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ABSTRACT

The generation of new three-dimensional (3D) matrices that emabtgation of
biomolecular components and whole cells into device architectures, wakwatsely
altering their morphology or activity, continues to be an expanding fzeltenging field
of research. This research is driven by the promise that enatgzsbiomolecules and
cells can significantly impact areas as diverse as bigsata controlled delivery of
therapeutics, environmental and industrial process monitoring, eanhyngaof warfare
agents, bioelectronics, photonics, smart prosthetics, advanced physiolgicars,
portable medical diagnostic devices, and tissue/organ replacement.

This work focuses on the development of a fundamental understanding of the
biochemical and nanomaterial mechanisms that govern the celtedirassembly and
integration process. It was shown that this integration prockss oa the ability of cells
to actively develop a pH gradient in response to evaporation induced ostiess,

which catalyzes silica condensation within a thin 3D volume surrounti@gcells,



creating a functional bio/nano interface. The mechanism resporisiblatroducing
functional foreign membrane-bound proteina proteoliposome addition to the silica-
lipid-cell matrix was also determined. Utilizing this new untmrding, 3D cellular
immobilization capabilities were extended using sol-gel matrecelowed with glycerol,
trehalose, and media components. The effects of these additives, ametdabelic phase
of encapsulate®. cerivisiasecells, on long-term viability and the rate of inducible gene
expression was studied. This enabled the entrapment of cells wittuwel microfluidic
platform capable of simultaneous colorimetric, fluorescent, and@tdemical detection
of a single analyte, significantly improving confidence in the Imsse output. As a
complementary approach, multiphoton protein lithography was utilizeddimesr 3D
protein matrices in which to integrate cells and direct tbeinaviors. This process
permits, for the first time, the selection andsitu isolation of a single target cell from a
population of cells with mixed phenotypes, and the subsequent monitorintg of
behavior, and that of its progeny, under well defined conditions.

These techniques promise a new means to integrate biomolecitles w
nanostructures and macroscale systems, and to manipulate cbihavior at the
individual cell level, having significant implications towards depehent of practical

and robust integrated cellular systems.
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INTRODUCTION

Defense of the warfighter and personnel in structures againsidbagaagents
remains a significant challenge. Despite significant progresse in the last two decades
towards portable and robust detection systems, biological detecticcesidace major
limitations. They still require multiple reagents, have high pog@rsumption, require
significant skill to use, and are not yet available as handheldevAs most portable
devices perform DNA or antibody-based assays for detection, thersmay fail to
detect near-neighbor or unknown agents for which the detector is naficsple
designed. Further, these devices are incapable of real-timetialetelie to the
requirement of subsequent washing and labeling steps.

Living cell-based sensors, often described as the equivalent ofesanaed to
detect toxic gases in minéiave proven effective in addressing the latter two important
issues. Cell lines have been engineered to respond to stresiyt@NA damage, or
death by rapidly producing, or decreasing production of bioluminesdeotes$cent, or
electrochemical molecules, thereby providing real-time detectwith built-in
amplification®> A specific example is the development of the CANARY cell lme
Lincoln Labs at MIT. Lymphocyte B-cells were engineered to produemluminescent
signalvia a calcium-sensitive bioluminescent protein within seconds of pathmgeimg
to membrane-bound antibodiz$dowever, this and similar living cell-based sensors
require frequent replenishment with new cells (every two daySANARY) due to the

sensitivity of the cells to thegx-vivoenvironment. This requirement has limited the use



of these more widely applicable sensors to high priority buildimgeveloped and stable
regions.

To be practical for the warfighter, and for defense of strusturdéess developed
regions, cell-based sensors require a biocompatible interfacedrethe living cells and
the macro world. Specifically, cells require a functional bierganic interface that can
interact at the nanoscale while maintaining cell viability. Emnsapsulating matrix must
protect the cells from mechanical and chemical stresses, pracckss to oxygen,

nutrients, and molecules of interest, and allow the expulsion of metabolic Wastes.

Biomolecule Stabilization: Hybrid Living Materials

The generation of novel matrices that can encapsulate biomoleculesutwi
adversely altering their morphology or activity continues to beoardgeoning and
challenging field of researc¢h? This research is driven by the promise that hybrid living
materials can significantly impact areas as diverseasatalysis, controlled delivery of
therapeutics, environmental and industrial process monitoring, eanyngaof warfare
agents, bioelectronics, and tissue/organ replacehithtNumerous researchers have
reported the generation of novel hybrid living materials that cgomfetection to the
encapsulated cells, enhance long-term viability, and provide coaw@l bio/nano
interfacial properties and the environment local to the E&lfs!®*Such control can
provide an instructive background needed to achieve specific funciemand guide
cellular behaviof®?’

The overwhelming majority of cell encapsulation studies havezedil the

naturally occurring polysaccharide, sodium alginate, as the infizailin matrix’ 2%



These generally interconnected microporous (~dfd0diameter) systems act as external
cellular matrices allowing cells to divide and grow. Although wisefr tissue and organ
replacement or regeneration, these systems are lessadaainking applications due to
the difficulty of monitoring and transducing information regardihg tstate of the
encapsulated cells. They also suffer from biodegradation, and lowitgtabitalcium
poor solutions and in the presence of calcium chef&féAddition of a polycation layer,
typically poly-L-lysine (PLL), has been shown to increasenalig stability. However,
PLL is toxic towards various cell lines, and is known to activatierlieukin-1 production

in macrophages and induce fibro&ig?

Silica Matrices for Cellular Encapsulation

Encapsulation of cells in inorganic materials has also been oéshtas these
structures are typically bioinactive and more easily taildcedrovide desired material
and chemical properties. Silica materials have been sugtgssinployed for cellular
encapsulation, beginning with the pioneering work of Carturan who enasgbul
Saccharomyces cerivisiag®. cerivisiase in a tetraethylorthosilicate (TEOS) derived
silica gel*® Advantages of silica for entrapment of biomolecules include thetyabfii
sol-gel systems to retain water with negligible swellimfpemical and biological
inertness, mechanical stability, controlled porosity, resistamarid¢robial attack, room
temperature processing, optical transparency, and the abilitgilcs the matrix to
provide desired material and chemical properfigs.indeed, silica is an ideal cell-

protectant in nature. Diatoms, radiolarians, and sponges have ewolfigdsilica onto



their cell surfaces, forming silicon exoskeletons which can provetshanical protection
without adversely effecting nutrient and waste exchange required for gtowth.

Initial attempts to immobilize living cells in sol-gel hosatmnces encountered
barriers resulting in cytotoxicity during processing. Typicatlye synthetic protocol
consists of adding cells in buffer to acidic silicate sols farrbg the acid-catalyzed
hydrolysis of TEOS, or tetramethyl orthosilicate (TMOBS),ion exchange of sodium
silicate. Buffered to physiological pH, gelation occurs rapidly,agmuting the cells within
a randomly structured 3D siloxane matrix maintained in buffeavioid drying. As
gelation results in only a minor change in chemical composition andmensional
change at the gel point, it was anticipated that there would betnmmoelgal effect on the
encapsulated cells. However, monolithic biocomposites were limyjtéolw porosity and
poor structural integrity of the host matrix, inactivation of guleisiogical species
through pore collapse, dehydration of the cells, low reproducibility, and cell le¥k&ge

These issues arise from material characteristics inhtresai-gel processing. At
neutral pH and without evaporation, the gel syneresis rate is maximeading to
continued siloxane condensation reactions that in turn cause gel tiontrand
expulsion of pore fluid. Associated compressive stresses are @gsumposed on the
entrapped cells. Drying further reduces the viability of ceftisiobilized within sol-gel
matrices’>*° Evaporation causes the development of tensile capillary stiestespore
fluid and concomitant shrinkage of the gel. Such drying stressesange from a few to
over a hundred MPa and are observed to damage the cell/gel mtedase cell lysis,
and result in rapid cell death. Finally, differential moleculzdl @nic diffusion through

the contracting gel, which acts as a semi-permeable membrane,result in the



development of localized osmotic stresses. These factors, combittedhe/ipossible
presence of alcohol solvent or by-products, and contact of the celbnan@enwith polar
chemical groups at the silica matrix surface (i.e. silanbkje a negative effect on cell
viability. For example, in studies &scherichia col(E. coli) immobilization, Livage and
coworkers observed a 40% reduction in viability within an hour aftEtige—even
under conditions where alcohol was avoided and the system pH, ionictlstrand

temperature were optimé.

Advances in Sol-Gel Processing and Cellular Encapsulation

Recent successes reported for sol-gel matrix encapsulated tigllsg address
these issues by reducing the contact time between cells andolfyel precursor
solution?®*” incorporating ameliorants (i.e. gelatin, polyvinyl alcohol, glycersud the
silica gel****® developing silicates with non-cytotoxic hydrolysis and condensat
byproducts (i.e. poly(glyceryl) silicaté},utilizing alternative precursors such as sodium
silicate or colloidal silicd**°>*depositing thin silica films over cells via exposure to gas
phase silica alkoxides;”**3or stabilization of supramolecular assemblies and biological
materials in silica thin films by chemical vapor depositior.

Exploiting these advances, the high chemical and biological syabditd
excellent transparency inherent to sol-gel derived silicamadg, effective silica matrix
entrapped whole cell-based biosensors have been reported. For exaemplajrParet
al.”®>" encapsulatedE. coli strains engineered to respond to general toxicity,

genotoxicity, and oxidative stress, in TMOS derived silicatesfiliixposure to various

toxins was monitored by production of an exogenous bioluminescence. Poadoftti



fluorescent proteins by silica entrapfedcoli has also been employed for sensthgnd

a careful study of the advantages/disadvantages of both lumineswrftuorescent
systems has been reportédsilica entrapped living cell-based sensors for biochemical
oxygen demand (BODY¥, naphthalene and salicyldteanti-photo system Il herbicidés,
organophosphatés, dicyclopropyl keton&* and other physiological stres&¥ have
been reported.

Despite these many successes, long-term viability and tgctreimains a
significant obstacle in producing practical and robust living cedetidhybrid composite
materials. Herein we describe alternative approaches falapemg integrated cellular
systems. These approaches initially focus on recently repmdaddfrom the Brinker lab
detailing a unique cell-directed assembly process that allaegration of living cells
into nominally solid-state 3D devicéS.Interestingly, it was found that cells actively
organize around themselves a unique bio/nano interface comprised dflayemeld lipid
membrane that interfaces coherently with the 3D lipid-templatich matrix while
maintaining accessibility of the encapsulated cells to thermait environment and

molecules introduced into the 3D silica h¥st.

Statement of Work

The work presented within this dissertation focuses on determinungdarhental
understanding of the biochemical and nanomaterial mechanisms whicin gbgecell
directed assembly and integration process. We show that thisatibegprocess selects
exclusively for living cells over the corresponding apoptotic cetithe development of

a pH gradient, which leads to cell-catalyzed silica depositioose groximity to the



cell surface, resulting in the formation of a coherent interfaetween the cell and the
surrounding silica matrix. We also demonstrate the introduction ofipteufunctional
components to this system, including foreign membrane-bound protems
proteoliposome addition, and propose a mechanism responsible for these observations.

Utilizing this new understanding, we extended our 3D cellular imnzaibitin
capabilities using sol-gel matrices endowed with glycerol, tosealand various media
components. The effects of these additives, and the metabolic phagieafmatrix
encapsulateds. cerivisiasecells, on long-term viability and the rate of inducible gene
expression was carefully studied. This has enabled the entrapmestabiiization of
more fragile and relevant cell lines for chemical and biologaggnt detection. Silica
matrix thin film entrapment of ‘RiboswitchE. coli cells from our collaborators at the
U.S. Air Force Research Laboratoffeand yellow fluorescent protein (YFP) expressing
S. cerevisiaeells, within a novel microfluidic platform prepared from plasiiminates
machined by laser ablation allowed for simultaneous orthogonal modetditionvia
colorimetric, fluorescent, and electrochemical means, signitig improving confidence
in the output of the living cell-based biosensor.

In parallel we have utilized multiphoton protein lithography asrapgtementary
approach to engineer three-dimensional matrices in which to at¢egells and direct
their behaviors. We demonstrate the selection of a single taiy&llowed by itsin situ
isolation in a porous 3D protein microchamber. This process permittedirst time,
the selection and isolation of a target cell (+ phenotype) &gopulation of cells with

mixed phenotypes, and the subsequent monitoring of its behavior, and tharogésy,



under well defined conditions. We further show the ability to impaitigcowth and cell-
to-cell signaling by tuning the physical properties of the protein miarabler.

These techniques promise a new means to integrate biomoleaitles
nanostructures and macroscale systems and manipulate cellubaiobah#he individual
cell level. These integrated cellular systems have immitattowards development of
bioelectronics, photonics, microfluidics, smart prosthetics, advancediofdgical
sensors, portable medical diagnostic devices, platforms for funddroeltstudies, and
the development of practical and robust devices that can sense thecpre$ harmful

agents in real-time.
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CHAPTER 1

Cell-Directed Integration into 3D Lipid-Silica Nanostructured Matrices

Harper, J. C., Khripin, C. Y. Carnes, E. C., Ashley, C. E,
Lopez, D. M., Savage, T., Jones, H. D. T., Davis, R. W., Nunez, D. E.,
Brinker, L. M., Kaehr, B., Brozik, S. M., Brinker, C. J.

ACN Nana201Q 4, 5539-5550.

Abstract

We report a unique approach in which living cells direct theignatgon into 3D
solid state nanostructures. Yeast cells deposited on a weakly ceddgnd/silica thin
film mesophase actively reconstruct the surface to creatbya3D bio/nano interface,
composed of localized lipid bilayers enveloped by a lipid/silicaapkase, through a
self-catalyzed silica condensation process. Remarkably, rite@gration process selects
exclusively for living cells over the corresponding apoptotic cé@h®se undergoing
programmed cell deathyja the development of a pH gradient, which catalyzes silica
deposition and the formation of a coherent interface between thancekurrounding
silica matrix. Added long chain lipids or auxiliary nanocomponergd@ralized within
the pH gradient, allowing the development of complex active and #@ueebs/nano
interfaces not achievable by other synthetic methods. Ovemlaginiroach provides the
first demonstration of active cell-directed integration into a inatlly solid state three

dimensional architecture. It promises a new means to intetpiatewith ‘nano’ into
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platforms useful to study and manipulate cellular behavior at theidadi cell level and
to interface living organisms with electronics, photonics, and fluidics.
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=llice film
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Integration in lipid-rich
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Abstract Figure 1

Abstract Figure 2
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INTRODUCTION

The generation of new 3D matrices that enable integration of bioulaie
components and whole cells into device architectures, without adveissiyg their
morphology or activity, continues to be an expanding and challengidgofieesearch?
This research is driven by the promise that encapsulated l@oahed and cells can
significantly impact areas as diverse as biocatalysis, dtmatrdelivery of therapeutics,
environmental and industrial process monitoring, early warning ofavearfigents,
bioelectronics, and tissue/organ replacemi@nto date, extensive techniques have been
developed for biomolecule encapsulation generally relying on adsorpmawalent
binding, or entrapment of biomolecules in polymeric matetfaBuccessful strategies for
protein and enzyme entrapment are widely reported; however, enc¢mpswoifaliving
cells is significantly more challengitg? This is due to the more stringent requirements
for the encapsulation matrix which must provide a functional bio/nandaoéebetween
the cells and the macro environment, protecting the cells frorhan@al and chemical
stresses, providing access to oxygen, nutrients and target moledule®rest, and
allowing for the expulsion of metabolic wastés.

Silica matrices formed by sol-gel processing have been eewplyr cellular
encapsulation beginning with the pioneering work of Carturan, who enasgbul
Saccharomyces cerivisig8. cerivisiagin a tetraethylorthosilicate (TEOS) derived silica

|14 Advantages of physical entrapment of biomolecules and cellsnwitéi (water or

ge
buffer filled) silica gels include the ability of sol-gel ssgms to retain water with

negligible swelling, biological inertness, mechanical stabibiynple room temperature
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processing, and 3D confinement within a matrix that maintaingsaitility of the
cell.”* Traditional sol-gel processing techniques, however, can be cytamxiells.
Exposure to alcohol solvents and byproducts, contact with polar cheygnoegds at the
silica surface (i.e. silanols), compressive stresses mgudiom gel syneresis at neutral
pH, and drying-induced tensile capillary stresses can damageltfielcinterface, and
induce cell lysis. Therefore, strategies have been developed igatmithese issues
including reducing the contact time between cells and the s@kgelirsor solution$*’
incorporating ameliorants (i.e. gelatin, polyvinyl alcohol, glycérsub the silica get®

20 developing silicates with non-cytotoxic hydrolysis and condensatypnoducts (i.e.
poly(glyceryl) silicate¥* using all aqueous precursors such as sodium silicate or colloidal

silica???* or depositing thin silica films over cellda exposure to gas phase silicon

alkoxides®2*%°

All of the sol-gel encapsulation strategies listed above resuthe physical
entrapment of cells with no evidence of cellular influence on tiveldement of the
matrix or bio/nano interface. As an alternative approach, wenttgaeported the cell-
directed encapsulation of yeast and bacterial cells withitf-assembled biocompatible
silica matrix?"?® Incorporation of short-chained phospholipids, in lieu of traditionally
used surfactants which are cytotoxic to cells, during evapormttiuted self-assembly
(EISA),? yielded an ordered silica mesophase within which incorporatesi azgively
organized a unique bio/nano interface and globally altered the matiostructure. The
bio/nano interface is composed of a multilayered lipid membrane ithetfaces

coherently with a 3D lipid-templated silica matrix, which providesessibility of the

encapsulated cells to molecules introduced into the 3D silica®8dmportantly, a
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localized nanostructured microenvironment was created in which 3Dicdlegradients

were established. Such gradients can provide an instructive backgroadddne

achieve proper functionality and guide cellular behatfidf.Examples include cell-
differentiation, biofilm formation, and quorum sensing, which all rely ¢ t
development of spatiotemporal gradients of signaling moledtfés?

Herein we describe an extension of this original cell direatsgmbly approach
in which introduction of cells onto a pre-formed lipid-templated &ilitm leads to
partial dissolution of matrix components, and active cellular recarigin of a 3D
bio/nano interface composed of lipid-rich silica shells thatrfate the cells with the
nanostructured inorganic matrix. Advantages to this new approach incjueelced
stresses exerted on the cells due to avoidance of cellular casttacicoholic solvents,
byproducts, and catalysts, (ii) maintenance of the original nactiste of the bulk film,
providing greater control over the properties of host matrix, ddgessibility to the
external environmentia rapid transport through the thin film encapsulating the cells, (iv)
improved optical accessibility through the thin film to interroghteintegrated cells, and
(v) greater control over location of cells in the thin film. To &nowledge, this is the
first example of active cell-directed integration into a nontynablid state three-
dimensional architecture. This report focuses on the general prepetiethe
encapsulation matrix and the fundamental nanomaterial and biochenechbhmsms

that govern this self-integration process.
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RESULTS AND DISCUSSION

The living cell directed integration process is depicted in Seh&mUpon
introduction of an aqueous suspensioboterevisiaeells {ia pipette or aerosol) onto a
weakly condensed lipid-silica mesophase film, components of thafénsolubilized by
the droplet (Scheme 1a). Upon evaporation, gradients in temperatucentation and
viscosity lead to circulating Marangoni flows driven by surfaseston gradients.
Fluorescent microscopy video imaging of initial droplet evaporatiamyutuorescently
stained cells shows flow near the liquid-solid interface wasedritowards the
circumferential three phase boundary, while flow near the liquidigtesface was
directed radially toward the droplet center in a circulating éaskiScheme 1858 The
three phase boundary was observed to de-pin immediately upon dropletideuhsatto
concentration of solubilized lipid, which presumably formed a Gibb’s mganlavhile
reducing the droplet surface tension (and contact angle) to khbweceding angle

value.
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Scheme 1.Cell directed integration of microorganisms in pre-formeguiditemplated
silica thin films occursvia (a) initial solubilization of the slowly condensing film
components (lipid and silica) upon introduction of an aqueous suspensionlsof cel
Droplet evaporation leads to capillary and Marangoni flow which exnates cells and
soluble components (b). Viable cells create a locally high pklyzing silica
condensation and their self-integration into a 3D lipid silica nanostructure (chdrihe
substrate following droplet evaporation removes excess lipid andamolesed silica
yielding cells encapsulated in a lipid-rich silica shell (e inset image was generated
via atomic force microscopy of a singk cerevisiaeell encapsulated in a lipid-silica
shell following substrate rinsing. Scale bar: O %
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As evaporation proceeded, the three phase boundary continued to rettede w
decreased contact area and nearly constant contact angle, elisildimd, and soluble
silica were progressively concentrated within the droplet (8ehb). Upon final droplet
evaporation, as the film thickness became commensurate with thdiarekter, the
slowly receding three phase boundary was violently retractedeogneniscus curvature.
This left clusters or single cells at the center of multigteplets, containing high

3638 of cells,

concentrations of lipid and soluble silica. Additionally, ‘coffee-stanys
lipid, and silica were often produced at the retracted droplet peyipfeerwithin the

original droplet edge. At this stage, viable cells develop aimszhithree dimensional
(3D) gradient in pH, catalyzing silica condensation, and theirirgelfration into a 3D
lipid-silica nanostructure (Scheme 1c). Rinsing the substrate lyshaiter droplet

evaporation removes uncondensed silica and lipid concentrate, leavingnoelpsulated
in a coherent and conformal lipid-rich silica shell bound to the uyidgrfilm (Scheme

1d, and inset AFM image). In the following, we provide further detadl @discussion of

the successive stages of the cell integration process.

Lipid-Silica Matrix Solubilization and Reconstruction

Dissolution of lipid from the film following droplet introduction (Scherha) was
monitored by incorporation of 0.1% fluorescently labeled NBOs PC lipid molecules
(green emission) into the film, and observing the fluorescence iiyteip®n exposure to
water. The fluorescence microscopy image shown in Figureobfains three regions of
interest: (i) pristine film, (ii) an area exposed to a wdteplet for 10 min (water droplet

is present in Figure 1A), and (iii) a scratched area wherdilm was entirely removed.
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Brief exposure of the weakly condensed lipid-silica film towaer droplet resulted in
nearly complete loss of fluorescence intensity, as shown in r€g)oThis loss of
fluorescence is attributed to rapid lipid dissolution, and to setegxtent, silica
dissolution, which occurs more slowly and depends on film aging tigee f(dlowing
discussion). If left to evaporate, substantial fluorescence @missias recovered;
however, in this case, the observed fluorescence in the water exgpubtexvaporated
region was no longer homogenous. Restoration of fluorescence in this nogdrmus
manner is characteristic of lipid and silica deposits followdiifgusion fronts during
droplet evaporation. The solubility of the film components was furtharacterized by
AFM imaging (Figure 1B) which shows film areas exposed tcewate reduced in
thickness during contact with water and subsequent drying of the dropfilithe
thickness decrease is attributed to silica dissolution alongpetkible capillary stress
induced shrinkage or collapse of the mesoporous film during dryingtulnAgtM
imaging (Figure 3C) shows that for films aged 30 min priontmduction of water, the
film thickness decreases upon water exposure, and further upon dryingatidre
shrinkage is attributed to capillary stresses imposed duringgdofi the porous lipid-

depleted film.
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Figure 1. (A) Fluorescence microscopy image of a lipid-templated (0.Bb Mbeled
diCs PC, green emission) mesoporous silica film (i), upon introduction0ds gL water
droplet (ii), near a scratch (iii) to expose the underlying satest(B) AFM measurement
of the region imaged in (A). Scale bar: 0 to 395 nm. (C) AFkasared thickness of
lipid-templated mesoporous silica films under various conditions. (Bjtien of silica
film solubilized vs. age of the slowly condensing film as deteesiiby molybdic acid
assay.

