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he generation of new 3D matrices

that enable integration of biomolec-

ular components and whole cells
into device architectures, without adversely
altering their morphology or activity, con-
tinues to be an expanding and challenging
field of research.' > This research is driven
by the promise that encapsulated biomole-
cules and cells can significantly impact ar-
eas as diverse as biocatalysis, controlled de-
livery of therapeutics, environmental and
industrial process monitoring, early warn-
ing of warfare agents, bioelectronics, and
tissue/organ replacement.®° To date, ex-
tensive techniques have been developed
for biomolecule encapsulation generally re-
lying on adsorption, covalent binding, or
entrapment of biomolecules in polymeric
materials.'® Successful strategies for protein
and enzyme entrapment are widely re-
ported; however, encapsulation of living
cells is significantly more challenging.'"'2
This is due to the more stringent require-
ments for the encapsulation matrix which
must provide a functional bio/nano inter-
face between the cells and the macroenvi-
ronment, protecting the cells from mechan-
ical and chemical stresses, providing access
to oxygen, nutrients, and target molecules
of interest, and allowing for the expulsion of
metabolic wastes.

Silica matrices formed by sol—gel pro-
cessing have been employed for cellular en-
capsulation beginning with the pioneering
work of Carturan, who encapsulated Sac-
charomyces cerivisiae in a tetraethylorthosil-
icate (TEOS)-derived silica gel." Advan-
tages of physical entrapment of
biomolecules and cells within wet (water
or buffer-filled) silica gels include the abil-
ity of sol—gel systems to retain water with
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ABSTRACT We report a unique approach in which living cells direct their integration into 3D solid-state

nanostructures. Yeast cells deposited on a weakly condensed lipid/silica thin film mesophase actively reconstruct

the surface to create a fully 3D bio/nano interface, composed of localized lipid bilayers enveloped by a lipid/silica

mesophase, through a self-catalyzed silica condensation process. Remarkably, this integration process selects

exclusively for living cells over the corresponding apoptotic cells (those undergoing programmed cell death), via

the development of a pH gradient, which catalyzes silica deposition and the formation of a coherent interface

between the cell and surrounding silica matrix. Added long-chain lipids or auxiliary nanocomponents are localized

within the pH gradient, allowing the development of complex active and accessible bio/nano interfaces not
achievable by other synthetic methods. Overall, this approach provides the first demonstration of active cell-
directed integration into a nominally solid-state three-dimensional architecture. It promises a new means to

integrate “bio” with “nano” into platforms useful to study and manipulate cellular behavior at the individual cell

level and to interface living organisms with electronics, photonics, and fluidics.
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negligible swelling, biological inertness,
mechanical stability, simple room tempera-
ture processing, and 3D confinement within
a matrix that maintains accessibility of the
cell.”' Traditional sol—gel processing tech-
niques, however, can be cytotoxic to cells.
Exposure to alcohol solvents and byprod-
ucts, contact with polar chemical groups at
the silica surface (i.e., silanols), compressive
stresses resulting from gel syneresis at neu-
tral pH, and drying-induced tensile capil-
lary stresses can damage the cell/gel inter-
face and induce cell lysis. Therefore,
strategies have been developed to miti-
gate these issues, including reducing the
contact time between cells and the sol—gel
precursor solution,'®'” incorporating ame-
liorants (i.e., gelatin, polyvinyl alcohol, glyc-
ersol) into the silica gel,'®2° developing sili-
cates with noncytotoxic hydrolysis and
condensation byproducts (i.e., poly(glycer-
yl)silicate),?’ using all aqueous precursors
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such as sodium silicate or colloidal silica,?>~2* or depos-

iting thin silica films over cells via exposure to gas-
phase silicon alkoxides.®?>26

