utilizing adhesive coatings @f variety of prokaryotic and eukaryotic cells [2, 3, 11, 19, 20,
24] will require new methods of polymer particle plus live cell deposition

In order to extend this early concept to understand the fundamentai-oéll and ceH
particle interactions in coatis@nd to engineer coating microstructure, \a@gtive assembly
deposition wasinvestigated in a collaboration between The Flickinger aimbe Velev
Groups as a method of coating monolayers or very thirtifiaylers. Convective assembly

combines fluid evaporation, particle transport via fluid flow, and associated meniscus motion



to rapidly and controllably deposit a diverse range of microspheres and cells particles into
thinner (typically < 10 um)highly unform films [25-31]. The initial collaborative results
presentedn this thesis suggest that e@ttive assembly coultead to rapid, repeatable
fabrication of welordered, biemimetic arrays of living cells and polymerrpeles on an
industrial scale seful for construction of structured muliayer systems with enhanced, or
even hybrid, functionality (Figure 1.2).

The particle assembly procedssgins at the periphery of an evaporating fluid filinen
thef i | mei@ht becomes thinner than the diagnetf the suspended particles [20]. The
menisci formed around these particles induce strong,-fange capillary forces that pull
neighboring particles together into twdimensional nucleiFigure 1.3). These particle
clusters travel with the liquid flufrom the bulk suspension to the substatdiquid contact
line at the drying front as the fluid evaporates, resulting in the formation of closely packed
arrays and subsequent propagation of the coating area (Figure 1.3) [32, 33]. The coating
growth rate, v, is related to the fluid evaporation rate and particle volume fraction by the

equation

__ bil

() Y

whereb is a particleparticle interaction parametgg,is the evaporation ratéjs the drying
length,l is the volume fration of the particles in suspensidnis the height of the deposited

coating, andJis coating porosity34, 39. Values ofb vary between 0 and 1 and depend on



particleparticle and particksubstrate interactions; for low volume fraction and
electrosatically stable particled) © 1. Oncev, is determined, the length of the thin film

wheredeposition occurs by convection can be calculated using a material flux balance:

v, (- e)1- c)

L — Ywcell

film — b_l eCi

(2)

wherev, is the deposition rate and equalvtoat steady state, arglis the concentration of
the bulk suspension at that particular time [34].

The Velev Groupadaptedconvective assembly from a slow, randomized process
occurring at the edge of a stationary droplet [32] to a rapid, controllablegsroccurring at
the boundary of a dynamic fluid. Prevo and Velev reported a convective assembly technique
that allows for rapid and controllable deposition of coatings freB® L of suspension
(Figure 1.4A) [27]. Up to 30 pL of suspension containiagtioles at high volume fraction
(0.9-35% wi/v) is trapped between a horizontal substrate and an inclined topptatating
knife. Pushing the coating knifep plate at a constant rate along the long axis of the bottom
plate by a linear motor spreadgetsuspension from the meniscus into a thin film across the
horizontal substrate, leading to coating fabrication on the substrate by evaporative convective
assembly [20]. Both the coatirijicknessand type of deposited particle layers are readily
adjustel by altering the suspension volume fraction, coating knife speed, and knife (or blade)
angle and coating knife speed, allowing for precise control in particle packing and coating

thickness (Figure 1.4B) [26, 27].



After trying to fabricate clospackedu ni f or m yeast celbdparatusr ay s
Jerrim and Velev realized that evaporative convective assembly cdimactly generate
high-quality cell coatings due to cell sedimentation onto the substrate below the moving
meniscus during coating deption (Figure 1.4C). Yeast cells are at least five times larger
than the other types of particles previously deposited using evaporative convective assembly
[27, 3638], leading to inexorable sedimentation that significantly alters coating uniformity
[20]. To offset thisprocessJerrim and Velev create@mvectivesedimentation assembly, a
modified version othe deposition technique that minimizes sedimentation effects by using
variations in the tilt (rel atgdapparatusdo daecthor i z
settling cells toward the drying front during fabrication (Figure 1.4D) [20]. Using this
adaptation, Jerrim and Velev obtained thin (< 2 cell layers), @asked yeast coatings in
1545 min, making the realization of braimetic materials more plausible.

However, although Jerrim and Vel evds mo C
convectivelyassembled cell arrays, convectsedimentation assembly lacks utility on an
industrial scal e becaus e limtea byhthefiniter amgudtof t ot al
suspended particles delivered to the drying front by the continuously depleted coating
meniscus volume. In this thesis we owene this shortcoming byeporting continuous
convectivesedimentation assembly (GB), an aapation of CSAthat uses inline injection
to create larger surface area and longer thin films by constantly dispensing suspended,
uniformly charged particles (or eventually charged particle and live cell composite

suspensions) to the meniscus during coatamgication (Figure 1.4E) [Chapter 3]. Coating



microstructure is controlled by varying the suspension delivery mode between topside

CCSA, in which suspension flows through a capillary from a fluid reservoir to the front of

the meniscus along the coatinpk f e 6s t opsi de, and underside

flows from a fluid reservoir througtubing fixed to the back of the meniscus along the
kni f ebds und e rashiedescertainfBemnischs vohummd &nd characteristic particle
delivery to the dring front, enabling microstructure control by varying the total number of
particles available for deposition (Figure 1.4F) [Chapter 3]. Because CCSA enables
continuous coating fabrication without loss of deposition speed, the technique, with further
refinement tooptimize particle packing, is promisingrfgenerating monolaysor very thin

live cell + latex polymer coatings for biomaterial applications where a large, highly

bioreactive surface is required.

1.2.2 Microbial Coating Systems

Microbial latex coatings were introduced in the 1980s by Lawton, Bunning, and
Flanagan, who coated solid particles, nylon mesh, membranes, and silica particles with
polydispersed acrylate/vinyl acrylate copolymers-433. Cantwell first reported the use of
polymer bends of hard and soft polymer particles for microbial entrapment, but did not
fabricate thin biocomposite coatingsonly flocculates, 2 mm aggregates, and 2 mm
diameter fibrils [19, 44]. Martens and Hall reported methylmethacrylate and butyl acrylate
polymer coatings of photosyntheti8ynechococcu®n a carbon electrode, creating a

functional bi omi metic devi ce t Withphoteabtivity e d

cel



after rdnydration and exposure to light9, 45]. Theseearly microbial coatingystems gffer

from low coating permeability, weak mechanical stability (delamination from the support
particles), poor control of coating thickness, uniformity, reactivity and lackiedihed
coating microstructure (porosity, pore structuchpracterizan among other limitations
[19].

Prevo and Velev first identified the critical parameters responsible for rapid and
controlled deposition of crystallineolloidal arrays, thus enabling control over coating
thickness and structure and solving the limitasi of earlier coating systems (Figure 1.5)

[ 27] . Using oper at i comdatecodtinpyhtackness and pazking a ms
structure against suspension volume fraction and coating deposition speed, Prevo and Velev
fabricated higlguality, convectiely-assembled coatings from a diverse range of colloids,
including monodispersed latex microspheres [27], untreated metallic gold nanoparticles [27,
37], and dielectric nanoparticles like silica [36]. Tessieal. used convective assembly to
deposit gall nanoparticles and latex spheres in a single step [46]. The latex spheres assemble
into an ordered crystal array while the nanoparticles simultaneously collect in the void space
of the drying array, forming a composite structure that can serve as atehoplassembling

gold nanopatrticles into thin, porous films [46].

Recent collaborations betwe&he Flickinger and Velev Groups have demonstrated that
closepacked, convectivelpssembled composite coatings can be created from bimodal latex
polystyrene suspensions (Figure 1.6A and 1.6B) and blends of RhBpIS&FO12 (a

commercialfilm-forming, acrylic copolymer emulsion) and latex polystyrene microspheres
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(Figure 1.6C and 1. 6D) [ 22] . Each systemos

demixing d the suspension components during coating fabrication and thus their relative
locations in the deposited coating [22].

Current fabrication efforts focus on directed, controlled, and scalable colloidal assembly
of live cells and latex microspheres into dmaposite materials with novel structures and
functionalities (Figure 1.7) [47, 48]. Jerrim and Velev created thin, mixed layers of
Saccharomyces cerevisig®.0 pum) and large (10.0 pm) polystyrene microspheres by
investigating the fundamental effect oélicsedimentation on the deposition process and
developing a means to control the trajectories of the settling cells [20]. By rotating their
coating device around a horizontal axis, Jerrim and Velev chahggmbsition of the point at
which sedimentatiobegins to contribute to coating thickness, creating a transition to thicker
coatingsi inclining the apparatus forward increased the thickness at an earlier point in the
coating, improving coating uniformity while inclining the apparatus backward moees th
transition farther into the coating, reducing coating uniformity [20].

Using this study as a starting point, we investigated colloidal assembly of polystyrene
microspheres (1.0, 5.0, and 8.7 um) blended with yeast or photosynthetic bacterial or algae
cdls on nonporous substrates such as glass or polyester shbetformer investigation
demonstrated that simultaneous deposition of cells and latex is possible because the cells
behave like simple surfaggharged colloidal particles akin to the latex ragpheres [22].

Extending the previous work to a porous #weoven substrateoated usingontinuous

convectivesedimentation assembly, the latter study showed how reactive biocomposite
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coatings of eitheRhodopseudomonas palustfagsphotosynthetic purelnonsulfur bacteria)

or Chlamydomonas reinhardt{ia green micro algae) can be fabricated from suspensions
containing both noiffilm forming (photosynthetic cells and 1.0, 5.0, and 8.7 um latex
polymer microspheres) and filforming solute (RhopleX! SFOR emulsion) of variable
sizes and charges [Chapter 4]. Pladimgsecoating in a gas phasm contact with dow-
volume liquid phase whichwet the paper poregoy capillary actioh and maintained cell
hydraton by a thin liquid filmprolongedits usefullife by inhibiting cell outgrowth into the
liquid phase and facilitating the escape of gas bubbles (such)dsohh the coating [1].
Variations in microsphere size and suspension compositioeddteating microstructure but

do not affect coating reaeity. However, despitg/ielding disparate microstructures, all
coatings retained mechanical adhesion and exhibited microbial reactivity after fabrication
and rehydration. Thsecoatings also had a higher surfdaoevolume ratio than comparable
alginate fims [49] and suspension cultures, resulting in improved mass transfer and light
di stribution to all/l i mmobilized cells [50].
low water uptake (2.27x1D+ 3.72x10° g/cn?) when completely saturatesiiggests that
Kraft paper is a robust, suitable substrate for fabricatingpbase, reactive coatings from
waterbased live cell + latex polymer microsphere blends. The coatimgponents adhete
the cellulose fibers without plugging the paper pores [ligwing for nutrient transport from
the bulkliquid phaseto the immobilized cell®n the surface of the papeiThe open pore

structure may also facilitate escape of gas bubbles (suc}) &eid the coating [1].
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1.2.3 Microbial Coating ApplicationgArtificial Leaves and other Biomimetic Devices

Convective assembly allows for the selective immobilization of microbial cells for a
diverse range of applications, including foalease or selfleaning coatings. Fouling refers
to the unwanted accumtien or formation of biomass, sludge, particulates, inhibitors or
fats/oils that appreciably degrades a coatir
on fabricating seltleaning surfaces focused on inorganic antifouling paints containing one
or more 1) heavy metals, including cadmium, chromium, silver, and zinc [9], 2)
indiscriminate biocides like chlorine [843] and mercury [51], or 3) microbithrgeted
antibiotics [52, 54]. Because toxic biocides or antimicrobials may endanger huméandnealt
cause environmental damage when leached from a coating [8] and pervasive use of
antibiotics reduces their efficacy by promoting microbial resistance [54], these paints are
increasingly scrutinized and restricted in many countries [9, 55], suggdstimgéd for non
toxi c, Anatural o paints that can replace t h
[56].

Significant advances in the understanding and fabrication of surfaces with controlled
wetting, hierarchical structures, and composition mé@ke at u r adlease doatingk
possible [57]. All surfaces can selean whenever the adhesion forces between surface
debris and the surface are weaker than those between the contaminants and tangential fluid,
leading to the debris being carried awaythe fluid as it runs off the surface [57, 58]. As
such, a diverse range of inorganic and biomimetic antifouling surfaces can be fabricated by

tuning the surface properties to weaken this attraction force. Biocomposite coatings may
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eliminate surface deisrthrough three mechanisms:shedding and setlegenerationwhich
removes contaminants through cell shedding underneath the debris layer while
simultaneously regenerating the depleted top layer by cell proliferation (Figure 1.8A) [20], 2)
digestion which uses contaminatéargeting cells to digestontaminatingarticulates as they
diffuse downward through the coating (Figure 1.8B), ands8gretion which uses
bactericidal secretionf antibioticsto kill hostile bacteria on the coating surface (Figure
1.8C) [10]. The literature describing the various inorganic approaches to nonmetallic and
nonbiocidal paints is too vast to describe here and thus the reader is directed to other reviews
on the topic, especially those by Bhushan and Jung and by Gatredshwhich thoroughly
describe seitleaning, hydrophilic inorganic surfaces like photocatalytic titanium dioxide
and micropatterned silica layers and fabrication ofdekining surfaces through engineering

of surface hydrophobicityn hierarchical stratured films [59, 60].

Previous research suggests both #ezretion and shedding and selegeneration
mechanisms effectively cleanse deBaden coatings. Jerrim and Velev demonstrated
rudimentary seiftleaning by codepositin@sing convectivesedinentation assembly) mixed
monolayers of 5 pnSaccharomyces cerevisigeast cells and 10 um latex partic(@sgure
1.9). The larger latex particles settled over the yeast cells, creating a porous topcoat that
protects the cells from external perturbasamthout hindering their access to nutrients and
ability to proliferate through the latex topcoat (Figure 1.9B) [20]. When rinsed with a stream
of growth media, the outermost cell layer sloughed off the coating surface, taking

contaminatingdebris §imulated byfluorescent microspheres) with it (Figure 1.9C ariD].

14



[20]. One biocomposite coatingas stained with FUN#lye and subsequently analyzed for
metabolic activityto assess the viability of the deposited cells; the presence of nonuniform
fluoresceace within the cells indicated metabol.
ability to selfregenerate. Burgess and coworkers demonstrated the efficacy of the secretion
approach by f abr i-lasetl pant tha@xhibitedugoa lactiyt agailast e r
marine bacteria, barnacle larvae, and algal spores when coated (without convective
assembly) onto Petri dishes [56]. The paint formulations conta&ixieacts fromantibiotic
producingmarine bacterigstrains giving inhibition zones greater thal mm) and a water
based paint resin [56]. Although field trials showed the paints had little effect on the onset
and degree of macrofouling vivo, likely due to rapid leaching from the coating surface, the
antifouling efficacy of the laboratory assaguggestghatbroad spectrum antifouling can be
achieved through judicious combinations of metabolites with different leaching rates from
painted surfaces and antifouling activities [56].

Another promising usef the convective assembltechniqueis the fabrication of light
harvesting, hierarchical structures capable of mimicking the photosynthetic reactions of
natural leaves biomimetic leaves. Like plant leaves, thésgereddevices can capture solar
energy, split water into hydrogen and oxygand reduce atmospheric carbon dioxide into
carbohydrates, thus creating various forms of renewable fuels from solar energy [61]. A
diverse range of artificial leaves are reported in the literature, includingbintoyical,
biological (noncellular), andbiological (whole cell) assembliednorganic synthetic leaves

are constructed as photoelectrochemical devicesgdatratenydrogen by combining free
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electrons (generated through capture of solar energy) and protons (created through water
oxidation at a anode) at a cathode (Figure 1.10) [62]. Some devices achieve light harvesting
by mimicking the hierarchical structure of natural leaves while others imitate the natural
visible-light response through dye sensitization [61]. Although most artificiaéfepossess

higher solar energy conversion efficiencies than many crop plants (<1% typically) and
bioreactorgrown microalgae (3%) [62, 63], several technical and scientific challenges to
developing inorganic, photoreactive leaves remain, including (Igiesft use of the entire

solar light spectrum, (2) creation of fabrication techniques that are amenable for mass
production, (3) use of inexpensive, abundant materials that are readily-spaled bulk
production, and (4) development of robust deviceth wrolonged lifespans [62]. Because
inorganic artificial leaves, despite their myriad forms,not operate oa biological basis, a
detailed description of tireconfigurations is beyond the scope of this review, which focuses

on convective assembly as means to fabricate biocomposite structurdReviews by
Bensaid and coworkers and Zhou, Fan, and Zhang offer detailed explanations of the many
approaches to constructing inorganic leaves and comprehensive assessments of the many
breakthroughs in this rearch area [61, 62].

The artificial leaf literature also describes attempts to immobilize or entrap
photosynthetic components within support matrices, mimicking the higivesting pigments
embedded within the thylakoid membranes of chloroplasts tf4}eatebiological (non
cellular) artificial leaves. The support material serves multiple functions, including assisting

in the organization and protection of the photoreactive components, allowing for easier
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handling of the photoreactive device, andilfating recycling from the reaction mixture
[64-66]. This class of biomimetic leaves includes watepluble porphyrins embedded
within a lignocellulosic matrix [64], platinized photosystem | protein monolayers
immobilized on gold [67], and hybrid cqiexes of photosystem | and HRe}hydrogenase
assembled on gold electrodes [68].

Whole cells are an attractive alternative itamobilization of unstable photoreactive
molecules and proteins because whole cell immobilization eliminates the neegdosier
reagents and often complex protein extraction and purification, simplifying the fabrication,
enhancing the stability of the photosynthetic apparatus and thus reducing the cost of robust
artificial leaves. Various types of biological (whole cediaves are reported in the coatings
literature, including those made from living cells and photoactive materialslorosd in
solgel synthetic polymers, sglel oxide ceramics, and silica gel glasseg A9-76]. For
instance,Su et al. created living,biocomposite matrices of silica and photoreactive algae
(Chlorella vulgarisor Botrycoccus braunjior Arabidopsis thaliangplant) cells; the algae
and plant systems exhibited photosynthetic reactivity for at least 70 and 30 days, respectively
[77, 78]. However, although mechanically robust and sufficiently porous for nutrient
diffusion and cell proliferation, most sgkl ceramics cannot hold more than 5% to 20%
(w/w) of cell massi higher concentrations of living cells reduce the stability of these
codings when in contact with water [19]. Also, many silica networks shrink during lyogel

drying, leading to reduced cell viability [19].
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Cell-laden alginate gels [49, 79] and hydrogels-8§30 are other possible forms of
biological (whole cell) leaves. d’earchers at The National Renewable Energy Laboratory
have fabricated photoreactive ‘Galginate films (containingChlamydomonas reinhardtii
microalgae) that evolved hydrogen for over 150 hours [49], but these coatings lack the
thinness adhesion and oagization of convectivehassembled polymer particle coatings
[Chapter 4]. The increased thickness of the latter systems reduces productivity by hindering
efficient mass transfer and adequate light distribution to all cells in the hydrogel matrix.
Also, alginate films, unlike convectivelgssembled coatings, must remain wet during gel
crosslinking to prevent the cracking, skinning, shrinkage and other mechanical instabilities
that occur when the gels are dehydrated.

Despite myriad publications, hydrdgeare notreadily useful as coatings because these
systems have low mechanical strength and they lack engineered adhesion [19]. Also,
hydrogels are hundreds of microns to millimeters thick, resulting in severe mass transfer
limitations, and macroporouspdres larger than microorganisms) with thin pore walls,
leading to substantial cell release and outgrowth when the gels are exposed to nutrients to
regenerate activity and sustain cell viability [19]. Thessure, combined with an inability
to be stord dry or frozen without loss of cell viability [80, 81], suggest hydrogel
immobilization lacks sufficient stability, reactivity, adhesion, and preservation of cell
viability during gel desiccation [19] to be a suitable method for fabricating biological

syrthetic leaves on a commerciallyr industriallyrelevant scale.
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The Flickinger Group has pioneered the fabrication of photoreactive, adhesive coatings
from bacteria and eukaryotic microbes using nanoporous latex polymer particle coatings
[18]. Thesebiocomposite coatings can be fabricated from composite mixtures of latex
polymer particles and alga€lapter 3, [1]], cyanobacteria [1], purple nonsulfur bacteria
[Jenkins (unpublished data), {Bl], or ethanolgens [1]. Of particular note, Gosse and
Flickinger fabricatedphotoreactive biocomposite coatings containing-1@0 1,000fold
concentrated nitrogelmited purple norsulfur bacteria that evolved hydrogen gas for over
4,000 hourd2]. We fabricated convectivelgssembled biocomposite, algae ougg that
demonstrated sustained hydrogen evolution for over 100 hours [Chapt@p#diization of
the incident light intensit{88], combined with further development of the production media
[49], will likely prolong the useful life of the algal coatsig These coatings prove that intact
cells stabilized in thin polymer coatings have the potential to be robust components of
advanced light harvesting materials for solar energy generation, thus paving the way for the
next generation of biomimetic leaf s@haterals with multlayer architecture containing live
cells engineered for optimal light absorption and energy conversion to produce hydrogen gas,
alkanes, or liquid fuels (Figure 1.11).

The major challenge facing biological (whole cell) artificiakttogs or leaves is the
efficient use of solar energy. While photosynthetic cells can be genetically engineered for
better conversion efficiency2, 88], a more direct approach is to fabricate coatings
containing multiple cells species, such asdepositon of algae angbhotosynthetidacteria

or cyanobacteriaAlgae and bacteria capture light in different regions of the electromagnetic
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spectrum, suggesting that composite coataagemprove light utilization efficiency through
multi-wavelength light havesting. We demonstrated the validity of this hypothesis by
showing that Balch tubes containing a convecthadgembled, multispecies coating (one
algae coating and one bacteria coating placed in the same tube) evolved more hydrogen than
Balch tubes camaining only one algae or bacteria coating, sugggsthat multispecies

coatings are indeed a promising method for maximing hydrogen yield.