Silica dissolution depends strongly on the aging time of the &hd, thereby, its
extent of condensation, prior to introduction of the water drop. This is showigure
1D, which plots the fraction of the film solubilized (determined lhy inolybdic blue

assay of soluble silica, see Experimental Methods) as aidonet film aging time.
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Between 10-45% of the total film silica can be solubilized atev is introduced to the
film during the first 10 minutes following film formation. Dissoluti of this substantial
portion of silica had a detrimental affect on the film morphology @amébrmity. The
fraction of silica solubilized from the film continued to deceeadth film age, stabilizing
near 1% at 30 minutes following film formation. These observationsatelithat silica
precursors in the prepared films continue to condense over time, rgcotinility34°
Films aged for at least 30 minutes were structuraliplet maintaining uniformity and
nanostructure following introduction of water droplets. Based on thesé#srekpid-
templated mesoporous silica films were aged between 30 and 120 npnote® the
introducion of an aqueous suspensions of cells.

Grazing-incidence small-angle X-ray scattering (GISA¥8J scanning electron
microscopy (SEM) were used to characterize the lipid-tegblailica matrix. The
GISAXS pattern in Figure 2A, obtained for the as-deposited, fgntonsistent with a
hexagonally ordered lipid-silica mesophase composed of lipid-fdidohdrical pores
~2.3 nm in diameter, with repeat distanadg ¢f ~3.0 nm perpendicular to the substrate,
anddy of ~3.5 nm in the plane of the substrate. Figure 2B shows the X&d3»xattern
recorded from a film in which yeast cells were introduced adtos entire substratea
aerosol deposition. In contrast to our previous report in which cellspadsl Were mixed
directly with silica sols, resulting in a cell-directed hgoaal to lamellar phase
transformation upon spin-coatifgthe bulk hexagonal nanostructure of the pre-formed
silica film was largely retained following introduction of tbells. This is not surprising
as film dissolution and reorganization occurs only in the arel% (@f total film area)

exposed to the aerosol of the aqueous cell suspension. A slight lasdeofof the
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primary hexagonal structure in the GISAXS pattern was accoegbaby the

development of a minor lamellar structure, similar to that elesein our previous
work.2” This suggests that the matrix is reorganized to form allnseructure local to
the encapsulated cells, while the nanostructure of the bulk filmingnunchanged. We
have previously shown that self-assembly of amphiphilic templatecoiete occurs in
the aqueous phaékln that work, we showed for systems initially formed from rzaby

solvent (water and alcohol), that the alcohol co-solvent evaporatée ifirst stage of
EISA, leaving self-assembly in the final stages of EISAotcur under completely
aqueous conditions. In the case of a purely aqueous droplet extrigmtingnd silica

from the film, we also expect EISA to yield an ordered nanastreicThe formation of a
lamellar phase is consistent with the higher concentration ofifigite aqueous droplet,

versus the lipid concentration in the initial sol precursor solution.
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Figure 2. Grazing-incidence small-angle X-ray scattering (GISAXpatterns of lipid-
templated mesoporous silica films: (A) Pristine film, (B)mfi following self-
encapsulation o8. cerevisiaeells. (C) SEM image of a single yeast cell encapsulated
into the lipid-templated silica matrix. (D) SEM image of tyeast cells introduced to a
clean silicon substrate without a lipid-templated mesoporous #ilicdilm. Scale bars =

1 pm.

SEM imaging was performed directly (without fixation or supdcaitdrying) on
silicon substrates coated with lipid-templated silica filoméo whichS. cerevisiaeells
were depositedria aerosol deposition, as in Figure 2B. Figure 2C shows a coherent
interface between the integrated cell and the underlyingu(idass) lipid silica thin film

mesophase, and a smooth conformal coating overtop the cell. At theobabke
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encapsulated cell, a raised region is observed corresponding to idepostisilica and
lipid concentrate driven towards the cells during droplet evaporat®njeacribed
previously (Scheme 1c). Interestingly, the shape of integreéisl investigated using
SEM appeared relatively spherical, indicating that the nativeolmebogy of the yeast
cells, in large part, was retained during the encapsulation progdsgionally, the
encapsulated cell morphology was maintained under continuous expmsaitim and
electron beam irradiation over the course of SEM imaging (without anyiaaddisample
preparation). This is in contrast to SEM imageS oferevisiaeells introduced onto bare
silicon substrates without lipid-silica thin films. As shown in Figure 2Ds@gpear non-
adherent and exhibit signs of severe desiccation with significaotifapsed
morphologies. Preservation of cell morphology through silica encapsulsems some
analogy to certain marine organisms (e.g. diatoms, radiolariadss@onges) that fix
silica on their cell surfaces forming an artificial exoskah, which can preserve cell

morphology and function under harsh conditions.

3D Bio/Nano Interface

Hyperspectral confocal fluorescence microscopy was usedtt@ficharacterize
the three-dimensional structure of the lipid/silica encapsul8tederevisiaecells. For
films prepared with the pH sensitive fluorescent probe, OregeerjOG), multivariate
curve resolution (MCR) identified two independently varying spkatm@mponents
corresponding to th&. cerevisiaecellular autofluorescence, and to OG fluorescence.
Spectral components are presented in the supplemental informagare Bil. Although

the autofluorescence and OG components are highly overlapped, thesplegbed
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imaging technique can clearly separate the fluorophores and procugetalk free
images of the location and intensity of the fluorophores within thgemaFigure 3A
shows RGB images at various confocal cross-sections (red amndesg to the
autofluorescence, green corresponding to OG) of a cluster of démesgposulateds.
cerevisiaecells. The intensity of OG fluorescent emission decreastée g+ is lowered
from approximately pH 6 to 3 with total quenching of fluorescenteghly acidic pH £
2). Consistent with our previous restfit$® encapsulated cells form a three-dimensional
gradient in pH from approximately pH 3 in the acidic silanol-teated thin film silica
matrix, to pH 5.5 at the encapsulated cell surface. This gragipetes to be confined to
the <1um region of reconstructed lipid/silica surrounding the encapsutalls. The
concentration ofdiCs PC lipid in the bulk film and near encapsulated cells was also
investigated using hyperspectral imaging. Figure 3B ialsefcolored image depicting
the concentration adiCs PC lipid near the base of a single yeast cell. The comtemtr
of lipid surrounding the cell was determined by calibrating TAMRuorescence
intensities obtained from the images of solutions with known TAMRZ: PC
concentrations at the same microscope settings. Figure 3B ghatvéhe total lipid
concentration in the bulk film was 200-250 mg/mL. This is an approxirh@ttold
increase in lipid concentration compared to the initial conceotrati the sol precursor
solution used to produce the film. This observation is consistent wittexpected
increase in concentration of sol precursor solution components during. RISA
apparent is a gradient in lipid concentration showing localizatiotmeoflipid near the
encapsulated cell. Similar to the observations with OG, this gadre lipid

concentration extends below and above the cells, but also extends mbeh ifuxd the
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bulk film. We have previously shown that lipid accumulation at the eellsurface
serves to interface encapsula®dcerevisiaanith the inorganic silica host matrfx?®

Further, as film nanostructure is driven by concentration depenganhtsklf-assembly,
we expect this lipid gradient region to correspond to the interfzsteveen the
hexagonally structured bulk film and the lamellar structure entatpsy the cells. We

are currently investigating the structure of this interface region.
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Above middle

Figure 3. (A-D) False colored hyperspectral confocal fluorescencgemaf yeast cells
encapsulated in lipid-silica matrices. (A) Confocal slicemmfra cluster of threé.
cerevisiaecells (red) encapsulated ind&Cs PC templated silica film containing the pH
sensitive probe, Oregon Green (green). (B) Confocal slicetinedrase of a single yeast
cell entrapped in diCs PC templated silica film (TAMRAHCs PC accounts for 0.1% of
total lipid) showing localization of lipid near the cell. Color responds to lipid
concentration, increasing from blue to red. (C) Confocal slice hedrdse of a cluster of
S. cerevisiaeells encapsulated in a lipid-silica matrix containing 655 nm doolor
corresponds to Qdot fluorescence intensity, increasing from bleeltdDd) Two distinct
spectra from Qdots in the sample from panel (C) were idettifigpical 655 nm Qdot
spectrum (green), and Qdot spectrum red shifted by 7 nm (red}otipcal florescence
image showing conformal liposome fusion with yeast cells upomgyratien into the
lipid-templated silica film. POPC liposomes (6% Texas Raxbled DHPE) were
introduced to the film with the yeast cell suspension. Scale bagsr= 3
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The cell-directed integration process can also reorganize, thmsmsionally,
nanoscale components introduced into the original lipid-silica thin filesophase.
Figure 3C and 3D show hyperspectral confocal images of archfsi cerevisiaeells
encapsulated within a film prepared with amino-derivatized poH@tle glycol coated
guantum dots (655 nm emission). Figure 3C is a false-colored imagdirglte
fluorescence intensity of the quantum dots present in the lipea-gitatrix. Much like
lipids (Figure 3B), the higher fluorescence intensity in theore¢pcal to the cells, as
compared to the bulk film, shows Qdots to be localized near and aroucdllthduring
integration. It also appears that some portion of the Qdots wereyasied by some of
the S. cerevisiaecells, showing that the surface of the encapsulated cellainem
accessible to, and interacts with the nanoparticles concenttateéirasurfaces during
integration.

Two distinct 655 nm Qdot spectral components were identified fromnsaimple
imaged in Figure 3C. Pure component spectra are shown in Figuf@&ged spectrum
corresponds to the spectral component associated with the 655 nm Quninspdhe
green spectrum was obtained by removing the non-negativity congt@an the MCR
analysis. This derivative looking component, when linearly combinedthatlguantum
dot spectral component, models a shift in the quantum dot spectrum. Amsiggt
description of this modeling approach can be reviewed in Haalaald? Figure 3D is a
RGB image in which the two spectral components are false dokirewing 655 nm
Qdots (green) and 655 nm Qdots that have a red shifted spectdimlriterestingly,
using this quantum dot spectra shift information, two different enviratsnean be

distinguished within Figure 3D. The spectrum of 655 nm Qdots locatiead the yeast
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cells was red shifted 7 nm, while the typical 655 nm Qdot spectrasnobserved in the
bulk film. To determine the source of this spectral shift, 655 nm Quette were
obtained for Qdots in solutions at pH values 3-8, and in solutiondd@hPC lipid. As
shown in Figure S3A, no significant shift in 655 nm Qdot spectrumoliasrved over
the studied pH range, indicating that the local gradient in pHereapsulated cells does
not contribute significantly to this shift. However, in the presesidiCs PC lipid, a red
shift in the 655 nm Qdot spectrum of 2 nm was observed (Figure S3BgHiL lipid).
From these data we conclude that the shift in 655 nm Qdot spedtha lipid-silica-cell
matrix is largely due to Qdot interactions with the lipid laoadi near the cells during
self-encapsulation. Also, the lack of spectral shift for Qdoteerbulk film indicates that
Qdots in this region have little contact withCs PC lipid. This is consistent with
observations that lipid is quickly solubilized from the film upon intromumctof an
aqueous droplet. It may also indicate that amino-derivatized PE@dcd@dots
reconstituted near the cell surface during integration are in@igabrin a more
hydrophilic environment than in the original film.

Nanocomponents introduced with the aqueous cell suspension to lipid-exhnplat
films show preferential localization at the cell surface upegration. Figure 3E shows
that addition of palmitoyloleoyl phosphatidylcholine (POPC) liposotodbe yeast cell
suspension, followed by deposition onto the silica film, resulted in fusidiposome
lipid (6% Texas Red-labeled DHPC, red emission) with the yeealtsurface. The
thickness of liposome layer suggests that multiple fusion steps dwered during
integration, forming yeast supported multilayers. We have previoegigrted that

liposome fusion with yeast cells in buffered solutions does not oodineipresence of
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diCs PC lipid, nor under the pH range observed in this sysiefthese results
demonstrate the importance of the cell-directed integration ggpednere long and short
chain lipids are concentrated within a pH gradient, in forming ysagported lipid
multilayers from liposomes. This system could provide a simplesngaintroduce other
functional components to the cell surface, including exogenous membrane bound proteins
as we have previously reported utilizing our original cell-ditessembly approaéf.
In contrast to cell-directed assembly of bulk systems, wheadnted with yeast cells
onto a lipid-templated silica film, liposome lipid localization slsamproved conformity
with the cell surface. This improved conformity may result frdi@s; PC acting as a
detergent that, upon droplet evaporation and cell-directed integregmehes saturated
concentration near the cells. This causes destabilization obthlealized liposome¥’
facilitating fusion of liposomes with other liposomes and formatiogyeafst supported
multilayers with prioritized localization of longer chain lipidsthe cell surface within

the lipid-rich silica shell.

Living-Cell Directed Integration

The capability of viable cells to actively facilitate theintegration was
demonstrated by depositing an aqueous mixture of yeast cells anallpeltarged latex
beads, serving as yeast cell surrogates (equivalent vol. fraction), ont&lg ecealensed
lipid-templated silica film (30 min aging from film formati). Following evaporation of
the yeast-bead mixture, the samples were aged for an additjdhabr 4 hours, and then
rinsed thoroughly to remove non-integrated material. Images takieme band after

rinsing (Figure 4A) show that one hour following droplet deposition neldnjeast cells
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(red emission) were retained in the film, while 95% * 3% te#Xdeads (green emission)
were removed by rinsing. Samples allowed to age for 2 and 4 hourdhaisedsnearly
complete integration of cells, but greater amounts of beads etareed 46% + 7%, and
73% + 13%, respectively. For aging times on the order ofetmegquired for complete
condensation of the reconstituted lipid/silica concentrate (24-48 h&2%),+ 12% of
the beads remained post-rinsing (Figure 4B). As ISotberevisiaeells and latex beads
were surrounded by soluble silica and lipid concentrate duringinitial stage of
evaporation of the cell/bead dispersion, these data indicatedllsatuniquely promote
their integration. We attribute this cell-directed integrattonthe ability of cells to
actively develop a pH gradient that catalyzes silica condensaiitbm a thin three-
dimensional volume surrounding the cells. Unli&e cerevisiaeno pH gradient was
observed near latex beads introduced to lipid-silica films. As rHte of silica
condensation is a strong function of pH, and increases signifidaettiyeen pH 3 and pH
6,7 it is likely that the development of the localized pH gradigterns microorganism

self-encapsulation within silica.
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1 hr

24 hr

Figure 4. Fluorescence microscopy images of (A) a mixtureSofcerevisiagCyto64
stained, red emission) and cell surrogates (latex beads, gressiosn and (B) latex
beads in the absence of cells, that were allowed to integratdipid templated silica
films for 1, 2, 4, or 24 hours, after which the films were ringeckinove non-integrated
material. The majority 08. cerevisiaeells are not removed by rinsing while beads are
easily washed away under timescales shorter than that mkdairsilica condensation.

Scale bars = 2pm.
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Self-Catalyzed Silica Condensation

To further elucidate the importance of the active developmentiafadized pH
gradient to cellular integration, we investigated integration ungieditons of inhibited
cellular response to osmotic stress (osmotic clamp). We haveopsrireported that
viable cells experience osmotic stress during E1Smpidly excreting upo 35% of their
cytosolic fluid volume in response to changes in turgor pressure irethemmembrane
resulting from the increasing concentration of soluble silica alid & the evaporating
sol*® This results in an increase of water volume in the surroundingm~thick region
of the matrix by more than 60%, creating a gradient in pH in theetirate vicinity of a
cell. Therefore, suppressing cellular response to osmotic sttemsd prevent the
formation of this pH gradient, and consequently inhibit the proposed aalfzed
cellular integration process.

Osmotic clamp was induced by adding 2% (vol.) of the osmolyte, Okt5a
split sample of yeast cells in aqueous suspension. This low conenthDMSO has
been shown to significantly inhibit osmotic equilibration due to ité lmgmolarity and
rapid transport rate, while not significantly affecting the nelia state of the celf¥.*®
Both the control cells (without DMSO) and cells under osmotic glavare deposited
onto weakly condensed lipid-templated silica films and allowed td@gé or 2 hours,
after which the substrates were rinsed thoroughly to remove nardted material. The
percentage of retained cells under both conditions is presentedure BA. (Pre and
post-rinsing images for control cells and cells under osmotiogclare presented in the
supplemental information, Figures S4, A and B, respectively). Comitelfoom the split

sample showed a high degree of integration into the film for bothpomgs (76% and
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96%). In contrast, 87-96% of cells under osmotic clamp were remowedthe film,
indicating that they failed to integrate. Evidence that cells wutide treatment are not
completely precluded from responding to osmotic stress is shown b9%haigher
retention of cells between the 1 and 2 hour aging periods. Figure 5B Shaerevisiae
cells under osmotic clamp introduced to lipid/silica films contairtimg pH sensitive
probe OG. Prior to rinsing (which removes these clamped cellsgonaot observe a
gradient in pH (compare with Figure 3A). Rather, we find a unifornttpblughout the
sample that corresponds to the pH of the bulk lipid-silica maty (3, Figure 5B).
Evidence that the integration process is actively directedvimglcells is presented in
Figure 5C, where we substituted apoptofic cerevisiae(i.e. those undergoing
programmed cell death stimulated by rapid heating to 95°C) tdtipisary phase yeast
used in the previous experiments. Apoptotic yeast were introduced ieaély
condensed lipid-silica film as before, followed by two hours of aging rinsing. As
shown in Figure 5A, less than 3% of apoptotic yeast introduced toltientegrated.
Figure 5C compares pH gradient development in active and apoptasiciggroduced to
OG-containing lipid-silica films prior to rinsing. We observeptd gradient, in contrast
to the active yeast (Figure 5C and 3A), and the surface ofpihetcic yeast appears

collapsed because it does not catalyze 3D integration within a protectiaeshiilt.
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Figure 5. (A) Percent ofS. cerevisiaeells that integrated into lipid templated silica films
from samples containing cells in water only (control), cells atew with 2% DMSO
(cells under osmotic clamp), and apoptotic cells in water (heat shock). Cedlsosved

to integrate for 1 or 2 hours, after which samples were rirseeniove non-integrated
material. Error bars are the standard deviation of measureptg#ateed from 3 or more
samples. (B-Cp. cerevisiaeells introduced to a lipid-templated mesoporous silica film
containing OG prior to rinsing: (B) Fluorescence microscopy inwd@e cerevisiaeells
under osmotic clamp (Cyto64 stained, two separate fields). Scale Baum. (C)
Confocal fluorescence and DIC images of a single living or apopfio¢at shock)s.
cerevisiaecell (Cyto64 stained). Scale bar .
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The ability of synthetic and natural polymers possessing aminddoacgroups
to catalyze silica condensation has been widely stfdf@dand was investigated as a
parallel mechanism for cell-directed silica condensation afeingegration. Strong
attractive electrostatic interactions and weak hydrogen bondingeéetwolycationic
macromolecules and polysilicic acid has been shown to induce siliganerization and
precipitation>® As the cell wall ofS. cerevisiads known to display a multitude of
proteins>? polycationic and/or amine functional regions exist on the exteritheotell.
The possible contribution of cationic protein residues to cell-duec#¢alysis of silica
and self-encapsulation, along with electrostatic interactions battheese residues and
the negatively charged lipid-silica film, were examined usirspzyme protein coated
beads. In the presence of soluble silica, lysozyme is known to induat dilicate
condensation forming precipitated silica partictes.

Carboxylic acid functionalized fluorescent orange beadgn@diameter) were
conjugated to lysozyme proteiwg carbodiimide chemistry (see Experimental Methods).
Lysozyme conjugation was verified by subsequent treatment with @ét€s Alexa Fluor
488 (green emission), which bound to free amines present on the afrfgeezyme, as
shown in Figure 6A. Agueous suspensions of lysozyme-bead conjugates peseede
onto weakly condensed lipid-templated silica films (aged 30 mior pio bead
deposition) and aged for 5, 15, or 30 minutes post droplet evaporation, follgwed b
thorough rinsing. Interestingly, nearly 50% of the lysozyme-beajugates under each
incubation period remained in the film, as shown in Figure 6B. Thesdts differ
significantly from those obtained with latex beads which showed ortty irbegration

efficiency (Figure 4A). This demonstrates that lysozyme prasegnificantly interacts

37



with the lipid-silica film. The extent of this interaction thean be attributed to
electrostatic binding between the positively charged lysozymeaulals (pl ~10) and the
lipid-silica film, independent of polycationic residue induced gatal of silica
condensation, was investigated by introducing lysozyme-bead conjugatedipid-
templated mesoporous silica film that was previously allowedltp ¢ondense. As only
trace levels of silica precursors are solubilized from they fubndensed film, silica
condensation cannot contribute to the population of lysozyme-bead conjulgates
remain post-rinsing. As shown in Figure 6B (grey bar) approeiynati0% of the
lysozyme-bead conjugates remain. Retention of this lower populatiosaxyiype-bead
conjugates is attributed to the strong electrostatic interadbetwgeen lysozyme and the
silica film. Further, this result shows that the larger foacof lysozyme-bead conjugates
retained upon introduction to a weakly condensed lipid-silica filmb=amttributed to

polycationic residue catalyzed silica condensation.
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Figure 6. (A) Lysozyme protein conjugated fluorescent orangerbbeads. Lysozyme
conjugation verified by subsequent treatment with NHS ester Aleaa@88 (green
emission). Scale bar = im. (B) Percent of lysozyme-bead conjugates that integrated
into weakly condensed (white bars) and fully condensed (grey babtdimiplated silica
films. Lysozyme-bead conjugates were allowed to integoaitd,f15, or 30 minutes, after
which samples were rinsed to remove non-integrated material. E2m®are the standard
deviation of measurements obtained from 3 or more samples.

These data provide evidence that polycationic and/or amine functemahs on
the exterior ofS. cerevisiaenay contribute to self-integration. It should also be noted that
in the case of living microorganism encapsulation, a neutral pHapesveear the cellular
surface which would increase the rate of cell wall protein/geptnduced silica
condensatio: However, these data, combined with the poor integraticdh oérevisiae
under osmotic clamp or apoptotic conditions, both of which still display proteins, dlbeit a
low pH, indicate that this is a minor mechanism under the timesstevestigated in this
study. Finally, the localized lipid lamellar interface fodnéuring cellular integration

may serve to physically isolate the cell surface and smrfaoteins from silica
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precursors, further reducing the impact of polycationic macrom@eiculuced silica

condensation on cellular integration.

Integrated Cell Viability

Viability of integrated cells depended strongly on storage conditiBalsstrates
with integrated cells placed into buffer or media (YPD) appnately 35 minutes post
droplet evaporation showed 15%66.9% viability as measured by CFDA/PI assay (see
Experimental Methods). If maintained under these solutions at ronpetature the thin
lipid-silica shell encapsulating the cells slowly dissolvexkiing yeast cells between 3-5
days post integration. If under YPD medium, released cells wouflicate
demonstrating that the cells do remain viable and culturable follpwell-directed
integration into the lipid-silica mesophase film.

Substrates with integrated cells stored under dry room teraperabnditions
showed significant loss in viability over the first few hours potgration with less than
4% viable cells after 24 hours. However, addition of trehalose to theixma
disaccharide known to provide improved tolerance to desiccation, sigrificaproved
viability of integrated cells when stored dry. If trehalose wdded directly to the
agueous suspension of cells, followed by deposition onto the lipid-Bificawe found
that the droplet did not completely evaporate, forming a gel phasgrevented cellular
integration into the film. Alternatively, addition of trehalose he tipid-silica precursor
solution, followed by film formation, allowed for integration of cealtto the trehalose
containing film. We propose that trehalose was solubilized fronfiltheby the aqueous

cell suspension, and accumulated near the cells in a manner sortiteat observed for

40



solubilized lipid and silica. The lower concentration of trehalosabfiaed from the film
did not form a gel phase, allowing development of evaporation induced ostress
and pH gradients required for integration. A strong dependence ofityiani trehalose
film concentration was observed, and is shown in Figure S5. At 45 mig&h&lose in
the lipid-silica precursor solution, 23%10% of cells remained viable after dry storage
at room temperature for 7 days. In these experiments 2°>xcel8/cnf are initially
integrated into the lipid-silica mesophase films, leaving appratély 4.5 x 1t viable
cells/cnf following 7 days of dry storage. This considerable population of vizdle is

sufficient for subsequent use or experimentation.