All of the sol—gel encapsulation strategies listed
above result in the physical entrapment of cells with
no evidence of cellular influence on the development
of the matrix or bio/nano interface. As an alternative ap-
proach, we recently reported the cell-directed encapsu-
lation of yeast and bacterial cells within a self-
assembled biocompatible silica matrix.?”?® Incorpora-
tion of short-chained phospholipids, in lieu of tradition-
ally used surfactants which are cytotoxic to cells, dur-
ing evaporation-induced self-assembly (EISA),? yielded
an ordered silica mesophase within which incorporated
cells actively organized a unique bio/nano interface
and globally altered the matrix nanostructure. The bio/
nano interface is composed of a multilayered lipid
membrane that interfaces coherently with a 3D lipid-
templated silica matrix, which provides accessibility of
the encapsulated cells to molecules introduced into the
3D silica host.?83% Importantly, a localized nanostruc-
tured microenvironment was created in which 3D
chemical gradients were established. Such gradients
can provide an instructive background needed to
achieve proper functionality and guide cellular
behavior.3'32 Examples include cell differentiation, bio-
film formation, and quorum sensing, which all rely on
the development of spatiotemporal gradients of signal-
ing molecules 303334

Herein we describe an extension of this original cell-
directed assembly approach in which introduction of
cells onto a preformed lipid-templated silica film leads
to partial dissolution of matrix components and active
cellular reconstruction of a 3D bio/nano interface com-
posed of lipid-rich silica shells that interface the cells
with the nanostructured inorganic matrix. Advantages
to this new approach include (i) reduced stresses ex-
erted on the cells due to avoidance of cellular contact
with alcoholic solvents, byproducts, and catalysts; (ii)
maintenance of the original nanostructure of the bulk
film, providing greater control over the properties of
host matrix; (i) accessibility to the external environ-
ment via rapid transport through the thin film encapsu-
lating the cells; (iv) improved optical accessibility
through the thin film to interrogate the integrated
cells; and (v) greater control over location of cells in
the thin film. To our knowledge, this is the first example
of active cell-directed integration into a nominally solid-
state three-dimensional architecture. This report fo-
cuses on the general properties of the encapsulation
matrix and the fundamental nanomaterial and bio-
chemical mechanisms that govern this self-integration
process.

RESULTS AND DISCUSSION
The living-cell-directed integration process is de-
picted in Scheme 1. Upon introduction of an aqueous
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suspension of S. cerevisiae cells (via pipet or aerosol)
onto a weakly condensed lipid —silica mesophase film,
components of the film are solubilized by the droplet
(Scheme 1a). Upon evaporation, gradients in tempera-
ture, concentration, and viscosity lead to circulating Ma-
rangoni flows driven by surface tension gradients. Fluo-
rescent microscopy video imaging of initial droplet
evaporation using fluorescently stained cells shows
that flow near the liquid—solid interface was driven to-
ward the circumferential three-phase boundary, while
flow near the liquid—gas interface was directed radially
toward the droplet center in a circulating fashion
(Scheme 1a).3>738 The three-phase boundary was ob-
served to de-pin immediately upon droplet deposition
due to concentration of solubilized lipid, which presum-
ably formed a Gibb’s monolayer, while reducing the
droplet surface tension (and contact angle) to below
the receding angle value.

As evaporation proceeded, the three-phase bound-
ary continued to recede with decreased contact area
and nearly constant contact angle, while cells, lipid, and
soluble silica were progressively concentrated within
the droplet (Scheme 1b). Upon final droplet evapora-
tion, as the film thickness became commensurate with
the cell diameter, the slowly receding three-phase
boundary was violently retracted by the meniscus cur-
vature. This left clusters or single cells at the center of
multiple droplets, containing high concentrations of
lipid and soluble silica. Additionally, “coffee-stain
rings”3%38 of cells, lipid, and silica were often produced
at the retracted droplet periphery, far within the origi-
nal droplet edge. At this stage, viable cells develop a lo-
calized three-dimensional (3D) gradient in pH, cata-
lyzing silica condensation, and their self-integration into
a 3D lipid—silica nanostructure (Scheme 1c). Rinsing
the substrate shortly after droplet evaporation removes
uncondensed silica and lipid concentrate, leaving cells
encapsulated in a coherent and conformal lipid-rich
silica shell bound to the underlying film (Scheme 1d,
and inset AFM image). In the following, we provide fur-
ther detail and discussion of the successive stages of
the cell integration process.