1.3 Research Goals and Organization of Dissertation

This dissertation explores convective assembly as ansnéa rapidly deposit large
surface area, highly reactive ordered arrays of adhesive colloidal latex particles and living
bacteria, yeast, or algae because the fabrication of industabd biocomposite coatings that
maintain stability and preserve mibial viability and reactivity remains a challenging
problem to both the coatings industry and the biomaterials field [19, 21]. One objective is to
understand how the various assemblpcessparameters and the myriad particle and
substrate propertiesffect coating fabrication and appearance (structural uniformity,
thickness, and particle packing)Another objective is to create @ating apparatus that
allows for continuous fabrication of large surface area and longer coatings without the loss of
structual uniformity and thinness, thereby giving convective assembly industrial relevance.
Because biocompositeoatingshave the potential to be robust componentdiotensors,
biocatalysts, andidvanced light harvesting materiathe final objective is tadentify a

coating configuration (cells, latexparticles and substrate) that permanently immobilizes
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reactive cells without inhibiting mickoal viability and reactivity. To these ends, Chapter 2
demonstrates how the convective assembly technique camtéeded to deposit bimodal
particle size suspensions of latex microspheres and composite blends of latex microspheres
and live cells on glass, plastic, and metal substrates and explainsubstrate wettability,
suspension composition, particle sizeaand surface charge affecbatingassemblyand
microstructure Chapter 3addresseshe challenge of fabricating large surface area, longer
coatings by introducingontinuous convectiveedimentation assembly (CCSA), a deposition
method that transformsthe techniqueinto a continuous procedsy constantly supplying
coating suspension to the meniscus. To answer the question of how CCSAs#fiettsal
uniformity and thinnesghe parameter investigations from Chapter 2 are extendsattiole
concentation, fluid flow-path sonication, suspension density, and meniscus vol@hapter

4 expandsthe commercial utility of CCSA by demonstrating that biocomposite coatings
deposited on porous Kraft paper are mechanically stable and reactive after rehydratio
despitedifferencesin coatingsuspensionmicrostructure and porosity Finally, Chapter 5
summarizes all original coating fabrication and characterization methods developed in this

dissertation.
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Cellcoat
(35 um)

Figure 1.1: Comparison of(A) a randomly oriergd thin biocomposite coating [Image
courtesy of H. Gejand (B) thin orderedbiocompositecoatings. Such thin coatings of
polymer particles and photoreactive cells (shown in white and green, respectively) enable
uniform light distribution (yellow arrows)ral nutrient delivery to all surfagenmobilized

cells
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Figure 1.2: Schematic of four coatings deposited using sequential convective assembly to
form a multilayer, composite device.Each color represents a different type of particle or

cell. Eat new layer is depositedter theunderlyinglayer ha dried.
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Figure 1.3: Schematicof the convective assembly procesBlue and purple arrows denote

particle convection and sedimentation in meniscespectively.[Adapted from ref34]
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assemblyj27], (C, D) convectivesedimentation assembl2] for D], and (E, F) continuous

convectivesedimentation assembly [Chap&fior F].
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Figure 15: Layering transition schematic for monodisperse microspheres deposited using
evaporative convective assemblyThe different colors of each layer ihet expeémental
micrographsare due to optical interference of the transmitted light; all polygons are drawn to

clarify the packing structures. [27ransition schematic originally reported by [89, 90]
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Figure 1.6: Examples of composite coatings esbled from bimodal blends of (A, B) latex
polystyrene microspheres [22] and (C, D) RhopPexSFO12 and latex polystyrene
microspheres.R,/R; is polymer particle diameter ratidvlicrosphere sizes are: (A) 5.7 and
8.7 um, (B) 5.7 and 9.6 um, (C) 1.0 umda(D) 5.0 ym. The SFO12 latex emulsion
aggregates on the polystyrene microspheres and forms amorphous bridges between

neighboring microspheres. Scales bars are (A, B) 20 ym and (C, D) 2 um.
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Figure 1.7: Examples of advanced biocomposite structures) @ubbletemplated
icel | o[8lp92]gB) &omposite yeagiolystyrene coating [Jenkins, unpublished data];
(C, D) Composite coatings of photosynthetic cells, RhoplesFO12, and 1.0 pm
polystyrene microspheres for hydrogen evolution [Jenkins, unpeblis data].
Rhodopseudomonas palust(gurple nonsulfur bacteria) aral collapsedChlamydomonas
reinhardtii (algae) are shown i@ andD, respectively.Scale bars are (B) 70 um and (C, D)

2 um.
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Figure 1.8: Self-cleaning strategies for biocqusite coatingsontaining polymer
particles and living cell{A) Bactericidalsecretion, (B) Contaminant digestion, (C)

Top layer shedding and setgeneration.
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Figure 1.9: Micrographs and schematics demonstrating biocomposite (yeast celltexd la
microsphere) coatings with rudimentary sdianing properties. (A) Initial coating. (B)
Coating after 24our incubation in growth medium, allowing for significant cell
proliferation. (C) Coating with fluorescent latex artificial debris. (D) Coafwipwing
contaminant and cell removal with a stream of growth medium. All scale bars are 50 pum.

[adapted fronmef. 9G]
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Figure 1.10: Examples of inorganic artificial leaves: (A) Schematic of a-@&§gen
evolving complex functionalizedpp'-silcon singlejunction photoelectrochemical cg84];

(B) Schematic of a Ti@nanotube array electrode (photocatalyst for water oxidation) and Fe
nanoparticles on Moped carbon nanotubes (electrocatalyst fog-@@duction)[62, %5]; (C)
Schematic of a meméne that drives positive and negative charges for oxygen and hydrogen
evolution when the nano photovoltaic element absorbs sunlight [Credit: Helios SERC
(Lawrence Berkley National LaboratQty (D) Schematic of nanostructured arrays of
membraneconnectedanodes and cathodes coated with catalysts that can split water to
produce H or liquid hydrocarbon fuels [Credit: Lewis Research Group (California Institute

of Technology)].
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Figure 1.11. Concept of a soft flexible photobiological fuel cell castructed from
biocoatings hydrogenproducing photosynthetic bacteria and oxygeoducing algae

(proposed by O. Velev, V. Paun@and M. Flickinger and modified by J. Jenkins)
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Abstract

The structures resulting from convectisedimentation assembly (CSA) of bimodal
suspensions (4.1 to 10% solids) of strongly charged sulfate latex microspheres (zeta potential
-55.9+ 1.8 mV at pH 8.0) and weakly charg8dcchaomyces cerevisiageta potentiat

18.7+ 0.71 mV at pH 8.0) on glass, polyester, polypropylene, and aluminum foil substrates
was evaluated. This study shows how substrate wettability, suspension composition, particle
size ratio and surface charge affettte deposition process and resulting coating
microstructure (particle ordering amdid space).Size ratio and charge influence deposition,
convective mixing or demixing and relative particle locations. Substrate wettability and
suspension composition lnénce coating microstructure by controlling suspension delivery
and spreading across the substr&ecerevisiadbehave like negativelgharged colloidal
particles during CSA. CSA of particieeast blends result in opgracked structures (146%

mean vodl space), instead of tightly packed coatings attainable with single component
systems, confirming the existence of significant polymer patyiedest interactions and
formation of particle aggregates that disrupt coating microstructure during deposition.
Further optimization of the process should allow void space reduction and deposition of cells
plus adhesive polymer particles into tightly packed adhesive monolayer coatings for

biosensors, biophotoabsorbers, energy applications, and highly reactive atiabsoirbers.
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2.1Introduction

The development of methods to deposit thin ordered arrays of adhesive polymer particles
and live cells, such as bacteria, cyanobacteria, yeast, and algae, will enable the development
of a new generation of highly reaeti biomaterials that use microbes as biosensors,
photoabsorbers, or biocatalysts. Biocatalytic coatings of adhesive latex particles and 50%
volume fraction of reactive bacteria have been shown to function as photobiological
hydrogen producers [1, 2], geaéng a clean fuel from light (energy source) and waste
organics or water (electron source)gB Selfcleaning or antifouling cell coatings composed
of yeast and polystyrene microspheres are a potentiatoxan alternative to inorganic
antifouling pants containing toxic heavy metals, antibiotics, or biocide8][6 Currently
used toxic biocides or antimicrobials may endanger human health or cause environmental
damage when leached from a coating [7], while pervasive use of antibiotics reduces their
efficacy by promoting microbial resistance [9]. Biocomposite coatings (made of polymer
particles and |ive cells) can also function
are either sloughed off the top cell layer by newly dividing cells, abdoalnd digested as
they diffuse downward through the coating, or antibiotics are secreted from the coating
surface killing contaminating bacteria [10]. Other emerging applications include coatings for
environmental biosensors, high intensity (greater th@h g/L coating volume/h) industrial
biocatalytic coatings [11, 12] or high reactivity environmental biocatalytic filters. These

coating methods can preserve and stabilize hyperthermophiles [13], prokaryotes and yeast
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[14, 15] and have been useful forxtoity studies, cell signaling studies, and gradient
bioassays [16].

Common immobilization matrices for random entrapment of whole live cells include
polymer hydrogels and natural biofilms. However, hydrogels and biofilms lack engineered
cell packing andjood cohesion; they also disintegrate when the entrapped cell concentration
exceeds 30% [17] and are often hundreds of microns to millimeters thick, resulting in severe
mass transfer limitations [18]. These matrices cannot be stored dry or frozenldogpdo
periods of time without loss of cell viability [17]. Also, when hydregelbiofiim-entrapped
microorganisms are incubated with nutrients to sustain cell viability and regenerate activity,
significant cell release and outgrowth occur becausereitieegel matrix is macroporous
(pores larger than the entrapped microorganisms) and the weak thin gel pore walls can be
ruptured by cell growth or the cells die and are sloughed from the surface [18].

The adhesion, viability and reactivity of microorgans on surfaces are well studied
because of the role of bacterial adhesion in pathogenesis, as the initial step in biofilm
formation, which can lead to biocorrosion and contamination of water systems. The
interaction energy between bacterial cells antasas has also been described by Derjaguin
LandauVerwey-Overbeek (DLVO) and colloid filtration (CFT) theory [19, 20].

Artificial monolayers of randomly oriented bacteria have been fabricated for imaging and
measurement of adhesion by atomic force nsicopy (AFM) in order to study natural
adhesion [21, 22]. Many of these studies utilize-tootic covalent crosslinking reactions to

randomly immobilize the bacteria on glass or mica surfaces via electrostatic forces or by
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utilizing the carboxylic acid teninal groups on the cell surface forming sestable amine

esters [22]. However these approaches are only effective for microbes with sufficient surface
carboxylic acid residues to form firm amide bonds to the substrate. Evaporative methods for
coating nica surfaces with bacterial films has also been studied to directly measure the
adhesive and elastic properties of bacteria to substrates using surface force apparatus (SFA)
and AFM methods [23]. One method utilized inclined settling?®¢udomonas aerugina

onto mica followed by drying resulting in microbial deposition at the drying front using
paper absorbent to generate capillary action to remove excess bacterial solution. This
procedure generates patterned monolayers of bacteria with large void gpaniEs known

as honeycomb films [24, 25]. Although these films exhibit some degree of ordering, the
observed cellular structure and narrow cell size distribution are the result of random,
uncontrolled nucleation and coalescence events [25].

Unfortunatly, bacterial settling, coating and bonding methods that do not alter biological
activity cannot generate a monolayer coating with engineered adhesion greater than the
adhesive force generated by bacterial surface carboxyl groups. These methods alst have
been used to generate ordered arrays of cells in monolayers with defined cell packing and
interparticle porosity. These methods are not effective for cell adhesion following film
rehydration and for coating thin flexible substrates which would b&uluk® fabricating
composite reactive devices.

Biocomposite cell coatings generated from a mixture of reactive cells antbxion

adhesive (deformable) latex microspheres can have engineered adhesion to a wide variety of
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surfaces. Adhesion can be altbriey polymer particle glass transition temperature (TQ),
latex particle surface chemistry (charge, charge density, surface grafting of crosslinking
agents), and the ratio of particle diameter to cell size and polymer particle to cell
concentration in the meulsion. Thin (< 20 um) latex coatings containing carbohydrates
stabilize, concentrate (500 to 10f@0d), and preserve the integrity of microbial membranes
during drying [18], thereby preserving cell viability resulting in a thin, adhesive coating with
minimal diffusion resistance (Figur2l). The ability to generate monolayer coatings of
photosynthetic microbes or algae as engineered photoabsorbers will allow precise
measurements of light absorption by reducing mutual-séelfling and protecting the
immobilized cells from mechanical degradation and deactivation [1] (FRyLye

Methods to generate monolayers with engineered adhesion are the starting point for the
construction of structured multayer systems [26]. Following film formation, drying and
rehydration, low § latex coatings retain adhesion to coating supports when rehydrated in
media because the | atex particles fglued th
coatings were introduced in the 1980s by Lawton, Bunning and Flanagargoated solid
particles, nylon mesh, membranes, and silica particles with polydispersed acrylate/vinyl
acrylate copolymers [231]. Cantwell later reported the use of bimodal blends of hard and
soft polymer particles to immobilize microbial cells [3#owever, these cells were not
deposited in thin coatings, but only in the form of flocculate®,dm aggregates, and 2 mm
diameter fibrils [32]. Martens and Hall immobilized photosynth8aechococcusells on

a carbon electrode using a fitferming emulsion of methylmethacrylate and butyl acrylate
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copolymer [33]. More recently, the Mayer rod draw down coating method has been used to
deposit various composites of microbial cells and nanoscale latex particles in 5 t0*.00 cm
scale patches, strips, dreets on polyester substrates with a range of thicknesses from 10 to
250 um [22, 13, 34]. Microbe viability is preserved during film formation and drying by the
addition of osmoprotective carbohydrates which also serve as porogens arresting polymer
partide coalescence by formation of carbohydrate glasses during drying [18]. Simple
coating methods such as wire wound rod drawdown are limited by wire diameter to coatings
of >10 um thickness, but have been useful for generating small scale adhesive labgs coa
that are biocatalytic using a variety of prokaryotic and eukaryotic cells [1, 2, 12, 13, 16, 34].
This method relies on lowgTacrylate cepolymer or polymer blend particle compaction and
arrested coalescence during evaporation to generate nantpoessiting in a mixture of
particle packing configurations. In cordraconvective assembly utilizes the fluid fluxes
generated during evaporation to order particles in wetting films deposited by a coating blade
or knife resulting in very thin coatisg(<10 um) with uniform particle packing. The
convective assembly technique has previously been shown to precisely order yeast or
polymer particles into closely packed monolayer coatings (one cell thidbim thickness)
with minimal void space (Figura.l).

Convective assembly has also been shown to rapidly and controllably deposit a diverse
range of particles and cells into multilayer thin films (usually less than 5 layers thick) on
solid substrates [381], suggesting that development of this methodda be used to rapidly

fabricate weHlordered composite arrays of living cells and polymer particles on an industrial
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scale. The particle assembly process begins when the height of the evaporating fluid film
becomes thinner than the diameter of the gadi[16]. The menisci formed around these
particles give rise to strong and lerenge interparticle capillary forces that pull adjacent
particles together, forming clusters or tdimensional nuclei. As the liquid evaporates,
liquid flux from the bulk sispension to the substrade-liquid contact line at the drying front

of the coating replenishes the fluid loss due to evaporation, resulting in particle transport to
the drying front, their ordering into closely packed arrays, and subsequent propag#ti®mn
coating area [36, 42, 43]. When the meniscus height is larger than the particle diameter,
multilayer coatings form [36]. The coating growth ratg,s related to the fluid evaporation

rate and particle volume fraction by the equation

bl

- e N

whereb is a particleparticle interaction parametgg,is the evaporation ratéjs the drying
length,{ is the volume fraction of the particles in suspendmas,the height of the deposited
coating, andJis coating porosity [4416]. Values ob vary between 0 and 1 and depend on
particleparticle and particksubstrate interactions; for low volume fraction and
electrostatically stable particlds,? 1 [36]. Oncev is determined, the length of the thin film

in which deposition occurs by convection carchkulated using a material flux balance:

L — decell (1_ 6’)(1' Ci)
film — bjeci

(2)
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wherev,, is the deposition rate and equalvtoat steady state, arglis the concentration of
the bulk suspension at that particular time [45].

Prevo and Velev reported a mbeld convective assembly technique that allows for rapid
and controllable deposition of coatings froa8® pL of suspension [37]. Up to 30 pL of
suspension containing particles at high volume fraction-38% wi/v) is first trapped
between a horizontal batrate plate and an inclined coating knife plate and then the inclined
top plate is moved at a constant rate along the long axis of the bottom plate by a linear motor.
This delivers and spreads the suspension from the meniscus into a thin film across the
horizontal substrate, leading to the formation of a coating on the substrate by evaporative
convective assembly [16]. The speed of the coating knife can be adjusted, resulting in
precise control of particle packing and coating thickness. The modifiedigee can also
deposit closgacked, thin coatings from pure yeast or pure latex suspensions on glass
substrates [16]. However, the principles of fabrication of biocomposite arrays on rigid and
flexible substrates by convective assembly have not beenimxa in depth. This topic is of
significant fundamental interest and practical importance, as the reactive properties of thin,
ordered cellatex particle composite coatings are key to the fabrication of the next generation
of highly reactive adhesive cirags for biosensors, photoabsorbers, and biocatalysts.
Investigation of how biocomposite suspensions convectively assemble into thin, ordered
arrays iIs important for designing bioelectronic devices and biocatalysts and creating

prototypes.
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We report hav convective assembly at high volume fraction can be extended to rapidly
deposit bimodal composite blends of either two diffeen¢d latex microspheres (bimodal
blend) or latex microspheres and live yeast into ordered arrays on glass, polyesternaluminu
foil, and polypropylene substrates. Assembly of yeast cells differs from conventional
colloidal assembly because the cells are an order of magnitude larger than the 12 nmto 1 ym
diameter polymer particles previously deposited using convective assefmblys,
sedimentation effects become important during the assembly process {39]. 5Hence,
whenlarge (>1.0 um) particles or cells are deposited by evaporedineective assembly,
the assembly mechanism is denoted¢@svectivesedimentation assemb| SA) to account
for sedimentation during coating depositii6]. Other aspects of the assembly process,
namely solvent evaporation and particle transport to the drying front, remain ideAscanh
initial study, highTg, nonfilm forming polystyreneparticles (with sulfated surface groups)
are used here instead of lovg, film-forming particles in order to focus on particle transport,
packing and coating void space. Convective assembly has the potential to form thin, ordered
biocomposite coatings merrapidly and by a simpler means than any method previously
described [46]. However, the effect of the size difference between the components of the
suspension (cells or latex microspheres), the interactions between them (cells only-or latex
cell blends)and the wettability of the substrate on the convective assembly process must be
understood to extend this method to deposit larger surface area uniform monolayer coatings.
The effect of bimodal particle size distribution on film formation is well desdrfbe hard

(high Tg)/soft (low Tg)latex blends [4+52], but not for constant Tg blends nor for latex
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particlelive cell mixtures, which is now done here. Subsequent convective assembly studies
will utilize low Tg adhesive particles once the fundamentdlgenerating coatings with

minimal void space are known.

2.2 Materials and Methods
2.2.1 Preparation of Coating Suspensions

Single component and composite coating suspensions were prepared from latex
microspheres an&accharomyces cerevisiaAll single particle suspensions were kept at
their manufactured percent solids (w/v). All lafatex and latexcell suspensions were
reformulated as blends at a 1:1 particle (or cell) ratio by combining identical aliquots (same
volume and percent solids) ofllcer latex suspension.

A 10% (w/w) suspension of 5.0 um yeast was prepared and adjusted to pt9.8)0aé
previouslydesci bed [ 16] using 0.5 g of Fleischmann
Compani es, Me mphi s, T Nojn, deiodize® QaterQ bnd 0.25 gloB . 2 n
anhydrous dextrose (Fisher Scientific Chemical Division, Fair Lawn, NJ). The mean cell
diameter was eshated by first acquiring a light micrograph of the yeast suspension aising
Olympus BX61 microscope equipped with an Olympus DP70 CCD camera and then
measuring by averaging the diameters of 75 cells in the micrograph with the NIH ImageJ
digital imaging sftware package. The deionized water was obtained from a RiOs 16
reverseosmosis water purification system (Millipore Corporation, Bedford, MA). The

suspension pH was measured and adjusted evedb 3Qin until the percent difference
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between subsequenteasurements was less than 5%. The cell suspension was sonicated
gently in an ultrasonic cleaner (Branson Ultrasonics Corporation, Danbury, CT)-8% 25
seconds to break up any aggregates prior to deposition. Jerrim and Velev reported that the
fraction of aggregated yeast in the suspension is decreased both by sonication and by
repeatedly adjusting the suspension pH away from the isoelectric point of the yeast [16].

Four sizes (1.0, 5.7, 8.7, and 9.6 um) of white sulfate latex microsphereagaiate
Dynamics Corporation, Eugene, OR) were prepared by washing with deionized water to
remove residual surfactants and other contaminants produced during particle synthesis. The
suspensions were mixed with 18. 2sinmqEishen dei o
Marathon Micro A microcentrifuge (3630 RPMr 5 min) or a Fisher accuSpin Micro 17
microcentrifuge (5700 RPM for 10 min) for suspension volumes less than 1000 pL and using
a Beckman T<b benchmodel centrifuge (3000 RPM for 5 min) for volusnever 1000 pL.

All washed suspensions were sonicated in an ultrasonic cleaner to reduce aggregation before
deposition.

Cell and particle zeta potentials were measured using a Malvern Zetasizer (Malvern
Instruments, Westborough, Massachusetts) equippgda DTS1060 folded capillary cell
and analyzed with the Malvern DTS software package. Zeta potentials were obtained in
triplicate using 55 runs per measurement for 8vecerevisia@nd 1.0um latex microsphere
suspensions at 0.1% (w/w) and 0.0008%n(npercent solids, respectively, using 90000

pL of suspension.
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2.2.2 Preparation and Characterization of Coating Substrates and Deposition Plates

Fisherbrand 7525 mm glass microscope slides (Fisher Scientific) were cleaned as
previously descrike [16] first by usingNoChromix solution (Godax Laboratories, Cabin
John, MD) to remove adsorbed organic molecules and deprotonate surface hydroxyl groups
and then washing with 18.2 mglLcm deionized
all pretreatedcslides in separate 100x100 mm Petri dishes (Fisher Scientific) to protect the
hydrophilized surface groups from air currents and humidity fluctuations until coating.
Separate 75%25 mm strips of 2 mil (0.05 mm) thick polyester (3M, St. Paul, MN), Himont
SB 823 polypropylene (Standard Plaque, Inc., Melvindale, MI), and 0.02 mm thick Reynolds
Wrap aluminum foil (Reynolds Kitchens, Richmond, VA) were rinsed with 70% (v/v) ethyl
alcohol, gently wiped with a KimWipe (Kimberglark, Chantilly, VA) to remove stace
contaminants, and dried at the ambient temperature and relative humidity to evaporate any
residual alcohol. Aluminum foil strips were flattened using an Orcon smooth action roller
(Tools for Floors, Waverly, NY) prior to the alcohol rinse.

Static water contact angles were measured on each substrate surface usingHafRRamé
10000 NRL C.A. goniometer (Mountain Lakes, NJ) and analyzed with the R&arté
DROPimage software package. The advancing contact angles were recorded by injecting 8.0
pL of probing liquid; the receding contact angles were measured by removing 4.0 pL of
probing liquid from the dispensed droplet. Advancing and receding contact angles were
recorded in duplicate for the left and right side of the droplet and subseqaesthged to

obtain advancing and receding contact angles for each substrate.
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Surface topography profiles were obtained for each substrate using a surface profilometer
(Dektak D150, Veeco, Plainview, NJ) equipped with a 12.5 um radius and the Dektak v9
sdtware package. Profiles were recorded in triplicate and averaged to obtain a characteristic
surface profile for each substrate. The aluminum foil and polyester substrates were affixed to
clean glass microscope slides to prevent their surfaces fromgurider the stylus force (3
mg). The profile for the polyester and foil is the difference between the measured profiles

for the substrate and bare glass.