CONCLUSIONS

In summary, we have described a unique method in which cells introduced ont
solid state lipid-silica mesophase film actively reconsttinetsurface to create a fully 3D
bio/nano interface composed of a lipid-rich silica shell that reotily interfaces the cells
with the nanostructured inorganic matrix. We attribute this cedletidd integration to the
ability of cells to actively develop a pH gradient in responsevaporation induced
osmotic stress, which catalyzes silica condensation within ra ttitee-dimensional
volume surrounding the cells. Auxiliary nanocomponents added to the ilipad/s
mesophase film, or introduced with the cells, were localizechatctllular surface
providing a means to introduce foreign functionalities, which remainegsaible to and
interacted with the cellular surface. This process is siraptedoes not expose cells to

toxic solvents, chemical byproducts or drying stresses, presethimgoriginal cell
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morphology. We expect this method to be general and adaptable to attesraband
fungal cells, and even mammalian cells. It promises to be usetuln@w technique for
integrating bio with nano, impacting fundamental studies in nanopaudidlelogy, cell-

cell signaling, and development of bioelectronics and cell-based biosensors.

EXPERIMENTAL METHODS

Materials. Aqueous solutions were prepared with 18Mater using a Barnstead
Nanopure water purifier (Boston, MA). TetraethylorthosilicateTEQS),
Tetramethylorthosilicate (TMOS), sodium molybdate, ascorbid, dgsozyme (from
chicken egg white) and hydrochloric acid (HCI) were purchased 8igma-Aldrich (St.
Louis, MO). 2-[4-(2-Hydroxyethyl)-1-piperazine]ethanesulfonicda@iEPES), 1-Ethyl-
3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC), 4-aminaméc acidand
N-hydroxysuccinimide (NHS), and ethanol (absolute) were obtaineth fAcros
Organics (Beel, Belgium). Phosphate buffer saline (PBS) solypidn7.4 (11.9 mM
phosphates, 137 mM NaCl, and 2.7 mM KCI), sodium hydroxide (NaOH), potassium
hydroxide (KOH), and dimethyl sulfoxide (DMSO) were purchadgesin Fischer
Scientific (Pittsburgh, PA). 1,2-Dihexanasttglycero-3-phosphocholinediCs PC), 1-
hexanoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanast}glycero-3-
phosphocholine (NBRHCs PC), 1-hexanoyl-2-{6-[(5-(and-6)-
carboxytetramethylrhodamine)amino]hexanssglycero-3-phosphocholine (TAMRA-
diCs PC), and Palmitoyloleoyl phosphatidylcholine (POPC) were obtaireed Avanti

Polar Lipids (Alabaster, AL). 2’, 7’-difluorofluorescein Oregon &re488 (OG), Alexa
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Fluor 488 carboxylic acid succinimidyl ester (NHS-Alexa Fl488), amino-derivatized
polyethylene glycol (PEG) coated 655 nm quantum dots (655 nm Qdotsg)s Red
labeled DHPE, andrunga Light™ CFDA/PI yeast viability kit were from Invitrogen
(Carlsbad, CA). Latex beads (bn, fluorescent green) were from Duke Laboratories
(now part of Thermo Scientific). Carboxyl functionalized SuncoasioXebeads (5um,

fluorescent orange) were from Bangs Laboratories (Fishers, IN).

Lipid-Templated Silica Film Formation. Pre-hydrolyzed TEOS stock solutions
(A2**) were prepared by refluxing 61 mL TEOS, 61 mL ethanol (alisd] 4.9 mL
nanopure water, and 0.2 mL of 0.07N HCI (molar ratio 1: 4: 1: 5% ft® 90 minutes at
60°C. Stock solutions were stored at *20A2** stock was used to prepare the precursor
sol solution by adding 0.25 mL A2**, 0.20 mL ethanol (absolute), 0.16 mL of 0.05N
HCI, and 0.40 mL nanopure water (molar ratio of 1 TEOS: 4.0 ethanol:&2€3:v0.005
HCI) to 30 mg ofdiCs PC. This solution was allowed to age at room temperatur20for
minutes. Following aging the solution was spin coated onto 25 mm No. 1.5 rassd g
coverslips which had been pretreated in 0.1 M KOH for at least 2 heasbed with 1%
Alconox in nanopure water, and rinsed with nanopure water and ethanol, and the
cleaned in a UVO cleaner (Jelight model 342) for 5 minutes. Spimgoaccurred at
1500 rpm for 30 seconds (Laurell model WS-400B) at <20% relative hiymkdims
containing fluorescently labeled lipid (0.1% of total lipid) wereppred as described
above with the addition of 0.03 mg of either NBD- or TAMR&C; PC to the sol
precursor solution prior to the 20 min room temperature incubation. Edntaining OG

or 655 nm Qdots were prepared as described above with the additiondf Q@G
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solution (13.5 mM), or 1@L 655 nm Qdot solution (8M), to 1 mL of the sol precursor

solution prior to the 20 minute room temperature incubation.

Cell Self-Integration. S. cerevisiag(strain S288C, Invitrogen) was grown in
glucose-based rich medium (YPD) to GO or stationary phase. @elks collected by
centrifugation, washed 3 times in nanopure water, and resuspended in namajgure
Aqueous suspensions of yeast were introduced onto preformed lipicatechpl
mesoporous silica films 30 to 120 minutes after formation inp@.Sroplets (16-1¢°
cells/mL) and allowed to dry. Once dry, substrates were aflde/eest for given periods
of time and then rinsed thoroughly with nanopure water (10 second exposueter

stream, followed by drying with Nstream) to remove non-integrated material.

Reduced Molybdic Acid Assay for Soluble Silica ConteniThe amount of silica
removed from the film by a drop of water residing on the filmasigfwas quantified by
the reduced molybdic acid assay metfb8. This assay is more sensitive then the
molybdic acid (MA) test, allowing calibration down topu@M of silicic acid. 10 mM
sodium molybdate was prepared in DI water and pH was adjusted to 1.2 with H@. Plas
vessels were used to avoid silica contamination. The sampleollested by placing a
drop of DI water on the silica-lipid film for 10 minutes followed tgreful removal of
80% of the drop without scratching the film. This sample was incdlaternight after
adding 40uL of 5 mM NaOH to dissolve any silica aggregates. The samateplaced
into a 1 mL cuvette, along with 0.8 mL of the sodium molybdate solind allowed to

incubate for 30 minutes. Following incubation 0 of 0.5 M ascorbic acid was added to
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the cuvette. Immediately the previously clear assay solutioiedtairning blue. Exactly
60 seconds after ascorbic acid addition, the sample was scanredhwitUV-Vis
spectrophotometer. The scan (500-700 nm) took 12 seconds. Timing is impsrtaet
color intensity of reduced molybdic acid is unstable. Satisfatiteegr calibration curves
based on hydrolysed TMOS were obtained with every experimenta 8ditcentration in
film dissolution samples was determined by least-square® fént absorbance curve

derived from the calibration data.

Fluorescently Labeled Liposome Formation.  Palmitoyloleoyl
phosphatidylcholine (POPC) was dissolved in chloroform, dried, and mabhtaine
overnight under vacuum to remove residual solvent. 2.5 mg of lipid (incluéixasiRed
labeled DHPE at 6 wt%) was dissolved in 0.5x PBS, sonicatedybraeftl extruded

through a 100 nm filter (Millipore) ten times.

Lysozyme-Bead Conjugation.Carboxyl functionalized Sum diameter beads
were diluted 10 fold from stock solution into 1 mL of 10 mM HEPES Ib&déution, pH
7.5, containing 10 mM EDC. Following a 20 minute incubation, the beads wéstquel
by centrifugation and resuspended in 1 mL of 10 mM HEPES buffer, pHoh&iming
1.5 mg of lysozyme protein, and incubated for 2-4 hours at room temgeratliowing
conjugation the beads were washed 3x with HEPES solution and st@ré@ amtil use.
To verify lysozyme conjugation onto the beads,ul0of stock NHS-Alexa Fluor 488

solution was added to 1 mL of the lysozyme conjugated beads in 1BIERES buffer,
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pH 7.5, for 2-4 hours at room temperature. Following incubation the beadsvashed

3x with HEPES solution and then imaged.

Atomic Force, Fluorescence, and Scanning Electron MicroscopyAtomic
Force microcopy was carried out on a MFP-3B Bio AFM (Asyluesdarch, Santa
Barbara, CA) operated in tapping mode in air and in liquid. Forimgag air AC240 TS
cantilevers were used (Olympus, k = 2 N/m). For imaging irrwBR400 PB cantilevers
(Olympus, k = 0.09 N/m) were used. For applications where film theskneas
determined by AFM, an image at least 20 %120 in size was acquired and analyzed.
Fluorescence microscopy imaging was performed on an Olympusn¥a@scope and
recorded using an Olympus DP71 camera. A JEOL 6701F scannit@legcroscope
(SEM) operating at 5kV was used to directly image cells rated into lipid-silica films

without further preparation.

Hyperspectral Confocal Fluorescence MicroscopyA hyperspectral confocal
fluorescence microscope was used to image the yeasewelipsulated in the lipid-silica
matrices. This unique microscope, which was designed and built aa8aiwa fully
confocal design capable of collecting 8300 pixels per second. Eadlcpnsists of 512
emission wavelengths spanning the spectral region of 490 — 800 nm whsamntple is
excited using a solid state 488 nm laser (Coherent, Incorporatedse Temission
wavelengths are dispersed onto a electron multiplying charge dodglgce (EMCCD)
detector using a custom built high throughput prism spectrometereshhition of this

microscope consists of a lateral (x,y) spatial resolution of @25an axial (z) resolution
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is 0.6 um and a spectral resolution of better than 3 nm. For the collectidheof
encapsulated yeast cell samples, a oil immersion 60x objectitre avnumerical
aperature of 1.4 was used to collect the images.

Once the hyperspectral images have been collected, the iar@gpseprocessed
to remove unwanted spectral artifacts and then the images algzeahausing
Multivariate Curve Resolution (MCRY. The preprocessing consisted of the following
steps: 1) detection and removal of cosmic spikes collected on th€ BV} subtraction
of the dark image to remove the effects of a structured noiseestroro the spectral
data, and 3) removal of the spectral offset arising from thérehécs of the EMCCD. A
more detailed description of the preprocessing steps can be ifouhd experimental

1>° Following these preprocessing steps, MCR analyses of the

section in Jone®t a
spectral image data sets were conducted. MCR is a powerfuivaniaite analysis
technique in which the associated algorithms can extract thespaotral emission and
the corresponding intensities of each spectral component for eaghmptke image. In
addition, MCR can discover all emitting fluorphores that are abovendinse floor
without anya-priori information regarding the sample being imaged (i.e., no information
is needed to discover and quantify the fluorophores present in the senages).
Therefore, both known and unknown spectral emissions can be discovered anteduantif
within the images. Also, unlike most filter-based fluorescengerascopes, it not
necessary to have well separated fluorophores to obtain quantitatgesnsince the
MCR algorithms can significantly reduce the amount of cross-ttikden fluorophores.

Further information on MCR implementation, and decriptions of the MORware

written in Matlab and C code, are detailed elsewffete>®
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Integrated Yeast Viability Assay.Integrated yeast viability was measured using

the Funga Light™

assay (Invitrogen) containing a cell permeable non-specifecase
substrate (acetoxymethyl estércarboxyfluorescein diacetate, CFDA) and a cell
membrane integrity indicator (propidium iodide, Pl). Viability assay wa®padd using
the manufacturer’s protocol with slight modificationsull of CFDA solution (1 mg in
100uL DMSO) and 1uL of PI solution (20 mM in HO) were added to 1 mL of 1x PBS,
pH 7.4. This solution was carefully pipetted onto substrates contaielisgrdegrated in

a lipid-silica film and incubated at room temperature for 45-60FmHowing incubation
cells, still under CDFA/PI assay solution, were imaged withnaerted fluorescence
microscope. Cells with esterase activity and intact membfutgesced green and were
counted as viable. Cells without esterase activity and damagedraressn fluoresced red

and were not counted as viable. Cells with residual esterasgtyaeind damaged

membranes fluoresced yellow and were not counted as viable.
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Figure S1.Pure component spectra of Oregon Green (green) and yeast auto#noees
(red) used to generate the image in Figure 3, A.
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Figure S2. Pure component spectra from 655nm quantum dots used to generate the
image in Figure 3, D. The red spectrum was observed for 655nm Qdbesregion near

S. cerevisiaecells entrapped in a lipid-templated mesoporous silica film. Jieen
spectrum corresponded to 655nm Qdots in the bulk film.
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Figure S3. @A) Pure component spectra from 655 nm quantum dots in phosphate buffer
solutions at various pHs. Inset: Peak wavelength vs. solution pH va)ePyre
component spectra from 655 nm quantum dots in phosphate buffer, pH 7.1 (blue) and in
phosphate buffer, pH 7.1, with ~7 mg/miiCs PC lipid (red). Quantum dots were
incubated in the given pH or lipid solution overnight at room temperaiticg to
imaging.
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Figure S4.Fluorescence microscopy imagesSfcerevisiaeells (Cyto64 stained, red
emission) from a split sample containing (A) cells in water only (contrad (B) cells in
water with 2% DMSO (cells under osmotic clamp) introduced toddipmplated
mesoporous silica films. Cells were allowed to integratelfar 2 hours, after which
samples were rinsed to remove non-integrated material. Scate Hab0 pum.
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Figure S5. Fluorescence microscopy images of CFDA/PI viability assagted S.
cerevisiaecells introduced to trehalose containing lipid-templated mesopasitica
films and stored under dry conditions at room temperature for ~24 hbwaisalose
concentration in the sol precoursor solution used to prepare theidilonesented below
each image. Green cells are counted as viable. Scale barm.25
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CHAPTER 2

Cell-Directed Localization and Orientation of a Furctional
Foreign Transmembrane Protein within a Silica Nanosucture

Carnes, E. CHarper, J. C., Ashley, C. E., Lopez, D. M.,
Brinker, L. M., Liu, J., Singh, S., Brozik, S. M., Brinker, C. J.

J. Am. Chem. So2009 131, 14255-14257.

Abstract

A simple procedure is described for introducing functional exogenoosraee
bound proteins to viable cells encapsulated within a lipid templdiea sanostructure.
In one method, bR was added directly tdSa cerevisiaesolution along with short
zwitterionic diacylphosphatidylcholinesliCs PC), and mixed with equal volumes of a
sol precursor solution. Alternatively, bR was first incorporated iigosomes (bR-
proteoliposomes) and then added t8.acerevisiaesolution withdiCs PC, followed by
mixture with sol precursor solution. Films prepared from bR added Iglirgith diCs PC
resulted in bR localization ne&. cerevisiaeells in a disordered and diffuse fashion,
while films prepared from bR-proteoliposomes added to di@® PC/yeast solution
resulted in bR preferentially localized near yeast cell sasfdorming bR containing
multilayer vesicles. Importantly, bR introduced via proteoliposomes emserved to
modulate pH gradients developed at the cell surface, demonrgtiadin retained

functionality and preferential orientation. Localization of liposonpéllor bR did not
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occur around neutrally charged latex beads acting as cell atespglemonstrating that
living cells actively organize the multilayered lipid during evapion-induced self-
assembly. We expect this simple procedure for introducing functianal oriented
membrane-bound proteins to the surface of cells to be general andbslaptather
membrane-bound proteins. This advance may prove useful in fundamental studies
membrane protein function, cell-cell signaling, and in imparting radive

characteristics to arbitrary cells.
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INTRODUCTION

The development of new material behaviors based on incorporatiorblef atal
functional biomolecules has attracted considerable interest due to potentizdtapmiin
biotechnology, biocatalysis, drug delivery, bio-electronic devicey] &iological
sensing. Recently, the use of sol-gel technology for immobilization of tional soluble
proteins in inorganic materials has been widely reported. Thiessigs largely due to
advances in sol-gel processing that reduce exposure of biologroaboents to alcohol
solvents, toxic by-products, and the highly acidic or basic conditibrisydrolysis?
Similar advances in the development of biocompatible sol-gel precdsses also
permitted the encapsulation of viable céll§he extension of these biologically
compatible sol-gel processing techniques to encapsulate moreveem®tnbrane-bound
proteins in sol-gel matrices remains a significant challéngée relatively few
successful reports of membrane protein encapsulation mostly utiezghotoactive
protein-retinal complex, bacteriorhodopsin (bR). This prior work demdedtthat bR
retained native photo-induced proton pumping functionality, but that thisidonwas
rather inconsequential as the proteins were randomly oriented aedotbecould not
yield useful ion gradientsSpecific orientation of bR in sol-gel matrices was recently
shown, using silica entrapped bR-proteoliposomes (liposome reconsti&tedio
produce proton gradients that facilitated ATP synthiesis,by intercalation of silica
between oriented sheets of intact purple membrane lipid bilayersh winen integrated

on an electrode, produced measurable photocurtents.
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We recently reported that, using short chain phospholipids to direfdrthation
of thin film silica nanostructures during evaporation-induced sekably (EISA), the
introduction of cells alters profoundly the inorganic self-assembiyhwag. Cells
actively organize around themselves an ordered, multilayered lipmdbmane that
interfaces coherently with a 3D lipid-templated silica namestire. This bio/nano
interface is unique in that it withstands drying (even evacuatioainteaning cell
viability for days to years without external buffer, yet remaansessible to molecules,
proteins/antibodies, plasmids, etc. introduced into the 3D silicd lkesein we report an
extension of this cell directed assembly approach where bR istemtievithin a
multilayered lipid membrane localized at the interface betw®enerevisiaeand the
surrounding lipid-templated silica matrix. To the best of our knovdetigs is the first
report detailing incorporation of both functional transmembrane haceoteins and
viable cells in a sol-gel material. Importantly, the bR is olek to modulate pH
gradients developed at the cell surface, demonstrating both @oentmd retained
functionality. Such a simple procedure for introducing functional exogeneusbrane
bound proteins to immobilized cells may significantly impact funddaiestudies of

membrane protein function and cell-cell signaling.

RESULTS AND DISCUSSION

The two methods used by us to introduce bR and yeast cells in selpodated
silica matrix are depicted in Figure 1 A. In both methods, equal valwingol precursors

and yeast cells, suspended in phosphate buffer, were mixed (see Supglleme
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Information). In one method, bR was added directly to the yeast@oklbbng with short
zwitterionic  diacylphosphatidylcholinesdiCs PC). Alternatively, bR was first
incorporated into dimyristoylphosphatidylcholine (DMPC) liposome=e (Supporting
Information) and then added to the yeast solution diifl3 PC. Following mixture of the
respective yeast solutions with sol precursors the solution m@adiately spin-coated
onto a glass substrate. Grazing incidence small angel geaayering (GISAXS) and
scanning electron microscopy (SEM) were used to charactdrezeell-lipid-protein-
silica matrix produced from each of the two methods shown in FigéreQonsistent
with our previous studieb,films prepared from either method exhibited lamellar
structures with repeat distancd)(of ~31 A as a result of the cell-directed assembly
process (Figure 1 B). Also consistent with our previous reports, iBEling of samples
prepared from either method sho@scerevisiaeencapsulated in a crack-free silica film

with a coherent cell-matrix interface (Figure 1 C).
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Figure 1.(A) Encapsulation of yeast and bacteriorhodopsin (bR) in mesas&ddilica
films by direct addition of bR, or addition of bR incorporated into DMipGsomes, to
the yeastliCs PC lipid/sol precursor solution. bR added directly wdiiics PC was
localized in a disordered and diffuse fashion while bR incorporated D& C
liposomes and added to thH&Cs PCl/yeast solution was preferentially localized near the
yeast cell surface forming conformal bR containing multilayesicles. (B) Grazing
incidence small angle x-ray scattering (GISAXS) pattern lipfd-silica matrix
encapsulated yeast-bR film showing lamellar structure. (C) 3fMye of lipid-silica
matrix encapsulated yeast-bR film.

Localization of the protein and various lipid components was monitored by
fluorescent labeling and laser-scanning confocal fluorescenc@soopy. Pronounced
differences were observed in lipid and protein localization S8eaerevisiaeells when
comparing samples prepared by direct addition of bR or addition pirdtieliposomes
to the yeastliCs PC solution. Figure 2 A shows that upon addition of bR directly to the

yeastdiCs PC solution, bR (red panel) localized né&arcerevisiaecells in a diffuse
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manner that corresponded closely to the regiodiG§ PC localization (green panel).
Localization ofdiCs PC near yeast cells is consistent with our previous studieswhic
show the formation of a lipid-rich region that interfaces celith the surrounding
nanostructured silica host. Figure 2 B shows that addition of bR-praisoiies to the
yeastdliCs PC solution resulted in a more conformal localization of bR f{eectl) neas.
cerevisiaecells. The thickness of the protein layer suggests that muftiglen steps
have occurred during cell-directed assembly, forming yeapposted multilayers
containing bR. Figures 2 B and 3 A show that longer chain lipids introduced as liposomes
with (Fig. 2 B) or without (Fig. 3 A) bR preferentially locaizat yeast cell surfaces
during cell-directed assembly. In Figure 2 B preferential leadbn of NBD labeled
longer chain palmitoyloleoyl phosphatidylcholine (POPC) (introducet?/a®f the total
liposome lipid, green panel) is clearly shown by the 4-5 celighich the confocal slice
includes the top portion of the cells (peripheral cells). Based onadditell-directed
assembly experiments performed with labeled liposomes and lab€leBC (e.g. Fig. 3
A), we propose that bR introduced in proteoliposomes is co-localizéd heth the
longer chain liposomal lipids and the shorter chain lipids in close mityxto the cell
surface, but that the bR and liposomal lipids have higher prioritgnth are more

conformal with the cell surface.
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Figure 2. Confocal fluorescence images of Alexa Fluor 594 labeled bR (reskiem)
localized near yeast cells in the surrounding lipid-silicarimafA) bR added withdiCg

PC only (1% NBDlabeleddiCs PC, green emission) to yeast. (B) bR incorporated in
DMPC liposomes (1% NBD labeled POPC, green emission) added i@y PC to yeast.

Scale bars = gm.