Lipid —Silica Matrix Solubilization and Reconstruction. Disso-
lution of lipid from the film following droplet introduc-
tion (Scheme 1a) was monitored by incorporation of
0.1% fluorescently labeled NBD-diCs PC lipid molecules
(green emission) into the film and observing the fluo-
rescence intensity upon exposure to water. The fluores-
cence microscopy image shown in Figure 1A contains
three regions of interest: (i) pristine film, (ii) an area ex-
posed to a water droplet for 10 min (water droplet is
present in Figure 1A), and (iii) a scratched area where
the film was entirely removed. Brief exposure of the
weakly condensed lipid—silica film to the water drop-
let resulted in nearly complete loss of fluorescence in-
tensity, as shown in region (ii). This loss of fluorescence
is attributed to rapid lipid dissolution and, to a lesser ex-
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tent, silica dissolution, which occurs more slowly and
depends on film aging time (see following discussion).
If left to evaporate, substantial fluorescence emission
was recovered; however, in this case, the observed fluo-
rescence in the water exposed and evaporated region
was no longer homogeneous. Restoration of fluores-
cence in this nonhomogenous manner is characteristic
of lipid and silica deposits following diffusion fronts dur-
ing droplet evaporation. The solubility of the film com-
ponents was further characterized by AFM imaging
(Figure 1B), which shows that film areas exposed to wa-
ter are reduced in thickness during contact with water
and subsequent drying of the drop. The film thickness
decrease is attributed to silica dissolution along with
possible capillary stress-induced shrinkage or collapse
of the mesoporous film during drying. In situ AFM imag-
ing (Figure 3C) shows that, for films aged 30 min prior
to introduction of water, the film thickness decreases
upon water exposure and further upon drying. The lat-
ter shrinkage is attributed to capillary stresses imposed
during drying of the porous lipid-depleted film.

Silica dissolution depends strongly on the aging
time of the film and, thereby, its extent of condensa-
tion prior to introduction of the water drop. This is
shown in Figure 1D, which plots the fraction of the
film solubilized (determined by the molybdic blue as-
say of soluble silica; see Experimental Section) as a func-
tion of film aging time. Between 10 and 45% of the to-
tal film silica can be solubilized if water is introduced to
the film during the first 10 min following film forma-
tion. Dissolution of this substantial portion of silica had
a detrimental affect on the film morphology and unifor-
mity. The fraction of silica solubilized from the film con-
tinued to decrease with film age, stabilizing near 1% at
30 min following film formation. These observations in-
dicate that silica precursors in the prepared films con-
tinue to condense over time, reducing solubility.394°
Films aged for at least 30 min were structurally stable,
maintaining uniformity and nanostructure following in-
troduction of water droplets. On the basis of these re-
sults, lipid-templated mesoporous silica films were aged
between 30 and 120 min prior to the introducion of an
aqueous suspensions of cells.

Grazing-incidence small-angle X-ray scattering
(GISAXS) and scanning electron microscopy (SEM) were
used to characterize the lipid-templated silica matrix.
The GISAXS pattern in Figure 2A, obtained for the as-
deposited film, is consistent with a hexagonally or-
dered lipid—silica mesophase composed of lipid-filled
cylindrical pores ~2.3 nm in diameter, with repeat dis-
tances (d,) of ~3.0 nm perpendicular to the substrate
and d, of ~3.5 nm in the plane of the substrate. Figure
2B shows the GISAXS pattern recorded from a film in
which yeast cells were introduced across the entire sub-
strate via aerosol deposition. In contrast to our previ-
ous report in which cells and lipids were mixed directly
with silica sols, resulting in a cell-directed hexagonal to
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Scheme 1. Cell-directed integration of microorganisms in preformed
lipid-templated silica thin films occurs via (a) initial solubilization of
the slowly condensing film components (lipid and silica) upon intro-
duction of an aqueous suspension of cells. Droplet evaporation leads
to capillary and Marangoni flow, which concentrates cells and soluble
components (b). Viable cells create a locally high pH, catalyzing silica
condensation and their self-integration into a 3D lipid—silica nano-
structure (c). Rinsing the substrate following droplet evaporation re-
moves excess lipid and noncondensed silica, yielding cells encapsu-
lated in a lipid-rich silica shell (d). The inset image was generated via
atomic force microscopy of a single S. cerevisiae cell encapsulated in a
lipid—silica shell following substrate rinsing. Scale bar = 0—5 pm.