2.2.3 Deposition of Coatings

All coatings were deposited using the convective assembly methodbéespreviously
[27]. A clean glass slide and coating substrate (polyester, polypropylene, aluminum foil, or
glass slide) were attached to the deposition device (FiJRye The edge of the deposition
plate, also referred to as a coating knife, mustfllat against the bottom slide to ensure
meniscus formation along the entire length of the knife.ull®f coating suspension were
injected between the substrate and knife and then spread to form a uniform meniscus. The
linear motor pushing the coatingike was operated at 21uin/s, while the suspension was
deposited onto the substrate ind% minutes. As previously demonstrated, withdrawal rates
approaching 25um/s or more yield incomplete or submonolayer coatings for suspension
volume fractions of Q% or less deposited using batch convective assembly [37]. All

coatings were deposited at an ambient laboratory temperature of 20°C to 30°C and a relative
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humidity of 20% to 50%. The temperature and relative humidity above the coating were

monitored witha calibrated TM125 Dickson probe (Dickson, Addison, IL).

2.2.4 Dry Coating Characterization

The coatings were imaged by optical microscopy for analysis of the microstructure.
Light micrographs were taken witn Olympus BX61 microscope equipped with an
Olympus DP70 CCD camera and 5x to 50x objectives. Transparent substrates (glass and
polystyrene) were visualized using bright field lighting; all opaque substrates (polypropylene
and aluminum foil) were externally illuminated using a Melles Griot IMATMBEDS004 ion
laser (CVI Melles Griot Laser Group, Carlsbad, CA) coupled to a FITC filter set (D480/30x,
505, D535/40m). The images for evaluating microstructure homogeneity were collected at
four 5 mm intervals across the coating width at a verticallagated 5 mm from the leading
edge of the coating. This protocol allowed for comparison of structure uniformity for
multiple coatings. Each micrograph was subsequently analyzed with digital imaging
software (Adobe Photoshop 7.0, San Jose, CA) to deterthie fraction of the substrate
surface coated. Coating length was measured as the longest visibly uniform region of the

dried coating.

2.3Results and Discussion
2.3.1 Coating Structure Dependence on Size Distribution Effects
We first verified thathe apparatus can reliably deposit uniform coatings from yeast cells

only in the experimental condition studied here (FigiB. In order to determine how to
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deposit uniform monolayer coatings from mixtures of large and small particles (or various
sizes of microbial cells), 5 suspensions containing 1:1 mixtures of-stned latex
microspheres or mixtures of live cells and polystyrene microspheres were deposited in
triplicate onto glass microscope slides using convective assembly. The analysis of the
coatings structure using optical microscopy shows that the relative positions of the small and
large particles within the monolayers is controlled solely by the siearad not blend type
(Figure 2.4. This is most apparent in Figur24A and2.4C. Inthe former micrograph, the
smaller microspheres are collected in a line to the left of the larger particles, an effect
phenomenon we have termed as fbeaching. o
distribution of particles. The multilayer regions ebsed in Figure2.4B and indicated by
particles located outside of the focal plane, can form if the meniscus height is greater than the
diameter of the larger particle, allowing particles to flow over and settle atop other particles
during the assembly ptess.

Coatings created from the blends of yeast cells and synthetic microspheres (Egfires
and2.5B) also demonstrate sizelective segregation (FiguBebA), resulting in a biphasic
appearancé the smaller latex microspheres are clearly separated the larger yeast
clusters. In Figur@.5B, the smaller yeast is intermixed within the particle clusters. - Size
selective segregation is exhibited in both cases, confirming that bimodal suspensions with
similar size ratios yield analogous coating stuues, regardless of particle component type

(yeast or latex patrticles).
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Our hypothesis is that the particle packing distribution on the substrate surface in
multimodal coatings is determined by the siedective segregation that occurs during
convectve selfassembly. Sizeelective segregation is based on the relative size ratio of the
particles, and appears to be present in coatings deposited by both conventional cenvective
evaporative assembly and convectseglimentation assembly. The micrographdicate
that this segregation depends on the size ratio of the suspended particles. If the relative ratio
of the larger and smaller particle diameters is less than 0.25 (determined by the system
geometry, see Figur26A), smaller particles pass throutite pore spaces between adjacent
larger particles and the substrate surfaces and are carried by the evaporating suspension
solvent from the bulk particle suspension to the drying region, giving rise to a coating with
particle segregation (Figu&6B).

Conversely, if the size ratio is greater than 0.25, the smaller particles are too large to pass
through the pore spaces to the drying region and remain entrapped and intermixed among the
adjacent larger particles, resulting in a coating with uniform partispersion (Figure
24A). This condition is needed for the deposition of continuous, intermixed $ayge
films. For the 0.59 latex blend size ratio, the associated coating appears to exhibit particle
segregation rather than particle dispersion.weleer, close examination of the micrograph
(Figure2.4B) confirms the smaller microspheres are dispersed among the larger particles in
the coating interior, in agreement with the predicted coating microstructure for that size ratio.

This particle pseudsegregation is likely due to stronger viscous drag and surface tension

forces on the larger particles that impede their flow to the drying region, allowing the smaller
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microspheres to more rapidly flow to and collect along the edges of the coating. hghen t
surface tension force induced by the menisci around the larger particles is large enough, these
particles are pressed against the substrate, leading to premature immobilization (due to
friction with the substrate) before the particles reach the dryimgt {42]. The smaller
particles, however, remain mobile, leading to convective transport towards the drying region

[42].

2.3.2 Coating Structure Dependence on Surface WettabilBulodtrate

The effect of substrate wettability on composite cmatmicrostructure is important
because the wettability dictates how the liquid film dragged by the coating knife spreads
across the substrate surface during convective assembly. When bacteria are present at the
surface a minimal moisture layer is requitedmaintain a smooth surface and measurable
contact angle, whose these measurements have been shown to depend on surface moisture
content [5355].

We investigated how to control both coating length and void space by varying surface
wettability using a vaety of rigid and flexible substrates. Wettability was evaluated by
water contact angle. To the best of our knowledge, this is the first time such an investigation
has been reported for coatings deposited by convective assembly. A suspension containing
S. cerevisiaavas deposited on glass, aluminum foil, polyester, and polypropylene substrates
at constant, the angle of the substrate relative to the horizontal,(iartde angle between
the substrate and deposition plate (inclined coating knifefletermine how the surface

hydrophobicity influences coating void space and length. The glass substratetneestgx
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with a 70% (v/v) EtOH rinse or NoChromix immersion whereas the aluminum foil,
polyester, and polypropylene substrates were all pretreated with 70% (v/v) EtOH.

Because the substrate surfaces are pretreated to homogenize the surface chemistry and
decrease roughness and topology effects, the advancing contact angle is considered
representative of the equilibrium contact angle in examining the interplay of surface contact
angle, coating void space, and coating length. Advancing and receding confiest were
recorded in duplicate for the left and right side of the droplet and subsequently averaged to
obtain mean advancing contact angles for each substrate grBble

The results indeed indicate that the length and uniformity of a coatingsitepdy
convectivesedimentation assembly can be controlled by varying the wettability of the
substrate surfacg-igure2.7). Coating length decreases without a significant change in void
space as contact angle varies, suggesting that film thickneselsaidating microstructure.

For bimodal particle size distributions, higher contact angles promote thicker films, leading
to the formation of multiple layers (and increased void space) by allowing particles to stack
onto each other.The likely reason ishat the hydrophilic surface will have a thindiguid
meniscusjeading to less time for suspended particles to be carried to the drying region by
the evaporative and convective fluxes before being trapped between the surfaces of the
thinning film [16]. Conversely, because the meniscus is possibly thicker on a more
hydrophobic substrate, particles can be transported to the drying region before they sediment

onto the substrate surface, leading to a coating with reduced void space and shorter length.
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2.3.3 Composite Coating Structure Dependence on Suspension Composition

The structure or void space and length of a composite coating deposited by convective
assembly (or convectiveedimentation assembly if large particles or cells are deposited) are
not dctated only by evaporation, convection, and surface wettability. Another critical
parameter is the effect of the suspension composition (yeast only owyéatsixblend) on
coating void space and length. To determine the effect of the suspension composthe
convective assembly outcome, a 1:1 (by particle number) mixture of yeast gud White
sulfate latex microspheres was deposited on the same substrates at tHeisdénealues as
the pure yeast suspension, confirming that the convective assembly process can be used to
create composite coatings from both pure and composite yeast suspensions on any substrate
due to the partickike behavior of yeast. Three cogswere created and characterized in
terms of coating length and void space for each substrate (glass, aluminum foil, polyester,
and polypropylene). The measured void spaces and the overall length of the coatings
decrease as surface hydrophobicity inaesaf®r both the yeast suspension and the Jatex
yeast blend (Figur2.7). The cells behave as simple surtabarged colloidal particles akin
to latex microspherek the adhesion of yeast to chemically inert surfaces is unlikely to be
controlled by a recepr-adhesion interaction due to the absence of lilkesprojections or
flagella on the cell wall [56].

However, the yeasinly and yeaslatex coatings exhibited dissimilar coating lengths and
void spaces. Coatings deposited from the yeast suspemsi@nlonger whereas coatings

deposited from the yeakttex suspension result in larger void spaces (Figuefor almost
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all substrates, suggesting the coating structure may also depend on the interactions and
packing efficiency of the polymer particleend the yeast surface groups and can be
controlled by the suspension composition. The relatively large error bars are likely due to the
sampling method that accompanies the coating void space analysgies were collected
at four 5 mm intervals acroske coating width at a vertical axis located 5 mm from the
leading edge of the coating so any local variations in coating uniformity will yield relatively
large variations in the reported void space. However, this method allows for quantitative
evaluation of coating uniformity for multiple samples.

One cause for the difference in the structures of the pure yeast anthyeasbatings is
yeast sedimentation during coating deposition, which alters the convectiperative
assembly mechanism. Jerremd Velev demonstrated that the assembly of yeast cells by
convective evaporation is different in mechanism from conventional colloidal assembly
because the cells are at least an order of magnitude larger than the 12 nm to 1 um diameter
polymer particles gviously deposited using convective assembly [37.5%7 The
sedimentation rate of the yeast can be estimated using the Stokes equation [60]:

V. = 2rz(rcell - rsus;)g (3)

) gnZusp

whererc is the radius of the cell or particlg.enis the density oft e cel | aqgis par t i
the density of the suspension medigis the gravitational acceleration, apgysp is the

viscosity of the suspension. The average cell density in grad@igrevisiaeultures is
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reported as 1.1 g/mL in the literatured{64]. Because the cell concentration in the yeast
suspension is relatively high at 10 wt% (1.5 billion cells per mL of suspension), its viscosity
was adjusted to account for the high particle concentration using data for the relative
viscosity versus cketoncentration, as previously described [16]. This viscosity adjustment
yields a sdimentation rate of 1.16 pum/s for the 5.0 um diampéast (relative viscosity of
yeast suspension to water is 1.4) [16]. The sedimentation rate of the cell suspeslsnmsts
10% of the coating knife speed, which was maintained at}2h:4* for all experiments. A
significant amount of the suspended yeast in the liquid meniscus will settle out of the
meniscus and onto the substrate before being convectively tramspotite drying front (the
drying region) [16], creating a longer, oppacked coating that is not easily repacked by
convective assembly. The biocomposite suspension likely deposits shorter coatings because
the repulsive yeadatex microsphere electr@dic interactions probablystabilize the
suspension and allow for more uniform deposition due to the lack of aggregates that may
adhere or sediment and disrupt the structure.

Another likely cause of thdissimilar lengths and void spaces of the-talx and cel
only coatings is the difference in the electrostatic interactions between yeast cells or a yeast
cell and a latex microsphereAt the pH evaluated in this study, both the latex and cell
surfaces are negatively charged so electrostatic repyssemiominates [6%58]. The latex
particle surface has sulfate functional groups with a net negative charge whereas the yeast
surface is has carboxyli COOH) groups, proteins, phosphate groups, and other

macromolecules [16] whose protonation states vatly solution pH. Each microsphere has
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approximately 1.2x1Dsulfate groups (data by Molecular Probes, Inc.) with an average zeta
potential of-55.9+ 1.8 mV at pH 8.0. The cells have a significantly lower average zeta
potential of-18.7+ 0.71 mV at pH &. Hence, the latex microspheres are more strongly
charged than the cells, leading to stronger electrostatic repulsion forces between neighboring
yeast and latex microspheres in the suspension (at pH 8.3 typically) than adjacent cells in the
yeast suspermm. These stronger repulsions yield coatings with higher void spaces for all
tested substrates, except aluminum foil, possibly because the net force (the sum of the
attractive capillary forces and the negative repulsive forces) between adjacent particles
weaker in the biocomposite suspension. The biocomposite coatings may form a mere open
packed structure because the net force is too weak to pull neighboring particles into tight
arrays during the assembly procegdso, the 1.0 um latex microspherage more buoyant

than yeast the latex is 1/5 the size of the yeast with a density of 1.055 g/mL, making the
microspheres less likely to sediment during the assembly process.

However, because electrostatic interactions are only significant at nandstaleces
between adjacent particles, we believe that the disparate sizes of the yeast and latex
microspheres also contributes to more epaoked structures in composite coatings by
affecting the capillary interactions. It has been demonstrated thedphlany forces between
particles of different sizes pull the smaller particles into clusters in the conical space below
the airwater interface formed around the larger particles [42]. In the system studied here,
this likely disturbs the assembly procdsspromoting the formation gbarticle aggregates

that disrupt the coating microstructure by preventing uniform spreading.
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Because the celatex microsphere and calhly coatings exhibit similar void spaces for
all substrates other than aluminuail fit is not likely that capillary forces and electrostatics
alone cause the higher void spaces in the biocomposite coatings. Surface topography profiles
were obtained for each uncoated substrate using a Veeco surface profilometer to characterize
coatirg void space in terms of surface roughness to identify any surface variations that may
explain why only the aluminum foil yields higher voids for the yeast suspension than for the
composite suspension. Because the foil is rolled flat prior to the assgrabéss, unlike the
other substrates, its surface may haepressions and asperities that are not eliminated
during the flattening step, providing rough patches on the surface that strengthen particle
attachment (data not shown). Profiles were recomddplicate and averaged to obtain a
characteristic surface profile for each substrate. The absolute heights of all peaks and valleys
on the glass and polyester surfaces were less thanuth2@hereas the absolute heights of
the various peaks and depEsms on the aluminum foil surface are as large gsan3
providing crevices for cell and latex microsphere attachment either by adhesion to a surface
peak or sedimentation into a surface depression (Fg8je No other pretreated substrate
has microrsized surface deformities, preventing particle attachment to the substrate surface
other than by evaporative losses during convective assembly. Surface roughness must be
guantified to deposit uniform, clogmcked coatings because the degree of surface
smodhness (where a completely smooth surface is defined as a surface with deformities

smaller than one particle diameter) compete with particle ordering.
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2.4 Conclwsions

The results demonstrate how the conveetivaporative assembly technique for
depositig coatings from suspensions containing particlegt.atto 10% solidscan be
extended to deposit bimodal particle size suspensions of sulfateflmadiorming latex
microspheres and composite blends of latex microspheres and yeast on glass, plastic and
metal substrates. Yeast cells are similar teurfacecharged colloidal particles like latex
microspheresallowing for deposition of very thin stable biocomposite coativigsimodal
latex-latex and latestive S. cerevisiadlends. Our experiments indicdt®t the size ratio of
the suspension components (cells or particles), the coating substrate wettability, and the net
force between particles all influence the assembly process. Probably the most important
finding is that the size ratio controls the centive mixing or demixing of the suspension
components and thus their relative locations in the deposited coating, suggesting that the
componentso relative size ratio can be wused
In addition, substrate welbility controls coating length and surface coverage by dictating
how the coating suspension spreads across the substrate surface during the assembly process
and net force may affect void space. The judicious combination of the above parameters
allows depsition of latexcell monolayers over areas on the order of tens of square
centimeters or larger.

The moderately opepacked structures (15% to 45% mean void space) of the bimodal
coatings observed regardless of component type (cell only or cell pksiat®sphere) and

substrate wettability are similar to honeycomb films of bacteria formed by inclined settling
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with a three phase contact line without polymer particles [24, 25] where the size of the
coating voids is on the order of 50 um.  However,usations of nanoparticle honeycomb

films yield surface coverages of 20% and 35% (or 65% and 80% void space) [25], voids that
are approximately 1.5 to 1.7 times greater than the largest mean void space (45%) observed
in our bimodal coatings. This dispargyggests coating deposition via CSA is better suited
than honeycomb film formation for fabrication of clgsgcked biocomposite arrays. While

cell or particle sedimentation can disrupt the assembly process and increase coating void
space, previous workngpure yeast coatings suggests sedimentation effects can be minimized
by directing the settling cells toward the drying front of the coating through variations of the
coating apparatus configuration [16]. While this strategy was not employed in thigaiudy

focus was the body interactions between the cells, particles, and substrates), Jerrim and Velev
obtained thin yeast coatings with low void space, sugge$ii®4 does not inhibit the
creation of uniform monolayers.

Although bimodal coatings depted using CSA possess fewer voids than honeycomb
films, ourresults show that convective assembly of bimodal systems using strongly charged
sulfated latex microspheres does not produce tightly packed highly structured coatings
previously observed with sige component latex or all yeast suspensiombus,a further
step forward would be to better identify the means of controlling and mitigating the coating
void space by better packing of the yeast and polymer particles during the convective
assembly. Onavay to achieve this could be by manipulating the net force between the

particles and yeast and between both particles and the substrate (the sum of the attractive
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capillary forces and the negativepulsive forcesfor engineering coatings with minimal
void space deposited fromulti component suspensiondevertheless our current results
with bimodal suspensiorshow thatconvective assembig a promisingmethod for creating
closely packed monolayer bioreactive coatings from-toaic, nonfilm forming and
adhesivdatexparticlesand livecells such a$. cerevisia¢l6]. These coatings may serve as
functional biomaterials because they can be coated onto rigid and fleuibd¢rates of

varied hydrophobicity, transparency, awiface chemistry
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50-100 pm

Figure 2.1: Schemat illustrating the structure of polymer particles and reactive
photosynthetic cells (shown in white and brown, respectively) in a randomly orientated thick
coating produced by Meyer rod deposition (A), or in thin ordered coatings (B and C). Such
thin caatings enable uniforriight distribution (yellow arrows) and reactivity to all surface

immobilized cells.
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Figure 2.2: Schematic of the coating apparatus used to deposit coatings from various
particle size ratios, various volume fractions, and tesises via batch convective

assembly. The apparatus is modified after Prevo and \fele\37.
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Coating Direction

Figure 2.3: Example of yeast cell coating deposited using batch convective
sedimentation assembly.  Coating macrostructure demonstrating uniform particle
distribution in the 20x25 mfnthick region (outlined in red dashed line) (A) and

microstructure demonstrating clepacked particle layer (B). Scale bar is 50 pum.
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Figure 2.4: Micrographs illustrating the structures in composite coatings created from
polystyrene microsphere blend ratios. Segregation or dispersion is independent of particle
type and controlled only by the size ratio of the smal) @d large particles ¢R All size

ratio blends are 1:1 by particle number. Scale bars are 20 pum.
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A

Figure 2.5: Micrographs of particle (and cell) structures in composite coatings assembled
from yeast and polystyrene microsphere blend ratios of (AuhQatex microspheres and
yeast and (B) 8.7um latex microspheres and yeast. Segregation tarnmxing is

independent of particle type and controlled only by the size ratio of the srpalr(® large
particles (R). All size ratio blends are 1:1 by particle (or yeast) number. Scale bars are 20

gm.
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Figure 2.6: Schematic illustratinghe role of particle geometry (A) and interactions in a
bimodal suspension during convective assembly. (BRiR< 0.25, smaller particles are
transported through the spaces between larger particles to the drying region by the convective
fluid flow, resuting in segregation of the larger and smaller particles. @R 0.25, the

smaller particles are unable to travel to the drying region as they are retained among the
adjacent larger patrticles, resulting in uniform intermixing of the smaller partiakkdarger

particles in the formed coatings.
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Figure 2.7: Effect of surface wettability or contact angle on coating length and surface
coverage for coatings deposited from a yeast suspension (A and B, respectively) and from a
biocomposite mixture of yst and 1.0 um sulfate latex microspheres (C and D) on various
wettable substrates. Sample size is 3 for all coating lengths, regardless of suspension type
(yeast only or yeadatex microsphere blend), 9 for the yelex microsphere coating void
spacs, and 12 for the yeast coating void spaces. Each yeast orlateastoating is

analyzed for mean void space and coating length.
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Figure 2.8: Surface topography determined by profilometry of the substrates used for
the composite coating depasit all pretreated with 70% (v/v) EtOH. Note the

significantly larger smaidscale and largscale variations of the aluminum foil substrate.
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Table 2.1: Average advancing water contact angles of pretreated substrates

Substrate [Pretreatment Method] Mean Advancing Contact Angle )
Glass [NoChromix] 10.1+6.5
Glass [70% (v/v) EtOH] 18.4+ 1.7
Aluminum Foil [70% (v/v) EtOH)] 35.0+10.7
Polyester [70% (v/v) EtOH)] 67.8+13.8
Polypropylene [70% (v/v) EtOH)] 89.5+11.7
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Abstract

Continuous convectiveedimentation assembly @SA) is a deposition methodhat
constantly supplies the coating suspension to the meniscus behind the coating knife by inline
injection, allowing for steadgtate deposition of ordered colloids (which may include
particles or particles or live cgbartide blends) by water evaporation. The constant inflow

of suspended particles available for transport to the drying front, yields colloidal arrays with
significantly larger surface areas than previously described and thus expands the ability of
convectiveassembly to deposit monolayers or very thin films of multiple sizes of particles on
large surfaces. Using sulfated polystyrene microspheres as a model system, this study shows
how tunable process parameters, namely particle concentration, fluid sonieaiibfiuid
density, influence coating homogeneity when the meniscus is continuously supplied. Fluid
density and fluid flowpath sonication affect particle sedimentation and distribution. Coating
microstructure, analyzed in terms of void space, doesvagt significantly with relative
humidity or suspended particle concentration. This study evaluated two configurations of the
continuous convective assembly method in terms of ability to control coating microstructure
by varying the number of suspendedypoér particles available for transport to the coating

drying front through variations in the meniscus volume.
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3.1Introduction

Convective assembly is a commonly employed colloidal structuring technique for
depositing selassembled, ordered, thin stglline coatings (polymer particle arrays) over
large areas [1, 2, 3]. Techniques for ordering and assembling colloidal particles into closely
packed arrays by solvent evaporation have been thoroughly investigated, including ring
formation in drying drofets [47] and colloidal coating formation in thin wetting films-[8
11] some of which in water borne latex systems contain reactive live cells (bacteria, yeast,
cyanobacteria or algae) for future biotechnology applications [9,10]. Reactive
microorganismsbehave as charged particles in agueous deposition systems and we have
found that net charge leading to repulsion between particles or between particles and cells is
an important factor in coating assembly [12]. These findings have resulted in an emerging
methods to generate colloidal arrays with varying thicknesses, particle sizes, and types
ranging from charged latex particles [8, 1118 to live cells [9] to composite charged
particle plus live cell mixtures [9, 12, 17]. Such convectively assemblagsaare well
suited for applications that would benefit from an ordered microstructure, but do not require
a completely defedree, perfect colloidal crystal, such as assembly of microbial photo
reactive coatings [10], antireflective coatings [18, 1&lgctrical circuits [17], chemical
sensors [20, 21}, and porous membranes [24)2 Convective assembly could also lead to
rapid, repeatable fabrication of welidered, industriatcale arrays that are useful for
construction of structured mulyer systems with enhanced, or even hybrid, functionality

(Figure 3.1).
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The convective assembly combines fluid evaporation, particle transport via fluid flow,
and associated meniscus motion to rapidly and controllably deposit ordered thin films on
practically elevant coating surface area scales. The assembly process begins when the
thickness of the evaporating fluid film becomes thinner than the diameter of the suspended
particles. The menisci formed around these particles give rise to attractive capiite&y fo
that pull adjacent particles together as the liquid evaporates, formindirtvemsional nuclei
[25-27]. A liquid flux from the suspension bulk to the substatdiquid contact line at the
drying front offsets fluid loss due to evaporation, resglin particle transport to the drying
front as adjacent particles aggregate and subsequent proliferation of the coating [25, 26, 28].
A particle mass balance relates the coating growth vgtéy the fluid evaporation rate and

particle volume fraction:

bijlj
"R o) ®
whereb is an interaction parametgg,is the evaporation ratéjs the drying lengthii is the
volume fraction of the particles in suspensibnis the height of the deposited colloidal
crystal array, antlis the oating porosity [27, 29]. The values bof/ary betweero¢b ¢
and depend on particlgarticle and particksubstrate interactions. For suspensions with low
volume fractions and electrostatically stable partiaes, [28]. Oncev.is determined, the

length of the thin film in which deposition occurs by convection can be calculated using a

material flux balance:
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Lfilm — decell (1' e)(l_ G )’ (2)
Lo/ K@

wherev,, is the deposition rate and equalMoat steady state, drt; is the concentration of
the bulk suspension at that particular time [29].