The importance of evaporation-induced cell-directed assemblgrinirig yeast
supported bR multilayers is evidenced by the lack of spontaneous lipdesioe or
lipid association around yeast cells in buffered solutions. In theseotemperiments,
yeast and POPC liposomes (6% Texas Red labeled DHPE) wexd, mith and without
diCs PC, in buffered solutions prepared at various pH values: pH 7, (gt¢ afitial bR-
proteoliposomel/yeasltiCs PC solution prior to adding sol precursors), pH 2 (pH of the
silica precursor solution), or pH 5 (pH obtained near the lipidégsidincapsulated cells

following cell-directed assembly). In each case, no liposome fumiotipid association
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with yeast cells was observed showing that neither eleatitostffects under the pH
range studied nor the presencealifls PC, induce liposome fusion with the yeast cells in
solution. POPC liposome fusion and multilayer formation around yeeld was
observed, however, when liposomes were added to adi€g$/C/sol precursor solution
and spin-coated onto a cover glass. As shown in Figure 3 A, during atrapenduced
cell-directed assembly both the longer chain liposome lipid (6%asdéred labeled
DHPE, red panel) and shorter chaiiCs PC lipid (1% NBD labeled, green panel) are
localized at the cell surface, but the longer chain lipid is mondormal and has greater
priority for the cell surface (merged image). Additionallyjsi important to note that
viable cells play an active role in formation of yeast supportechbRlayers. In control
experiments using neutrally charged latex beads as celbatesy neither localization of

liposome lipid (Figure 3 B) nor bR (Figure 3 C) occurred upon evaporation.
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Figure 3. (A) Confocal fluorescence image showing liposome fusion and aydtil
formation around yeast cells during cell-directed assembly. R{pBsbmes (6% Texas
Red labeled DHPE, red emission) were added to a ge&astPC (1% NBD labeled,
green emission)/sol precursor solution. (B-C) Confocal projectionslbfsarrogates
(neutrally charged latex beads) added todi@ PC/sol precursor solution showing (B)
POPC liposomes (2.5% Texas Red labeled DHPE) and (C) Alexa Fluor 594 labahed bR

DMPC liposomes are not localized. Scale bargsn3

The ability to generate a photo-induced proton gradient in the lipid-proedi
silica matrix was investigated using the membrane impernpdrgensitive fluorescent
dye, Oregon Green. As shown in Figure 4 A, the intensity of fhoer® emission
decreases as the pH is lowered from approximately pH 6 tah3tetal quenching of
fluorescence at highly acidic pH @). The pH gradient resulting from exposure of the
films to green ligh is shown using confocal z-axis projections in Figure 4, B-D. As we
have previously shown, encapsulated cells form a gradient in pH froroxapptely pH
3 in the acidic silanol-terminated silica matrix, to pH 5.5 atetheapsulated cell surface,

spanning a distance of several micrometers. Figure 4 B showa tifrat prepared from
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addition of DMPC liposomes (without bR) to the yedi§€ PC lipid solution and
exposure of the film to green light (see Supplemental Informatimijled similar pH
gradients with pH near 5 at cell surfaces decreasing to appatety pH 3 over a few
micrometers. Photo-induced proton pumping was observed in samples prapaned f
direct addition of bR to the yeadilCs PC solution (Figure 4 C) which shows a slight
decrease in pH to 4.5 at the cell surface, as shown by the deidteesity of the Oregon
Green dye compared to Figure 4 B. This slight decrease iis phtlicative of non-
functional and/or randomly oriented bR, as functionality requires é lifyer that can

accommodate the hydrophobic domains of the transmembrane protein.
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Figure 4. (A) Dependence of the fluorescence emission of the pH sengitokee,
Oregon Green, on pH. (B-D) Confocal projections comparing developofepiH
gradients using Oregon Green in mesostructured silica encagosyleast with: (B)
DMPC liposomes without bR, witdiCs PC, (C) bR added witHiCs PC only, and (D)
bR added in DMPC liposomes witliCs PC. Decreasing fluorescence intensity

corresponds to decreasing pH. Scale bargum 3

Dramatic changes in pH gradient are observed for samples gaddpam addition
of bR-proteoliposomes to the yea#ls PC solution. As shown in Figure 4 D, the
original several micrometer region of higher pH surrounding encapdutalls is no
longer present. Increasing fluorescence intensity by 10 fold (Fiy.shbws that the
region surrounding the cells containing bR is now similar in pH tetneunding silica
matrix, ~ pH 3-4, consistent with proton pumping toward the cell. tturiately, due to
the strongly overlapping spectral windows of Oregon Green emissiobRaadbsorption

and activation (Figures S1 and S2) attempts to image the initiagrpHient were
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unsuccessful — confocal imaging unavoidably stimulates proton pumpingathaglithe
initial pH gradient. However, it is clear that the Oregon Grdga penetrates the
multilayer vesicle region, retaining its capability to probe mér the yeast cells, and
does not photobleach significantly over the course of these experingestsgvan by the
bright green emission in Figure 4 B where bR is absent. (Fuatitdtion of exogenous
buffer (pH 7.0) caused immediate uniform green emission throughoumadtrex). The
decrease in pH of approximately 2 units over the typically 15 esngquired to locate
cells and obtain the confocal projection is similar to that prelyioteported for bR
reconstituted in porous silica microsphere supported bildyénsthat study, after a 60
minute exposure of the 1n diameter microspheres to a UV-filtered xenon lamp, a 1.5
pH unit change was observed and attributed to bR orientation on the miceosptiace
driven by fusion of unidirectional aligned bR proteoliposomes with theaspherée?
For our system, the comparatively smaller volume of the lipid-jpretecapsulated cells
(>37x smaller for ~3uim diameter yeast cells than for microspheres) and higher itytensi
of the laser light are consistent with a moderately grgdiechange over a shorter time
period.

These results show that bR retain their native functionality and adprferred
orientation to the yeast cellular surface when introduced in @nodsomes withdiCg
PC. It has been shown that bR inserts unidirectionally into pretblipesomes under
conditions of detergent saturatitidiCs PC may act as a detergent that, upon EISA and
cell-directed assembly, reaches saturated concentration neacellse This causes
destabilization of the co-localized bR-proteoliposomes, faciigatusion of liposomes

with other liposomes and unidirectional orientation of'bRehis thesis is supported by
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the lack of liposome fusion or bR localization near neutrally chaaged beads (Figure
3 B,C) which we have shown do not localdi€s PC under evaporation-induced cell-
directed assembfyThe inside-out orientation of bR reported in this work is identizal
the bR orientation reported for bR-proteoliposomes formed in the prestsaturating
detergent. Additionally, the proposed mechanism that proteins almssis through the
hydrophobic domain of the membrane with the more hydrophobic protein Mdety
followed by this system where the more hydrophobic, ®fminal region of bR

penetrates the yeast supported multilayers yielding an inside-out taenta

CONCLUSIONS

In summary, we have shown a simple method for interfacing arshtioig
functional exogenous membrane-bound proteins with cells. We expediishatethod is
general and can be adapted to other membrane-bound proteins. Itawayupeful in
fundamental studies of membrane protein function and in imparting non-native

characteristics to arbitrary cells.
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SUPPLEMENTAL INFORMATION

Methods and Materials

All chemicals used in this work were supplied by Aldrich unlessratle noted.

S. cerevisiag(strain S288C, Invitrogen) was grown in glucose-based rich medium
(YPD+A) to GO or stationary state. Cells were collectedcegtrifugation, washed 3
times in DI water, and resuspended in DI water.

Silica precursor solutions were prepared as described previdlislBiefly,
precursor solutions were prepared by adding phospholipids to polyniieacssls in a
two step procedure designed to reduce siloxane condensation, avoidingbanedis to
silica-lipid supramolecular self-assembly during film depositiere-hydrolyzed TEOS
stock solutions (A2) were prepared by refluxing TEOS, ethanol, de-ionized veatdr
HCI (molar ratios 1: 4: 1: 5x13) for 90 minutes at 6. Stock solutions were stored at -
20°C. A2** stock was used to prepare the precursor sol solution with metlarof 1
TEOS: 4.0 ethanol: 2.0 water: 0.005 HCI.

A second solution was prepared containing the lipid 1,2-Dihexame@lycero-
3-Phosphocholined(Cs PC, Avanti Polar Lipids) at a concentration of 30mg/mL, with
yeast cells in DI water, with fluorescently labeled NBiQs PC (1-hexanoyl-2-{6-[(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoghglycero-3-phosphocholine,  Avanti
Polar Lipids) at 1 wt%, as appropriate. After dissolution of thed|light wt%
bacteriorhodopsin, 1 wt% liposomes, and/or 50 pM fluorescent pH probe 2’, 7'-
difluorofluorescein [Oregon Gre&h488] (Invitrogen) were added as appropriate to the

lipid/yeast mixture. This solution was then mixed with the sipcacursor solution in
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equal volume ratios and immediately deposited onto 25 mm No. 1.5 round glass
coverslips which had been pretreated in 0.1 M KOH for 2 hours, washad1t
Alconox in DI water, rinsed in DI water, and then cleaned in &OWlkeaner (Jelight
model 342) for 5 minutes. The deposited solution was then spun at 1500 rpm for 30
seconds using a spincoater (Laurell model WS-400B) held at <20% RH.
Bacteriorhodopsin (Sigma) was dissolved in 1x PBS, pH 7.2 at a corimenth
1 mg/mL and fluorescently labeled via reaction with Alexa Flo®4 carboxylic acid
succinimidyl ester (Invitrogen) for one hour at room temperatbmeess dye was
removed using an Amicon Ultra-4 centrifugal filter with a 10 KD&/CO (Millipore).
Palmitoyloleoyl phosphatidylcholine (POPC) and dimyristoylphosgiatioline
(DMPC, both from Avanti Polar Lipids) were dissolved in chloroform, driand
maintained overnight under vacuum to remove residual solvent. 2.5 mg dfwigs
dissolved in 0.5x PBS, sonicated briefly, and extruded through a 100iten fi
(Millipore) ten times. Texas Red DHPE (Invitrogen) or NBdeed POPC (Avanti
Polar Lipids) at 1-6 wt%, and Alexa Fluor 594-labeled bacteriorhodapssnadded to

DMPC at a weight ratio of 10:1 (lipid : bR).

Characterization

A Hitachi S-5200 scanning electron microscope (SEM) equipped with ag\Ene
Dispersive Spectrometer (EDS) from Princeton Gamma Tech )(M@3 used in both
spotlight and mapping modes to image the cells interfaces and perform eleanalysis

for films on silicon substrates. Fluorescence microscopy waerpexfl with a NIKON
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Eclipse 600 or TE2000U with 75W Xenon lamp. Images were acquiredanithQE
color CCD camera and Photometrics Hi-mono quantitative fluoresceaoera.
Confocal microscopy was performed with a BioRad Laser Scanningp#tiope (LSM)
using a NIKON TE2000U inverted microscope, and a Zeiss LSM 510 Bietizm

mounted on a Axiovert 100 inverted microscope.

Supporting Information References

1. Baca, H.K. et al. Cell-directed assembly of lipid-silica nanostructucesdang
extended cell viability. Scien@006 313 337-341.
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CHAPTER 3

Encapsulation ofS. cerevisiae in Poly(glycerol) Silicate Derived
Matrices: Effect of Matrix Additives and Cell Metabolic Phase on
Long—Term Viability and Rate of Gene Expression

Harper, J. C., Lopez, D. M., Larkin, E., Economides, M. K., Mcintyre, S. K., Alan, T.
M., Tartis, M. S., Werner-Washburne, M., Brinker, C. J., Brozik, S. M., Wheeler, D. R.

Chem. Mater.2011 23, 2555-2564

Abstract

Bioencapsulation of living cells into silica materials derivednfrthe sol-gel
process has resulted in novel hybrid living materials withtiegcfunctionalities. Despite
the many successes in this field, long-term viability antviacbf the encapsulated cells
remain a significant obstacle to producing practical and robustesgwcg. whole-cell
based biosensors. We report the first study on the effects oligariedia additives and
the metabolic phase of encapsulated cells on long-term viabilitthangte of inducible
gene expressiorSaccharomyces cerevisiae (S. cerevis@ls, genetically engineered
to produce yellow fluorescent protein (YFP) in response to galastese,encapsulated
in poly(glycerol) silicate derived matrices. Surprisingly, fivel that addition of media
components to the glycerol-silica matrix adversely impacted temmg-viability in all
cases studied, with a 1.3, 1.4, or 5.4 fold decrease in viabilitycadtg® days of storage

in matrices containing yeast peptone dextrose (YPD), yeast pefd& no glucose), or
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Synthetic Complete (SC) +2% glucose media, respectively. Timeliegs are consistent
with the media components inducing exit of the cells from theemobust quiescent
state, and the metabolic production of toxic byproducts. Encapsulaled from
exponential culture exhibited inducible reporter gene expression rates apgeyi33%
higher than cells from stationary cultures. Addition of media comporientise silica
matrix increased gene expression rates under certain condition® Hsedts further
elaborate on other silica matrix encapsulated living cell ssudied provide important
design parameters for developing effective living cell-based biosef@mocase-specific

detection applications.
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INTRODUCTION

The integration of living cells into silica matrixes by the-gel process continues
to be a challenging field of research that offers many potegjzortunities. Numerous
researchers have reported the generation of novel hybrid livingriadatthat confer
protection to the encapsulated cells, enhance long-term viability, and prowitdel over
bio/nano interfacial properties and the environment local to the'deBuch control can
provide an instructive background needed to achieve specific functiemaitd guide
cellular behavioP:*? Hybrid living materials with these properties can enable fgumit
advances in biotechnological applications including biosensing, biocatdigsige/organ
replacement, environmental and industrial process monitoring, controllectrgeodf
therapeutics, and bioelectroni¢s.

Silica materials derived from sol-gel processing have rakwdifferentiating
advantages over other polymers used for cellular encapsulation. imbleske the ability
to retain water with negligible swelling, chemical and biologioartness, mechanical
stability, controlled porosity, resistance to microbial attackpnr temperature
preparation, optical transparency, and the ease with which the tlyeafishe sol-gel
can be varied®*® Indeed, silica is an archetypical cell-protectant in naturatoms,
radiolarians, and sponges have evolved to fix silica onto their cédcssr forming
exoskeletons which can provide mechanical protection without adveesigting
nutrient and waste exchange required for graWth.

The high chemical and biological stability and excellent trarespy inherent to

sol-gel derived silica materials has been leveraged to peodtfective silica matrix
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entrapped whole cell-based biosensors. In these devices, the intagtcli serves as
the active element, exploiting the intrinsic ability of cetissense their environment and
respond to various molecules and stresses. Cell responses dnle, ttyyaically using

genetic engineering and signal amplification approaches to prauetectable signal.

For example, Premkumagt al®®

encapsulatedEscherichia coli(E. coli) strains
engineered to respond to general toxicity, genotoxicity, and oxidaikess, In
tetramethylorthosilicate (TMOS) derived silicate flmspBsure to various toxins was
monitored by production of an exogenous bioluminescence. Production of ¢emtres
proteins by silica entrappesl. coli has also been employed for sengmgnd a careful
study of the advantages/disadvantages of both luminescent and f#unregstems has
been reporte®® Silica entrapped living cell-based sensors for biochemical oxyge
demand (BODf* naphthalene and salicyldte,anti-photo system Il herbicidé$,
organophosphaté$, dicyclopropyl ketoné® and other physiological stres&es® have
been reported.

Despite these many successes, long-term viability and gctreinains a
significant obstacle in producing practical and robust living cedelabiosensors. It was
recently suggested that adding nutrients to a glycerol contasiliog matrix may
improve long-term cellular viability* Additionally, the metabolic state of the cell upon
encapsulation may also hold importance in viability and sensingitactCells from
stationary phase cultures are known to be more resistant teestthas may occur upon
encapsulation, while cells from exponential phase cultures arerespensive by way of
inducible reporter gene expressifrhoth being vital for effective sensing. A survey of

the literature shows that while cells from both exponential gattbsary phase cultures
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are encapsulated for sensing applications, the impact of celbaliet state on long-term
viability and sensor activity has not been addressed.

Herein, we present what we believe to be the first studysiigating the effects
of media additives and metabolic phase of silica matrix encapdufatist cells on long-
term viability and the rate of inducible gene expressiaccharomyces cerevisiés.
cerevisia¢, genetically engineered to produce yellow fluorescent protefP)Yin
response to galactose which serves as a model analyte fongsepglications, was
encapsulated in sol-gel matrices. These matrices weneedefiom the hydrolysis of a
glycerol orthosilicate with media in which the presence of fatai#e carbon and other
nutrients was independently varied. Interestingly, we observedirthatl cases,S.
cerevisiaeviability was negatively impacted by the presence of a fetaide carbon
source, and/or other nutrients in the silica matrix. The presehceutoents and
fermentable carbon had a positive or negative effect on tlee ofainducible gene
expression that was dependent on the cell metabolic phase and enicapsuoia in the
silica matrix. Encapsulated cells from exponential phase csltsh®wed enhanced
inducible gene expression while cells from stationary phasereslshowed significantly
greater long-term viability. These insights provide valuablégdgsarameters that may
facilitate the development of robust and effective silica encapsulahole-cell based
sensors for case-specific applications such as on-line procesmmgnor autonomous

environmental sensing.
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RESULTS AND DISCUSSION

Poly(Glycerol) Silicate (PGS) Synthesis and Characterization

Increasing interest has developed in use of alkoxysilanes nubeift diols or
polyols for cellular encapsulation due to the attractive propediethese systems
including high water solubility (no organic co-solvent required),ahan of hydrolysis
and condensation reactions by the addition of water (no requirementdobrabase
catalyst), and hydrolysis products that are biocompatible alcohalerebeliol or polyol
modified silicates have been reported utilizing ethylene glycapanme-1,2-diol, or
glycerol®® In studies were diol/polyol modified alkoxysilanes have been used f
cellular encapsulation, or in which diols/polyols have been added dittectly silica
matrix used for cellular encapsulation, glycerol provided the geatthancement in
cellular viability®" *®This is attributed to the high osmolarity of glycerol which decreases
the activity of water, and can be transported through the cell naembvia
aquaglyceroporins, modifying the membrane permeaBiitfherefore, a recently
reported PGS was selected for use in this study that, to theflmstknowledge, has not
yet been used for encapsulation of cells.

The starting material for the synthesis of the glyceralvddrsilicate was similar
to that by Khoninaet al®® with the catalyst substitution of titanium isopropoxide for
titanium butoxide and a 10 to 1 molar ratio of glycerol to tetsdetthosilicate (TEOS).
One can expect a variety of different isomers to be presentlingl cyclics and potential
dimers and other oligiomers. No attempt was made to charactiez exact species

present or their ratios. Slight variations in batches as evidencddifferent gelation
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times ¢ 10%) can reasonably be attributed to variations in the ratispaufies present.
Despite attempts to maintain tight control of reactions conditibesge variations likely
arise from slight difference in reaction temperature, and additiates, as well as slight
variations in the amount of adventitious water present. We believetibabverall
gelation process is not affected to a large extent by tHegde sariations, and no
sensitivity of the entrapped cells to these variations was observed.

The hydrolytic stability of the synthesized PGS was investigatédShgolution
NMR. Multiple resonances were observed indicating that multifley@rolyzed species
exist (major peaks at -82, -83, -84, and -85 ppm and mihoo@ensation peaks at -89,
-90, and -91 pprii* *' spectrum presented in the Supporting Information, Figure S1). The
degree of condensation of the as synthesized material after 2 months of caguedattor
room temperature was 5%. This low degree of condensation is indicative of tivelyelat
high hydrolytic stability of this material when compared to similar neseprepared
from alternative method¥: **Silica gels formed from PGS stocks more than 6 months

old exhibited negligible variation in gelation time, mechanical, and optical piegert

Gel Formation

The gelation characteristics of this material as a functigpHoftheoretical Si@
weight percent, and in the presence of various yeast culeot@rare presented in Figure
1. Gelation time was defined as the point at which the aqueous bGE&mixture no
longer flowed when inverted. Of th0% batch to batch gelation time variation, 1-2% is
attributed to the somewhat subjective determination of zero flownérease in gelation

time as the pH decreased, with a sharp increase between pHa2-#pbserved (Figure
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1A). This pH range corresponds to the isoelectric and zero cparges of silica and
common tetraalkoxysilanddwhere silica condensation kinetics are minimized, resulting
in longer gelation times. This observation corresponds well with tremstsrved in other
glycol-based systents.The effect of theoretical SiOweight percent on gelation time
was also studied by increasing or decreasing the volume pesteéhe PGS in the
silicate-aqueous buffer mixture. As shown in Figures 1A and B, amamiin gelation
time is generally observed between 1.6-2.1 theoreticgl B&pht percent (35-50 vol%
PGS in 0.1 M sodium phosphate, NaPB). Below this range, the increge&ation time

is attributed to the low concentration of silica in the mixturkee Tesulting gels also
exhibited decreased mechanical integrity (data not shown). Abovatigs, the increase

in gelation time is attributed to the lower relative concentration of eddtalyst.
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Figure 1. (A) Gelation time following introduction of 20, 35, 50, or 65% (vol.) PGS int
buffered solutions at pH 1.21, 2.09, 3.14, 4.17, 5.08, 5.99, 7.05 or 8.05. (B) Gelation time
following introduction of 20, 35, 50, 65 or 80% (vol.) PGS into SC +2% glu, YPD, 1x
PBS, or 0.1 M NaPB solutions.
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The incorporation of yeast culture media, as a general trendasecregelation
time of the PGS as pH decreased (Figure 1B) with a minimUatigye time, again near
1.6-2.1 theoretical SiDweight percent. An exception to these trends is the gelation time
of 1x PBS (pH 7.2). Based on the pH trends observed in Figure 1A andjtiee fanic
concentration of this solution (~0.152 M), it may be expected that 1xvRB®I yield
similar, if not shorter gelation times than 0.1 M NaPB (pH 6.1thcAigh the hydrolysis
and condensation reactions for common tetraalkoxylsilanes areimgslstood, little is
known regarding the hydrolysis and condensation behavior of glycol ewdifianes?

This is further complicated by conflicting reports on the impactack thereof, of ionic
strength and pH on the gelation of various poly(glycerol) silidatéved sol-geld***
Based on the results shown in Figure 1, encapsulated cell monoétesprepared by
mixing a 1:1 volume ratio (2.1 theoretical Si®t%; 50 vol%) of the PGS, with the given

medium, pH adjusted to 6.0. This provided a silica gel at a pH ametmloielular

viability, sufficient mechanical integrity, and practical gelation 8me

Gel Structural Characterization

The degree of silica condensation for PGS derived gels, wittwahdut cells,
was measured using solid stal8i MAS NMR. Table 1 contains tHéSi NMR spectral
data from monoliths formed from 50 vol% PGS in 0.1 M NaPB, pH 6.0, and alltawe
age for approximately 25 days. From this data, the degree of condangaji for
monoliths withoutS. cerevisiaeells, and withS. cerevisiaecells, was calculated to be
88.1% and 88.2%, respectively. These results show that although a subdémnaa of

silica has condensed, condensation was not complete. Furthermore, rthstrghef the
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sol-gel system was not extensively changed by the presér&ecerevisiaeells at the
concentrations used. Unfortunately, the initial kinetics of theigala¢action are too fast
to accurately observe vfdSi NMR given the long recycle delay required for complete
relaxation and large dilution of the silica upon addition of the buffebuwdfer/cell
suspension. Within eight minutes of mixing, th& §tes of the original material had
decreased to 10% of their initial intensity, and the very broad osaten @ and G
resonances were visible at low intensities. The initial spectiuthe PGS, and spectra
acquired after addition of the buffer solution or buffer solution contaicelts, are

presented in Figures S2 and S3.

Table 1. Solid state’®Si MAS NMR spectral data for PGS derived silica gels it
without entrapped yeaSt.

29 Relative
5("'Si), ppm Integration (%)
Sol-gel only 111 6 52
-101 Q 48
Sol-gel with entrapped yeast 1110 59
-102 ¢ 35
-90.8 G 6

& PGS derived gels prepared with 50% (vol.) 0.1 M NaPB, pH 6.0. Spmaiteated
approx. 25 days post gelation.

The surface morphology of PGS derived gels contaiSingerevisiaeells was
examined using scanning electron microscopy (SEM). SEM imagesg performed
directly (without fixation, supercritical drying, or metal sguithg) onglycerol-silica gel

monoliths. Figure 2A shows the typical long range morphologyaferol-silicagels is
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globular, with some regions of disordered porosity visible. Shallowlgpndated yeast
cells are also visible, as shown by the higher magnificati@yérof a small cluster of
yeast cells (Figure 2B). These images suggest that therghsilica matrix is not
completely homogenous. EDS measurements did not provide any evidetcthe
globular regions were high in salt or glycerol content; howeverselsgparation is
known to occur in glycerol containing silica matrixéghe formation of a high glycerol
and water containing region surrounding cells entrapped in silidaces has been
reported, and that interface has been implicated in improved cefiaksiity.*!* Planar,
less-globular surface regions are less frequently observed éR2gi)r Depressions are
also visible in many areas of the sample, and were observedioak the sample was
exposed to the electron beam (compare Figure 2C and 2D, imagaagtee by a few
minutes). These depressions are likely the result of the colppsi silica matrix
encapsulated yeast cells as the cytosolic fluid evaporatetodaeal heating from the

electron beam.
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Figure 2. SEM images of PGS derived silica gels containtgcerevisiaecells. (A)
Typical long-range morphology with some shallowly encapsulatdd ussible (B).
Image (D) was collected several minutes after image (@wing development of
depressions during imaging. Scale bars in (B-D) amn5

Effect of Cell Metabolic Phase and Media Additives on Long-Term Viabity

The long-term viability ofglycerol-silicagel encapsulate8. cerevisiaeells was
explored with cell metabolic phase upon encapsulation, and various coedmonent
additives to theylycerol-silicamatrix, as variables. For cell metabolic phase samfles,
cerevisiaecells from exponential phase culture (overnight cultures) andrsiay phase
culture (8 day old cultures) were used. Cells from these twareslthave significantly

different metabolic properties. Cells in exponential phase culienige their energy from
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aerobic fermentation, metabolizing carbon rich glucose via glysplyshile cells in
stationary phase culture have negligible energy requirement. Tdgrepsion from
exponential phase to stationary phase requires two metabolic Blaftglly proliferating
cells in exponential culture deplete fermentable carbon and undsogo carbon
starvation. At the diauxic shift, cells change their metabolis consume ethanol and
non-fermentable carbon produced as byproducts of fermentation. A secoalgblet
shift occurs after all fermentation byproduct carbon is depkatedhe cells readjust their
metabolism, entering a maintenance-like resting state (qun@sgen which proliferation
does not occur and the cells can remain viable without nutffents.