lamellar phase transformation upon spin-coating,”’ the
bulk hexagonal nanostructure of the preformed silica
film was largely retained following introduction of the
cells. This is not surprising as film dissolution and reor-
ganization occurs only in the areas (~1% of total film
area) exposed to the aerosol of the aqueous cell sus-
pension. A slight loss of order of the primary hexago-
nal structure in the GISAXS pattern was accompanied
by the development of a minor lamellar structure, simi-
lar to that observed in our previous work.?” This sug-
gests that the matrix is reorganized to form a lamellar
structure local to the encapsulated cells, while the
nanostructure of the bulk film remains unchanged. We
have previously shown that self-assembly of am-
phiphilic template molecules occurs in the aqueous
phase.*" In that work, we showed for systems initially
formed from a binary solvent (water and alcohol) that
the alcohol cosolvent evaporates in the first stage of
EISA, leaving self-assembly in the final stages of EISA
to occur under completely aqueous conditions. In the
case of a purely aqueous droplet extracting lipid and
silica from the film, we also expect EISA to yield an or-
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Figure 1. (A) Fluorescence microscopy image of a lipid-templated
(0.1% NBD-labeled diCs PC, green emission) mesoporous silica film (i),
upon introduction of a 0.5 pL water droplet (ii), near a scratch (jii) to
expose the underlying substrate. (B) AFM measurement of the region
imaged in (A). Scale bar = 0—395 nm. (C) AFM measured thickness of
lipid-templated mesoporous silica films under various conditions. (D)
Fraction of silica film solubilized vs age of the slowly condensing film
as determined by molybdic acid assay.

dered nanostructure. The formation of a lamellar phase
is consistent with the higher concentration of lipid in
the aqueous droplet versus the lipid concentration in
the initial sol precursor solution.

SEM imaging was performed directly (without fixa-
tion or supercritical drying) on silicon substrates coated
with lipid-templated silica films onto which S. cerevi-
siae cells were deposited via aerosol deposition, as in
Figure 2B. Figure 2C shows a coherent interface be-
tween the integrated cell and the underlying (feature-
less) lipid—silica thin film mesophase and a smooth

Figure 2. Grazing-incidence small-angle X-ray scattering (GISAXS) pat-
terns of lipid-templated mesoporous silica films: (A) pristine film, (B)
film following self-encapsulation of S. cerevisiae cells. (C) SEM image of
a single yeast cell encapsulated into the lipid-templated silica matrix.
(D) SEM image of two yeast cells introduced to a clean silicon substrate
without a lipid-templated mesoporous silica thin film. Scale bars = 1 um.
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conformal coating overtop the cell. At the base of the
encapsulated cell, a raised region is observed corre-
sponding to deposition of silica and lipid concentrate
driven toward the cells during droplet evaporation, as
described previously (Scheme 1c). Interestingly, the
shape of integrated cells investigated using SEM ap-
peared relatively spherical, indicating that the native
morphology of the yeast cells, in large part, was re-
tained during the encapsulation process. Additionally,
the encapsulated cell morphology was maintained un-
der continuous exposure to vacuum and electron beam
irradiation over the course of SEM imaging (without
any additional sample preparation). This is in contrast
to SEM images of S. cerevisiae cells introduced onto bare
silicon substrates without lipid—silica thin films. As
shown in Figure 2D, cells appear non-adherent and ex-
hibit signs of severe desiccation with significantly col-
lapsed morphologies. Preservation of cell morphology
through silica encapsulation bears some analogy to cer-
tain marine organisms (e.g., diatoms, radiolarians, and
sponges) that fix silica on their cell surfaces, forming an
artificial exoskeleton, which can preserve cell morphol-
ogy and function under harsh conditions.