Using an allcolloid system, Prevo and Velev reported a modified convective assembly
technique that allows for rapid and controllable deposition of coatings from microliter
sugpension volumes [8]. -B0 pL of coating suspension containing particles at high volume
fraction (0.935% w/v) is trapped between a horizontal substrate plate and an inclined coating
knife plate. The inclined top plate is moved at a constant rate alenigrij axis of the
bottom plate by a linear motor. This delivers and spreads the suspension from the meniscus
into a thin film across the horizontal substrate, leading to the formation of a coating on the
substrate by evaporative convective assembly TBle number and type of deposited particle
layers are readily adjusted by altering the suspension volume fraction and coating knife
speed, allowing for precise control in particle packing and coating thickness [8]. If the
meniscus height is less than {herticle diameter at the growth front, as in the case of faster
knife speeds, the incoming particles form an epacked structure [28]. Conversely, for
slower knife speeds, if the meniscus height is greater than the particle diameter, multilayer
depositon occurs [28].

Many methods for depositing colloidal arrays via convective assembly in thin films are
variations of the convective assembly apparatus reported by Prevo and Velev that can be

optimized by varying the basic process. Kleinert and Velevlediujpe convective assembly
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mechanism with an electric field to obtain more rapid particle assembly, larger crystal
domains, and reduced structural defects [11]. Park and coworkers proposed a modified
convective assembly technique that uses acdgiingapparatus to modulate the meniscus
thinning rate, allowing for the formation of weldrdered, multilayered singleomponent and
binary colloidal crystals [15]. Robinson et al. later presented another variation that more
rapidly deposits crystalline filmhan conventional convective assembly by altering the fluid
evaporation rate through restricted movement of the meniscus along the top plate [16].
However, while these variations offer greater control over the assembly process, the utility of
convectiveparticle or cell assembly in thin films on an industrial scale is restricted because
the total coating surface area is limited by the amount of suspended patrticles delivered by the
continuously depleted (batch) coating meniscus volume.

In order to evalate methods to deposit large surface area composite coatings of polymer
particles and live cell blends in uniform monolayers for future biocoating or biotechnology
applications, we investigated a model colloid system to develop new methods for continuous
convective assembly of thin flms on the basis controllable continuous delivery of particle
suspensions to the meniscus. This method allows for sstatly coating deposition by
constantly dispensing suspended uniformly charged particles (or chargedepattilive
cells) to the meniscus, resulting in colloidal array coatings with larger surface areas. We call
this method Continuous Convectigadimentation Assembly (CCSA) to distinguish it from
conventional batch deposition. Using monodispersed sdlfailystyrene microspheres, we

investigate and report how particle concentration, fluid ffath sonication, and suspension
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density influence the coating microstructure when the meniscus is constantly supplied with
particles. We also examine how two dgaofations of the CCSA apparatus perform in this

process: 1) topside CCSA, in which suspension flows through a capillary from a fluid
reservoir to the front of the meniscus alor
CCSA, in which suspension flowsito the meniscus from a fluid reservoir through a
capillary fixed to the back of the knife. Finally, we compare batch and continuous
convective assembly and discuss how the variation of meniscus volumes affects the coating

microstructure by varying theumber of particles available for deposition.

3.2Materials and Methods
3.2.1 Preparation of Coating Substrates and Deposition Plates

Fisherbrand 75x25 and 75x50 mm glass microscope slides (Fisher Scientific) and Dow
Corning 75x50 mm glass microscop&les (Fisher Scientific) were pretreated as previously
described [9] using NoChromix solution to remove adsorbed organic molecules and
deprotonate surface hydroxyl groups (Godax Laboratories, Cabin John, MD). All pretreated
slides were stored in separd@0 x 100 mm Fisherbrand Petri dishes (Fisher Scientific) until
used in the CCSA deposition devicdn order to have a conductive substrate for SEM
imaging of coating microstructure, 75x25 mm strips of aluminum foil (Hémdiof
America, Wheeling, IL) wre rinsed with 70% (v/v) ethyl alcohol, gently wiped with a
KimWipe (Kimberly-Clark, Chantilly, VA) to remove surface contaminants, and dried at the

ambient temperature and relative humidity to evaporate any residual alcohol. All foil strips
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were flattend using an Orcon smooth action roller (Tools for Floors, Waverly, NY) prior to

the alcohol rinse.

3.2.2 Preparation of Coating Suspensions

Sulfate latex microspheres (0.99 0.014 um) (Interfacial Dynamics Corporation,
Eugene, OR) were washed oncehwileionized water obtained from a RiOs 16 reverse
osmosis water purification system (Millipore Corporation, Bedford, MA) to remove residual
surfactants and electrolytes. The washed microsphere suspensions were subsequently
concentrated to 8%, 12%, or 1686lids using a Fisher Marathon micro A microcentrifuge
(3630 RPMfor 5 min) for suspensions less than 1000 pL and using a Beckm@rbdidch
model centrifuge (3000 RPM for 5 min) for suspensions over 1000 pL. All suspensions were
sonicated gently in anlttasonic cleaner (Branson Ultrasonics Corporation, Danbury, CT) to
reduce particle aggregation before deposition.

Several washed microsphere suspensions were mixed with OpYiPsejution (Axis
Shield, Oslo, Norway) to evaluate the role of solutionsttgnn convective assembly and
coating uniformity. OptiPre]y is a low viscosity, sterile solution of 60% iodixanol in water
with a density of 1.32 g/mL. All hybrid coating suspensions were blended using a-Vortex

Genie mixer Eisher Scientificfo promde solution homogeneity before deposition.

3.2.3 Deposition of Coatings by Continuous Convededimentation Assembly
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All coatings were deposited using the convective assembly method described previously
[8] with an added continuous delivery systehat feeds the coating suspension to the
meniscus. We examine how both topside CCSA or suspension flow to the meniscus front
along the knifeds topside and underside CCS
kni febds wunder si defacecamen polyreep pasticlet arrdysaly gantinuowssiy
delivering particles to the coating meniscus. The delivery system was attached to the
deposition plate or coating knife and consists of a 1 mL NQEKAT syringe (4.726 mm
ID) (Henke Sass, Wolf GmbH, Dudje MA) coupled to 1618 cm of 0.022 x 0.042 in PTFE
microbore tubing (Colarmer, Vernon Hills, IL) through a 3/32 in hose barb to female luer
adapter. The tubing was bond-€aning 482 Muie adap
Purpose Sealant (Midland)l) or Dow-Corning Fast Tack 3165 RTV Adhesive Sealant to
minimize fluid loss during deposition.

A freshly cleaned coating knife and substrate were attached to the deposition device after
the delivery system was connected to the syringe and to the kigtedFR3.2). The system
outlet was placed-3. 5 mm away from the knifeds edge
ensure uniform meniscus formation along the entire length of the knife. Positioning the
outl et |l ess than 2 mm f r mom contdcing tkensulisteates e d g
Suspension aliquots ranging from 50000 pL were pumped from the fluid reservoir to the
back of the meniscus al aNey Era NEB80Ksgrinde@wnp unde
(Wantagh, NY). The pump was operated at a primatg of 100.5 pL/min to rapidly fill the

wedge between the substrate and knife and then reduced to a standard rate of 0.5 pL/min
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after the meniscus covered the tubing outl e
filled to the tubing outlet to maximme effluent particle delivery and minimize aggregation on

the knifebds under si dlde liasgaromotordoushing ¢he coatibgiknifg o0 u t
was operated at a speed betweetrl2Q pnis, while the suspension was deposited onto the
substrate in 180 minutes.

The priming and standard delivery rates were selected by calculating the area of the
entrained liquid from a set of equations describing the meniscus shape [9] and calculating the
pump flow rate that equilibrates the evaporative flux in theisoeis and the suspension
delivery rate. The optical (and reported) monolayer deposition rate was determined by
systematically varying the suspension feed rate around the calculated value to identify the
rate that deposits the most macroscopically unifooatings (data not shown).

For topside continuous convectigedimentation assembly, the delivery system outlet
was connected to the knifebs topside, enabli
of the meniscus along the topside. This @pmiation hybridizes the inherent advantages of
continuous and batch convective assenibblelivering the suspension into the front of the
meniscus through the gap between the substrate and knife decreases the required meniscus
volume, enabling the use aimaller suspension volumes (a benefit of batch convective
assembly) while still constantly renewing the meniscus (a benefit of CCSA). The system
outl et was placed no more than 1 mm ahead o
formation along the rgire length of the knife. Although this results in fluid flow directly

onto the substrate surface, the suspension is pulled into the meniscus before the suspended
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particles can settle onto the surface, thus eliminating unwanted coating formation of front

the knife. Suspension aliquots ranging from -2000 pL were pumped from the fluid
reservoir to the gap between the substrate and knife at a constant rate, enabling coating
formation in 1630 minutes. All other experimental aspects were the sama #sei
underside continuousedimentation convective assembly configuration.

All CCSA coatings were deposited inside a Model 510 Benchtop Humidity and
Temperature Controlled Environmental Chamber (Ele€goh Systems, Inc., Glenside, PA)
at a chamber teperature of 20°C and relative humidity of 405%. The relative
humidity was maintained with an ultrasonic humidification system (Model 5462 Electro
Tech Systems, Inc.) filled witHeionized water. Botthe chamber temperature and relative
humidity wee monitored with a calibrated probe (TM125 Dickson Addison, IL). The
syringe pump, tubing, and deposition device were placed inside a topless encasement made
from rigid polypropylene sheets (Wilson Jones, Lincolnshire, IL) to prevent the circulating
air inside the chamber from disrupting solvent evaporation and associated particle transport
during the assembly process.

CCSA uses larger volumes of coating suspension than other convective assembly
technigues so Taylor dispersion and particle settlindgpensuspension delivery system may
occur, leading to uneven particle delivery to the meniscus and associated irregularities in
coating thickness and particle packing. The apparatus was modified to minimize particle
sedimentation by 1) orienting the coatimgservoir vertically, ensuring all particle

sedimentation collinear with the flow to the outlet and 2) the -ffath tubing was
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continuously vibrated at 400 Hz using two 20 mm buzzer piezoelectric elementK@yigi
Corporation, Thief River Falls, MN) igped to the delivery system and coupled to a GW
Instek GFG8210 function generator (Good Will Instrument Company, Chino, CA), ensuring
that particles were transported to the meniscus rather than settled onto the tubing walls.
Many coatings in this studigave thick, amorphous particle aggregates along their widths
(coating edges perpendicular to the direction of depositidmgse regions are artifacts of the
CCSA process that form where the meniscus dries on top of the assembled coating, leading
to randan, uncontrolled particle coalescence and disruption of the conveetissgmbled
coating. These edge artifacts can be reduced by additional refinements to the deposition
method, such as draining the meniscus at the end of the deposition period.

Torede e variations in coating appearance ass
or extent of pretreatment, the same knife and delivery system were used to deposit all
coatings in each series whenever possilee knife was dried with a KimWipe and then
rinsed with 70% (v/v) EtOH between depositions to remove any residual coating suspension

and other debris from the coating edge.

3.2.4 Coating Characterization

All coatings were imaged by digital and optical microscopy for structural analysih Hi
resolution images were captured with a Canon EOS 5D Mark Il SLR digital camera equipped
with an EF (Electrd=ocusing) 100 mm Macro lens. High magnification micrographs were

taken with an Olympus BX61 microscope equipped with an Olympus DP70 CCD camera
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and 5x to 50x objectives. All micrographs were analyzed with Adobe Photoshop software to
determine the fraction of the substrate surface that was covered with coating. To analyze the
microstructure homogeneity within an individual coating, images wellected at three
equally spaced sampling points across the coating width at 15 and 35 mm from the initial
contact line. To compare the microstructure homogeneity of multiple coatings, images were
collected using @ouble lattice selection scheme and a dgdare frame, as described [30].
All squares were imaged in ten randorsBlected locations with a 20x objective, yielding a
sample size for each square that describes almost 25% of that square. The calculation for the
overall variation of the doublett&ce is also described [30], wher@andL are defined as two
and four, respectively.

Random strips of pure suspension (OptiPfepr 1.0 pm microspheres at 8% solids) and
an 80% (v/v) blend of OptiPréB-1.0 um microsphere blend coated onto aluminum foil
were selected for structural analysis. Dried coatings were imaged by scanning electron
microscopy for structural analysis at the Analytical Imaging Facility at North Carolina State
University using a Hitachi 3208 Variable Pressure SEM equipped with Ri 4sis EDS
system for digital image acquisition and elemental analysis. All coatiegs observed in
two or more randomized locations using a 5kV accelerating voltage. Each location was
imaged multiple times using sequential magnifications ranging 80 to 2,00< to
characterize surface structur€o increase sample conductivity (and micrograph quality), all
samples were sputter coated with a thin layer of gold in a mild vacuum (~100 mTorr of argon

gas pressure and 600 V accelerating voltage) fwionaging.
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Surface topography profiles to determine coating thickness were recorded using a Dektak
D150 surface profilometer (Dektak D150, Veeco, Plainview, NJ) coupled with the Dektak v9
software package. Standard scans were taken across the fuligcoatith in random
locations using a 12.5 um radius stylus tip with @001 pum resolution and a 1.0 mg stylus

force. Profiles were recorded in duplicate for each coating.

3.2.5 Evaluation of Microsphere and Solvent Material Balances

Particle and soknt material balances over the delivery system were used to identify the
role of particle and solvent transport during deposition. The microsphere balance was
quantified by calculating particle numbers for the meniscus, the coating knife and substrate,
and each component of the delivery system after deposition. Fluid fractions from the coating
meni scus and from the delivery systembds syr
using flow cytometry. The particle surface densities for the coated regfidhs knife and
substrate were estimated by dividing each region by the area of an individual microsphere.
All particle counts were performed using a BeeRinkinson FACSCalibur flow cytometer
(Franklin Lakes, NJ) coupled with BD Cell Quest Pro sofevand calibrated using a
mixtureof3.03. 4 e m Rainbow Calibration Particles (
fractions were first diluted to 100 gL with
mi xed with 100 L ofrticleRsolutionb &lwd fi@daidns for bahtpure n P a
microsphere and microsphe@ptiPrepTM hybrid coating suspensions were collected and

counted.

102



The solvent balance was evaluated by passingl5000 0 ¢ L of dei oni zed
the delivery system for 185 hrs using a syringe pump (New Era-li800). The pump was
operated at a priming rate of 100.5 pL-fhimnd then reduced to 0.5 pL-riinafter
suspension droplets freely flowed through the delivery system. The water was collected in
an aluminum weighidh (Fisher Scientific) covered with transparent plastic film to minimize
water evaporation. The covered dish and a calibrated probe (TM125 Dickson) weighted
before and after the pumping period. The delivery system was replaced with a Cadence
Science 21Gx 6 in standard hub, deflected point needle (Cadence, Inc., Staunton, VA) to
minimize fluid | oss to the delivery systemb
accuracy of the water balance. The water was continuously sonicated during thegpumpin
periodby vibrating two 20 mm DigKey buzzer piezo elements at 400 Hz using a GW Instek
GFG-8210 function generator against the needle. Duplicate solvent balances were calculated
for two flow conditionsi agitated and static fluidé to isolate the e#fct of continuous

sonication on solvent evaporation rate.

3.2.6 Meniscus Volume Characterization

Coating uniformity depends on the meniscus shape at the drying front [31, 32] and on the
total number of suspended particles in the meniscusA8]we reently demonstrated how
both substrate wettability and coating suspension composition control coating length and
surface coverage, we did not report here the effect of meniscus volume on coating uniformity

[12]. We investigate the effect of meniscus voluomecoating structure, analyzed as coating
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thickness, macroscopic appearance, and microscopic void space. To estimate the meniscus
volume, still images of the meniscus from the side were collected using a Seeker 400 Series
Wireless CameraScope InspectiSgstem (Davis Instruments, Vernon Hills, IL) equipped
with a removable LCD display and interchangeable 9 and 12 mm diameter camera tipped
probes. To quantify the meniscus volume, each image was analyzed with an image
processing program (ImageJ, availataeghe publicat http://imagej.nih.gov/ij/Xo determine
the meniscus height and length in that image. The volume of the entrained liquid was
calculated by approximating the meniscus shape as a triangle with a curved edge (Figure
3.3).

The volume is callated as the product of the net area and the width of the deposition

blade:

e ©
whereW s the knife widthp andh are the base and height of the triangle, respectivelygdand
is the central angle of the circle segment, and the radius of the circle in which the
segment is a part.
To account for aberrations in the imaging system and method, menisci with known
volumes, namely 10.0, 25.0, 35.0, and 50.0 pL, were deposited via batch convective
assembly in triplicate and irgad. All images were analyzed using Eqn (3) and subsequently

averaged to obtain a meastimated/olumefor each known volume. A calibration curve of
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the actual meniscus volumes versus the mean measured ones was constfucifc (6f

0.998).

3.2.7Evaluation of the Effect of Suspension Deposition Mode and Rate on Meniscus
Volume

Washed, 1.0 um white sulfatanctionalized latex microspheres were first concentrated
to 16% solids and then deposited using hybridized forms of the conventional amatch
topside CCSA or underside CCSA modes to study the effect of suspension deposition mode
and delivery rate on meniscus volume and coating morphology. The deposition mode study
used both the topside and underside CCSA configurations whereas the dalieesyudy
used only the underside CCSA mode. All coatings used the same initial meniscus volume of
24.0 pyL and a knife speed of 21.1 pum/s. Any resulting changes in the meniscus volume or
coating structure over the coating length can be attributed tefh@sition mode or delivery
rate. A suspension delivery rate of 1.0 uL/min was used for the deposition mode study
whereas the delivery rate was varied between 0 (batch), 1.0, 2.0, 4.0, and 6.0 uL/min for the
delivery rate study. For each coating, theniscus was photographed at 0, 10, and 20 mm
from the initial pinning (or contact) line using the side camera, and the initial pinning line
was formed ahead of the 0 mm mark to ensure the meniscus was fully developed prior to
imaging. To understand theffect of deposition mode on coating structure, coating

micrographs were taken at 5, 12.5, and 20 mm from the initial pinning line along two
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separate axes, located at 15 and 35 mm along the coating width, using an Olympus BX61

optical microscope coupled uia 50x objective.

3.3 Results and Discussion
3.3.1 Microsphere and Solvent Delivery Material Balances

Material and fluid balances of monodispersed sulfated polystyrene microspheres were
calculated to identify particle and solvent losses in the CC®Arafus that may disrupt the
evaporative and convective fluxes that are responsible for coating propagation. The
microsphere balance confirms that the delivery system does not inhibit particle delivery to
the meniscus, despite losses through particlevssdation in the delivery system and onto
the coating knife of a suspension with 8% solids (Table 3.1). However, the material balance
is conservative in that it lacks a factor to account for the multilayered particle aggregation
along the coating edgesafallel to the direction of deposition) which is a significant artifact
of small surface area coating systems with a large edge/surface area ratio [31]. Several
investigators have suggested methods to reduce this artifact as well as metidedsedge
effects [31]. The particle balance assumes that the number of aggregated particles along the
coating edges offsets the number of the particles in the thinner coating interior such that the
total number of enumerated particles pasposition would lead ta complete monolayer
under optimal deposition conditions (no edge artifacts). This balance likely undercounts the
total amount of particles in the coating, resulting in an estimate of only 2.9% of the particles

delivered to the meniscus being depositethese test coatings.
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To evaluate the role of colloid particle sedimentation, ileshed microspheres were
blended with OptiPrel’ in an 80:20 (v/v) ratio prior to deposition to reduce particle settling
in the tubing. Opt i P ceatpsdids andtek isuspension to €28u ¢ e d
Because OptiPrél has a relatively high density of 1.32 g/mL compared to that of
polystyrene latex (1.05 g/mL), the blended suspension has an appreciably higher density than
the aqueous latex suspension, making tieaspheres more buoyant leading to less patrticle
sedimentation (Table 3.1). This further decreased the percentage of particles delivered to the
test coating to ~2.4%.

The results indicate that approximately equal numbers of particles are depositée into t
coating for both the pure and OptiPf¥genriched microsphere solutions (2.6% and 2.4%,
respectively). Also, an almost identical number of particles remained in the syringe after
deposition (~91.6%) for both suspensions, accounting for the differehwedn the particle
count A pr aeposiatiord Howewers the percentage of microspheres remaining in
the fittings, meniscus, and tubing pal&position, relative to the total particle number in the
syringe before deposition, is less forthe OpiiPle bl end compared to the
suspension (1% versus 3%, respectively), suggesting that Opt{Rmejusion acts favorably
to reduce patrticle sedimentation in the delivery system.

Separatéalances were calculated for sonicated andsuoricded trials to evaluate the
effect of continuous piezo sonication of the fluid delivery system on the deposition process.

The ambient relative humidity and temperature above the evaporating water wéseo60
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and 2224°C, respectivelyThe solvent materiddalance was corrected for water evaporation
during the pumping period (see experimental section and supplemental information).