In media additive experiments, the long-term viabilitySofcerevisiaeells from
exponential or stationary phase cultures encapsulated in PGS dsiticadmatrices
containing a fermentable carbon source or other nutrients was stédied. medium
additives were used: a nutrient and fermentable carbon rich méeli),(a nutrient rich
media without fermentable carbon (YP), a nutrient restrictedeantentable carbon rich
media (SC +2% glucose), and simple buffer without nutrients or feamlke carbon (0.1
M NaPB). Figure 3A plots the viability . cerevisiadrom exponential phase culture
over 56 days of encapsulation in glycerol-silica matrix with varimesliium. Prior to
gelation, cells in PGS-buffer/medium solution and cells from expalgritase culture
had similar viabilities measured as 82%. Following gelation (~2 hrs for all samples)
viability dropped to 66 6%. This loss in viability is attributed to the stresses eravh
the cells during the silica condensation reactions and the ensanmgressive stresses
from gelation. Three regions of differing slope in viability are evtaed following

gelation. The first region occurs over the first 2 days ajtdation in which a rapid
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decline in viability is measured for cells encapsulated in athetliums, resulting in
viability between 23-34% after 2 days. This significant loss ibilig may correspond
to the lower concentration and decreased rate of diffusion of ferbherdarbon and/or
nutrients through the matrix leading to rapid death for these wélishigh metabolic
activity. The second region occurs between 2-9 days followilagige. Over this period
the viability continues to drop, but at a decreased rate with somer rdistinction
between cells encapsulated in the 4 mediums. This region magspond to a small
population of cells that could enter the diauxic shift. However, byy8 dast-gelation,
viability for all samples decreased to less than 8%. This stgygjest the effective
concentration of metabolizable carbon was not high enough to pernstotheshift of
metabolism from exponential growth, through non-fermentable carbdabolsm, to
quiescence. Finally, a third region extending from day 10 to 55 shitschange in

viability with all data points between 0-7% viability.
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Figure 3. Viability of S. cerevisiaeells from (A) exponential culture and (B) stationary
culture encapsulated in glycerol-silica gels derived from 50% (R@$ and 50% (vol.)
medium that was: nutrient and fermentable carbon rich (YPD, matf)ent rich without
carbon (YP, blue), nutrient restricted and fermentabb®n rich (SC +2%
glu), or without nutrients or fermentable carbon (0.1 M NaPB, bladkmediums were
adjusted to pH 6.0. Encapsulated cells stored at room temperatuséity/agetermined
via CFDA/PI assay. Error bars are the standard deviation of measureroen&regions
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For encapsulated cells from stationary culture (Figure 3Beedse in viability
post gelation to 64 8%, similar to cells from exponential culture, was measured a
attributed to stresses exerted on the cells during gelationewmywiability following
gelation was substantially improved. Three regions of differiogesiwere observed,
which are similar between samples with different matrix adit The first region
spanned 1-9 days post-gelation in which the greatest decline inityiaals observed.
The second region spanned approximately days 9 to 43. Viability imdhisn was,
within experimental error, constant. In the fourth region, 43+ daysgdtation, viability
declined.

The viability of cells from stationary phase culture in the klisee regions
depended strongly on the nutrient and fermentable carbon source contem¢ of t
encapsulation matrix. In control sampl&s, cerevisiaecells were encapsulated in a
glycerol-silica matrix with simple buffer (Figure 3B, bkacViability measured for these
cells decreased to 51-61% over the first 1-9 day region. Asntitex lacked both
nutrients and fermentable carbon, quiescent cells should remain tirstdia. We
therefore propose that this loss in viability was due to resglradresis exerting minor
compressive stresses that damaged some cells. Additionaltyala population of cells
may not have been adequately insulated from the polar chemical gabtips silica
surface (i.e. silanols) by the glycerol, slowly leading to dgemat the cell/gel interface,
inducing cell lysis™ From 9-43 days following gelation, control cells viability remdine
nearly constant between 52-63%. This is slightly higher than the0%®-viability 1
month post encapsulation that is commonly reported for glycerol nomgdilms. Here,

higher viabilities maybe due to the greater glycerol and I&®varontent of these gels,
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and ensuring th&. cerevisiaecells were in stationary phase prior to encapsulation by
culturing for 8 days, or a combination of these factors. Typically,-giasixic shift
cultures (~2-4 days from inoculation) are used for encapsulatioiiestand incorrectly
assumed to be in the stationary pH&sehich may lead to differences from the data
reported in this study. Also of note is the similarity of thisaswed viability to the
recently reported 40-50% percent of yeast cells in a statigiege culture that are truly
quiescent, termed ‘daughter ceft§These cells are distinct from the remaining
nonquiescent ‘mother cells’. Finally, a drop in viability was observeda43 following
gelation. This loss in viability may be due to break down of thlergsulting in cell
damaging compressive stresses, or exposure of the cell wall sguhanpolar groups.
Minor expulsion of fluid was observed in some monoliths prepared fayeladion time
studies (Figure 1) 2-3 months after gelation.

For cells from stationary phase culture encapsulated in P®f&desilica
matrices containing nutrient and fermentable carbon rich YPD mEdjaré 3B, red),
viability initially decreased from 62% to ~40% over the first 9dpgst-gelation. We
propose that this greater decrease in viability, compared tootiteol sample (black), is
due to the quiescent cells sensing the presence of glucose,gleadiaxit of a
subpopulation of the cells from quiescefitélowever, the relatively low concentration
and finite source of glucose is rapidly depleted. These cellstimeayenter diauxic shift
and metabolize the non-fermentable carbon byproducts of fermentasidhe Aneasured
viability 9 to 43 days following gelation was between 32-43%, @vislent that addition
of this complex media to the matrix resulted in a substartgd in viability over the

control sample. Cells encapsulated with nutrient rich medium witleomeintable carbon
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(YP, Figure 3B, blue) showed nearly identical viability trendsY&D medium. One
exception is the greater rate in loss of viability over thet ® days following gelation.
Like cells exposed to YPD (red), a portion of these cells frtatiosary phase culture
may sense the presence of nutrients in the YP medium and exdteue. Glucose in
water, in the absence of any other nutrients, is known to inducer@xitquiescencé&
However, it is unknown whether a few key nutrients or other chenactdrs that may
be present in the yeast extract or peptone can also induceoexigjfiescenc®. Still, as
no fermentable carbon source is present, non-fermentable carbon byproaluobt be
generated reducing the likelihood of an effective diauxic shiferefore, cells that exit
guiescence ultimately die. This results lower viability foistheells between days 1-9, as
compared to cells encapsulated with YPD. Still, it would appear tiearly the same
population of cells was lost for samples prepared with YP or YRd¢ating that the
populations of cells that exit quiescence ultimately cannot retuanquiescent state and
die regardless of the presence of a fermentable carbon source.

For nutrient restricted and carbon rich SC +2% glucose memyar@=3B, green)
cell viability rapidly decreased to #16% after only 4 days. This loss in viability is much
greater than that measured for cells encapsulated with YPDhwbittained the same
concentration of glucose. Although SC media is commonly used in gelasulture, it
was recently reported that yeast metabolism of SC media leaftsrmation of an
undesirable byproduct, acetic acid, which can negatively impactitidliUnder shaken
culture conditions, the produced acetic acid is quickly dispersed throutjfeuatlture
media, resulting in concentrations that are only moderatelyrazttal to the yeast cells.

However, for silica matrix encapsulated yeast, the effectifiisthn rate for the
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produced acetic acid is lower than under shaken culture conditionsreBhiss in the
development of an acetic acid concentration gradient, with high cacetid
concentrations within close proximity to the cells, leading toubstantial loss in
viability. Additionally, the resultant pH gradient could detrimentathffect the
surrounding silica matrix causing the cells to sustain additional stresses.

The fluorescence dye viability results (Figure 3) were atsdirmed by freeing
cells from the silica matrix followed by shaken culture ghating on solid medium.
These results are presented in Table 2. Trends in cell waddiigerved from the culture
and plating results were similar to those measured by flcemes viability dye assay.
(Images of colony growth on plates of previously entrapfederevisiaecells from
exponential and stationary cultures are presented in the Supportingdtitor, Figures
S4 and S5, respectively). These results also demonstrate thatudsteapsells, when

removed from the glycerol-silica matrix, remain viable and culturable.
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Table 2. Reproductive capability @&. cerevisiaeemoved from glycerol-silica gels with 50% (vol.) medium additf/es.

24 hr culture in YPB 48 hr incubation on YPD-Agar
Stored for 2wks 4wks 6wks 8 wks 2wks 4wks 6wks 8wks

S 01MNaPB M X X X L X X X

§ YP H X X X L X X X
g YPD L L L X M L L X

I sc+20gu M L M X L L L X
_.0.1MNaPB M H H M H M M M
S P M H H L M M L L

8§ YPD H M H H M H H
D sc+2%glu M H H L L M M L

a

All mediums were adjusted to pH 6.0.

! Encapsulated cells stored at room temperature.

2 Optical density (OD) of cultures: high (H; Ogg.= 1.6-3.0), moderate (M; O.8o = 1.1-1.5), low (L; O.Qyo = 0.6-1.0), and none
(X; O.D.goo = 0.0-0.5). Measured values for each sample are reported in the supporting infornadilersS).

Relative number of CFUs: high (H), moderate (M), low (L), and n&)elfhages of each sample are provided in the supporting
information (Figures S4 and S5).
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Surprising, and contrary to what was predicteih all cases in which media
components were added to the matrix, the viability of encapsufateeérevisiaecells
was negatively impacted. This can be rationalized by comp#mmgiability data for
cells from exponential versus stationary culture. For effecove-term viability, S.
cerevisiaecells should be in the more robust quiescent state. Addition of nmetliees
exit from quiescence and should be avoided to maintain long-termityialilsimilar
conclusion was drawn by Nasgif. al. who showed substantially improved viability for
glycerol-silica gel entrapped bacteria following addition of quorumsisg inducer
molecules® The authors suggest that these molecules maintain the bacteda in

stationary phase, enhancing their resistance to encapsulation inducex$ stress

Inducible Gene Expression

In addition to long-term viability, effective whole-cell based biosenianust
recognize a particular analyte and then generate a meassaigiéd This is typically
done by genetically engineering cells to introduce an exogenguostae protein that
produces a fluorescence, luminescent, or electrochemical signalesBijr of this
protein is controlled by selecting a promoter that is induced thgreihe target analyte
itself, or a molecule that is produced as part of a cell siyggp@athway activated by the
target analyté?

In this work, S. cerevisiaeells were engineered to produce yellow fluorescent
protein (YFP) in the presence of the model analyte, galactogesdlkctivity of this

engineered stain for galactose over the monosaccharide epimayselis shown in
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Figure 4. Bright fluorescence was observed for engineeredtiegted in shaken culture
with YP +gal induction medium (Figure 4A), and for glycerol-siliencapsulated cells
treated with YP +gal placed on top of the monoliths (Figure &dygineered cells in
shaken culture with YPD medium (Figure 4B), and silica magmcapsulated cells
treated with YPD (Figure 4D) showed very little background flsoeace. This dim
fluorescence is often attributed to ‘leaky promoter’ expogsf the recombinant
protein. These results show the exceptional selectivity possible w©ell-based
biosensors. Additionally, fluorescence was observed from cells enatgasdeep within
the silica monolith demonstrating that galactose and oxygen canediffusughout the

glycerol-silica matrix.
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Figure 4. Fluorescence microscopy images (false colored) of YFP esipes.
cerevisiaecells in exponential shaken culture (A, B), and cells from exga@leculture
entrapped in a 1:1 (vol.) matrix of PGS : 0.1 M NaPB, pH 6.0, for 24 houB)(&YFP
expression was induced (YP +gal treatment overnight at 30 °C) ian@\)C). Control
uninduced samples (YPD treatment overnight at 30 °C) are shown an@B(D). Cell
density in silica matrix samples (C, D) was approximag89o the density in culture
samples (A, B). All images were captured under identical Gas®itings. Scale bar = 30
um.

Effect of Cell Metabolic Phase and Media Additives on Inducible Genexpression
As fluorescence intensity from fluorescent proteins is a fanctf protein
concentration, monitoring intensity over time provides information regarthe rate of

expression of the protein. In addition to providing insights into cellmetabolism, the
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rate of reporter gene expression is also the governing pardoretesponse time of the
cell-based sensor.

The rate of galactose-induced YFP expression was first meditar cells in
exponential and stationary cultures under shaken or stagnant conditigune (5A,B).
Both exponential (Figure 5A) and stationary (Figure 5B) phaserresltshow similar
trends over a 32 hour period. Shaken culture in induction medium (Figure [BédeB
points), lead to significant expression of YFP over cells cultunedontrol medium
(Figure 5A,B red points). However, the rate of YFP expressionmuah greater fo6.
cerevisiaein exponential vs. stationary culture. Development of a fluorescaytal &
above the background fluorescence signal (KQE see Experimental Section) in the
shaken stationary phase culture required nearly 4.5 hours. This sighdkess than 2
hours to develop in the shaken exponential phase culture. Although thetigatura
intensity (25 and 32 hour time points) for both stationary and expahehtise cultures
was similar, the initial background fluorescence for celldatiaary culture was higher
(avg. 132 + 6 a.u.) than in exponential culture (avg. 105 + 22 a.u.), indicatgreaiéer
leaky expression for this construct in stationary phase culturs. higher background
fluorescence also contributed to the delayed development of a sig@éérgthan the
LODguor Finally, stagnant culture in induction medium (Figure 5A,B grpemts)
showed a significantly lower rate of YFP expression and lowerragaon intensity for
both exponential and stationary phdsecerevisiaecultures. This is attributed to the
lower diffusion rate of the inducer molecule and oxygen required lfmrelscence

through the stagnant medium to the settled cells.
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Figure 5. Rate of induced gene expression measured by YFP reporter protein
fluorescence intensity f@. cerevisiae€ells under differing culture conditions (A, B) and
encapsulated with in glycerol-silica matrixes with various gl (C, D). Cells from
exponential phase culture (A, C), are shown with solid symbolspséayi phase culture
(B, D), are with open symbolS. cerevisiaeells encapsulated in glycerol-silica matrixes
derived from 50% (vol.) PGS and 50% (vol.) medium that was: nutrienfeamentable
carbon rich (YPD, red), nutrient rich without fermentable carbon, ®Be), nutrient
restricted and fermentable carbon rich (SC +2% glu), or without ntdra fermentable
carbon (0.1 M NaPB, black). All media were adjusted to pH 6.0. EncapdiBat
cerevisiaecells from exponential culture were entrapped for 24-48 hours, dadroen
stationary culture were entrapped for 7 days prior to inducing gepesssion.
Encapsulated cells were stored at room temperature. Erranl{&sB) are one standard
deviation of measurements from 3 samples. Error bars in (C, Dpragestandard
deviation of measurements from 3 regions of a given sample. Fay,ctarly the final
data point for uninduced negative control samples (YPD treated) ara &h¢@, D). All
negative control data points are presented in the supporting information, Figure S6.
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The rate of inducible gene expression of cells from exponentidalreul
encapsulated in PGS derived silica gels with various media \a&lits presented in
Figure 5C. Treatment with YP +gal induction medium on top of eatheoéncapsulated
cell monoliths resulted in expression of YFP to varying degredks ft@n exponential
culture encapsulated with nutrient rich YP medium without fermentadileon (Figure
5C, blue points) had the highest rate of gene expression, with a aiogved the LOBor
near 6.5 hours from induction. This high rate, relative to the other sanvgle media
additive, may be due to the presence of some nutrients sustainimgtéieolically active
cells over the first 24-48 hours of encapsulation, while not presentiocgmgeting
fermentable carbon source to the cells. In cultures with mulfgri@entable carbon
sources yeast selectively metabolize the most metaboliaatigssible carbon source,
glucose® This preferential metabolism of glucose could delay uptake apdmss to
galactose, as was observed with YPD entrapped samples (BiQured points) which
generated a signal above the LR after approximately 12 hours, and with SC +2%
glu entrapped samples (Figure 5C, green points) which did not reaghah above the
LODgruor Over the course of the experiment. In addition to selective carbdkeytta SC
+2% glu entrapped samples may have also suffered from low viadidylocally high
acidity from acetic acid generation. Cells entrapped with 0NdRB (Figure 5C, black
points) showed a slightly higher rate of gene expression than th& Séfnples
(fluorescence intensity > LOd,r at 10 hours), which is again attributed to the lack of a
competing carbon source. Among these 4 media, YP, NaPB, and YPDadledea
similar saturation level of fluorescence intensity (~290 a.u.) 25 ladtastreatment with

induction medium. This saturation level is very similar to thatinbthfor of exponential
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phase cells under stagnate culture (Figure 5A, green points), atsbisttributed to
decreased diffusion of galactose and oxygen through the silica matrix.

Encapsulated cells from stationary culture also exhibited nedasurYFP
expression, as shown in Figure 5D, but at much lower rates than absareells from
exponential culture. Similar to the higher background fluorescencevebseetween
stationary and exponential phase cultures (Figure 5A,B), these saexplibited higher
background fluorescence (avg. 111 + 13 a.u.) in comparison to encapsultgdoel
exponential culture (avg. 73 £ 7 a.u.). Initially, rates betwteermediums were similar
(excluding SC +2% glu, for reasons already addressed). The devalomhea
fluorescence intensity > LOL,, for YP, YPD, and 0.1 M NaPB, took approximately 6,
5, and 8 hours, respectively. Agald, cerevisiaeentrapped with SC +2% glu did not
reach a signal > LOR). after the 32 hour treatment with inducer. At saturation,
however, there was greater variation between cells entrapptbe wmarious additives,
with S. cerevisiaeentrapped with YPD showing the highest fluorescence intensity,
followed by NaPB, and YP. YFP fluorescence intensity for ceitsapped in SC +2%

glu was measurable, but poor.

Ramifications for Encapsulated Living Cell-Based Biosensor Design

The results of this study provide key parameters for selectiaelbfetabolic
phase and silica matrix additives for case-specific cellebbsrsensing applications. For
example, in the case of ‘leave behind’ environment monitoring senEorg;term
viability is required. Quiescent cells should be selected and enatggbwithout media

to prevent exit from stationary phase. Such sensors could poteonpaitate for over 2
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months under the conditions tested in this study, after which the seasdog collected,
analyzed, and replaced. The lower rate of gene expression ferfrogh stationary
culture entrapped with buffer may not be a significant disadvartadgst response time
is often not a requirement. For on-line process monitoring, fapomes times are
required, therefore cells from exponential culture should be used & thes
requirement. The choice of media additives to the matrix is nairwasal, with the
caveats that matrix additives should not compete with the targdyte, nor yield
undesirable byproducts. Further, the low viability of cells fromosential culture would
require weekly replacement of the sensor. Although not ideal, longwi@bility is not a
key requirement for on-line process monitoring which typically acdar developed
regions where replacement sensors can be stored under refrigematiecgived through

reliable shipments.

CONCLUSIONS

Our investigations have shown the importance of the initial metapbase for

encapsulate®. cerevisiaeells, and the presence of media additives to the encapsulation

matrix, on the rate of reporter gene expression and long-termityiabil the cells.
Encapsulated cells from exponential cultures showed moderately hagbs of induced
reporter gene expression, and quiescent cells exhibited significuetyer long-term
viability. Addition of media components to the glycerol-silica mxatvhile beneficial to
reporter gene expression under certain conditions, adversely impatgetrm viability

in all cases studied. This was attributed to components of mediangdexit of the cells
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from the more robust quiescent state, and the metabolic production @btgroducts.
These results elaborate further on other silica gel whole-getipsulation studies, and
provide important insights that may facilitate design and devedopf effective cell-

based biosensors for case-specific applications.

EXPERIMENTAL SECTION

Materials. Aqueous solutions were prepared with 18 Mater using a Barnstead
Nanopure water purifier (Boston, MA). Tetraethylorthosilicate @8}, glycerol
(anhydrous), glucose (99%), galactose (99%), and titanium isopropoxide (@&
purchased from Sigma-Aldrich (St. Louis, MO). Phosphate buffer s@hiB8&) solution,
pH 7.2 (11.9 mM phosphates, 137 mM NaCl, and 2.7 mM KCI at 1x concentration),
hydrochloric acid (HCI), sodium hydroxide (NaOH), sodium phosphatsm@asic and
dibasic), and yeast extract were obtained from Fischer Saeff@fttsburgh, PA).
Bactd" Peptone was from BD Biosciences (Franklin Lakes, NJ). Ye&sigan base
(YNB) w/o amino acids was from Formedium, LTD (Hunstanton, Englaart), Drop-
out Mix Complete (w/o YNB) was from U.S. Biological (SwampscdftA). Funga
Light™ CFDA/PI yeast viability kit was purchased from Invitrogermi(€bad, CA). All

reagents were used as received.

Yeast Culture Mediums. Yeast extract, peptone, dextrose (YPD) media
contained 10 g yeast extract, 20 g B&¥tpeptone, and 20 g of glucose per 1 L of

nanopure water. For YPD-agar plates, 20 g of agar was added tan¢éBER. In yeast
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extract, peptone, galactose (YP +gal) induction medium the 20 g afsgluc the YPD
recipe was replaced with 20 g of galactose. YP media wasicdetd YPD media
without addition of glucose. Synthetic complete with glucose (SC +2% glu)icedta.9
g of YNB w/o amino acids, 550 mg KCI, 2 g Drop-out Mix Complete, andj af

glucose per 1 L of nanopure water.

Synthesis of Poly(Glycerol) Silicaté® A round-bottomed flask equipped with a
stir bar, dropping funnel, and reflux condenser was charged with 63.4lgcefol (688
mmol) and heated to 60 °C with stirring. To the hot glycerol wagdddmixture of
10.21 g TEOS (49.0 mmol) and 1.02 g titanium isopropoxide (3.0 mmol). Afteradditi
the reaction mixture was refluxed at 130 °C for 3 hours. Ethanolochygtr was removed
under vacuum (~10 mTorr) at 130 °C. The product (63.5g; 98% yield) wasc@sei
opalescent white liquid that was somewhat soluble with waternidss of the product
agreed with the reported theoretical formula: SHfDs)s - 10GHs0s;*% however, it is
certain that many isomers exist in the mixture as welbase inadvertent hydrolysis

products.

Preparation of Poly(Glycerol) Silicate (PGS) Derived Silica Qs and
Encapsulated S. cerevisiae Monoliths. For gelation time point experiments, a given
volume percent (20, 35, 50, 65, 80%) of buffer or media was added to thé3RGIS
total volume) in a polystyrene 15 mL centrifuge tube and homogenized texivngr for
60 seconds. For silica matrix encapsulaé@ederevisiagnonoliths, 50 volume percent of

S. cerevisiaeells (16-10" cells/mL) in a given media or buffer previously adjusted to
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pH 6.0, was added to the PGS (250-3@&0total volume) in a 1.5 mL polypropylene
microcentrifuge tube and homogenized by vortexing for 60 secondsamjples were
allowed to gel in the centrifuge tubes and stored capped at room teump€22 °C). The

theoretical density of the final wet gels corresponds to 1.1-1c81.

Fluorescence and SEM Imaging.Fluorescence microscopy imaging was
performed on an Olympus IX70 microscope and recorded using an Olympits DP
camera. A Hitachi 3200N scanning electron microscope (SEM) opgrat 25 kV was
used to directly image poly(glycerol) silica gel encapsul&@ederevisiaecells on a

graphite support ~6 hrs post gelation, without further preparation.

29Si NMR Analysis. #°Si solution state NMR spectra of the PGS were obtained on

a Bruker DRX 400 using a 10mfiSi-selective probe. Th&H-decoupled®Si spectra
were acquired using an inverse gating pulse sequence with 512 sdaass@nsecond
recycle delay. The spectra were referenced to the exteeahdary standard of neat
TMS at8(*°Si) = 0 ppm. The solid staféSi magic angle spinning (MAS) NMR spectra
of silica-glycerol gels were obtained on a Bruker Avance 40Qyusid mm broadband
probe spinning at 4 kHz, with 4k scans and a 240 second recycle dielgyalstandard
single pulse Bloch decay sequence. The solid state spectrar@ferenced to the
secondary external standargh@ at5(*°Si) = 11.8 ppm with respect to TMS. The degree
of condensation (C) was defined based on the relative concentratidres different @

species:

c_lol+ 2[Q2]+43[Q3]+ 4]
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Long-Term Viability Measurements. Encapsulated. cerevisiaecell viability
was measured using three methods: fluorescence dyes, 24 hour icuN@E medium,

and 48 hour growth on YPD-agar. For viability dye assays-timga Light™

assay was
used which contains a cell permeable non-specific esteraseasellSEFDA) and a cell
membrane integrity indicator (Pl). Viability assay was @eried using the
manufacturer’s protocol with slight modificationsull of CFDA solution (1 mg in 100
uL DMSO) and 1uL of PI solution (20 mM in HO) was added to 1 mL of 1x PBS, pH
7.4. From this solution 250L was pipetted on top of a glycerol-silica gel encapsul&ted
cerevisiaecell monolith and incubated for 45-60 min at 30 °C. Following incubation a
portion of the monolith was removed from the microcentrifuge tube tapging the
monolith with a small sterile wooden dowel. This portion was then redun¢tween a
glass microscope slide and coverslip. Cells were then imaged avit inverted
fluorescence microscope. Cells with esterase activity atatti membranes fluoresced
green and were counted as viable. Cells without esterase aciindy damaged
membranes fluoresced red, cells with residual esterase yaeindtdamaged membranes
fluoresced yellow, neither was counted as viable.

As viability is ultimately defined as the ability of a It reproduce, cell culture
and the ability of cells to form colonies on solid medium platesalss used to assess
viability. For 24 hour culture, a portion ofghycerol-silica gel encapsulat&l cerevisiae
cell monolith was removed and mixed with 200 of 1x PBS, pH 7.4, forming a

homogenous suspension. From this cell-PBS suspensioqL10@s added to 5 mL of

YPD medium in a 15 mL culture tube from which 1400 was retained for the 48 hour
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growth on YDP-agar plates (described below). The remainder imedated with
shaking at 30 °C for 24 hours. The optical density at 600 nm {f§).lvas measured at
time = 0 and 24 hours usingu®uant microplate reader (Bio-Tek Instruments, Winooski,
VT). For the 48 hour growth on YDP-agar plates, the retained 1lOQell-YPD
suspension was spread onto YPD-agar in a plastic 10 cm Petardisihcubated at 30

°C for 48 hours.

Rate of Inducible Gene Expression Measurement3he rate of gene expression
was monitored by measuring the fluorescence intensity with ¢ifrihe reporter protein,
yellow fluorescent protein (YFP). For induction of YFP expressiorS.incerevisiae
culture, exponential or stationary phase cells were pellettedebyrifugation and re-
suspended in YP +gal induction medium. The cells were incubated wikmghar
under stagnant conditions, 3 °C. At given time intervals, a 50-1@Q aliquot was
removed from the culture, pelleted, aspirated, and re-suspendisd®BS, pH 7.4. Cells
were imaged via fluorescence microscopy. For PGS derived solajek encapsulated
S. cerevisiaeells 250uL of YP +gal was pipetted on top of the matrix, followed by
incubation at 30 °C for various times between 0 and 32 hours. A separabétimwas
prepared for each time point. Following the incubation, a portion of the rtfongdis
removed, mounted between a glass microscope slide and coverslip,aged indentical
microscope and camera settings were used for all imagingirdjayantitative analysis
of YFP expression between all samples imaged. lirh# of fluorescence detection
represents the lowest fluorescence intensity of a positiveotavitose signal strength is

greater than the sum of the mean fluorescent intensity of diveegantrol sampley()
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and its standard deviatioa)(multiplied by 3 (LORy,or= p + 30). The time required for a

given sample to develop a fluorescence intensity greater thdrOibg,or was used to

compare the rate of YFP expression between samples.
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SUPPORTING INFORMATION
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Figure S1.%°Si solution NMR spectrum of the as synthesized poly(glyceotih\viing 2

months of capped storage at room temperature. Several resonancéstireli@tand G
regions are observed.
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Figure S2.%9Si solution state NMR spectrum of the as synthesized poly(glydeetdre
and after addition of equal volume 0.1 M NaPB, pH 6.1.

Starting material

After addition of buffer/cells

T T T T T T T T T T

20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm

Figure S3.%9Si solution state NMR spectrum of the as synthesized poly(glydestdre
and after addition of equal volume yeast cell suspension in 0.1 M NaPB, pH 6.1.
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2 week storage 4 week storage

Figure S4. Images of colonies formed from plating portions of glycerol-ilic
encapsulate®. cerevisiaeell monoliths onto YPD-agar after room temperature capped
storage for 2, 4, 6, or 8 weeks. Encapsul&@ederevisiaeells were fromexponential
culture. Glycerol-silica gels derived from 50% (vol.) PGS and 50% (voédliom that
was: nutrient and fermentable carbon rich (YPD, bottom quadrant), mutgh without
fermentable carbon (YP, right quadrant), nutrient restrictedfemaentable carbon rich
(SC, left quadrant), or without nutrients or fermentable carbon (PB, top quadrant).

114



2 week storage 4 week storage

6 week storage 8 week storage

Figure S5. Images of colonies formed from plating portions of glycerotaili
encapsulate®. cerevisiaeell monoliths onto YPD-agar after room temperature capped
storage for 2, 4, 6, or 8 weeks. Encapsulé@ederevisiaecells were fromstationary
phase culture Glycerol-silica gels derived from 50% (vol.) PGS and 50% (vokgliom

that was: nutrient and fermentable carbon rich (YPD, bottom quadrantigntuich
without fermentable carbon (YP, right quadrant), nutrient restriaredl fermentable
carbon rich (SC, left quadrant), or without nutrients or fermentabiegona(PB, top
guadrant).
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Table S1.Optical density (O.Rgg measurements following 24 hour shaken cultur®.of
cerevisiaeremoved from glycerol-silica gels with 50% (vol.) medium additfves.

24 hr culture in YPD (O.[Rec)
Stored forr 2wks 4wks 6wks 8 wks

_f_g 0.1MNaPB 1.1 0.37 0.10 0.3

§ YP 1.76 0.31 0.16 0.18
§ YPD 0.96 0.90 1 0.41
W SC +2% glu 1.2 1 11 0.25

> 0.1MNaPB 1.45 23 1.9 113
S YP 11 293 2 1
®  YPD 1.79  1.45 2.5 1.25
wn

SC+2%qglu  1.42 1.61 2.1 1.04

a All mediums were adjusted to pH 6.0.
1 Encapsulated cells stored at room temperature.

Figure S6. YFP reporter protein fluorescence intensity $rcerevisiaeells from (A)
exponential (B) and stationary phase culture encapsulated in glgderal matrixes
derived from 50% (vol.) PGS and 50% (vol.) 0.1 M NaPB, pH 6.0, treatdd Y#HD
(negative control medium).
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CHAPTER 4

Orthogonal Cell-Based Biosensing: Fluorescent, El&#ochemical,
and Colorimetric Detection from Silica Matrix Encapsulated Cells
in an ITO/Plastic Laminate Cartridge

Harper, J. C., Edwards, T. L., Savage, T., Harbaugh, S.,
Kelley-Loughnane, N., Stone, M. O., Brinker, C. J., Brozik, S. M.

Abstract

We report living cell-based sensor platform capable of orthogdnatescent,

electrochemical, and colorimetric detection of a single taegmlyte in a complex

solution. Coupling these three signal transduction methods may sudditaetiuce the

impact of potential interferants, increase confidence in the sensatput, and holds

significant implications towards development of practical deviagsehvironmental

monitoring.

Cross-Section View

Removable
seal

Cells in ITO electrode
silica matrix ~ array surface
thin film

Abstract Figure

117

: -10 4
V\|- I a0 r/
T Amperometry

-50

0 03 08 09 12
tis —



INTRODUCTION

Advances in agriculture and foodstuff production have sustained the cratent
of world population growth, but have lead to an enormous increase in thef use
pesticides and herbicides, with clear implications towards enviroamantl human
health™? Analytical devices capable of detecting chemicals in #elaboratory’
environment with high specificity and sensitivity are essefdialregulatory purposes
and for advancing our ability to identify, understand, and enable remadiat
environmental pollutants. Additionally, such devices could prove valuable in &ety,s
medicine, public safety, and military defense applicatidrBhus, demand for analytical
devices that are robust, inexpensive, portable, low-power and simple tatepper
continues to dramatically increase.

As an alternative to traditional chemical and physical amalyschniques,
analytical tools based on living cells to provide analyte recagniand response
functions are attracting increased attentfbrOften described as the equivalent of
canaries used to detect toxic gases in nitheghole cell-based biosensors have proven
effective in the non-specific detection of various cellulaesses, DNA damage, and
general toxicity® ! Additionally, living cells are capable of amplifying subtle sigriay
many orders of magnitudea native signaling cascades. Used together, with advances in
genetic engineering, real-time and highly sensitive andifspeell-based detection of
bacteria, viruses, and toxins has been rep&tted.

Living cell-based biosensors, however, suffer from severatdiions including

(i) difficulties in interfacing cells with the transducerfegtively hindering translation of
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the biological response to a measurable sighéil) susceptibility of cells to stresses
from theex vivoenvironment leading to a high false positive/negative respand or

loss in viability/activity[,m] and (iii) interferences with complex sample solutions.
Depending on one’s method of signal transduction, common interferantsdencl
molecules that are redox active at the potential range entplfmyeelectrochemical
measurement8, or are autofluorescent or cause high solution turbidity, confounding
optical measurement8. To address limitations associated with interference and
ambiguous readings, use of a device that relies on more than anetdistthod for
signal transduction may prove an innovative option. Coupling the two most coynmonl
used signal transducers in cell-based biosensing, electrochemaradryfluorescence,
would provide complementary information regarding the sample propestibstantially
decreasing false positive/negative responses due to interfemds,significantly
increasing the confidence of the analyst in the results.

Indeed, platforms capable of simultaneous amperometric and fluorescenc
measurements of ceffé! and most recently, simultaneous amperometric and total
internal reflection fluorescent (TIRF) measureméftshave been reported. In these
pioneering works exocytosis from chromaffin cells was monitored ucaleditions of
continuous perfusion culture. Although ideal for fundamental molecular biclhuglyes,
these devices were not designed for long-term environmental hiogems another
recent study, the utility of coupling electrochemical and fluaesstechniques for cell-
based biosensing of pesticides was repdttédn this work photosynthetic cells were

entrapped within protein gels in two separate devices, one for fhenes
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measurements, the other for amperometric measurements. The ahbamsd that
coupling these two data sets provided less ambiguous identification of targst toxi
Herein we report the first orthogonal detection mode living cadleld sensor
capable of fluorescent, electrochemical and colorimetric messnts of a target analyte
in complex media, all on a single device. Orthogonality is endijlecgse of multiple cell
lines engineered to provide distinct responses to the targettean®#e also address
sensitivity of the cells to the environmewi entrapment in a matrix derived from
glycerated silicate, which we have recently characterifmd cell-based sensing
applicationd!” Finally, we report what we believe to be the first co-gment of
eukaryotic and bacterial cells in a silica matrix, demonsgatiultianalyte biodetection

by mixing cell lines that would not be compatible under standard culture conditions.

RESULTS AND DISCUSSION

Fabrication of the senor platform’s fluidic cartridge wasoagglishedvia laser
machining of plastic laminatés! The device was composed of nine thin plastic layers,
each cut with a C®laser, and an ITO coated microscope slide patterned by
photolithography and wet chemical etching. A schematic laydaymsr-representation of
the ITO-glass/plastic laminate cartridge is shown in Fidurewith an expanded layer-
by-layer schematic presented in the Supporting Information (Fi@le Adhesive
coatings on plastic layers allowed for assembly of the debicesimple hydraulic

pressing of the layers. Fabrication details can be found in the Supporting Inbermati

120



Layers 6-9
PMMA & A-M-A (3.20 mm)

Layer 5
M-A (0.08 mm)

Layer 4
PMMA (0.25 mm)

Layer 3
A-M-A (0.10 mm)

c)  Cross-Section Plane View

Removable ~ Well volume = 0.39 mL

Layer 2 seal
M-A (0.08 mm)

: ) Layer1
PMMA (1.50 mm)

Layer 0 -@’-
ITO on Glass (1.00 mm)  celis in ITO electrode

silica matrix array surface
thin film

B PMMA [1.5 mm]
[ A-M-A [0.10 mm]
M Silicone O-ring
B PMMA [0.25 mm]
[ M-A [0.08 mm]
O ITO-G [1.0 mm]

Microscope objective

Figure 1. a) Schematic layer-by-layer representation and b) photographeofTO-
glass/plastic laminate cartridge. Fluorescence and visibletaeteoccur through the
glass, ITO, and silica matrix; electrochemical detectigmei$ormed on the ITO surface.
c) Cross-section cutout schematic of the device (from the prarked in panel (b))
highlighting the location of living cells encapsulated within thegtol-silica matrix thin
film (bright yellow). Dark blue represents fluidic accesssviirough the o-rings and the
fluidic channel over the ITO electrode array for introducing #il#siica matrix solution
to the cartridge. Pores were laser machined into portions of PMMA layer 4 (pie&ydir
above the electrodes, providing analyte solution access to theyimglenhtrapped cells
upon removal of the Mylar seal at the bottom of the well (layer 5, yellow). Abkimngat
polymethylmethacrylate (PMMA), polyethyleneterapthalate l@¥]yM), indium tin oxide
(ITO), glass (G), Mylar coated with adhesive oriented down (MMylar coated with
adhesive on both sides (A-M-A).
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A photograph of the assembled cartridge is shown in Figure 1b. Visililee
image are the ITO leads and the array of 3 electrochero@dls, each containing 3
individually addressable electrodes at the bottom of each welacgudreas of the ITO
working, pseudo-reference, and counter electrodes are 22.9, 8.2, and 55.1 mm
respectively. A schematic of the assembled cartridge higiigy the conductive
electrode regions is presented in Figure S2. The cross-sectiorthrewgh one of the
wells (Figure 1c) highlights the region in which cells entrappexdglycerol-silica matrix
thin film are interfaced between the ITO electrode suréaka polymethylmethacrylate
(PMMA) sheet (Figures 1la and S1, layer 4, pink). The portion of MR sheet that
forms the well bottom is porous, allowing the analyte solution tesacthe underlying
silica matrix entrapped cells. A removable seal (layer Sowelis placed over the porous
well bottoms during assembly (Figure 1c). Living cells in a @lgtsilica matrix
precursor solution are introduced to the device through microfluidic portsther side
of each well. Following introduction of the cell/glycerol-silica masolution, the inlet
and outlet ports are sealed with adhesive tape. In this configurdtemlevice can be
stored under ambient conditions for months with significant retenticelinlar activity
and viability (40% viability after 60 days).

For orthogonal detection mode cell-based biosensing, an equal mgtare of
S. cerevisiaecells engineered to express yellow fluorescent protein (YBR{ S.
cerevisiae cells engineered to express and secret glucose oxidase (®@rg,
immobilized within a glycerol-silica matrix thin film in alTO-glass/plastic laminate
cartridge. Expression of YFP and GOx in each cell line is iedidny the presence of a

model analyte, galactose. Detection of YFP occuwed fluorescence microscopy
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imaging through the transparent ITO electrodes and silicaixndlectrochemical
detection occurred at the ITO electroda chronoamperometric reduction of hydrogen
peroxide (HO;) produced during GOx turnover, using a hand-held potentiostat. To
enhance the amperometric response fra@,Heduction, the ITO surface was modified
with gold nanoparticles (AuNPs), followed by deposition of Prussidue BPB).
Electrode surface functionalization was performed within the aggembled device and
was selective, modifying the working electrodes only. DetailheflTO array surface
modification process, including a photograph, SEM images, and elsetnizal
characterization, are presented in the Supporting Information (F88)reThe resultant
surface (ITO-AuNP-PB) retained excellent optical trangpare allowing for
fluorescence measurements through the functionalized electrothds, shhowing a
significantly enhanced #D, current response at low potentials (<100 mV vs. ITO
pseudo-reference). Introduction of living cell/glycerol-silicatnx precursor solution to
the device occurred following electrode surface functionalization.

A solution of complex media (YP, see Supporting Information) comigini
galactose (2% mass) was added to a well in the ITO-glassfplaminate cartridge,
following removal of the plastic cap (layer 5), to an end volume of 250Cells
entrapped beneath the well were then monitowea simultaneous fluorescence
microscopy and chronoamperometry measurements. The electroahemid
fluorescence response with time is shown in Figure 2a. The ampgdmrasponse (blue
trace) initially increased more rapidly than the fluoreseaesponse (red trace), reaching

a signal & above the negative control signal in less than 4 hours. This samnesitence

signal intensity (8 above the negative control) took nearly 6 hours to develop. This is
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not unexpected as the electrochemical response is based onccptalytiction of HO,
by GOx, whereas the fluorescent response is proportional orie timtial concentration
of YFP expressed by the cells (not catalytic). Between 6-3Hoam introduction of the
analyte sample, the electrochemical response reached a maxaftemwhich the signal
continued to decrease with time. This is attributed to the depletion of enzymatrat®jbs
and the breakdown and electrochemical consumption©$.Hn contrast, the fluorescent
signal continued to increase, reaching a maximum between 12-18flayargduction.
This fluorescent signal was highly stable, being detectable aftencell death (data not

shown).
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Figure 2. Orthogonal biosensing of a single model analyte fluorescent,
electrochemical, and visible (colorimetric) detection mod8&s. cerevisiae cells
engineered to express either YFP or GOx in response to gala@@ah were co-
encapsulated in a glycerol-silica matrix thin film within BrO-glass/plastic laminate
cartridge. a) Simultaneous electrochemical (blue) and fluoresqeed) measurements
upon treatment with YP +2% gal at 8C. Error bars are the standard deviation of 3
independent measurements. Insets: Photographs of colorimetric asadyg following
overnight incubation of wells with YPD (negative control) or YP +3&b at 30°C.
Fluorescence microscopy images (b, c) of YFP expression falipwan overnight
treatment with (b) YP +2% gal or (C) YPD at 3D. (False-colored, scale bar = 3).

d) Chronoamperometric measurements e®H(produced by GOx turnover) following
treatment with YPD (red) or YP +2% gal (blue) for 9 hours3@t°C. ITO working
electrodes were selectively modified with gold nanoparticles Rndgsian blue to
improve HO, sensitivity while remaining transparent (see Supporting Infooma
Figure S3).
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Typical fluorescent and amperometric responses to treatmentgalilctose in
complex media are shown in Figures 2b and 2d. Bright fluoresaeaseobserved for
glycerol-silica matrix encapsulated cells in an ITO-dlasstic laminate cartridge treated
with YP +2% gal (Figure 2b). A similar response was also obdezlectrochemically.
The current response 200 ms after a potential step to —100 m\V3sasuA for
encapsulated cells in an ITO-glass/plastic laminate cgériceated with YP +2%gal.
The high selectivity of the engineered stains for galactose theemonosaccharide
epimer, glucose (negative control), in complex media is shown inrdsggb and 2d.
Encapsulated cells treated with YPD (2% glucose) showed vihy background
fluorescence (Figure 2c), and only & of electrochemical signal was observed 200 ms
after a potential step to —100 mV. These results show the exce@ectivity possible
with genetically engineered cell-based biosensors in this nsysihe galactose
concentration dependence of amperometric and fluorescent sigralalssameasured
and is presented in Figures S4a and S4b, respectively.

Colorimetric detection of galactose from YFP and GOx exprg@ss. cerevisiae
cells entrapped in an ITO-glass/plastic laminate caeridgs also demonstrated (Figure
2a, insets). Colorimetric assay solution (ABTS assay, see Suppdmformation) was
added to each well following an overnight incubation with YPD or Y26+gal.
Following colorimetric assay, the solution and silica matrixamed clear in the well
treated with YPD. For the well treated with YP +2% gal, thieteon and silica matrix
developed a strong dark green-blue color that was clearly discerbgbeye. This
provides an additional orthogonal approach for the detection of the aaagte that can

be performed and measured without any instrumentation, significanmthtifying leave-
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behind environmental monitoring. Photographs and absorbance measurement§Sor AB
assays following incubation with YP containing differing concerdratiof galactose are
presented in Figure S5, and Table S1.

We further demonstrated the ability to co-entrap disparatesedast living cells
within an ITO-glass/plastic laminate cartridge. In thisesaeukaryoti&S. cerevisiaeells
engineered to express YFP in the presence of galactose, and gram-negatiyetcdkar
coli ‘riboswitch’ cells, were co-immobilized in a glycerol-silicaatrix thin film. As an
improvement to our earlier fluorescence resonance energy traffdRET) based
riboswitch construct® the riboswitchE. coli system used in this work contains a
synthetic riboswitch: an mRNA strand consisting of an aptansuesee against the
respiratory drug, theophylline, and a sequence encoding a new gressdient protein
from amphioxuBranchiostoma roridaeéGFPal)[.”] In the absence of theophylline, this
MRNA strand forms a hairpin loop, preventing access to, and tianstdi the GFPal
sequence. In the presence of theophylline, the aptamer sequencd®iddsyt exposing
the GFPal sequence for translation, resulting in a strong GFP signal.

Multianalyte detection from the co-entrapp8d cerevisiaeand E. coli cells is
shown in Figure 3. Treatment of the cells in the cartridge ##thgalactose and/or 3.5
mM theophylline in complex medium (YP) resulted in strong YFP an@é&P
fluorescence. Fluorescence intensities and images of the respte@ésshow the cell-
based sensor successfully distinguished between the two tafdgsbs apparent is a
slightly higher background signal for the YFP expresstagcerevisiaecells which is
attributed to ‘leaky promoter’ expression in cells from statipmhase cultur€? The

lower GFP background obtained from the riboswicltoli cells is inherent of the tighter
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synthetic riboswitch-based regulation over fluorescéiiteThese results further
demonstrate that both classes of disparate cells remain viadhl@ctive, even when
immobilized together at intimate proximities within the glydesilica matrix. Similar
results would not be expected under standard culture conditions adltheecwith the

greater metabolic advantage would quickly overrun the culture.