Fluid material balances generated by pumping fluid through the delivery system into a
weighing dish (instead of the coating fnimeniscus) confirmed that the modified coating
method continuously delivers the coating suspension to the meniscus with minimal solvent
loss, regardless of sonication. Sonication appears to decrease the volume of water pumped
into the weighting dishi the average volumes in the dish after pumping are 0.52 + 0.08 and
0.44 + 0.02 mL when the fluid is stagnant and agitated, respectively. The evaporative loss
calculations only account for relative humidity and temperature differences at-thopiidir
interface, while they ignore the effects of the sound waves on the evaporation rate of the
agitated fluid. However, although sonication affects solvent loss, any evaporative losses
from both stagnant and agitated fluids are likely negligible during contincaugective
sedimentation assembly because the suspension is deposited onto the substrate in less than an

hour whereas the water was pumped into the weigh dish {85 I®urs.

3.3.2 Coating Structure Dependence on Suspension Density

Coating structurean also be modified by using a microsphere suspension with a density
modified medium like iodixanol particles (OptiPf&). Modifying the suspension density
allows to increase the buoyancy of the suspended particles and thus minimizes particle

sedimentabn onto the substrate.
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To test this hypothesis, coatings were deposited from either pure microspheres in water
( duspenson= 1.05 g/mL) or an 80:20% (v/v) composite OptiPPemicrosphere solution
(' duspension= 1.27 g/mL) at an ambient chamber temperature of 26.5 +1.8°C &itvae
humidity of 49.6 £1.3% using underside CCSA and a knife speed of 21.1 pm/s. Visual
analysis of both coating macrostructures shows that OpfiPagpears to minimize particle
clumping across both the coating width and length, improving the owsigdkmity (Figure
3.4).

Blending the microsphere suspension with OptiPfephanges the dynamics of the
assembly process by introducing a transition between-rmmge and shorange particle
ordering. Because the suspended microspheres are more timogarOptiPrep”-enriched
suspension, they are more likely to remain suspended in the meniscus throughout the
deposition period (see Figure 3.5). Thus, particles will remain at or near the meniscus
surface and will be assimilated into the coating orfitgrethe thickness of the evaporating
meniscus becomes smaller than the diameter of the suspended microspheres, leading to more
uniform particle sedimentation onto the substrate surface.

Overall, the suspension density modification appears to reducevéraga coating
thickness and produces a more uniform, though less structured, monolayer (Figure 3.6). The
observed film is affected by the high concentration (~80% (v/v)) of Opfilnepcessary to
make the solvent denser than the latex microspherese iodixanol particles formed during
the drying coalesce into a continuous film that fills the void space created by the 1.0 um

microspheres during coating fabrication (Figure 3.6B), leading to reduced striations across
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the coating6s s uerall iscabappearanhce.i Thysy while ©ptiPYegues

not change microsphere and solvent delivery rate to the meniscus, the iodixanol particles

alter the coatingbs st r uvasdembieé crystgllinedarres/.r upt i ng
We haverecently showed that deposition of thin latex polymer particle coatings is a

critical precursor to the formation ofZ.cell layer thick microbial coatings of live cells and

latex polymer particles [12]. These biocoatingféer the promise of improved nutrient

diffusion to immobilized cells and uniform illumination of the particles or cells, thus

overcoming the mass transfer and optical limitations of thicker coating systems.

3.3.3 Coating Structure Dependence on Suspension Sonication during Deposition

Paricle sedimentation strongly affects both coating uniformity and the convective
assembly process. When sedimentation dominates, most suspended microspheres sediment
straight down onto the substrate outside of the drying region [9]. This complicates the
deposition of highly uniform coatings by continuously reducing the number of particles
transported to the drying front over the deposition period. Sonication was evaluated as
means to suppress particle sedimentation during deposition, since sonic staanbsghave
been used successfully in noncontact manipulation of suspended partieB3q.[33oatings
were deposited using a glass substrate and either a stationary or sonicated continuous
delivery system. We observed that changes in vibration frequgnéy 1t kHz and piezo
positioning underneath the substrate edge had no effect on the coating structure. Sonicating

the substrate (rather than the suspension) did not appreciably change the coating structure.
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All coatings were deposited using the sameekaifhd delivery system (syringe, fitting, and
tubing) to ensure that any deviations in the dried coating appearance are a sonication result.
The delivery system was positioned approxim
eliminate the risk of the hing end affecting the coating uniformity Coatings were
deposited at a chamber temperature of 25.9 + 2.0°C and relative humidity of 51.6 + 3.4%
using a knife speed of 21.1 pum/s.

The effect of piezoelectric fluid agitation in the delivery system dudepgosition is
shown in Figure 3.7. Although the images and micrographs show regions of dense particle
packing in both coatings, the sonicated delivery system has better coating uniformity than the
nonsonicated systemUnlike the highly uniform sonicatedoating, the coating delivered
without piezo vibration of the delivery path ranges from a near monolayer to a submonolayer
(high void space) and multilayer particle clusters (see micrographs in Figure 3.7). Also,
coatings deposited with the vibrated fiildw delivery system show a higher degree of
surface coverage (or lower void space) on both the macroscopic and microscopic levels than
comparable coatings deposited with the stationary delivery system. In summary, ultrasound

sonication of the suspensidelivery system improves coating uniformity.

3.3.4 Coating Microstructure Dependence on Suspension Particle Concentration
Coatings from suspensions concentrated to 8% (w/v), 12% or 16% were deposited to
determine if the number of particles delivetedthe drying front affects the coating void

space. The coatings were deposited at 70% relative humidity and a knife speed of 190 pum/s
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as this combination minimizes the particle piling along the substrate edges noticed during the
evaluation of the micrgdhere and solvent delivery material balances. The parameter values
were chosen within the relative humidity and deposition speed ranges of 35% to 70% and 21
190 um/s, respectively. Relative humidity and temperature data varied within 77.3 £ 2.3%
and 29.1+ 1.8°C, respectively. Two surface topography profiles of sections of the coating
width were obtained for each coating using a random selection scheme to remove sampling
bias. Profiles were grouped by sample number.

The suspended particle concentratstmongly affects coating thickness (of 1 to 3 particle
layers), but has no appreciable effect on void space (Figure 3.8). The 8%, 12%, and 16%
(w/v) suspensions deposit coatings with similar void spaces (Figure 3.8B). However, the
16% suspension yieldatings that are ~1 particle thicker than coatings deposited from the
8% and the 12% suspensions (Figure 3.8A). The large variation in the scans of coating
sections, especially for the film deposited from the 12% suspension, shows the coatings are
not pefect monolayers and that coating thickness varies by more than one particle diameter
with particle concentration. Relatively high fraction of high void spaces (>50% on average)
was observed for all coatings. A strong correlation between suspendeld garnicentration
and coating void space cannot be identified due to the overlapping error bars (Figure 3.8B).
However, higher suspended particle concentrations will likely result in  overall thicker
coatings (>3 particles thick) by increasing the heighthe liquid film, enabling influent
particles or even particle aggregates to flow over and settle atop other deposited particles

during the assembly process [12].
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3.3.5 Evaluation of Suspension Deposition Mode

To understand how the mode of suspensiohively affects the microstructure of
coatings deposited using CCSA, coatings were deposited in triplicate using either the topside
or underside CCSA modes at 26.2 + 2.3°C and 45.9 + 6.2% relative humidity. All coatings
were deposited using a knife speeul suspension flow rate of 21.1 pm/s and 1.0 pL/min,
respectively, from an initial meniscus volume of 24.0 uL. Each coating was analyzed for
changes in meniscus volume, normalized by the calculated volume at 0 mm, and average
void space, as reported ingdre 3.9. Micrographs were collected at three 7.5 mm intervals
across the coating | ength, starting 5 mm fr
| ocated 15 and 20 mm from the coatingds top
the struatiral uniformity for multiple coatings.

To estimate meniscus volume, still images of the meniscus profile were collected using a
wireless digital camera and analyzed with image processing software to determine the
meniscus height and length in each imagke volume of the entrained liquid was calculated
by approximating the meniscus shape as a triangle with a curved edge (see Materials and
Methods for detailed product information and explanation of calculatiohbg effect of
meniscus volume on coatirsfructure was investigated because this volume dictates both the
meniscus shape and total number of suspended particles assembled into the final coating,
whether by convective assembly or particle sedimentation.

Analysis of Figure 3.9 shows that the cogideposited via topside and underside CCSA

are dissimilar. The coatings deposited via topside CCSA have a comparatively large
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variation in mean void space but a relatively constant meniscus volume whereas underside
coatings exhibit a lower variation in ean void space. The continuously decreasing
meniscus volume observed by underside delivery indicates that the delivery rate was too
slow to maintain a constant volume. The overall lower void space suggests that more
particles are transported to the dryiregion (and incorporated into the propagating coating)

in underside CCSA Conversely, the near constant meniscus volume and high, variable voids
in the topside coatings suggest less particles reach the drying region in topside CCSA. This
is possible ifcirculating flow patterns exist in the meniscus [9]. Because the topside CCSA
deposition mode and the batch deposition deliver suspension to the front of the meniscus
opposite the drying region, it is likely that an eddy also exists in the meniscug thpgide

CCSA deposition. As such, rather than flowing directly to the drying region at the rear of the
interface, particles may become entrapped in the circulating eddy and only move to the
drying region when the eddy becomes saturated with partictg)aamic instability leading

to the formation of coatings with variable voids.

3.3.6 Evaluation of the Effect of Suspension Delivery Rate on Meniscus Volume

Although comparison of the topside and underside CCSA deposition confirms the
deposition mode adicts both meniscus volume and coating microstructure, this analysis
failed to explain the effect of the delivery rate itself on the meniscus volume. To understand
this relationship, coatings were deposited using a hybridized form of the conventional batch

and underside CCSA deposition modeabe meniscus was created by manually injecting an
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aliquot of coating suspension between the substrate and coating knife (batch CSA) and
continuously replenished with suspension at a constant flow rate (CIC&AJ supension

delivery rates of 0.0 (to simulate batch deposition), 1.0, 2.0, 4.0, and 6.0 pL/min.
Elimination of the coating edge effects observed at low knife speeds and relative humidity
was not attempted because the ssionmflowdase pur pc
affects meniscus volume and coating microstructumll coatings were analyzed for

variations in coating macrostructure and visual appearance.

The micrographs in Figure 3.10, suggest that, for a given convective assembly deposition
mode ad initial meniscus volume, coating quality is independent of meniscus volume, at
least for the experimental coating apparatus employed in this study. No coating exhibits
complete macroscopic uniformity or monolayer thinnesall coatings contain randosl
located thick (intense white) and thin (dull white) regions. For all coatings, the thick zone
covers at least 50% of the coated surface area. Also, both the batch mode (0 pL/min) and 1.0
pL/min flow rates exhibit a similar, decreasing meniscus voluanesa the coating length.

The higher flow rates exhibit variable (both increasing and decreasing) meniscus volume
across the coating length when utilizing the optical image method for estimating meniscus

volume.

3.4 Conclusions
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The results demonsiie howcontinuous convective assembly can be optimized for
continuous deposition of polymer particle coatings with larger surface areas than previously
described. The modified coating apparatus continuously delivers polymer microsphere
suspensions to theeniscus via inline injection. We investigated how two variations of the
CCSA apparatus perform in generating larger surface area polymer particle arrays between 1
and 3 particle diameters thick by continuously delivering particles to the drying front fo
coating assembly. However, changing the suspension delivery mode (topside versus
underside CCSA) yields disparate meniscus volumes and uneven particle delivery to the
drying front, which alters the coating microstructure by varying the total numbartafi@s
available for depositianFor any of these convective assembly deposition modes and the
same initial meniscus volume, coating quality was found to be independent of meniscus
volume, at least for the coating apparatus employed in this study.

We abo investigated the effect of suspended particle concentration, fluid sonication, and
density modification on the microstructure of coatings deposited from continuously supplied
1.0 um microsphere suspensions. Flwasglty modification using iodixanol p&les and
fluid sonication affect particle sedimentation and distribution in the coating growth front
whereas the suspended particle concentration affects coating thickness, but has almost no
effect on void space. This study did not examine the comlafiect(s) of these parameters
because our goal was to understand each para
microstructure. The observed trends suggest that the uniformity of any particle, or even live

cell, coating can be improved throufiind sonication and suspension fluid density
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modifiers. Future practical implementation of the CCSA could examine the combined effect
of these parameters on coating microstructure and use such a combination in the deposition
of large uniform coatings.

While no CCSA coating mode exhibits macroscopic uniformity or 100% monolayer
coating, this study demonstrates that the CCSA technique deposits coatings whose
homogeneity and structure are comparable to traditional batch conveetbaelynbled
coatings wih decreasing meniscus volume. Noncrystalline oruraform CCSA coatings,
like batchassembled arrays, are well suited for numerous applications, including electrical
circuits [17], chemical sensors [20, 21], and porous membranes-31]22

CCSA coatngs hold the promise of generating longer, larger surface areas thaifeoiatch
coatings, giving convective industrial relevance. The current study identifies and interpretes
the role of the key parameters that control coating appearance (microstrudttielamess)
when the meniscus is continuously supplied, laying the groundwork for future studies on
coating appearance optimization. Overall, CCSA may be a promising method for generating
monolayer or very thin coatings of polymer particles and lives ¢eflnumerous
biotechnology applications where a highly bioreactive surface is required. It could be
extended to engineer multiyer coatings of particlkeound enzymes or combining layers of
different live cells separated by colloid particles to gereratating nanoporosity for
composite biocatalytic surfaces, for microbial phgactive surfaces or microbial photo

absorbers for future solar energy applications [9, 10].
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devices. Each color represents a different type of particle or cell. Each new layer is
deposited afterhie underlying layer has dried under controlled temperature and relative
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Figure 3.3: Schematic of meniscus shageometry used in the volume evaluations.

121



Figure 3.4: Coatings depositeddm 1.0 um microspheres (left) and an 80%
(v/v) composite blend of OptiPréand 1.0 um microspheres (right). Scale

bar is 5 mm; arrows indicate direction of deposition.
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Figure 3.6: Microstructure of coatings deposited on aluminum foil. (A, B) 80% (v/v)
composite OptiPrepTM + 1.0 um microspheres and (C, D) pure 1.0 um microspheres. Scale
bars are 50 um in (A, C), and 10 um in (B, D). The ridge@d) are an artifact that arises

from the limitations of the homemade coating apparatus and the use of glass slides-with non

rounded edges.
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Figure 3.7: Structure of coatings deposited from a 1.0 um microsphere suspension when the
tubing of the deliver system is vibrated at 400 Hz (left) or without vibration (right). The
static coating has uneven particle distribution along its length and width whereas the vibrated
coating is highly uniform with no pronounced particle aggregation along the subsdiyate e

Scale bars for coating images and micrographs are 5 mm and 50 um, respectively; arrows

indicate direction of deposition.
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Figure 3.10: Structure of coatings deposited from a 1.0 um microsphere suspension at a
volumetric delivery rate of (A) 0.0 (batchHB) 1.0, (C) 2.0, (D) 4.0, and (E) 6.0 pL/min
during underside CCSA deposition. Scale bars for coating images are 5 mm; arrows
indicate direction of deposition. Observed ridges are an artifact that arises from the
limitations of the homemade coating apgias and the use of glass slides with -non

rounded edges.
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Table 3.1: Microsphere counts before and after depositioa péire microsphere suspensar8% solids and an

OptiPregM-enriched suspensiaontaining ~2% solids

Pure Microsphere Suspension OptiPrep™ + Microsphere Suspension

PreDeposition  PostDeposition Pre Deposition PostDeposition

Syringe 4.2x10° 3.5x10 5.5x10° 3.5x10
Coating Knife 0 6.3x10 0 6.3x10
Fitting 0 0 0 4.1x10
Meniscus 0 5.7x10 0 1.1x16¢
Tubing 0 6.8x10 0 3.1x10
Coating 0 1.1x10 0 1.2x10
TOTAL 4.2x10° 1.7x10° 5.5x10° 6.4x10
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RAW DATA

Table R.1: Microsphere counts before and after deposition

Pre-Deposition PostDeposition
Coating 0 1.1x10
Delivery System
Fitting 0 0
Meniscus 0 5.7x10
Tubing 0 6.8x10
Coating Knife 0 6.3x10
Syringe 4.2x10° 3.5x10
TOTAL 4.2x103° 1.7x10°

Table R.2: Microsphere counts before and after depositiith OptiPrep™ enrichment

Pre-Deposition

PostDeposition

Coating 0 1.2x10
Delivery System
Fitting 0 4.1x16¢
Meniscus 0 1.1x16¢
Tubing 0 3.1x10
Coating Knife 0 6.4x10
Syringe 5.5x10° 4.6x10
TOTAL 5.5x10" 6.4x10

Table R.3: Solvent balancever delivery system

Solvent Volume
Before Pumping

Solvent Volume
After Pumping

(mL) (mL)
Triall Trial2 Triall Trial 2
Dish 0 0 0.46 0.57
Evaporation 0 0 0.22 0.22
Needle 0 0 0.03 0.03
Syringe 1.00 1.00 0.27 0.22
TOTAL 1.00 1.00 0.97 1.03
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Table R.4: Solvent balance over delivery system with sonication

Solvent Volume Solvent Volume
Before Pumping After Pumping

(mL) (mL)
Triall Trial2 Triall  Trial 2
Dish 0 0 0.42 0.45
Evaporation 0 0 0.13 0.12
Needle 0 0 0.03 0.03
Syringe 1.00 0.77 0.33 0.05
TOTAL 1.00 0.77 0.91 0.65

Table R.5: Variation incoatingvoid spaceduring topside andindersideCCSAdepgsition

Mean Void Space (%)

Distance from Initial

Contact Line (mm) Underside CCSA Topside CCSA
15 mm 35 mm 15 mm 35 mm
5.0 11.0+11.6 4.7+8.2 323+32.2 35.7+313
12.5 0.0x0.0 0.0+£0.0 36.2+31.3 27.6+38.6
20.0 1.2+1.7 0.0+£0.0 326+565 475+67.1
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Table R.6: Change in meniscus volume over coating length at variable delivery rate

Delivery Rate Distance from Initial Change in Meniscus
(UL/min) Pinning Line (mm) Volume (x mm/0 mm)
0 1.00
0.0 10 0.83
20 0.72
0 1.00
1.0 10 0.83
20 0.37
0 1.00
2.0 10 1.50
20 1.58
0 1.00
4.0 10 1.36
20 0.91
0 1.00
6.0 10 2.94
20 2.49
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SUPPLEMENTAL INFORMATION
S.1Correction of Solvent Balances for Water Evaporabn during Pumping
The solvent material balances were correcteduvater evaporation during the pumping
period by first calculating thdew point temperature of the air above the solvent pool as a

function of relative humidity and dry bulb temperaturengghe Magnud etens algorithm:

_ ba(T,RH)
°" a- a(T,RH) @

_ aT
aﬁ}RH)—b+T+hﬂRH) )

wherea andb are 17.27 and 237.7°C, respectivelyis the measured dry bulb temperature
from 0-60°C, andRH is the measured relative humidity from 0-0.00.
The sol ventu@sattheadpwopoint and sasimtion temperatures are calculated

using Antoineds equation:

B

|Mwﬂ:A-T+C

3)

whereA, B, andC are predefined, componeispecific paraneters. Because the dissolved
microsphere concentration isstethan 10% solids, theuspension is considered sufficiently
dilute to use the predefined parameters for pure water.

The evaporation rate at the pool surface is calculated as a functiopaf pr@ssure,

latent heat of vaporization, and local air velocity:
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W = ?’(P P,)(0.089+0.0782/) (4)

\

whereP,, is the vapor pressure at the saturation temperd®yiis,vapor pressure at the dew
point temperatureyV is the air velocity at the water surfacend H, is latent heat of
vaporization at the satation temperature. Air velocity i@ssumed negligiblbecause 1) the
anal ytical b a | edclasedbéasd 2} theorelative ditereace m the pool and
ambient temperatures is too dhta generateonvectivemotion.

Once the evaporation rate at the pool 0s

solvent is calculatedsing a macroscopic material balance:

d

?Fm,

o
<
|- OO

;
= 5
T (5)

where p is the densityof the coating suspensiorg is the available surface area for
evaporationy is the droplet volume, artds the available time for evaporatiokVe assume

the available surface area for evaporatigns 5% of the total dish area because the collected
pool of water is thirand only covers a small portion of the weigh dish. If S is assumed to be
10% of the total dish area or largéine volume of evaporated solvent actually exceeds the

total volume of water supplied to the delivery system during theopugperiod.
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S.2 Water Evaporation Rates

Evaporation rates were calculated for five relative humidities between 35% and 70% to
determine if variations in relative humidity significantly affect the evaporative flux. The
evaporative rates calculated aa function of droplet volume (and relative humidity) using a

macroscopic material balance:

d

Q_)o

(1)

?f

o
<
- OO

_r
€ Sgt

where p is the density of the coating suspensi@js the available surface area for
evaporationy is the droplet volume, artds the available time for evaporatiohe average

rate for each relate humidity is reported in Table S.1. All rates were analyzed as paired
data sets, grouped by relative humidity, at the 95% confidence level using the Independent
Samples-Tests algorithm in the SPSS 17 statistics software package (IBM, Armonk, NY).