Gal. Theo. Gal. Theo. Gal. Theo.
18000 7 + + 1 T o= 1 — T
T 15000 - { l 1 1t ' L
12000 H ‘ I
Fluor. gggg A
intensity
/a.u. 6000 -
3000 A E 1
O "V cFp YFP ~ GFP YFP | GFP

10 um

Figure 3. Multianalyte biodetectionia co-encapsulation of eukaryotic and bacterial cells
in a glycerol-silica matrix thin film within an ITO-glagdastic laminate cartridge.
Exposure ofS. cerevisiaeells to galactose induces YFP expression. Exposute obli
‘riboswitch’ cells to theophylline (theo) results in GFP expressTreatment in YP with
(+) or without (=) 2% gal. and/or 3.5 mM theo. for 17 hours aP@OFluorescence
images are false-colored. Error bars are the standard deviatidh inflependent
measurements.
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Finally, the glycerated silicate based immobilization mathwsen for this study
provides for long-term stability of the entrapped cells. We have previous e fuataise
of this matrix withS. cerevisiaecells from stationary phase cultures could potentially
allow ‘leave behind’ environment monitoring sensors to operate fer 2wnonths, after
which time the sensors can be collected, analyzed, and reffddat: expect the less
complex prokaryotid. coli cells encapsulated within this matrix to demonstrate greater

long-term viability and activity tha8. cerevisiaeells.

CONCLUSIONS

In summary, we have demonstrate for the first time the ortteddghrorescent,
electrochemical, and colorimetric cell-based detection cdrget analyte in complex
media, with high specificity, using a single device. Coupling th#see signal
transduction methods provides complementary information regarding ghwles
properties, potentially reducing the impact of interferants from cexnpdmples, and
substantially increasing the confidence of the analyst in theosersutput. We also
showed the first co-entrapment in a silica matrix of eukaryatid prokaryotic cells
which remained viable and responsive, facilitating multianalytassnements within the
ITO-glass/plastic laminate cartridge. These advances liRbaged biosensing hold
significant implications towards the development of practical @svior environmental
monitoring and open intriguing opportunities for integrating livingllsc with

nanomaterials and macroscale systems.
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SUPPORTING INFORMATION

Experimental Methods

Materials and Reagents

Aqueous solutions were prepared with 18 Mater using a Barnstead Nanopure
water purifier (Boston, MA). Tetraethylorthosilicate (TEQS)lycerol (anhydrous),
titanium isopropoxide (97%), potassium ferricyanide (Fe¢LNjold potassium cyanide
(Au(CN)y), glucose (99%), galactose (99%), potassium chloride (KCI), theapdylli
(99%), ampicillin sodium salt, peroxidase (from horseradish), andirmdiin Oxide
(ITO) coated glass microscope slides (30¢68q) were purchased from Sigma-Aldrich
(St. Louis, MO). 2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic adidmmonium salt
(ABTS, 10mg tablets), phosphate buffer saline (PBS) solution, pH I123 (mM
phosphates, 137 mM NaCl, and 2.7 mM KCI at 1x concentration), sodium phosphate
(monobasic and dibasic), 30% hydrogen peroxideO¢gH hydrochloric acid (HCI),
sulfuric acid (HSQ,), acetone, ammonium hydroxide, ferric chloride (BEGblution
(40% wlv), and yeast extract were obtained from Fischer Soe(Rittsburgh, PA).
Bacto " Peptone and Bactf Tryptone were from BD Biosciences. Difco Luria-Bertani
(LB) was purchased from Becton Dickinson and Company (Sparkg, MDreagents

were used as received.

131



Culture Mediums and Cell Preparation

Yeast extract, gptone,_dxtrose (YPD) media contained 10 g yeast extract, 20 g
Bacto™ peptone, and 20 g of glucose per 1 L of nanopure water. In yeasttextra
peptone, galactose (YP +2% gal) induction medium, the 20 g of glucabe YPD
recipe was replaced with 20 g of galactose. In studies whereadtheentration of
galactose was varied, the concentration of all other componen}sdividined constant.
LB broth contained 10 g bactro-tryptone, 5 g yeast extract, 10 ¢ Ba€1 g ampicillin
per 1 L of nanopure water.

A single colony ofS. cerevisiaavas inoculated into 3 ml of YPD media in a 15
mL culture tube. This solution was cultured at 30°C in a shakiagbator at 250 rpm
until stationary phase (7-10 days). A single colonyotoli was inoculated into 35-40
mL of LB media in a 250 mL flask. This inoculated solution was oedtun a shaking

incubator at 250 rpm to stationary phase (18-24 hrs) a£37

Synthesis of Poly(Glycerol) Silicate (P&$)

A round-bottomed flask equipped with a stir bar, dropping funnel, andxrefl
condenser was charged with 63.4 g of glycerol (688 mmol) and heatl 4G with
stirring. To the hot glycerol was added a mixture of 10.21 g TEOS (@®@l) and 1.02
g titanium isopropoxide (3.0 mmol). After addition, the reaction mixtae refluxed at
130 °C for 3 hours. Ethanol co-product was removed under vacuum (~10 mTi36) at
°C. The product (63.5g; 98% vyield) was a viscose opalescent whitd liai was

somewhat soluble with water. The mass of the product agreed withepueted
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theoretical formula: Si(§4:0s)s - 10GHsO5;>® however, it is certain that many isomers

exist in the mixture as well as some inadvertent hydrolysis products.

ITO-Glass/Plastic Laminate Cell-Based Biosensing Cartridge

The ITO electrochemical cell sensor array was integriatieda plastic package
which included microfluidic channels allowing a silica matrix thilmfto be cast
between the ITO electrode surface and the porous well bottom (B9@lme). The
integrated system is referred to as a cartridge with bwiza of (5 x 50 x 75) mfand
is shown schematically in Figures la, S1 and S2. The cartridge fabricated by
laminating laser-cut layers of polyethyleneterapthalate (PBWylar) and
polymethylmethacrylate (PMMA), and final adhesion to a ITO abalass microscope
slide. The basic fluidic channel was made by cutting the chanttefpaising a C®
laser ablation system (Model PLS 6.75 with a 60 watt cartridge, Universal &gstems,
Scottsdale, AZ) into a custom sheet of PET double-side coatedpreitisure sensitive
acrylic-based adhesive (0.05 mm thick for the PET and 0.025 mm thiclkeaicn
adhesive; Fralock, Valencia, CA) forming the side walls anthidefthe channel’s three
dimensions. The top and bottom walls were formed from plain PET (0.1hrok). Into
one or both of these plain PET sheets fluidic vias were cut to &loaccess to external
tubing or channels located above or below. Alignment of the layersagemsnplished
with registration holes and pins. The layers were pressed todettveeen two flat steel
plates in a hydraulic press.

Individually addressable working, pseudo-reference, and counter elecataities

bottom of each well were defined by etching ITO through a photoliéipby defined
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photoresist mask. The ITO electrodes were fabricated from cosraihe available ITO
coated glass microscope slides (part no. 636908, Sigma-Aldrich, S&, WWBA). The
ITO thickness was specified at 300-600 Angstroms (30-60 ohms peekgdadl110
positive tone photoresist was spin coated onto the slide at 4000 rpm $ec@tds and
then baked on a hotplate at 90°C for 90 seconds. The resist was expasacad UV
light source of 200 mJ/cmand subsequently developed in AZ400k (5:1 dilution in DI
water) for two minutes. The ITO was etched in 18% hydrochlaict far five minutes at
room temperature. The photoresist mask was then removed usingeaeetb cleaned
with an isopropanol and DI water rinse.

The fluidic fixture consisted of nine plastic laminate laydoai{l PMMA, five
PET), an ITO coated glass slide, and a set of O-rings. &atiese layers is number
from zero to nine starting at the glass slide, and is shown it idefagure S1. In Figure
1 only layers 0-5 are shown exploded, without the O-rings, for ityplLayers 2, 3, 5,
and 6 were PET with single- (M-A) or double-sided (A-M-A) advesLayer 4 was 0.5
mm thick PMMA. Layers 0, 7, and 9 were 1.5 mm thick PMMA supportyelL&
housed six O-rings (silicone, AS568A-0(McMaster-Cart Santa Fe Springs, CA) for
receiving 1/16 inch diameter rigid PEEK or PTFE tubing to introcdunckremove liquid
samples at low pressures (tested to be leak free up tesadleasi) without the need for
additional fittings. Electrical connections from the hand-held potdatits layer O were
made using a 10-conductor card-edge connector and ribbon cable agSihi8Yy. Paul,
MN).

The primary channel which delivered and contained the cells in soigel

located in layer 3 with dimensions of 100 microns thick and entranceggions
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combined volume of 10 microliters. Layer 2 defined the circular wedlr the three
electrodes of layer 0. This well depth was 175 microns with @ tailume of 20
microliters. The upper wall of the channel and well botoom wger |4, made from
PMMA. In this layer, located over the electrodes and electralie an array of 81 holes
(approximately 50 microns in diameter) was laser ablated tm ®r‘shower head”
pattern. Prior to the introduction of the sol-gel the shower headcagsed with PET
layer 5. This prevented the cell/sol-gel precursor solution fleamking through the
porous region of layer 4, and allowed for long-term storage of thapgatd cells under
ambient conditions without evaporation. Prior to introducing the anabjtgion to the
cartridge well, the cap was removed to allow liquid reagentseteffused through the
porous well bottom into the gel (locally over the electrodes) without disruption of the gel.
The laminates were assembled in the following order, startitiglayer 8: 9, 7,
6, 4, 5, 3, 2, and 1. After the addition of one or more layers, they wersegras
approximately 3000 psi at room temperature for 2 minutes in a mdaydahulic
laboratory press (Model 385CQarver, Inc, Wabash, IN). In the final step, layer O was
pressed at a reduced pressure of 500 psi for 2 minutes to prevémgiaicthe glass
layer. A custom fixture, to ensure alignment of layers and uniforoe distribution, was
fabricated from two plates of 1/4 inch steel with surfaces madhand polished flat.

Complete assembly of the cartridge from the prepared layers required 45sminute

Functionalization of ITO Working Electrodes with AuNPs and PB
Prior to assembly in the plastic laminate cartridge, pa&teimO electrode array

microscope slides were cleaned via successive sonication in arutenia (1:1 (vol.)
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nanopure KO : ammonium hydroxide), nanopure® acetone, and nanopure® for 5
minute each at room temperature (22 °C). Between sonication ls¢egksiss slides were
rinsed in nanopure # and dried with a stream of,NFollowing cleaning, the slides
were assembled into the plastic laminate cartridge or stome@hopure KO for up to 12
hours.

Gold nanoparticles (AuNPs) were electrochemically depositeditbatclean ITO
working electrodes using a method modified from Wang &t @b 10 mL of sodium
phosphate buffer (10 mM, pH 7.0) was added p0D@f 2.0 mM KAu(CN) in nhanopure
H,O (end concentration 11fM). This solution was introduced to a given three electrode
cell in the ITO-glass/plastic laminate cartridge via therofluidic channel inlet port.
AuNP electrodeposition occurred by cyclic voltammetry from —0.5 to —1vs.MTO
pseudo-reference at room temperature (without deoxygenation) fory@@s at a
potential scan ratev of 50 mV - s*. Following electrodeposition the channel was
flushed with ~3 mL of nanopure.B, followed by a stream of air to vacate the channel.

Prussian blue (PB) was deposited onto the AUNP modified ITO woekautyode
using a method modified from Qiu et8l.A solution with 1.0 mM FeG) 1.0 mM
Fe(CN}, 0.1 M KCI, and 0.025 M HCI in nanopure® was introduced to a given three
electrode cell in the ITO-glass/plastic laminate car&igi@g the microfluidic channel
inlet port, and incubated at room temperature for 30 minutes. Followingiti@pdke
channel was flushed with ~3 mL of nanopurgHfollowed by a stream of air to vacate

the channel.
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Encapsulation of S. cerevisiae and/or E. coli in PGS Derived Silica Thin Films

For orthogonal mode biodetection, silica matrix precursor solutiens prepared
by first adding an equal molar mixture $f cerevisiaeells engineered to express YFP,
andsS. cerevisiaeells engineered to express and secrete GOXx (total concentratib@’ 10
cells/mL), to 100 mM sodium phosphate buffer, pH 6.0. This cell/buffertienl was
added to the PGS in a 1:1 volume ratio to a final volume of 5004£5@ a 1.5 mL
polypropylene microcentrifuge tube, and homogenized by vortexing for 6dd®cThe
solution was aged for 30 minutes at room temperature (22 °C), andahsfetred into
the ITO-glass/plastic laminatga a syringe interfaced to an inlet port by a plastic tube
(1/16 inch o.d.). By allowing the solution to age before introducing healevice thé.
cerevisiaecells remained homogenously dispersed throughout the silica matrix upon
gelation. OtherwiseS. cerevisiaecells were observed to settle to the bottom of the
microfluidic channel, reaching an undesirably high density on top of thesl@€rodes
upon silica matrix gelation. Once loaded, the tube was removed ainddahand outlet
ports were sealed with adhesive tape. Cell/buffer/PGS solutiatioge occurred less
than 30 minutes after introduction to the device. This was confirmethdajitoring
gelation of the remaining cell/buffer/PGS solution not introduced to the cartridge.

For disparate cell co-entrapment and multianalyte detection,céfiéouffer
solution containedS. cerevisiaecells engineered to express YFP aad coli cells
engineered to display green fluorescence, at a ratio of approkima2e(S. cerevisiae
cells toE. coli cells) in 100 mM sodium phosphate buffer, pH 6.0. There was no other

change to the procedure as described above.
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ABTS Assay

2, 2'-azino-bis [3-ethyl-benzothiazoline-6-sulfonic acid] (ABTS)sas was
modified from Sun, et 4! The ABTS working solution consisted of 100 mM sodium
phosphate buffer, pH 7.0, 50 mM glucose, 3 units of horseradish peroxidase (HRP), and 2
mg/mL ABTS. Following analyte solution treatment of the silcatrix entrapped cells
beneath a given well in the ITO-glass/plastic laminateidgg, the analyte solution was
discarded and replaced with 20 of ABTS working solution. Incubation with ABTS
working solution proceeded overnight at room temperaturé@22The wells were then
imaged with a digital camera and ABTS solution was collectetl @&bsorbance was

measured at 410 nm using a microplate UV/Vis spectrophotometer.

Electrochemical Instrumentation; Fluorescence and Scanning Electron Migesc
Imaging

All electrochemical measurements were performed on a PabnBand-held
potentiostat (Palm Instruments BV, The Netherlands) using thdéipnFEO working,
ITO pseudo-reference, and ITO counter electrodes. Fluorescenoeseopy imaging
was performed on a Zeiss Axiovert 200M inverted microscope (Gejnaaua recorded
using a Zeiss monochrome high resolution camera (AxioCam HRm).i®&ging was

performed by a Hitachi 3200N scanning electron microscope operating at 25 kV.
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ITO Working Electrode Functionalization and Characterization

Hydrogen peroxide (¥D,) electrochemistry is unfavored on indium tin oxide
(ITO) surfaces. To enhance the electrochemical signal freg@ While maintaining an
optically transparent surface for fluorescence measurengaidsnanoparticles (AuNPS)
were deposited from a solution of potassium gold cyanide onto the IGKRing
electrode (see Experimental Methods, above). Following electrodeppgite AuNP
modified ITO surface changed from a dull brown to a light pink, aa/shie Figure S3a.
This characteristic color shift is due to surface plasmon resenangpling of the
deposited AuNPs. Scanning electron microscope (SEM) imagée tlare ITO surface,
and the ITO-AuNP surface, are shown in Figure S3b and S3c, respedthages reveal
mostly spherical AUNPs evenly distributed across the ITO cairfath diameters from
10 to 75 nm, with larger particles being more globular in structure.

Cyclic voltammograms in $80, solution prior to and after AUNP deposition are
shown in Figure S3e. The current response from a bare ITOoelediblue trace) was
nearly flat, as expected for a clean ITO surface. Following Adiposition (red trace),
an oxidation wave centered near 845 mV (vs. ITO pseudo-referencegduntion peak
at —455 mV, were observed. These waves are attributed to oxygen alvs(ogitdation
wave) and desorption (reduction wave) on the AuNP surface. Integodtibe reduction
wave provides the total charge transferred upon oxygen desorption, whititectly
proportional to the electroactive surface area of Au, accorditigeteelation of 40QC -
cm? as reported by Wood. The charge measured from the reduction wave shown in

Figure S3e \was 7.4AC, which corresponds to a AuNP electroactive surface area of
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1.875 mmi. This accounts for less than 8% of the ITO working electrodecirdirea,
which thus retains excellent optical transparency.

Following AuNP modification of the ITO electrode, the surface was
functionalized with Prussian blue (PB). Often described as dificial peroxidase !
PB can significantly enhance,®, reduction while being more stable than enzymes used
for the same purpose. Incubation of the 3 electrode cell surféiceawplution of FeG)
Fe(CN), KCI and HCI (see Experimental Methods) resulted in AuNPFalyztd
deposition of PB onto the ITO-AuNP working electrode only. A charetic change in
color to dull blue was observed for the working electrode, as showngureF3a.
Deposition of PB onto the AuNPs involves the reduction of free femig, or ferric ions
in the CN complex, as shown in reaction [@L)This reaction is thermodynamically
unfavorable due to the standard free-energy change of +173 kJ/mol.s@msttates,
however, can act as catalysts for reactiod’{I)his results in iron(Il) molecules that can

proceed to PB via reaction (2).

Fe* + 1 HO =¥ Q + H FeZ (1)

K* + F&* + Fe(CN)*> = KFe(lI)[Fe(Il)(CN)g] (2)

SEM images of the ITO-AuNP-PB surface reveal a micréahyse structured network
with features on the order of 100 nm in diameter (Figure S3d). TGeALINP-PB
surface also retained excellent optical transparency allowimg fluorescence

measurements of YFP expressBigcerevisiaeells through the electrodes.
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The current response following a 1 second potential step to —100 mV Q@s. IT

pseudo-reference) for each of these surfaces in 1x PBS cogtaimmM HO, is shown

in Figure S3f. A significant increase in®, reduction current was observed for the ITO-
AuNP-PB surface (blue trace) vs. the ITO-AuNP (red trace) bare ITO (green) trace,
with currents of -50.9, —9.1, and —QuA, respectively (200 ms from potential step
initiation). The current from kD, reduction obtained from the ITO-AuNP-PB surface
was sufficient to allow detection of;8, generated by GOx expressed and secretetl by
cerevisiaecells used in this study. This same chronoamperometric protocchppdied
hourly following introduction of analyte solution during the orthogonabéscence and

electrochemical measurement experiments.
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Well #2

Figure S2.Schematic of assembled laminate cartridge highlighting thwking (blue),
reference (green) and counter (red) ITO electrode array ad ke the ribbon cable
interface Awe = 22.9 mm, Age = 8.2 mm, Ace = 55.1 mm, Acg/Awe = 2.5.
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Figure S3.a) Photograph of an ITO-glass/plastic laminate cartridge wiiéwa ITO WE
(left, light brown), a AUNP modified ITO WE (middle, light pink), aadAuNP-PB
modified ITO WE (right, dull blue). Image brightness, contrast, akling were
adjusted to improve color distinction between WEs. SEM images (f-dhe WESs
imaged in panel (a): b) bare ITO, c) AUNP modified ITO, apdAdNP-PB modified
ITO. e) Cyclic voltammograms (CV) of a bare ITO (blue) andudNP modified ITO
(red) electrode in an ITO-glass/plastic laminate cartridgeM H,SQO,, v = 100 mV- s
(second CV sweeps shown). f) Chronoamperometric response of a tem),(q AUNP
modified (red), and a AuNP-PB modified (blue) ITO WE in 1 myOy 1x PBS, pH
7.4.E=-100 mV vs. on-chip ITO pseudo-reference.
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Figure S4.a) Chronoamperometric current response and b) fluorescence infeosit
glycerol-silica matrix encapsulates. cerevisiaecells in a ITO-glass/plastic laminate
cartridge following treatment with YP +2%, 0.2%, 0.02%, 0.002%, 0.0002% mal, a
YPD (0% gal control containing 2% glucose) at°80for 9Shrs (a), or overnight (b). Error

bars are the standard deviation of 3-5 independent measurements.
3 6

Figure S5. Photographs of ITO-glass/plastic laminate cartridge weallwing an
overnight ABTS assay at room temperature €2 Glycerol-silica matrix encapsulated
S. cerevisiaecells were previously exposed to: 1) YPD (0% gal, 2% glucoseY,P2)
+0.0002% gal, 3) YP +0.002% gal, 4) YP +0.02% gal, 5) YP +0.2% gal, and 62%P +
gal overnight at 30C.

Table S1.ABTS assay absorbance measurements (410 nm) per galactose concentration

Sample ID (corresponds with images in Figure S5)

1 2 3 4 5 6
[Gal]/ % mass O (YPD) 0.0002 0.002  0.02 0.2 2.0
Abs 410 nm/au. 0.199  0.324 0.382 0455  1.201 1.213
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CHAPTER 5

Biocompatible Microfabrication for Targted Confinement
of Single Cells and Their Progeny

Harper, J. C., Brozik, S. M., Brinker, C. J., Kaehr, B.

Abstract

We demonstrated, for the first time, the selection of a silagéget cell followed
by itsin situisolation in a porous 3D protein microchamber formed by biocompatible 2-
photon microfabrication. This process permits the selection andiesotzHta target cell
(+ phenotype) from a population of cells with mixed phenotypes, anduthseguent
monitoring of its behavior, and that of its progeny, under well defawaditions. To our
knowledge, this cannot be accomplished using any other reported techiiuasther
show the growth of diverse cells to densities difficult to achigsiag typicalin vitro
techniques and the response of these cells to external stimallyFwe show the ability
to impact cell growth and cell-to-cell signaling by tuning fg/sical properties of the
protein microchamber. The possibilities for single-cell analgfisrded by this new
technology make it attractive for studying cell noise and bgesreity, cell-to-cell
signaling (i.e. quorum sensing), spontaneous mutation, cell differenfiand the onset

of aging.
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Protein Microchambers Fabricated by Multiphoton Lithography
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INTRODUCTION

The development of technologies and techniques facilitating measuieat the
single-cell level has revealed substantial cell to cellatian in genetic and proteomic
profiles, enzymatic activity, and response to sigrfal$his is expected from stem or
progenitor cells which differentiate into specialized phenotypes Iteyirlg genetic
expression patterisHowever, it has been shown that even genetically iderftitaial)
cells underin vitro culture conditions can be phenotypically divérseRecent studies
have proposed that this cell-to-cell variation, also referred taase’, is important in
the development and function of many tissues allowing, for exaropation of the
retinal mosaic for color visidnor preventing harmful bursts of inflammation-triggering
moleculeé. Thus, measuring and identifying cellular heterogeneity isiarirc order to
gain a deeper understanding into cellular biology and tissue phygideganalytical
techniques carried out on cell populations ‘average out’ singleflaetuations, the
importance of developing methods to select and study individual cedlscknal
populations is evident.

Several technologies have been developed to enable individual eeticgeland
study including flow cytometry fluorescence-activated cell sgrfffACSY, laser-capture
microdissectiohy gene-expression chifls mass spectrometry (M$) and
microfluidics'**® Increasingly, microfluidic platforms are being used in celldgy as
they allow for monitoring the behavior of single cells and theagpny under well
defined conditions over timMi&> A prime example is the microfluidic chemostat

developed by Groismaat al. for bacterial and yeast cell stdfyThis device allows
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chemostatic and thermostatic culture of cells trapped in polydyisdtxane (PDMS)
microchambers. Although this device allows for the extended studglisfio a well
controlled environment, selecting a specific target cell(s)stady is not possible as
initial cell isolation relies on random capture in the microfluidhambers during
loading. The selection of a desired target cell, followethlsitu isolation of the cell and
its progeny for subsequent analysis, has not been reported.