Theresults of theseTests are reported in Table S.2.
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Table S.1: Statisticalsignificance ofvariationin

solventevaporatiorrate (N) at 95%confidenceevel

Relative Sample Size Statistical Significance
Humidity (N1, ) (p value)
35%, 40% (9, 6) 0.363
35%, 50% (9, 6) 0.155
35%, 60% (9, 6) 0.041
35%, 70% (9, 6) 0.001
40%, 50% (6, 6) 0.363
40%, 60% (6, 6) 0.363
40%, 70% (6, 6) 0.363
50%, 60% (6, 6) 0.000
60%, 70% (6, 6) 0.193

Table S.2: Averageevaporatiorrates

Relative Evaporation Rate

Humidity (g/mm?/ min)
35% 1.13x10°+ 2.15x10°
40% 9.03x10°+1.49x10°
50% 9.77x10°+5.33x10’
60% 9.28x10° + 4.42x1(°
70% 5.41x10°+1.13x1C°
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CHAPTER 4

Advanced Photoreactive Gag”hase Biocatalysts:
Use of Continuous Conective Sedimentation Assembly to
Produce Ultrathin, Highly Ordered Coatings of Photoreactive

Microorganisms and Latex Polymer Microsphereson Paper

Jessica S. Jenkins, Dioncio Rios, Charles B. Mooney,

Orlin D. Velev, and Michael C. Flickinger

A version of this chaptewill be submitted to

Green Chemistry2013)
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Abstract

This study is the first report afivestigation of the microstructure obnvectivelyassembled

live microbe + latex polymer ultrthin coatings on a porous nonwoven substraitalsie for

use as photoreactive gphase biocatalysts or microbial greenhouse gas photoabsorbers for
recycling of gagphase carbon into fuels. These coatings are formed by meniscus waterborne
particle delivery to the paper surface followed by rapid glartordering at the drying front
which produces a highly ordered, mechanically stable, adhesive biocoating without loss of
microbial reactivityduring drying and is photoreactivehen rehydratedThin biocomposite
coatings have a significantly higher sagéto-volume ratio than much thicker alginate
hydrogel films, resulting in higher cell density with improved mass transfer and light
distribution to the coatingntrapped cells. Model hydrogen gas generating coatings are
deposited from a polystyrene aratrylate colloid blend containing: 1) photoreactive
Chlamydomonas reinhardt({6.8 + 1.0 x 7.3 =+ 0.9 um ellipsoid) dkhodopseudomonas
palustris(1 x 8 um rod), 2) low glass transition temperature (Tg) adhesive waterborne latex
nanospheres (150 to 300 nnmameter) and 3) 1.0, 5.0, or 8.7 um latex polystyrene
microspheres. The coated cells surrounded by polymer particles are photocatalytically active
when rehydrated, but do not grow out of the coatiBgnae the focus of this work isn the
method of coatig and coating microstructure of uHif@in layers, no attempt was made to
optimize hydrogen gas evolution in response to illuminatigariations in microsphere size

and suspension composition do not affect coating photoreactivity, but do alter coating

microstructure. The 1.0 um microspheres collect around the edges of the cells, while larger
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(>1.0 pm) microspheres form particle clusters over the celldighly ordered, thin
biocoatings of multiple species of photosynthetic microorganisms engineerds$db a
greater proportion of the near infrared plus visible wavelengths may enable an entirely new
method to generate large quantities of hydrogen from light anecartmohydrate organic

carbon.
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4.1 Introduction

Living microorganisms caefficiently carry out photosynthesigjetoxify environmental
pollutants, transport electrons to electrode sugfiaaad produce a diverse range of valuable
products, including useful gases like methane, oxygen and hydfbgenPhotosynthetic
energy generation doesot require microbial cell division (growth) and therefaren
growing photosynthetic microbes hold the potential to be the most highly efficient green
biocatalysts eliminating the generation of cell biomass as a side product. Engineering
microorganismsa capture light and utilize solar energy to produce chemical feedstocks and
fuels is a rapidly expanding field of biocatalyst and advanced materials researchh§].
reactivity of these adhesive coatings will be optimized by cellular engineering métinods
light absorption, efficiency, stability, and biosynthetic properties. The most important aspect
is that engineered coating microstructure preserve cellular biocatalytic activity during drying
to enable storage of dry coatings that retain activity wiyeinated.

Using coating technology to stabilize and concentrate-growing light absorbing
microbes in thin, nanoporous adhesive latex coatings that remain adhesive when
continuously irrigated with a thin water layer can provide an inexpensive metktabtiive
cellular photosynthetic reactivity, leading to a new generation of photo biocatalysts with
enhanced light absorption andensity[1]. However, the ability to fabricate biocomposite
or live photosynthetic cell + latex polymer coatings withlmss of mechanical stability or
impairment of microbial viability and reactivity due to the drying proe@sdesiccation by

being used in a ggshase (not submerged in liquid)a challenging problem to the coating
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industry, reactive biofilter[1] and tre composite biomaterials field. Solving this problem
will significantly expand the use of microbes as photo absorbers fephgae recyclingf
greenhouse gasé&sxic emission productand allow engineering of photobiological fuel cells
for solar energy.

We have recently developed continuous convedadimentation assembly methods that
use fluid evaporation, particle transport via fluid flow, and associated meniscus motion to
rapidly, controllably, andcontinuouslydeposit ordered arrays of polymer paes and
photosynthetic microorganisrin thin films on practically relevant coatingurface area
scales[3]. The assembly process begins when the film height of the evaporating fluid
becomes thinner than the diameter of shepended particles (live tllatex nanospheres,
and/orlatex polymer microspheres). The menisci formed around these particles give rise to
attractive capillary forces that pull adjacent particles together as the liquid evaporates,
forming twodimensional nuclei4-6]. A liquid flux from the suspension bulk to the
substrateair-liquid contact line at the drying front offsets evaporative losses, resulting in
aggregate transport to the drying front and coating proliferation [4, 5, 7].

Techniques for ordering and assembling collofatticles and reactive microorganisms
(which behave as charged particles in aqueous dispersignst{8tlosely packed arrays by
solvent evaporation have been thoroughly investigated, including colloidal coating formation
in thin wetting films [912], and recentlyin waterborne systems containing reactive bacteria,
yeast, cyanobacteria or algae for future environmental or solar energy applications [10, 11,

13]. These methods have resulted in a reproducible technique for generating colloidal arrays
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with varying thicknesses, particle size spatial distribution, and coating microstructures from
charged latex microspheres [9, 12, 14], anisotropic particledTL%r live cells [8, 11] to
composite charged microsphere plus cell mixtures [8, 11, 18]. Theseatwely assembled
arrays are well suited for applications that do not require défast perfect microstructures,
including a diverse range of environmental and energy applications like microbial
photoreactive coatings [10, 13], electrical circuit8][Themical sensors [19, 20], and porous
reactivemembranes [2P4].

Here we report the use of a model system of photoreactive purple nonsulfur bacterium
Rhodopseudomonas palustit x 8 um rod)and a green microalga€hlamydomonas
reinhardtii (6.8. + 10 x 7.3 £ 0.9um ellipsoid)as model photosynthetic particles capable of
generating hydrogelgas without growth. W demonstrate how continuous convective
sedimentation assembly can be usedataricate photoreactive live cell + latex polymer
coatings tha retain mechanical adhesion and microbial reactivity after drying and
rehydrationwhenplaced into avatersaturatedgasphase. We also show how variations in
photosynthetic cell and latex microsphere size affect coating microstructure and porosity.
Finally, we show how using this technique we can generate robust coatings containing
multiple cell species of different sizes that absorb incident light in complementary
wavelengths  This coating techniqueholds the promise of generating efficient
biophotodsorbers of highly concentrated ngrowing microbes capable of producing large
guantities of hydrogen gas from light and raarbohydrate organiay for recycling gaseous

organics into fuels
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4.2 Materials and Methods
4.2.1 Preparation of Coating Subates and Deposition Plates

Dow Corning 75 x 50 mm glass microscope slides (Fisher Scientific) were pretreated as
previously describegd1) using NoChromiX solution to remove adsorbed organic molecules
and deprotonate surface hydroxyl groups (Godax Latweest Cabin John, MD). All
pretreated slides were stored in separate 100 x 100 mm Fisherbrand Petri dishes (Fisher
Scientific) until used in the coating deposition devide. contrast to all previous colloid
assembly studies, in this studyl, @oatingswere deposited @a porousKraft paper (Office
Depot, Inc, Boca Raton, Fl) without pretreatmentPorous nonwoven supports enable

coatings to be used in the galsase without dehydration [13].

4.2.2 Preparation of Coating Suspensions

Microbial cultres were grown in static culture at ambient laboratory temperatures at 20
25°C. Rhodopseudomonas palustG§A009 (purple nonsulfur bacteria) was obtained from
Professor Caline Harwood (Uiversity of Washington, SeattleWA) and grown
anaerobically inL60 mL glass serum bottles (Wheaton, Millville, NJ) containing 100 mL of
nitrogenfixing photosynthetic media [PM(NF)], as described previo{lsly 25] Wild-type
Chlamydomonas reinhardt{CC-124 (green algae) was obtained from @l@amydomonas
ResourceCenter (University of Minnesota, St. Paul, MN) and grown in BD Faltix-
wel | ti ssue culture plates (Fisher Scientif

bulk growth rate. All wells were continuously illuminated using fluorescent dayigls
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with 66 pmol photons/fls photosynthetically active radiation (PAR). Incident light
intensity was measured as a 15 second average usingZ&® LLight Metercoupled to an
LI-190SA Quantum Sensor @QOR Environmental Division, Ligcoln, NE). Each well
contained 510 mL of TAP+S medi§26, 27]

Three sizes (1.0, 5.0, and 8.7 um) of monodispersed polystyrene or acrylate polymer
microspheres were washed once with deionized water obtained from a RiOs 16-reverse
osmosis water purification system (lpbre Corporation, Bedford, MA) to remove residual
surfactants and electrolytes. Both the 1.0 and 8.7 pum microspheres are white sulfate
polystyrene particles obtained from Invitrogen (Grand Island, NY); the 5.0 pum microsphere
is an acrylic/divinylbenzeneopolymer (Rohm and HaaBhiladelphia, PA).

Biocomposite or live cell + latex polymer coating suspensions were prepared from wet
cell pastes, multiple latex polymers, and sterile osmoprotectants (sucrose and glycerol).
These porogensiurest polymerparticlec oal escence and i mprove t}
resistance, creating coating porosity during film formation without Kkilling entrapped
microorganisms[1]. All cell pellets were prepared by centrifuging-2H mL of cell
suspension at high speedrf10-15 min at 4°C and pouring off the supernatarRps.
palustris and C. reinhardtii cell pellets were suspended in 1 mL of PM(NF) or TAB
media, respectively, to facilitatéranger by pipette when creating the coating suspensions
and mixed by vdexing to create homogeneous cell pastes. All formulations were prepared
in 15 mL BD FalcoR conical centrifuge tubes (Fisher Scientific) to facilitate transfer to the

coating deposition device and mixed by vortexing until homogeneous.
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All coating famulations for bottRps. palustrimndC. reinhardtiiare described in Table
4.1. To simplify the nomenclature, all live cell + latex polymer particle coating suspensions
are described only by their cell and microsphere comporiefds example, 8.7 um €.
reinhardtii defines a biocomposite suspension contaifingeinhardtii cells, 8.7 um latex
polymer microspheres, RhoplékSFO12, and sucrose. Cell coatings contain only cell paste
and osmoprotectartarbohydrate; cell + RhopleX" SFO12 coatings coain cell paste,
RhopleX™ SFO12, and osmoprotectants. All washed microsphere suspensions were
concentrated to 8% (w/v) solids prior to blending with the other suspension components.
RhopleX™ SFO12 (Rohm and Haas, Philadelphia, PA) is a-fdnming, acylic copolymer
emulsion that improves coating stability by strengthening microsphere and cell adhesion to
the substrate.

The zeta potential of the algal cells was quantified using a Malvern Zetasizer (Malvern
Instruments, Westborough, A) equipped with auniversal Dip Cell and an analytical
software package.Cells were separated from the TAP+S media using centrifugation at
maximum speed for 10 minutes and suspended in 1000 puL ofPF8HRmedia (TAP+S
without sulfur or phosphorous compounds) to createlwign similar to theC. reinhardtii
cell paste. The suspension was analyzed in triplicate using an effective voltage of 2.28 +

0.01 V and a suspension conductivity of 2.25 + 0.01 mS/cm.
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4.2.3 Deposition of Biocomposite Coatings by Contind@aisvectiveSedimentation
Assembly (CCSA)

All coatings were deposited using the underside continuous conveetiv@entation
assembly deposition method described previo(®ly The syringe pump was operated at a
high priming rate (>100.5 pL/min) to pally fill the wedgeshaped meniscusetween the
Kraft paper(Vendor, City, Stateand coating knife and thehe flow rate waseduced to a
rate of 0.5 pL/min after the meniscus covered the tubing outlet. All suspensions were
deposited onto dry Kraft papin 2530 minutes using knife speed of 21 ufs. Because the
paper i s porous, the coating suspension permn
area, leading to depletion of the entrained fluid and a fluctuating volume. To offset this fluid
loss, theflow rate was increased (>10.0 pL/min) until the meniscus contacted the tubing
outlet and then decreased to 0.5 pL/min. This cycle was repeated, as necessary, until coating
fabrication was completed. All coatings were depositstle a benchf humidity and
temperature controlled environmental chamber (Model 510 Eideich Systems, Inc.,
Glenside, PA) at a chamber temperature eBQOC and relative humidity of approximately
50%. The relative humidity was maintained with an ultrasonic htication system
(Model 5462 Electrelech Systems, Inc.) filled witkeionized water. Botlthe chamber
temperature and relative humidity were monitored with a calibrated probe (TM125 Dickson

Addison, IL).
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4.2.4 Evaluation of Coating Reactivity

Coating were cut into three strips and evaluated for reactivity uBydrogengas
evolution. All strips were transferred to separate sterile, vertical Balch tube containing 10
mL of either TARP-S media (TAP+S without phosphorous and sulfur) Gorreinhardtii
coatings or PM(NF) media foRps. palustriscoatings. Each coating was placed in the
headspace and hydrated by capillary action from the liquid phase (Figure 4.1). This
orientation limits nutrient transpaid the immobilized microorganisms, slowing ithgrowth
rate and preventing outgrowth3]. All tubes were sealed with sterile butyl rubber stoppers
(BellCo Glass, Inc., Vineland, NJ) coupled with aluminum crimp caps (Fisher Scientific) and
subsequently flushed with ultra high purity (UHP) argon &a&s30 min to create an
anaerobic headspace (and nongrowth conditions) inside each tube. All coatings remained
adhesive during paper hydration and headspace flushing.

Coatings were continuously illuminated at-295°C using fluorescent daylight bulbs with
116.7 + 7.9 pmol photonsfts PAR. The light intensity was evaluated by measuring the
incident light in three locations over the full length of three, nonadjacent Balch tubes. The
headspace of each Balch tube was analyzed fpN§) and B using 1 mL amples and a
Hewlett Packad 7890A gaschromdographequipped with a Supelé 6 x |0l 60B@EmI
sieve 5A porous mesh polymepacked stainlessteel column and a thermal conductivty
detector. Argon was used as the carrier gas at an inlet flow rat89omL/min; the

c hr o mat ongectaa, pver§ and detector tempmturesettingswere 160, 160, and 250

153



°C, regectively. All hydrogen gas production data was normalized by coating area or by

chlorophylla concentrabn and averaged to obtain thgedrogen output for each coating.

4.2.5 Coating Structure Characterization

Although all coating strips were tested for gas evolution, random strips of each live cell +
latex polymer microsphere suspension (cells only, cells + SFO12, and three cells + latex
polymer microspheres blends) were selected for structural analysis and measured for
brightness after confirmation of reactivity. All reactive strips were analyzed for thickness
and chlorophylla concentration (indicative of cell densignd light absorptiorcapacity.
Dried coatings were imaged by scanning electron microscopy for structural analysis at the
Analytical Imaging Facility at North Carolina State University using a Hitachi 3200
Variable Pressure Scanning Electron Microscope equipped with a&idHEDS system for
digital image acquisition and elemental analysis. All coatmgie observed in two or more
randomized locations using a 5kV accelerating voltage. Each location was imaged multiple
times using sequential magnifications ranging fromx1@® 1Q000x to characterize both
surface structure and partigbarticle interactions between adjacent latex polymer
microspheres and cells.To increase sample conductivity (and micrograph quality), all
samples were sputter coated with a thin layer &f goa mild vacuum (~100 mTorr of argon
gas pressure; 600 V accelerating voltage) prior to imaging.

Coating brightness was measured at 475 nm usBrgghtimeter Micro S5 TAPPI paper

brightness apparatus (Technidyne Corp., New Albany, IN). Driedngsalvere analyzed as
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single layers. Each coating was sampled in three or more randomized locations. Readings
were averaged to obtain a characteristic brightness for each type of live cell + latex polymer
microsphere suspension.

Coating thickness wasugntified using a digital micrometer (Model 4D112GEB,
Mitutoyo USA Corporation) equipped with amldm diameterconvextip. EachC. reinhardtii
+ latex polymer microsphere coating (cells only, cells + SFO12, and cells + latex polymer
microspheres, and te cell + latex polymer microsphere blends) was analyzed. Each
coating was sampled in one randomized location. All readings were corrected for the
thickness of the uncoated Kraft paper and averaged to obtain a characteristic thickness

The Chlamydomonaslensity within each coating was approximated by chloropdyll
content. Chlorophylla was extracted from the coatiemtrapped cells using ethanol
extraction. A Bmm disc wagpunchedrom eachC. reinhardtii C. reinhardtii + SFO12, and
C. reinhardtii+ latex polymer microsphere coating using-a diameter singiaole paper
punch and submersed in 1.5 mL of neat EtOH. All-&&0H suspensions were boiled for 1
min at 8085°C and centrifuged at 15000 RPM for 10 min. All supernatants were sampled
for ab®orbance at 665 nm using a Genesys 20\0¥/ spectrophotometer (Thermo Electron
Corporation, Marietta, OH). The amount of chloroptayllug/mL) extracted by each disc

was calculated as:

(Chl a_) = 29'62(Ab%65)(VEt0H )

disc
(Vdisc)(Lcuvettdength)

(1)
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whereAbsses is the supernata@bsorbance at 665 nivigon is the volume of ethanol extract
(mL), Vuisc Is the disc volume (L), ancuvette lengtiS the length of the cuvette parallel to the

light path. The total amount of chlorophyll a in each coating was calculated as:

(Chl a) = (Chl a')disc Qlcoating (2)

coating

4.2.6 Paper Substrate Structure Characterization

The Kraft paper was characterized for thickness and porosity using digital micrometry
and water uptake, respectively. Substrate thickness was quantified using a digital teicrome
equipped with a 5mm tip. Three pieces of Kraft paper were sampled in three randomized
locations. All readings were averaged together to obtain a characteristic thickness.

The water uptakevet weight vasused tocharacterizgpaperporosity Water upake was
guantified by weighing three strips of Kraft paper before and after water saturation. Each
strip was soaked in deionized water until a liquid sheen appeared on both sides of the
substrate, ensuring complete saturation and an accurate water rgpgak&ach weight was
normalized by the area of the corresponding strip to obtain a water uptake rate for that strip.
All weightswere averaged together to obtain a characteristic water uptake for the Kraft

paper.
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4.3 Results and Discussion

4.3.1Role of Coating Substrate Properties and Coating Suspension Formulation in
ConvectiveSedimentation Assemldy Model Photosynthetic Particles

This study is the first report of convectivedgsembled live cell + latex microsphere
coatingson a norwoven porous substrate where the cells retain photoreactivity following
rapid drying and rehydrationThis study is also the first example of convectivagsembled
arrays containing nefilm forming particles(live cells and latex polymer microspheres) and
film-forming particles & commercially availabltexbinderemulsion)on paper.The use of
a nonwoven pervious substrate and multiple waterborne chagpaticles and sizemay
slow coating prbferation compared toour previous studiegoating onto nofporous
substrates (glass, polyester, metay) disrupting the assembly process or weakening the
mechanical stability of the assembled coating. Porous substrates absorb water from the
coating meniscus, likely weakening the liquid flux that carries pasticten the suspension
bulk to the drying front by reducing evaporative losses [4, 5,\Whter uptake may also
reduce the mechanical stability of the paper, leading to s&edo@&nwoven support that
deteriorates during coating fabrication. The size sa#iod disparate zeta potentials of the
suspension particles may affect particle movement and paptictiele interactions during
coating fabrication. For example, particle size ratio has been reported to control convective
mixing or demixing [8]while zeta potential controls the net force (the sum of the attractive
capillary forces and the negative repulsive forces) between neighlmmilsgand/or latex

polymer microspheres.
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Kraft paper is noffully saturated with water during coatirfgbrication becates the
meniscus volume is kept small by thespensioeed rate and therefore this coating method
produces very thin coatings, one particle are cell thick. Although the meniscus
continuously wets the paper outside the projected wetting area unddireeatiating knife,
the substrateds underside remains dry (dat a
the substrateds | &w37ad® genf) wher mripietely saturdtddx 1 0
suggests that Kraft paper is a suitalflexible norwovensubstrate for depositing ordered
arrays of photosynthetic cells using waterborne latex particle for adhesion only on the surface
allowing hydration of the illuminated cells from below the coating by the liquid in the paper
pores. This structure allvs the cells to remain hydrated by capillary pressure from a small
volume liquid phasevicked into the paper poreghen the coating is placed in the gdmse
above the liquid phase. The paper support allows reactive coatings that remain hydrated
without being submerged below a thick liquid layer improved gadiquid-cell mass
transfer SEM images of the rehydrated coated paper indicate that the coating formulation
adheres to the cellulose fibers without plugging the paperspalewing for water an
nutrient transport from the bulk suspensionh® immobilized cellshrough the paper pores
The open pore structure may also facilitate carbon dioxide adsorption and the escape of gas
bubbles (such asJdfrom the coating [13]

The bottom of the Kaft paper coated with &. reinhardtiy 1.0 pum latex polymer
microsphere, Rhoplé¥ SFO12, and sucrose was imaged using scanning electron

microscopy to determine if soluparticles or cells arpulled into the substrate pores during
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coating fabricationKigure 4.2). No cells, latex polymer microspheres, or latex emulsion are
visible on the bottom paper surface. All visible particles lack the correct size and shape to be
C. reinhardtii cells), latex microspheres, or Rhopl¥SFO12 latex (100 to 350 nm)hus,
although Kraft paper is wetted by the suspension, thewawen substrate traps the cells
preferentially on the coated surfac®ue to the particlgparticle or particlecellulose fiber
interactions, e 1.0 pum microspheres failed to penetrate tiéch larger paper pores
(negating the need to evaluate any coatoantaining microspheres larger than 1.0 pum and
the 1 x 8 pumRhodopseudomonas palusjris

The zeta potential of th€. reinhardtii cells and latex polymer microspheres were
determined taletermine thenet force between the particlesthe coatingsuspension. The
zeta potential of the RhoplB%SFO12 latex emulsion was not evaluated because the latex is
only 5% (v/v) of the coating formulation and binds btihhe cells andargermicropheres
at ambient temperaturéominatingcell- or microspherespecific electrostatic interactions.
The microsphere surface has sulfate groups, yielding a negative zeta potential at neutral pH
[8], while the cellsurface hasydroxyprolinerich glycoproténs conjugated to arabinose,
mannose, galactose, and glucose .[28]hese sugars all have f¢pendent protonation
stateq28, 29] yielding a zeta potential that varies with suspension pH. However, at neutral
pH, alga cells have a slightly negative zgtatential of-7.2 £ 0.16 mV. Cellulosic fibers
also acquire a negative surface charge when suspended in watettjg0iell, microsphere,
and cellulose fiber surfaces albmth negatively charged at neutral pH so electrostatic

repulsion (and a negativeet force)would be predicted ta@lominate However, coating
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propagation and solute adhesion to theger surface appear to bedue to convective
sedimentation assembly and not to electrostatic attractive forces between neighboring solute
particles and theellulose fibersurface. The awvectivesedimentation cating assembly
process remains unchanged, despite the use of multipt&lmoforming and film-forming
particles in the coating suspensiolso, the negativesurface charges of both the latex
polymer microspheres and algal cells suggests the loetlave asurfacecharged colloidal
particles allowing for depositiorof stable live cell + latex polymer microsphere coatjrags

we have shown previously for nonporous substrates [8].

4.3.2 Role oMicrosphere Particle Size on Coating Structure and HydrdgasGeneration

For waterbone latex biocatalytic coatings, generation of staialeoporosity is essential
for preserving microbial reactivity following coating rehydration. [Biocomposite oaing
formulations can be engineered to deposit coatings with stable nanopores by varying the
physical properties of the polymgrarticles (1). Although various polymer particle
characteristics can be altered and evaluated for their effects on coatisgyponacrosphere
diameter is known to have an effext coating structure. The relative sizes of particles in
microsphere + microsphere and cell + microsphere blends affect the deposition pattern of
convectivelyassembled coatings, leading to convectivging or demixing of solute during
fabrication [8] Microsphere sizean also be variedCoatings were imaged at the end of
hydrogen gas generation studies using scanning electron microscopy to determine

microstructure and nanoporoshy varyingmicrophere diameter (Figure 4.3).
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Coating microstructure varies with both polymer particle diameter and coating
formulation. Thel.0 pum polystyrene microspheres collect around the edgetheof
(artificially flattened appearingellipselike C. reinhardtii cells (Figure4.3E) while larger
(>1.0 um) microspheres form particle clusters that sediment onto the cells (Figures 4.3C and
4.3F). Cell morphology and packing does not vary with the addition of RH&"p&ROlZ
emulsion binder. Cells deposited with amdthout SFO12 (Figures 4.3B and 4.3D,
respectively) appear randomly oriented in the coating layer, difficult to differentiate, and
flattened with amorphous edges. The flattened cell images are due to the low pressures used
in SEM sample preparation and aging The RhopleX! SFO12 nanoparticle emulsion
binder coats both the cells and the microspheres, acting as an adhesive shell on all particles
that creates coating adhesion (and mechanical stability) by binding adjacent particles together
during film formation and drying (Figures 4.3B, 4.3C, 4.3E, and 4.3F). Also, all coatings
exhibit some nanoporosity thoufgrmation of microcracks (Figures 4.3C and 4.3E) even
macroscale gaps in the coating layer (Figures 4.3B, 4.3D, and 4.3F), despite disparate
microstructures.

Unlike coating microstructure, neithenonphotosynthetic microparticle size nor
suspension composition affects coating reactivity, measumethis model systemas
hydrogen gas production.As a first approximation to measuringeticoated paper optical
properties, paper brightness was measured using standard methods employed by the paper
coating industry.All coatings are less bright than the bare Kraft paper, confiremngnced

light absorption. TheC. reinhardtii + RhopleX" SFO12 and allC. reinhardtii + latex
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polymer microsphere coatings exhibit similar reactivity (Figure évBn though they are
coatedwith only a monolayer of photeactive cells likely because these coatings are
similarly bright when illuminated (Table 2). This similarity suggests the coatings absorb
equivalent amounts of light when illuminated, despgbt scattering byheir dissimilamon
absorbingparticle sizes andhe location of these particles in the coatmgrostructures.

The convectivelyassembled microsphecell coating produces more hydroggasthan the

low Tg latex bindermpolymer coatingsbut less hydrogen than thicker elltlen alginate

films. The enhanced reactivifyrelative to thdatex binderpolymer coatingstesults from

both a higher cell number (th€. reinhardtii suspension is not diluted with Rhopl&x
SFO12 and latex polymer microspherggelding a larger cell fraction than the other
formulations) and greater light absorptioResearchers at The National Renewable gner
Laboratory(NREL) have fabricateanuch thicker (330 pm on averagefotoreactive C&-
alginate films (containinghlamydomonas reinhardtmicroalgae) that generated up to 0.35
mols H/m?for over 150 hours [31butthesefilms lack adhesion and theainness(to avoid
cell-cell shading)and the organization of convectivelgssemblediocoatings As such,
alginate films areactually | e s s reactive than bi ocoatings
increased thicknesand disorganization inhibits uniform nunt diffusion and illumination

of all the entrapped cells. The disparity in theoretical and experimental results indicates that
the efect of coating microstructuren hydrogen gas reactivity of convectiv@lgsembled

biocoatings needs further investigatiof both their optical and bioreactivity properties
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Algae utilize light energy less efficiency ascident light intensity increasesuggesting
the low hydrogen productiom the monolayerconvectivelyassemblectell coatingsmay
result from photoiniition. Decreased hydroggroduction activity under high light has
been reported for botl. reinhardtii suspensions [32hnd nonadhesive alginate coatings
[33]. Laurinavhichene and coworkers reported photoinhibition eé8Gtimol photons/fis
PAR for 2 mL C. reinhardtii suspension cultures [32]Thisfinding suggests that, because
the live cell and live cell + latex polymer coatings evaluated in this sitelylo more than
0.011 mL in volumethe immobilizel cells are likely photosaturated at thealerated light
intensity, resulting in the observed reduced hydrogen production capability.

The amount of acetate in the media during theeyatution phasemay also affect
hydrogen evolution (31) Kosourov and Seibert demonstrated thadrogelstrips d algae
containing only 400 pg Chhs a measure of cell concentratmmsumed albf the acetate
after two days of nutrient deprivation, preventing maximum hydrogen productian [[3%}
acetate levels decrease cellular respiratesding to intercelldr oxygen accumulation and
associated deactivation of the hydrogenase enzymes responsible for hydrogen evolution [31]
All C. reinhardtiicoatings in the current study contain at least 40x more chlorophyll than the
hydrogel algal strips evaluated by Kosmw and Seibert (Table 4.3), suggesting the poor
reactivity of the former coatings is likely due to rapid acetate depletion at the beginning of
the gasevolution phase. Although optimization of coating reactivity was not attempted in
this study, a studyfcC. reinhardtiiimmobilized in alginate films show that adding acetate to

the media after nutrient deprivation improves hydrogen production [31]
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4.3.3 Multispecies Coatings with Complementary Light Absorption Produce Hydrogen Gas

Once photosaturatd or under high (up to santeanee | i gh
chlorophylls dissipate up to 80% or more of the incident light as fluorescence and heat,
leading to low light utilization efficiency [33]. This problem can be addressed by
immobilizing algae in thin layers [33], which is the focus of the current study. This low
efficiency can also be addressed bydepositing cells thaabsorb light in complementary
regions of the electromagnetic spectruike algae and photosynthetic bacterareen algae
absorb light at low light intensity [33, 34] in the visible light region (Z00 nm), while
photosynthetic purple bacteria absorb light maximally at approximately 875 nm using a light
harvesting antenna system that typically consist of twdl golypeptides witha total weight
of 10 kDa. [35]. This suggests thatybrid algae + photosynthetic bacterial coatings will
absorb a wider fraction of thacidentspectrum, leading to enhanced coating photoabsorber
reactivity per illuminated surface @a To test this hypothesis, separ@tereinhardtii+ 5.0
pm latex polymer microsphere arRps. palustrist 5.0 um latex polymer microsphere
coating strips were affixed sidg-side in the same tube in the gpbase and tested for
hydrogen evolutionsing 10 mL of a 50% (v/v) TAP-S + PM(NF) media mixture.

The hybrid coating produces more hydrogen th@n einhardtii+ latex polymer coating
with comparale hydrogengas evolutiorto aRps. palustris- latex polymer coatirgy despite
a longer lag pase than theRps. palustriscoating (Figure 4.5). This suggests that
multispecies coatings are a promising method for improving hydrogen evoarnibrihe

spectrum of light energy absorbbg coatings ofphotoreactive cells.  Using this method,
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reactivty can be further improved by optimizing both media composition, coating
microstructure tuned to incident light intensity. Both acetate concentration and light intensity
strongly affect photobiological hydrogen product{8d, 33]. This is the first know report

of a reactive multispecigshotobiological celkoating on a porous substrdkeat enables the

coating to remain hydrated when placed in thegese

4.3.4 Continuous Convectifgedimentation Assembly as a Photo Absorber Intensifier
Convectiely-assembled gashase coatings have a higher surfeEeolume ratio (the
ratio between the illuminated surface area and coating or suspewsiome) than
comparable but much thicker alginate films (Figdr®), resulting in higher volumetric
productivty [36]. Theincreased thickness of the alginate hydrogel systiearetically
reduces productivity by hindering efficient mass transfer and adequate light distribution to
thecells inthe lower layers of the suppartatrix. Althoughmuch thickeralginae films are
currently more reactive than these prototype cell monolayer paper cofBjgshe gas
evolution reactivity of CCSA generatetbnolayercoatingsand multilayer coating generated
using this techniqueanlikely be significantlyimproved throgh additional optimization of
antenna pigment content foght absorption in the cells deposited ieach layerthe layer
light intensity, light scattering,acetate concentration and use of multiple thin laydrs
different photosynthetic microorganisl, 33] Also, alginate films, unlike our ggshase
coatings,are not adhesive, they lack structural stability eadnot be placedertically in a
gas phase They also losenechanical stability during dehydration, leadingstwinkage,

cracking and skining (see algate film, Figure 4.6). CCSA deposition with rapid dryiofy
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a very thin meniscuis capable of maximizing volumetric reactivity by concentrating cells on
a surface in ordered arrays of multiple cell types simds. Surprisingly, this rap thin
liquid film drying alsoovercomes desiccation resistamaeich frustrated previous attempts
to coating algae and retain activity following drying and rehydratidihis method also
minimizes the cost of aonwovenporous, flexible support to dekv hydration to the cells
by using renewable cellulose fibeshich can be engineered or greated to tune surface

properties for enhanced wet strength, gas absorption and cell adhesion [37, 38].

4.4 Conclusions

This study is the first report of convealy-assembled monolayers of live photosynthetic
cells + latex polymer particless photoreactiveoatings on a porous substrate that retains the
hydrogen production reactivity of algae following rapid coat drying and rehydration. These
coatings are meelmically stable when rehydrated and have a higher stidao@ume ratio
than comparable alginate films, resulting in improved mass transfer and light distribution to
all immobilized cells. Paper coatings will also offer higher volumetric productivige on
their non-growth hydrogen production is improved through optimizatiorelf density light
intensity, light scattering, cell layer thicknessid acetate concentratidor maximumagas
evolution.

This study demonstrates howiltra-thin monolayercoatirgs can be fabricated using
CCSA from suspensions containing both +fiim forming (live cells and polystene

polymer micregpheres) and filalorming (low Tg latex emulsionspdhesive binder®f
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variable sizes and particle charges. Variations in microepls&ze and suspension
composition do not affect coating reactivity, but both parameters alter coating microstructure.
The SEM images reveal that tHatex emulsioncoats both the cells and the higher Tg
microspheres, acting as an adhesive shell on dilclggrgeneratingcoating adhesion (and
mechanical stabilitydluring rapid dryingbut does not alter cell morphology or packing. The

1.0 um microspheres collect around the edges of the larger algae cells, while larger (>1.0
pm) microspheres form particldusterson the top ofthe cells. However, all live cell and

live cell + latex polymer blends adhered to the substrate cellulose fibers without plugging its
pores, allowing for continuous nutrient transport from the pore space to the coated cells in the
gasphase for prolonged hydrogen evolution. These findings indicate that continuous
convectivesedimentation assembly of live cell + latex polymer blendsayawoven porous
substrates is a promisingiethod for generatingltrathin biocomposite solar absbers and
photoreactive biocatalysts for environmental or energy applications where a highly
bioreactive and stable photosynthetic surface is required, such as for large surface area
greenhouse gas absorption using solar eneegyclingof gasphase cdbon emissionsnto

liquid fuelsusing microbesr the engineering of efficient photobiological fuel cells.
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Figure 4.1 Fabrication of live photosynthetic cell + latex polymer microsphere coatings.
1) Cells are growmat 2025°Cunder ambient temperature with continuous illumination and
harvested by centrifugation. (2) Cell pellet is resuspended in media by vortex mixing. (3)
Latex microspheres, Rhople% SFO12, and carbohydrate osmoprotectants genetly

mixed with cell pa®e until homogeneous. (4) Coating suspension is deposited onto Kraft
paper using continuous convectisedimentation assembly (CCSA) and dried under
controlled relative humidity. (5) Dry coated paper strip inserted into tube headspace and

immediately refgdrated by a minimal liquid phase at the bottom of the tube.
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Figure 4.2: Underside oKraft paper coatedn the top sidevith C. reinhardtii 1.0 umpolymer mcrospheres,

RhopleXx™ SFO12, and sucrosé/isible particles lack the size ahshape of the polymer particles or algae

171



Figure 4.3: Microstructure of A) uncoated paperB] C. reinhardtii+ Rhoplex"' SFO12 coating;
(C) C. reinhardtii+ 5.0 um latex polymer microsphere coatin®) (C. reinhardtii coating; g) C.
reinhardtii + 1.0 um latex polymer microsphere coating) (C. reinhardtii+ 8.7 um latex polymer

microsphere coating
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Figure 4.4: Hydrogen gas evolution in live cell and live cell + latex polymer paper coatings.

The solid squares are cells coated byticmous convectivsedimentation assembly without

polymer additives.
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Figure 4.5: Hydrogengasevolutionby individual and multspeciepaper coatings Graphic
shows how algae (green) and bacteria (pink) coating strips were assembled adjacent to each
other above the liquid phase to form a multicellular coatiydyated by the fluidilled paper

pores.
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Figure 4.6: Physical comparison of algal paper coatings algehate films Dry paper
and alginate film coatings are shown as insets. Alginiateis composed of 50% (w/w)

cells and 4% (w/w) alginate; film properties from ref. 31. Scale bars are 5 mm.
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Paper Coating Alginate Film

V=23 uL per 6 cm2 V =200 uL per 6 cm2

Chl a = 1.4 x10% pg/mL Chla + b=2.0x10° pg/mL

400 pm
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Table 4.1: Live cell + latexpolymermicrospherecoatingsuspensiorfiormulations

C. reinhardtii Rps. palustris
Wet cell paste 0.3¢g 0.3¢
Latex polymemicrospheres 200.0 pL 200.0 pL
(2.0, 5.0, or 8.7 um)
100%glycerol (sterile) 0.0 uL 37.5 uL
0.58 g/mLsucrose(sterile) 87.5 uL 87.5 uL
RhopleX™ SFO12 50.0 pL 50.0 pL

Table 4.2:Characteristics of. reinhardtiiandC. reinhardii + latex polymeicoatings

Coating Formulation Brightness Thickness Volume Chl a
(%) (mm) (cm®) (mg)
Bare paper 19.7+04 0.14+ 0.3 - -

C. reinhardtii 55+0.3 0.03+ 0.04 0.013+0.001 16.0+0.20
C. reinhardtii+ SFO12 9.2+0.7 0.2+ 001 0.013+0.002 216+0.25
C. reinhardtii+ 1.0 ym+ SFO12 122+ 2.7 0.05+ 0.2 0.021 +0.001 178+0.24
C. reinhardtii+ 5.0 um+ SF012 9.8+0.6 0.06 £0.04 0.022 £ 0.005 395+ 0.34
C. reinhardtii+ 8.7 um+ SFO12 15.3+1.6 0.3+ 0.8 0.018 +0.08 23.9+0.42
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CHAPTER 5

Coating Deposition and Characterization Techniques

This chapter summarizes all original coating deposition and characterization methods
developed in this dissertation. The following pages are writtea lagsic primer for any

researchers who continue the projects investigated within this dissertation.
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5.1 Introduction

The development of methods to fabricate thin ordered arrays or coatings of adhesive,
latex polymer particles and live cells, such as drdat cyanobacteria, yeast, and algae, will
enable the creation of a new generation of highly reactive biomaterials that use microbes as
biosensors, photoabsorbers, or biocatalysts. This dissertation advances the biomaterials field
by developing multipleuniversal protocols for fabricating and characterizingnolayer
particle plus microbiatoatings from a wide variety of formulations and substrates. These
formulations includenonodispersed suspensions of Igtexticles(or microspheres) or cells,
bimodal blends of latex particles or live cells and microspheres, and trimodal formulations of
latex microspheres, latex emulsion, and live cefaibstrates includeonporousaluminum
foil, glass, polyester, polypropylerand porouKraft paper. This chaptdists all coating
deposition and characterization methods developed in this dissertation, gives a brief
description of each technique, and highlights the important aspects of each method.
Comprehensive protocols fodaitional techniques arelescribed inother chapters of this
dissertation.

This chapter excludes detailed descriptions of common analytical techniques and
inherited methods reported by previous group members. However, any modifications to
these methods and techniques that are paramourd &fibacy of the methods are described

in this chapter. Methods that were not modified and thus omitted from this chapter include:
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1 Coating fabrication from single component suspensions using simple (non
continuous) convective assemiply 2]

1 Headspaceamposition calculations using gas chromatographs [3]

1 Paper brightness quantification using Technical Association of the Pulp and Paper

Industry (TAPPI) Standardg]

5.2 Coating Deposition Methods
5.2.1 Batch ConvectivBedimentation Assembly of BimoHatex Particle Suspensions

Bimodal blends of two differergized latex polymer microspheres can be rapidly
deposited into ordered arrays on glass, polyester, aluminum foil, and polypropylene
substrates using convectregaporative assembly at high volufngction. Composite blends
of live cells and latex polymer particles can also be deposited on a wide variety of substrates,
as reported elsewhefg, 5. Up to 30 pL ofparticle suspension containingarticleat 0.9
35% wlv is first trapped between a lzontal substrate plate and an inclined coating knife
plate and then the inclined top plate is moved at a constant rate along the long axis of the
bottom plate by a linear motor. This delivers and spreads the suspension from the meniscus
into a thin filmacross the horizontal substrate, leading to the formation of a coating on the
substrate by evaporathemnvective assemblfl]. The speed of the coating knife can be
adjustedfrom 0 to 211 pm/sresulting in precise control of particle packing and coating
thickness[1, 2]. Because sedimentation effects become important when large (>1.0 pum)

particles are deposited by evaporatbamvective assembly2, 6-8], the mechanism is
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denoted asonvectivesedimentation assemb({fSA) to account for sedimentation rthg
coating depositiofil].

Jenkins and coworkers give a protocol for depositing coatings from bimodal latex particle
suspensions and for preparing microsphere suspensions, coating substrates, and deposition
plates for coating fabricatiofb]. The readers referred to this protocol for detailed
descriptions of the deposition and preparation steps, but the important components of each
procedure are discussed herall coating was carried out in a temperature and humidity
controlled chamber. All bimodal latex polymer suspensions are prepared as 1:1 particle
blends by combining identical aliquots (same suspension volume and percent solids) of two
washed, single component solutions. Also, each bimodal solution is sonicated in an
ultrasonic cleaner to redeigarticle aggregation before deposition. All glass is cleaned with
NoChromix and deionized water as described previduglyall other substrates are cleaned
with a 70% (v/v) ethyl alcohol rinse. All substrates and deposition plates are stored in
sepaate Petri dishes to protect the hydrophilized surface groups from air currents and
humidity fluctuations until coating. Successful coating fabrication requires that the edge of
the deposition plate lies flat against the bottom slide to ensure menistaiém along the
entire length of the knife and the use of low withdrawal rates. Rates approaching 25 um/s or
more yield incomplete or submonolayer coatifgzatings with large voiddpr suspension

volume fractions of 10% or less deposited using batcivectiveevaporative assembfg].
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5.2.2 Continuous Convectigedimentation Assembly of Single Latex Particle Suspensions
on Nonporous Substrates

Continuous convectiveedimentation assembly (CCSA) is a deposition method that
constantly suppl® the coating suspension to the meniscus by inline inje(figure 5.1)
allowing for steadystate deposition of ordered colloids formed by water evaporation
[Chapter 3]. The constant suspension inflow increases the total suspended particles available
for transport to the drying front, yieldingry thin (1 to several particles thickdatings with
significantly larger surface areas than previously described and thus expanding the utility of
convective assembly on a large scale [Chapter 3].

Coatings ca be fabricated using three separate deposition strategies, namely topside
CCSA, underside CCSA, ariihybrido CSA-CCSA. In topside CCSA, suspension flows
through the delivery system from the syringe to the front of the meniscus along the coating
k ni fopste (Figures.2A); in underside CCSA, suspension flows from a fluid reservoir
through the delivery system to the back of
5.2B). In the combined CSACSA method, the meniscus is initially created by mbyua
injecting an aliquot of coating suspension between the substrate and coating knife
(conventional CSA) and continuously replenished with suspension at a constant flow rate
(CCSA). This hjprid method is used to investigate volwahkependent process parai@rs
like deposition strategy and suspension delivery rate. Because all coatings are fabricated
from the same initial meniscus volume, any changes in meniscus volume and coating

structure can be attributed to deviations in the process parameter.
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Jenkns and coworkers give a protocol for depositing coatings on nonporous substrates
from single latex polymer particle suspensions using continoomgective sedimentation
assembly (CCSA)[Chapter 3] The reader is referred to this protocol for detailed
descriptions of the deposition and preparation steps, but the important components of the
CCSA process ardiscussed here and annotated in Figure Bllprocedures for preparing
microsphere suspensions, coating substrates, and deposition plates for fadaiation are
described by Jenkins and coworkgs$. All coatings are deposited using the convective
assembly method described previougly with an added continuous delivery system that
feeds the coating suspension to the meniscus.
The positionof the tubing outlet varies with the deposition modie topside CCSA, the
tubing outletispl aced no more than 1 mm ahead of t !
meniscus formation along the entire length of the knife.underside CCSA, the tubing
outletis positioned no morthan 2 mm from the edg# the coating knife to ensure the knife
contacs the substrate. The meniscuss filled to the tubing outlet to maximize effluent
particle delivery and minimize awhmngeutdeat i on O
Because CCSAuses larger volumes of coating suspension ttien conventional
convective assembly techniquédsylor dispersion and particle settlimgay occurin the
suspension delivery system, leading to uneven particle delivery to #@mscus and
associated irregularities in coatiagpearance [Chapter.3As such, the coatingpparatuss
modified to minimize particle sedimentation by 1) orienting Xl@@RM-JECT syringe pump

vertically inside of the humiditycontrolled chamberensurig all particle sedimentatiors
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collinear with the flow to the outlet and 2) continuously vilgt the tubing with
piezcelectricelements

Coating small areas using continuous conveete@imentation assembly is susceptible
to significant edge effectthat inhibit coating fabrication, including suspension loss and
artifact deposition. To minimize fluid loss (and reduced suspension delivery to the
meniscus), e tubingmu s t be bonde dhodedarbt witedhesideaspalaetr 0 s
Coating artifacts i thick, amorphous particle aggregates along the coating edges
perpendicular to the direction of depositibriorm where themeniscusdrieson top of the
assembled coatingCoated areas containing artifacts are eliminated from subsequent analysis
because e particle aggregategisrupt the underlying convectivehassembled coating.
Artifact deposition can be reduced by passing the coating knife or deposition blade over the
substrate edge, thereby draining the meniscus, or removing any residual fluidnwith a
absorbent wipe. Another source of coating artifactdissuptd solvent evaporation and
associated particle trarmp during the assembly process causeaibygirculation above the
coating apparatus. To prevent this circulatitime syringe pump, tuibg, and coating

apparatusireplaced inside a topless encasement made from rigid polypropylene sheets

5.2.3 Continuous Convecthfedimentation Assembly of Live Cell + Latex Polymer Particle
Blends on Porous Substrates
Live cell + latex polymer micrgehere blends can be readily deposited on porous

substrates using continuous convecBeelimentation assembly. Inexpensive flexible
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substrates like porous paper offerapproacht o decr ease a reactive co

volume ratio,reducing therequired surface area without loss of productif8y CCS A QG s
constant suspension inflow increases the total suspended cells delivered to the meniscus,
yielding large surface areand very longoatings with high cell densities.