Herein we demonstrate the isolation of a (single and multiplggtt@ells using
biocompatible three-dimensional microfabrication. This process perfoitsthe first
time, the selection and isolation of a target aellitro, from a population of cells with
mixed phenotypes, and the subsequent monitoring of its behavior, and thairofény,
in picoliter environments. Cells can be grown to ultra-high dessihe“breathable”
hydrogel microchambers that allow external (chemical) probiings approach enables
us to study bacterial inter-cell communication at the single leeel and we show
changes in the diffusivity of the microchamber can result self-signaling’. The
possibilities for single-cell analysis afforded by this appnoatake it attractive for
studying cell noise and heterogeneity, cell-to-cell sigigali.e. quorum sensing, host-

pathogen response), spontaneous mutation, and cell differentiation.
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RESULTS

Fabricaton of microstructures via multiphoton lithography

In situ selection and isolation of single target cells (+ phenotypan fa
population of cells with mixed phenotypes was performed on an inveltxdscope
modified with a dynamic mask-based multiphoton lithography (MBE)esn. MPL is a
direct-write process in which soluble synthetic or natural monormaerssolidified at
precise 3D coordinates via muliphoton absorption within the focal volumeel) of a
tighly focused high peak-power pulsed laser beafiScanning the laser source across a
series of digital masks permits rapid fabrication of highlyaited and complex 3D
architectureS. The choice of reactants used (i.e. monomers, photosensitizer) for MPL

can allowin situ formation of scaffolds under physiological conditions in the presence of

cells'’

In situ confinement of eukaryotic cells in protein microchambers

Direct-writing of 3D protein microstructures occurs by croekiig oxidizable
amino acid residues present on proteins in an aqueous solution premdtget | (direct
radical) and type Il (oxygen-dependent) photosensifizevée have carefully selected
for reagents and conditions that minimize phototoxic effects tovdibr fabrication of
structures large enough for complete enclosure of target cdl§shown inFig. 1A, a
singles. cerevisiaeell expressing yellow fluorescent protein (YFP) from a poparatif
non-expressing cells was identified and subsequently confined in anpratgochamber

(Fig. 1B, and Movie S1) Side ports (chicanes, sé&. 1B) in the walls provide free
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diffusion of nutrients and wastes while maintaining a physicaidyabetween internal

and external cells.
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Figure 1. Biocompatible fabrication of 3D protein microstructures allyviphysical
isolation and confinement of a desired living cell from a populatiorceds. (A)
Simplified schematic of protein hydrogel fabrication isolatingreescell. (B) Isolation
of a singleS. cerevisiaeell expressing YFP from a populationsofcerevisiaeells with
images following the schematic shown in (A). See the Supplemyentarmation for a
movie of this process. (C) Isolation of a sin§lecerevisiaeell expressing YFP followed
by growth in the presence of inducer, galactose (YP +gal med{liy)solation of a
non-fluorescing mother and daughter cell followed by growth in YA. g3 SEM
image of a BSA protein structure containing high derfSitgerevisiaeells. The pressure
exerted by the dividing cells resulted in protrusion of the roofardome shape. Overall
chamber dimensions: 25 x 26n in length and width; 10-1am in height. (F) SEM
image of a BSA protein structure with roof retracted rewgalnterior with high density
S. aureugell population.

Once the target cell was confined, rich media (YP +2% gal.) was introduced to the
bath solution and incubated at 30 for 28 hours. The isolated cell divided to form a
dense clonal population (~2.5 x*{@ells/mL) packing the protein microchamb&ig
1C). Under conditions of galactose metabolism (+) phenosymerevisiaecells express
YFP (see Methods). As shown in th&y. 1C, the majority of progeny cells from the
original (+) phenotype celHg. 1B) exhibit YFP expression. Some cells, however, show
little or no YFP fluorescence indicating that following sevepaherations of growth in
non-selective media that the plasmid copy number is reduced, véttiual complete
loss of the plasmid. Isolation of a (-) phenotype mother and daugklle(Fig. 1D)
followed by incubation in YP +2% gal. at 3C for 28 hours also resulted in complete
chamber packing of a clonal population that, as expected, exhibited nBudFé3cence
despite the presence of the galactose inducer.

A scanning electron microscopy (SEM) image of a protein tsiregacked with
S. cerevisiaeells is shown irFig. 1E. Apparent in this image are ridges in the structure

walls associated with the gm z-step employed during fabrication. Incubation and
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growth of the entrapped cell(s) to extremely high densities lead to significant
deformation of the protein structure. Expansion of the thinnest and tasst surface
(the microchamber top) into a dome shape is obsefvigd 1E), along with elliptical

protrusions from individuas. cerevisiaeells.

In situ confinement of prokaryotic cells.

In addition to selection and confinement of non-motile eukaryotics,cétis
technique is also compatible with gram-negative and gram-positotertza InFig. 1F
the top of a protein structure was retracted during sample ptepafor SEM imaging,
revealing the interior containing a high densStyaureusell population.

E. coli cells engineered to switch between different states upon wepos
light*, were confinedn situ in protein microchambersig. 2). These cells express the
chimaeric photoreceptor Cphl from cyanobacteria fused to an intracedlulcoli
histidine kinase domain, allowing chromationtrol of gene expression. The resultant

construct yields red fluorescent protein (RFP) expression upon exposure to red light
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Figure 2. Bright field (A) and epifluorescence (B, C) images of photo respees colf*
following isolation and incubation in BSA protein structures. Imagg W@As taken
immediately prior to a 50 min exposure to indirect sunlight &tGG0Red light exposure
initiates RFP expression (image C). (D) Fluorescence sigriackground from images
(B) and (C). Error bars are one standard deviation of 5-6 measusemighin each

structure. Scale = pm.

Following in situ isolation, media containing heavy selection pressure (4
antibiotics) was introduced to the sample which was then incuba3d®@t Growth of a
clonal, high density population (~2.5 x'@ells/mL) from a single. colicell is shown
in Fig. 2A. The observed growth rate in the protein microchambgrs 3.0 hrs) is
similar to that observed for these cells under standard culturetioosdiand is attributed
to the high metabolic load imposed on the cells by the growth mediurowiail nearly

complete packing of the protein structure, the cells were edposmdirect sunlight at
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30 °C for 50 min. Fluorescence images taken immediately prioFitp €B) and after
exposure Fig. 3C) reveal that the cells remain accessible to external @tmwli and

retain the ability to control gene expressuiphoto regulationKig. 2D).

Impact of isolation, mass transfer, and population density on cell-to-cellgnaling

Cell to cell communication amongst, for instance, bacteriaé calh provide for
coordinated gene expression at the population level. This ‘quorum ser@Bgdérives
from the steady production of signaling molecules by individualscalhd thus
concentration beyond a particular threshold, can indicate a suffaresity of cells to
allow for coordinated population behaviors such as virulence. Issues stnaasfer and
spatial distribution of cells—which clearly affects signal coriion in ‘real world’
environment®—have proven challenging to address using standard experimental
practices.

We explored confinement in protein microchambers.ocaureuscells engineered
to report (QS). Protein structures typically fabricated tghowt this work included
chicanes in each of the four walls, providing regions of high diffusivétween the
exterior and interior of the structure. To explore the impact assrtransfer on QS
behavior, protein microchambers were also fabricated without clsicessailting in
structures with restricted diffusivity.

In S. aureusP3 promotion of the QS-dependent accessory gene regalgtor
operon RNAIII transcript results in repression of adhesion expresand upregulation
of hemolysins, toxins, degradatory enzymes, and metabolic patAivas.optically

monitor the onset of Q. aureuswvere engineered to express green fluorescent protein
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(GFP) uporagr P3 promoter activation. Following confinement of a sirsglaureuscell
in a protein structure without chicanes, rich media (TSB) waseduated to the sample
which was then incubated at 3€ for 40 hoursKig. 3A). Interestingly, no growth was
observed over the course of the experiment; however, distinct chamgibe cell
morphology were observed, as shown by the septum formation follovalagios Fig.
3A, insetg. Over the 40 hours experiment this single cell also exprégss&dindicating

that QS pathways had been initiated.
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Figure 3. Quorum sensing behavior f. aureusmutant 1743 isolated in protein
structures with differing diffusivity properties. Activation dietquorum sensing pathway
initiates GFP expression. (A) Images of a sirgglaureuscell isolated and cultured in a
protein structure with low diffusivity exhibiting arrested growand reporting quorum
sensing after 40 hrs. Insets show septum formation during culturdm@es ofs.
aureuscells isolated and cultured in a protein structure with high dfysresulting in
growth to densities much greater than that required for activafi@quorum sensing;
however, no quorum sensing was reported. (C) Fluorescence signakgwooma ratio
from s. aureusentrapped in low diffusivity (black) and high diffusivity (white)opgin
structures from panels (A) and (B), respectively. Error baroae standard deviation of
4-6 measurements within each structure. (D) Protein structure 37.Bohrsculture
initiation. These transmission and GFP channel epifluorescencesnage collected
prior to rinsing and addition of fresh medium in preparation for caligcthe 38 hr
culture images shown in panel (B). Although at a lower density shaureuscells
within the structures. aureuscells exterior to the structure report quorum sensing. (E)
Epifluorescence images of viability dye assay performeawvatig 48 hr culture. All
cells stain green; non-viable cells stain red. Results demataéigh viability and ready
diffusion into and within the packed structure. Scales g6 Fluorescent images in
panels (D) and (E) are false colored.
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Protein microchambers with chicanes were also fabricated tatesol aureus
cells, some of which were initially reporting active Q8g( 3B). In these structures
growth proceeded rapidly, and in the case of the sample showy.ir8B, a packed
structure was observed over the 38 hour incubation. Surprising, even ektteisnely
high population density (~5.0 x fcells/mL), QS was not observed as indicated by the
lack of GFP expressiorFig. 3C). Under standard culture conditions, densities df-10
10° s. aureuscells/mL are sufficient to initiate QS behavior. This isadiethe case fos.
aureuscells outside of the protein structure, as showhRign 3D. (The image presented
in Fig. 3D is of the sample structure presented-ig. 3B, but taken approximately 30
minutes prior. Following collection of the images shownFig. 3D, the sample was
rinsed with fresh media and then imaged as showhign 3B.) Although not at the
extremely high density observed within the structargureuscells outside the structure
report activation of QS pathways. Subsequent assay of packed proteinirss with
viability dyes indicated that the cells throughout the chamberineataessible to small

moleculesFig. 3E, FITC), and the majority of the cells are viableg. 3E, TRITC).

DISCUSSION

Use of MPL to entrap and study bacterial cells within 3Droglcambers has
been reportéd. These studies, however, relied on the pre-fabrication of ‘fiypeotein
structures, followed by the introduction of motile cells. This resuit the eventual
random entrapment of cells. The technique we introduce here providsgifecantly

enabling advantage of first selecting the cell that one deirstudy, followed by its
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isolation in a well-defined, tunable, biostructure. This advance holds fisagni

implications for single cell and cellular heterogeneity sisidiAdditionally, we have
shown thatin situ protein microchamber fabrication allowed for the first entragnoé

non-motile bacterial cells, and the first isolation of living euk#cy cells, in

microchambers produced by MPL.

Addressable capture and culture of bacterial and yeast cellsicesl€ontaining
microchambers prepared using soft-lithogrdpfly and other conventional
microfabrication techniqué$™® have been reported. Loading of cells into these devices
also relies on random entrapment, preventing isolation of a sarglet tcell from a given
population, and often preventing control over the number of cells isoldtieid & given
chamber. Additionally, continuous solution flow to the microchambers through
capillaries is required for efficient nutrient and waste exchange.

Advantages of protein MPL for cellular study over these devicdsidacthe
ability to (i) select and isolate a target cell with degiproperties from the heterogeneous
population, (ii) rapidly and inexpensively prototype and fabricate netitactures, (iii)
incorporate functional components within the protein structure thatclaeenically
responsive, (iv) maintain cell cultures in relevant environments (i.e. foragdtisn
flow or support microfluidics/pumps are not required), (v) tune the pratgucture
physical properties through grey scale control of the fabricaporcedure (e.g.
increasing/decreasing laser dwell time has allowed for coottel the resulting protein
structure stiffness/modul®fy, and (vi) increase or decrease diffusion through the
structuré’. It may also be possible to tune the protein structure promepiEssibly

allowing for ‘size exclusion’ type filtering of molecules thrdutpe chamber walls. Such
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control over molecular diffusion through the structure would hold significa
opportunities for cell-to-cell signaling and host-pathogen interaction studies.

Our initial cell-to-cell signaling study using. aureusisolated within protein
microchambers with differing diffusion properties has shown thatesgbtnges in the
physical properties of the structure can profoundly impact #eilar growth and
signaling Eig. 3). As current diffusion-sensifyand efficiency-sensifgmodels for QS
implicate mass transfer and cell density as governing factaitse initiation of QS, it
may be expected that a single cell in a confined structuyesel&initiate QS pathways,
as we have previous observed in a mesoporous lipid-silica Systear observation of
this same phenomena in a more common culture environment adds cred¢hat to
earlier finding.

However, our observation that aureuscells do not QS when confined within a
structure with high diffusivity, with growth to a density 2 -ertlers of magnitude larger
than that typically required for onset of QS, is surprising. Thresalts have been
replicated several times, and we can offer no definitive exptemtar this observation at
this time. We speculate that under these extremely packedioosdivhere the majority
of a given cell surface is pressed against the surface of aghsrand/or the protein
structure surface, many surface autoinducing cyclic peptide) (&teptors, AgrC, may
be blocked. This may prevent docking of a sufficient number of AlRcatds to AgrC
to initiate the phosphorylation cascade required to induce RNAIIIl ssiore and QS,

although AIP is present at high concentrations.
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SUPPLEMENTAL METHODS

Materials

Methylene blue (M-4159), glucose (99%), and galactose (99%) wechgsed
from Sigma-Aldrich (St. Louis, MO). Bovine serum albumin (BSA, B#FH)100) was
supplied by Equitech-Bio (Kerrville, TX). LB and TSB were fr@&acton Dickinson and
Company (Sparks, MD). Yeast extract was obtained from Fistientific (Pittsburgh,
PA). Bactd" Peptone was from BD Biosciences (Franklin Lakes, B3)dight™
SYTO 9®/propidium iodide bacterial viability kit and GIBE® phosphate-buffered
saline (PBS, 1%, pH 7.4) were purchased from Invitrogen (Carlsbagd,, Aqueous
solutions were prepared with 18(Mwater using a Barnstead Nanopure water purifier
(Boston, MA). All chemicals and were stored according to the sufgpBpecifications

and used without further purification.

Cell strains

S. cerevisiadost strain S288Qu(a— his—) contained the YFP gene under control
of the GAL1 promoter within the high-copy vector pYES2. Chromaticly responiive
coli was provided by the Tabor Lab (Department of Bioengineering, Broeersity,
Huston, TX).S. aureusALC1743 @gr group 1 RN6390 containing reporegr: P3-gfp)
was provided by the Cheung Lab (Department of Microbiology, Dartmouth dsledi

School, Hanover, NH).
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In situ protein microchamber fabrication

Microchambers composed of photo-crosslinked protein were fabricatétk in
presence of living cells (from overnight culture) that wereusgpended in 0.5x PBS (pH
7.4) solutions containing BSA protein at 285 mg/mL, and methylene bloeMpas a
photosensitizer. This solution was then introduced onto an untreated norosaope
cover slip onto which the protein structure was fabricated.

Microstructure geometries were defined using a dynamic miaskted
multiphoton lithography techniqd@. The output of a mode-locked titanium:sapphire
laser (Tsunami, Spectra Physics, Mountain View, CA) operatif@@tim, pulse width
of 60 fs, and a repetition rate of 80 MHz, was raster scannedawiXyY open frame
scan head (Nutfield Technology, Hudson, NH) across a digital mimamadevice
(DMD, Texas Instruments, 0.55SVGA) within a partially dismantlediness projector
(Beng, MP510). The reflective surface of the DMD was an 848 x 689 af 16 mm x
16 mm aluminum mirrors that could be switched individually between & “off”
states via rotation through a *l@ngle. Individual mirrors were controlled by the
projector electronics, taking instructions from the graphics outpupefsonal computer.
Focused laser light that scanned over approximately the cquaskr of the DMD array
was reflected into a beam block or directed further down the bpatla according to the
on/off state of the individual mirrors.

The laser output was adjusted by using optics to approximatelshdil back
aperture of an oil-immersion objective (Nikon 100x Fluar, 1.3 numericattuapg
situated on a Nikon inverted microscope. Laser power, obtained yatitey the laser

beam using a halfwave plate/polarizing beam-splitter pair,appsoximately 30 mW at
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the objective. Laser dwell time during fabrication was sethayftequency of the X-
component (0.1 Hz) and Y-component (180 Hz) of the raster scan. This defmad
the features of protein microstructures in the X/Y plane. Steppmdpser focus axially
from the substrate (Z plane,in steps) using a motorized focus driver (Prior, H122)
while changing the image on the DMD reflectance mask pedniiérication of

complex 3D protein structures.

Cell incubation in BSA microchambers

Following in situ microchamber fabrication the cover slip substrate was rinsed 3
times with 1 mL of 1x PBS, pH 7.4. The protein structures are ndnyst and adhere
tightly to the glass substrate, withstanding even extremglyreus washing. Following
rinsing, the substrate was incubated in a 1 mL dish containing the appeoqrlture
medium at 30-32C (S. cerevisigeor 37°C (E. coli and S. aureus The media was
replaced every 24 hours with the exception of s@neureussamples which were

allowed to incubate for up to 72 hours for QS studies.

Fluorescence microscopy

Wide-field fluorescence imaging was performed on the Nikon inderte
microscope which was equipped with a mercury-arc lamp and staRda@dand TRITC
filter sets (Chroma, Rockingham, VT). Fluorescence emission wléected using the
Fluar 100x objective and detected using a 12-bit 1392 x 1040 elem@&n{@id| Snap
HQ; Photometrics, Tucson, AZ). Data were processed using ldhagege-analysis

software.
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Scanning electron microscopy (SEM)

Protein microstructures containing cells were fixed in 2.5% gldahyde
solution (Sigma) overnight at 4C, and dehydrated using 10 min sequential washes in:
3:1 HOl/ethanol; 1:1 KO/ethanol; 1:3 bkO/ethanol; twice in 100% ethanol; 1:1
ethanol/methanol; twice in 100% methanol (vol/vol). The sample wasatlmwed to air
dry over several hours and sputter-coated with Au to a nominal tsgkrfiel0 nm. SEM
imaging was performed on a FEI Quanta sertgg. (LE) or a JEOL 6701FHKig. 1F)

scanning electron microscope operating at 5kV.
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Biocompatible microfabrication for targeted
confinement of single cells and their progeny

Jason C. Harper, Susan M. Brozik, C. Jeffrey Brinker, & Bryan Kaehr

Supplementary figures and text:

Supplementary Note 1 Optimization of MPL Conditions for Living Cell

Isolation

Supplementary Figure 1 | Viability of S. cerevisiae, S. aureus, and E. coli cells
vs. Methylene Blue Concentration in BSA Solution

Supplementary Movie 1 | Isolation of a singleS. cerevisiae cell expressing
YFP from a population of s. cerevisiae cells
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Supplementary Note 1 |Optimization of MPL Conditions for Living Cell Isolation

Conditions of MPL that were optimized allowimg situ cell isolation included
photosensitizer and protein monomer concentrations, as well agptaser and dwell
time. Methylene blue (MB), a redox active molecule which ha hesed as a viability
indicator dyé' and an electron mediator in cell cultufésyas chosen as photosensitizer
due to its low cytotoxicty and high two-photon action cross-sectionmate
biocompatible IR wavelengths (~740-800 nm). High purity bovine serum ailb{B&iA)
protein was selected as protein monomer due to its oxygen radiamknger
functionality>® The viability ofS. cerevisiagS. aureusandE. coli cells incubated for 60
minutes at room temperature in BSA solutions with differing MBicemtrations is
presented irSupplementary Figure 1 All cells showed a slight decrease in viability
with increasing MB concentration wit8. cerevisiagblue trace) and. aureusgreen
trace) exhibiting a greater reduction in viability for MB comications 4 mM and greater.
This trend was not a strong wigh coli cells (red trace).

To minimize the effects of exposure to the photosensizer, whileiat for low
laser power and dwell time (data not shown), a concentration of 6 rBMv&4s chosen
and exposure of cells to this solution was limited to 20 minutesssr A concentration
of 285 mg/mL BSA in the fabrication solution was selected basedolubility limit,
high concentration for increased oxygen radical scavenging activéylaser power and
dwell time required to produce a well resolved structure, andatetbhce to high BSA
concentration. Under these conditions protein structures could be producestyin

intimate proximity to living cells without significant loss ofatility (measured as
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reproductive capacity). However, direct exposure of cells to therirag 2-photon beam

often resulted in cell rupture.
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Supplementary Figure 1 | Viability of S. cerevisiaeS. aureusandE. coli cellsvs.
Methylene Blue Concentration in BSA Solution

Viability of S. cerevisiaeS. aureus and E. coli cells (measured by viability dyes)
following a 60 min incubation at room temperature in 0, 2, 4, 6, 8, or 10 retiiyiene
blue with 200 mg/mL BSA, 0.5x PBS, pH 7.4. Error bars are one standaedidewf 3
measurements from each sample.
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Supplementary Movie 1 | Isolation of a singl&. cerevisiaeell expressing YFP from a
population ofs. cerevisiaeells

Movie of the selection and isolation of tBe cerevisiaeell expressing YFP shown in
Fig. 1B and Fig. 1C, from a population ofs. cerevisiaecells not expressing YFP.

Fabrication solution: 285 mg/mL BSA, 6 mM MB, 0.5x PBS, pH 7.4. Moviedpgx
real time.
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SUMMARY AND FUTURE OUTLOOK

In summary, described herein are new techniques and new fundamental
understanding that has allowed for the integration of bio with nano in umigde
enabling ways, and the manipulation of cellular behavior at the individual cell level.

This work elucidated the mechanistic understanding of the biochemmcal a
nanomaterial processes that govern cell directed assembly argtaiime The
mechanism responsible for introducing functional foreign membrane-qmoteinsvia
proteoliposome addition to the silica-lipid-cell matrix was alsbermined. This new
understanding was leveraged to extend 3D cellular immobilizatigabddies using sol-
gel matrices endowed with glycerol, trehalose, and media compoiémtsffects of
these additives and the effect of encapsulated cell metabalityagh viability and gene
expression were carefully studied. These results provided importsights towards
design and development of effective cell-based biosensors. This eeall@gment of
prokaryote and eukaryote cells within a novel microfluidic platfocapable of
simultaneous colorimetric, fluorescent, and electrochemicaltdetienf a single analyte,
significantly improving confidence in the biosensor output. Finally, gecson andn
situ isolation of a single target cell from a population of ceithwwixed phenotypes, and
the subsequent monitoring of its behavior, and that of its progeny, wadledefined
conditions, was demonstrating for the first time using biocompatibldtiphoton
lithographic fabrication of protein microstructures. This valaablew tool opens

intriguing opportunities for studying single cell behaviors under well-deéfooaditions.
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These integrated cellular systems have significant impbicsti towards
development of bioelectronics, photonics, microfluidics, smart prosthettbsnced
physiological sensors, portable medical diagnostic devicespmptetffor fundamental
cell studies, and the development of practical and robust devicesatihatense the
presence of harmful agents in real-time.

The initial motivation for this work was the need to stabilze CANARY cell
line beyond its current 2 day limit. This would permit the use af thammalian b-cell
based biosensor in less developed and stable regions, allowing detdctianmful
agents in real-time, providing full situational awareness tavidndéighter. We now have
promising preliminary results from mammalian cell lines engapsd in sol-gel matrices
developed and studied over the course of this work. Cell lines encagsinasdica
matrices showing promising viability include bovine pulmonary wrégrdothelial cells,
macrophage cells from mouse, and erythrophore cells from fish. mplgrt
erythrophore cells encapsulated in sol-gel thin films withirstgdaaminate cartridges
developed in this work remained viable and responsive to stimuli sedayal post
encapsulation. This work, in collaboration with Luna Innovations, provideass to
now purse encapsulation of CANARY cells. Interest in this pursust exgpressed by a
member of the CANARY team at Lincoln Laboratories. The progreanager at DTRA
that oversaw and funded this work has also expressed a desowetitaue funding this
effort, specifically extending the project towards the stallibnaof CANARY. This is
one example of several exciting opportunities that have arisenthisrstudy. Therefore,

the future outlook and potential impact of this work is bright.
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