Jenkins and coworkersv@ a protocol for depositing live cell + latex particle blends on
porous Kraft paper using underside CCi&hapter 4] The reader is referred to this protocol
for detailed descriptions of the deposition and preparation steps, buimphertant
componentof each step are discussed hewdl procedures for growing the requisite cell
cultures and for preparing all live cell + latex microsphere suspensions, coating substrates,
and deposition plates for coating fabrication are described by Jenkins and asworke
[Chapter 4] To promote coating adhesion and cell survival during coating deposition and
drying, all coating formulations must contain RhoptéxSFO12 (Rohm & Haas,
Philadelphia, PAland one or more osmoprotectanBhopleX™ SFO12 is a filrforming,
acrylic copolymer emulsion that improves coating stability by strengthening microsphere and
cell adhesion to the substrat€. reinhardtii CC-124 formulations contain only sucrose, but
Rps. palustrisCGAO009 suspensions contain sucrose and glycerol. BRotmpounds are
osmoprotectants that concurrently arrest polymer particle coalescence and improve
desiccation resistance, creating coating porosity during film formation without Killing
entrapped microorganismis0].

The CCSA deposition process must bedified for porous substrates. h& coating

suspensi on per meates t he substrate beyond
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depletion of the entrained fluid. To offset this fluid loss (and maintain a meniscuipvthe
to thecoating knifeis increasd (>10.0 pL/min) until the meniscus contacts the tubing outlet
and then reduced to 0.5 pL/min. This cycle is repeated, as necessarmgpafmd deposition

is completed.

5.3 Coating Characterization Strategies

Reliable microstructure and macrosttuce characterization methods are critical for
fabricating and engineering thin ordered coatings of adhesive, latex polymer particles and
live cells because these techniques clarify how the various process parameters, including the
coating substrate, forration, and assembly process control the microstructure of these
coatings. This dissertation developechultiple physical characterizationmethods for
evaluating the effects of process parameters, substrate propentds,formulation
characteristicon the coating microstructurel éble5.1). Comprehensive protocols for each
characterization method and detailed product information for all analytical instruments can

be found inother chapters of this dissertation and in the literature (Table 5.1)

5.3.1 CHorophyll aExtraction

Chlorophyll a is a photosynthetic pigment essential for photosynthesis in eukaryotes
(algae) and cyanobacteria that is ubgdcell biologists and microbiologiste approximate
the cell density within a cell only or a live cell &atéx polymer microsphere coating.
Chlorophyll a is extractedfrom immobilized cells using an ethanol extraction technique. A

6-mm disc is removed from a coating using a siglee paper punch and submersed in 1.5
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mL of neat EtOH. The disEtOH suspensn is boiled for 1 min at 885°C and centrifuged
at 15000 RPM for 10 min. The resulting supernatant is green in color and sampled for
absorbance at 665 nm using a Wé spectrophotometer. The amount of chloroplayll

(ng/mL) released by the disc is callated as:

(Chl a)dic = 29'62(Ab3565)(VEt0H)
(VdiSC)(Lcuvettdength)

(1)

whereAbsses is the supernatant absorbance at 665 Wy is the volume of ethanol extract
(mL), Vuisc Is the disc volume (L), anbcuvette lengtiS the length of the cuvette parallel to the

light path. Thetotal amount of chlorophyh in a coating is calculateds:

(Chl a)coating = (Chl a)discs (Vcoaﬁng) (2)

where Veoaing IS the volume of that coating (mL). Multiple strips from the same coating are
analyzed for chlorophylh content and averaged to obtain a chiméstic chlorophylla
concentration for each coating (live cells, live cell + Rhopfe8F012, and live cell + latex
polymer particle microspheres). Chlorophyl concentrations are also recorded and

averaged for uncoated paper.

5.3.2 Fluid and Solute Balances
Fluid and solutenaterial balances over the delivery systesip identify any particle and
solvent lossethatmay disrupt the evaporative and convective fluxes that are responsible for

coating propagatian The solute balanceinvolves calculating particle numbers for the
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meniscus, the coating knife and substrate, and each componentohtimeious convective
sedimentation assembtielivery systenbefore andafter coating fabrication Fluid fractions

are collectedrom the coating meniscdfr om t he del i very sandt emods
tubing; all fractions are analyzed for solute concentration using a flow cytometer coupled to

an analyticalsoftware package. Each fraction is blended with a calibration standard
containing particles of know size and concentration, enabling calculation of solute

concentrationgolute cong:

o

A solute ¢
&———0
gcallbrator =

reventno

calibrator conc? = soluteconc 3)

where solute event noand calibrator event noare the number of solute and calibration
particles detected by the flow cytometer duringalgsis andcalibrator conc is the
concentration of calibration particles, as specified by the manufacturer. Not all calibration
suspensions are compatible with the polystyrene latex polymer particles used for coating
fabrication. As such, any potentigdlibrators should be evaluated for efficacy using a test
sample prior to bulk pghase. Becausparticle enumeration using flow cytometry is a
commonly used and widely documented analytical technique, the reader is referred
elsewheregspecially to the IBw Cytometry and Cell Sorting Laboratony the College of
Veterinary Medicineat North Carolina State Universityor the appropriate protocols.
Particle numbersfor theknife and substrate are approximatgddividing the coated area of

eachsurfaceby the area of an individual microspher&his method is applicable to both
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cells and latex polymer particles, but its efficacy for cell counting was not evaluated in this
dissertation.

The solvent balances evaluated by passing known volumeof solventfrom a syringe
into an aluminum weigh dish througl2&G x 6 in standard hub, deflected point needlkis
mi mics the CCSA delivery system, but repl ac
needle. This substitution helps close the fluid balancenibymizing observediuid loss to
the delivery syst edaringsohsent pumpirg.r The pumping volsingesst e m
selected so that the syringe contains solvent after the pumping period, ensuring the needle is
full of water and its fluid volume ianalogous to its geometric volume. If CCSA deposition
conditions are desiredhée solventis continuously sonicated during the pumping peitiyd
vibrating two buzzer piezo elements against the neeliecause the pumping period lasts
for multiple hours amoderate relative humidityhe solvent material balaneg corrected for
fluid evaporation, as outlined in Table 5.2.

The calculations are simplified by several assumptions. First, whenevdissodved
soluteconcentration is ks than 10% solids, é¢tsuspension is considered sufficiently dilute
to use the predefined parameters for pure watEwvent vapor pressure calculatians)Air
velocity isassumed negligible in the solvent evaporation rate calculation because 1) the fluid
is pumped into a séed environmen®) the relative difference in th&lvent and ambient
temperaturess too smé to generate convectiveotion. Finally, the available surface area
for evaporationn the final calculations defined as5% of the total dish area because th

collected solvent only covers a small portion of the weigh dish. If S is assumed Qéohef
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the total dish area or largethe volume of evaporated solvent actually exceeds the total

volume of water supplied to the delivery system during the pum@ngd

5.3.3Hydrogen Evolution

Live cell and live cell + latex polymer microsphere coatings are tested for hydrogen
evolution to assess cell survival during convectedimentation assemblifpllowed by
drying and rehydratioand how changes in the ¢imgy formulation affect cell reactivity. All
coatings are cut into three or more strips to allow for replicate sampling. Each strip is placed
in the headspace of a sterile, vertical Balch tube containing 10 mL of eitheP-BAfRRedia
(TAP+S without phosporous and sulfur) fo€. reinhardtii coatings or PM(NF) media for
Rps. palustrizoatings. A 10 mL, 50% (v/v) mixture of TARS and PM(NF) media is used
for strips containing botlRps. palustrisand C. reinhardtii cells. The vertical coating
orientatio limits nutrient transport to the immobilized microorganisms, slowing their growth
rate and preventing outgrowfhl]. All tubes are sealed with sterile butyl rubber stoppers
coupled with aluminum crimp caps (Fisher Scientific) and subsequently flwatiedJHP
argon gas for 30 min to create an anaerobic headspace (and nongrowth conditions) inside
each tube.All coatings are continuously illuminated at-28°C under fluorescent daylight
bulbs with approximately 110 pmol photoné/s\PAR.

The headspac of each Balch tube is analyzed for £®,, N, and Q using 1 mlL,
pressurizedsamples andraAgilent 7890A gaschromadographequipped with a Supel® 6  x

1/ 81D ®0/80 molecular sieve 5A porous mesh polymepacked stainlessteel column
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anda thermalconductivty deector. Argon is used as the carrier gas at an inlet flow rate of
39mL/ mi n; t h e cirjectar,;owen, and deteqion ténspaturesettingsare 160,
160,and 25C¢°C, regectively. Each headspace sample is analyzed for 15HRIMN,, Oy,

and CQ peaks appear around 0.41, 0.51, 0.59, and 13.3 min, respectively. However, the
CO, peak will not appear in anfRps. palustrisor C. reinhardtii chromatograph All
hydrogen data is normalized by coating area or by chlorophgtincentratia. Three or

more strips of the same coating are evaluated for gas evolution. Hydrogen data is averaged
to obtain a characteristic hydrogen output for each suspension.

Hydrogen evolution byC. reinhardtii coatings is susceptible to errors in media
formulation and sampling. Only TAP-S media is suitable for gas evolution studi&sS!
reinhardtii cells cannot efficiently resynthesize D1 protein without sulfur, leading to
hydrogen production after oxygen consumption (via respiration) surpasses oxygeioevol
(via photosynthesis). Although phosphates do not inhibit hydrogen evol{ti®h
phosphorous compounds are omitbeded on data from other investigatofShe hydrogen
evolution method was inherited from comparable studies at DOE NREL in aljimste¢hat
are mechanically disrupted by phosphate.)

The headspacsurrounding theC. reinhardtii coatingsneednot be sampleavithin 24
hours after the beginning of sulfur/phosphorous deprivation. eAdgds cannot produce
hydrogen until the cellularespiration rate surpasses the photosynthetic rakgs transition

occursapproximately 24 hours afténe initial sulfur/phosphorous deprivatidd3, 14] As
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such, theC. reinhardtii chromatographsypically lack quantifiablehydrogen peaks until at

least 24 hours after theginning of nutrientleprivation.

5.3.4 Meniscus Volume and Shape

The use of fiber optic methods with a hameld wireless device to measuremscus
volume and shape is a novehexpensivemethod for imaging meniscus shapad
calculating meniscus volume. Coating uniformity and thickness depend on both the shape
and volume of the meniscus at the drying frfith, 16] The technique uses a wireless
digital camera to obtain side views of the meniscus during coating asséfidye 5.3)
The shape of the meniscus in each image is qualified using visual inspection; the entrained
liquid volume in each image is calculated by defining the meniscus shape as a triangle with a
curved hypotenuse (Figuted). The volume is caldated as the product of the net acéa

the entrained liquiénd the width of the deposition blade:

_eBH R*agp éq oo
\Y/ e— —%— ae— xW 4
meniscus e 2 Q 8 @u ( )

whereW is the knife widthB andH are the base and height of the triangle, respectidasy,
the central angle of the circle segment, &n1d the radius of the circle in which the segment
is a part.Each image is analyzed imageJ an image processing program available for
download atttp://rsbweb.nih.gov/ijto enumerate the values®fandH for that image.
Because Imagedtilizes userspecified measurements to assign values to the meniscus

height and base length, this method requires the use of a correction éaatmotintfor
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aberrations in the manual analysi8ll calculated volmes are corrected using a calibration
curve of actual versus calculated meniscus voluBach meniscus is created mmanually
injecting an aliquot of coating suspensioh known volumebetween the substrate and
coating knife. At least three separate meniare formedthe images digitalizedand
evaluated for eacpredeterminedrolume. Calculated volumes are acquired using Equation
(5.9 and averaged to obtain a mean calculated volume for le@@ivn volume. The
calibration curve is constructed fromgtdataand should have a correlation valué (Rlue)
close to one.

Parameter effects on coating uniformity can be evaluated using the meniscus volume and
shape method. The method is particularly useful for determining how variations in the
deposition mod and knife withdrawal speed (or deposition rate) affect meniscus volume.
The meniscus is always photographed at several distances from the initial pinning (or
contact) line using the wireless camera; the initial pinning line is not used as the fiisigimag
location, defined as the 0 mm mark, to ensure the meniscus is fully developed prior to
imaging. All meniscus volumes are calculated using Equabet), (corrected using the

calibration curve, and normalized by the calculated volume at the firstrighbgiation.

5.3.5 Optical Microscopy

Optical microscopy is a facile technique for evaluating how changes in the coating
assembly process, formulation, or substrate alter coating voids, microstructure, and surface
coverage. Coating uniformity is claaterized by quantifying the fraction of bare substrate in

multiple micrographs. Light micrographs are obtained from an automated microscope
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equipped with a digital camera and multiple objectives and analyzed using image processing
software. The void sga in each micrograph is calculated as the percentage of uncoated area
(or pixels if Adob& Photoshof is used) to the total area of that micrograph. Substrates are
illuminated using either bright field or oblique lighting. Opaque substrates can beafiyter
illuminated witha mercury lamp ofaser if oblique lighting is insufficient to visualize the
coated surface.

Micrographs are collectexh accordance with either the grid or double lattice sampling
strategy(Figure 5.5). Each method reports amexrage void space and variance, but the grid
sampling strategy is not suitable for comparing multiple coatinBecause the grids
sensitive to local variations in coating uniformitthe methodyields a relatively large
variance thatequiresstatistichanalysisof the data

As such, theyrid method is usetb assess the homogeneity and surface coverage within a
single coating. Mrographs are acquired at equally spaced sampling points (blue squares in
Figure5.5B) across the coating width and lengthuserdefined axes. A separate mean void
space is reported for eadh these axes to evaluateicrostructure homogeneiigcross the
entire coating. To simplify data collection, the first column of sampling locations is
positioned 5 mm from the coatdgs edge and al | ot her col umns
multiples of 10 mm from the first column. All rows are spaced 5 mm from each other; the
outer rows are positioned 5 mm from the coat
of the ruler affked to the microscope stage, but also ensures a large surface area of the

coating is sampled.

198



The double lattice sample strategy facilitates comparison of multiple coatings. The
method samples a larger percentage of each coating than the gridl medheing smaller
variances that enable statistical analysis of whatever condition (process parameters, substrate
properties, formulation characteristics, etc.) is varied among the analyzed coatings. The
sampling scheme is derived from the double latselection scheme for a 4x4 square frame
originally described by Jess¢h/] (Figure5.57A). All blue and green squares are imaged in
ten random locations with a 20x objective, yielding 10 micrographs for each square that
describes almost 25% of that sgeia The overall or reported void space is the mean of all 80

micrographs. The overall variance of this mean is calculatgid’as

(yA - yB )2
2r

- OO

©)

—|=

Vﬁy :%_
¢

wherey is the average void space of thenicrographgannotatia denoted in Figure 5.5A)

andr and L are defined as two and four, respectivelffo simplify data collection for

coatings deposited on transparent substrates, the 4x4 grid can be drawn onto a glass
microscope slide with the same dimensions as the comtingp st r at e . The grid
is inversedi all colorless squares are blacked out while all blue and green squares remain
colorless. The slide is positioned on top of the substrate slide such that the edges of the 4x4

grid are 5 mmsedgemsm t he coatingé6
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5.3.6 Profilometry

Profilometry is a versatile method for evaluating the topography of bare surfaces and the
thickness of coated substrates. Another common method for measuring thickness is digital
micrometry, but the instrument lacks thecessary sensitivity to quantify the thickness of
ultra-thin convectivelyassembled coatings, making profilometry a more suitable method for
characterization method. The latter technique characterizes surface roughness and coating
thickness by profiling tb topographyof bare and coated substrate surfaces. In terms of
surface roughness, the profile identifies any variations like peaks or depressions that may
disrupt coating uniformity byroviding localizedpatches on the surface that strengtben
weakenparticle attachmentin terms of coating thickness, the profile both quantifies coating
height and characterizes coating surface coverage. Multipigce topography profilesre
obtained for each substrate using a surface profilonoetgpled to an amgical software
package. Each set of profiles iaveraged to obtain a characteristic surface profile for each
substrate.

Profilometry scans are susceptible to error from substrate curling, stage tilting, and
coating disruption. Because scans longanth mm are prone to stage tilting, lerange
(>1000 um) scans are obtained by compiling shorter scans. To prevent substrate curling,
flexible substratedike aluminum foil, polyester, and Kraft papare affixed with tapeto
clean glass microscope sl@& prevent their surfaces framendingunder the stylus force.

The profile for thee substratess the difference between the measured profiles for the

substrate and bare glassCoatings deposited from ndihim forming polymers like
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polystyrene latex grticles can be scratched and disrupted by the stylus tip as it profiles the
coating surface. Liberated particles often adhere to the stylus tip for the duration of the scan,
yielding an inaccurate surface profile. To prevent coating disruption, scaco#tieg
surface with a low stylus force. Alternatively, mix the coating suspension with a film
forming emulsion like Rhoplé¥' SFO12 prior to coating fabrication to promote particle

adhesion to the substrate surface.

5.3.7 ScanningklectronMicroscopy

Scanning electron microscopy (SEM) is a higkolution imaging technique that uses
emitted electrons to obtain information about surface topography, composition, and other
sample properties. SEM can be used to visualize nontransparent samples. ,ABesuch
method complements optical microscopy, as SEM micrographs allow for coating
visualizationwhenever optical micrographs cannot be obtained or lack sufficient detail, as
demonstrated in Appendix B.

Becausesample imaging using SENs a commonly useand widely documented
analytical technique, the reader is referred to Amalytical Imaging Facilityat North
Carolina State Universit(www.ncsueduaif/), for a basic protocol. Each user defines the
accelerating voltage and sampling scheme. For ctiebcassembled coatings, each
substrateor coating is observed in two or more randomized locations using a 5kV
accelerating voltageEachlocation is imaged multiple times using sequential magnifications
ranging from 100x to 10000x. This sampling scked) characterizes both surface structure

and patrticleparticle interactions between adjacent latex polymer microspheres and cells and
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2) elucidates howehanges in the deposition process, coating formulation, or substrate alter
coating microstructure arglirface coverage.

Nonconductive substrates and coatings on nonmetallic substrates require pretreatment
prior to imaging to ensure high image quality. To increase sample conductivity (and
micrograph quality), all samples are sputter coated with a tyén &f gold in a mild vacuum
(~100 mTorr of Ar gas pressure; 600 V accelerating voltage) after mounting and prior to
imaging. Oblique micrographisused to analyze internal coating structure obtained by
examining a sampledsgoedhpe ant camsaongpleédsr dled i
guality obligue images, coatings are often frozen in liquid nitrogen and then manually cut

with a frozen razor blade to obtain a sample with artifieeet edges.

5.3.8 Water Contact AngléGoniometry)

Wate contact angle quantifies substrate hydrophobicity or wettability by dictating how
the meniscus spreads across the substrate surface during convective assembly
Hydrophobicity controls coating length and uniformitharacterized as coating void space
or surface coverageMultiple gatic water contact angleme measured on each substrate
surface using a goniometeoupled to an analyticaoftware package Advancing contact
angles are@ecorded bydepositingthe probing liquid (deionized water) on a swate surface;
receding contact anglesemeasured by removing probing liquid from the dispensed droplet.

Separate @vancing and receding contact angdesrecorded fortha r opl et 6 s | ef t
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sides. Each set of anglesaigeraged to obtaimeanadvancing and receding contact angles
for each substrate.

Contact angle measurements are susceptible to error from stage tilting. The goniometer
uses a usedefined box to locate the left and right sides of a deposited droplet. This box can
be adjusted #ner before or after the droplet is dispensed. The droplet must be positioned
inside the rectangular area so that the dr oy
correctly. If the stage is not level, gravitational effects may alter the trépe act u a l s f

yielding inaccurate contact angle values or potentially preventing analysis.

5.3.9 Water Uptake

The water uptake characterizes substrate porosity by measuring how much solvent a
substrate can absorb. Thialue is an importantparaneter in convectivesedimentation
assemblyon porous substrates becabiocoating suspensignare waterborne amgermeate
the substrate beyond the meniscusds projecte
and possible termination of coatingofecation unless the meniscus volume is adjusted to
offset the fluid loss.A priori knowledge of water uptakihusfacilitates coating deposition
by enabling proper selection of suitable meniscus volumes (in conventional CSA) or standard
rates (in continaus CSA) for each substrate.

Water uptake is quantified by weighing multigtips of the samsubstrate before and
after water saturation. Eactrip must be soaked in solvent until a liquid sheen appears on

both sides of the substrate, ensuringiptete saturation and an accurate water uptaksee
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Each weight is normalized by the area of the correspondiipgts obtain a water uptake
valuefor thatstrip. All rates are averaged together to obtain a characteristic water uptake

valuefor the sistrate

5.3.10 Zeta Potential

Zeta potential characterizes thlearge on particles and is useful to determinelabex
particlelatex particle, celcell, and latex particleell electrostatic interactions in a
waterbornecoating suspension by quantifg the net surface charges of the suspended cells
and polymer particles. These interactions affect coating uniformity by controlling the net
force (the sum of the attractive capillary forces and the negative repulsive forces) between
neighboring latex pécles and cells. Strong repulsions inhibit uniform surface coverage by
weakening the net force between adjacent particles and cells, preventing the formation of
tightly-packed arrays during coating assemfily Conversely, weak repulsions reduce
coatng void space, creating more uniform coatings, by strengthening the net force between
neighboring particles and cel(ts). Multiple zeta potentials are measured for each suspension
using a Malvern Zetasiz€éwWestborough, MAxquipped with foldedapillary and dip cells
and coupled to an analytical software package. Both the capillary and dip cell are compatible
with aqueous suspensions, but only the dip cell is suitable for strongly conductive (>5
mS/cm) suspensions. Each set of zeta potentials is @detagobtain a characteristic zeta
potential for each suspension. This method can be used for cell or polymer particle

suspensions, but is not suitable for bimodal latex polymer particle solutions and live cell +
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latex polymer particle blends, as the sgd charge of each particle or cell species cannot be
isolated.

Unlike many of the other coating characterization methods, zeta potential measurements
are sensitive to other solution parameters.
voltage aféct zeta potential. As such, these three values are always recorded and reported.
Suspension concentration also affects zeta potential, but this effect is only discernible at
relatively high and low solute levels, making zeta potential mostly indepeofdsuspension
concentration. Hence, solutions can be concentrated or diluted, as necessary, without loss of

accurate zeta potential characterization.
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Figure 5.1: Coating apparatus in continuous convecteegimentation assembly (CCSA)
deposition mode. Tubing is positioned underneath knife, forming underside CCSA
configuration; coating apparatus is located inside controlled environmental chamber.

Function generator and relative hulity display unitarenot shown.
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