3D Bio/Nano Interface. Hyperspectral confocal fluores-
cence microscopy was used to further characterize the
three-dimensional structure of the lipid/silica-
encapsulated S. cerevisiae cells. For films prepared with
the pH-sensitive fluorescent probe, Oregon Green (0OG),
multivariate curve resolution (MCR) identified two inde-
pendently varying spectral components corresponding
to the S. cerevisiae cellular autofluorescence and to OG
fluorescence. Spectral components are presented in the
Supporting Information, Figure S1. Although the autof-
luorescence and OG components are highly over-
lapped, the hyperspectral imaging technique can
clearly separate the fluorophores and produce cross-
talk free images of the location and intensity of the flu-
orophores within the images. Figure 3A shows RGB im-
ages at various confocal cross sections (red
corresponding to the autofluorescence, green corre-
sponding to OG) of a cluster of three encapsulated S.
cerevisiae cells. The intensity of OG fluorescent emission
decreases as the pH is lowered from approximately pH
6 to 3 with total quenching of fluorescence at highly
acidic pH (=2). Consistent with our previous results,?”?
encapsulated cells form a three-dimensional gradient
in pH from approximately pH 3 in the acidic silanol-
terminated thin film silica matrix to pH 5.5 at the encap-
sulated cell surface. This gradient appears to be con-
fined to the <1 um region of reconstructed lipid/silica
surrounding the encapsulated cells. The concentration
of diCs PC lipid in the bulk film and near encapsulated
cells was also investigated using hyperspectral imaging.
Figure 3B is a false-colored image depicting the concen-
tration of diCs PC lipid near the base of a single yeast
cell. The concentration of lipid surrounding the cell was
determined by calibrating TAMRA fluorescence intensi-
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ties obtained from the images of solutions with known
TAMRA-diCs PC concentrations at the same microscope
settings. Figure 3B shows that the total lipid concentra-
tion in the bulk film was 200—250 mg/mL. This is an ap-
proximate 10-fold increase in lipid concentration com-
pared to the initial concentration in the sol precursor
solution used to produce the film. This observation is
consistent with the expected increase in concentration
of sol precursor solution components during EISA. Also
apparent is a gradient in lipid concentration showing
localization of the lipid near the encapsulated cell. Simi-
lar to the observations with OG, this gradient in lipid
concentration extends below and above the cells and
also extends much further into the bulk film. We have
previously shown that lipid accumulation at the cellu-
lar surface serves to interface encapsulated S. cerevisiae
with the inorganic silica host matrix.??® Further, as film
nanostructure is driven by concentration-dependent
lipid self-assembly, we expect this lipid gradient region
to correspond to the interface between the hexagonally
structured bulk film and the lamellar structure encapsu-
lating the cells. We are currently investigating the struc-
ture of this interface region.

The cell-directed integration process can also reor-
ganize, three-dimensionally, nanoscale components in-
troduced into the original lipid—silica thin film me-
sophase. Figure 3C,D shows hyperspectral confocal
images of a cluster of S. cerevisiae cells encapsulated
within a film prepared with amino-derivatized polyeth-
ylene glycol coated quantum dots (655 nm emission).
Figure 3C is a false-colored image depicting the fluores-
cence intensity of the quantum dots present in the
lipid—silica matrix. Much like lipids (Figure 3B), the
higher fluorescence intensity in the region local to the
cells, as compared to the bulk film, shows Qdots to be
localized near and around the cells during integration. It
also appears that some portion of the Qdots were en-
docytosed by some of the S. cerevisiae cells, showing
that the surface of the encapsulated cells remains ac-
cessible to and interacts with the nanoparticles concen-
trated at their surfaces during integration.

Two distinct 655 nm Qdot spectral components
were identified from the sample imaged in Figure 3C.
Pure component spectra are shown in Figure S2 (Sup-
porting Information). The red spectrum corresponds to
the spectral component associated with the 655 nm
Qdot spectrum. The green spectrum was obtained by
removing the non-negativity constraint from the MCR
analysis. This derivative-looking component, when lin-
early combined with the quantum dot spectral compo-
nent, models a shift in the quantum dot spectrum. An
extensive description of this modeling approach can be
reviewed in Haaland et al*? Figure 3D is a RGB image
in which the two spectral components are false-colored
showing 655 nm Qdots (green) and 655 nm Qdots
that have a red-shifted spectrum (red). Interestingly, us-
ing this quantum dot spectra shift information, two dif-
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Figure 3. (A—D) False-colored hyperspectral confocal fluorescence
images of yeast cells encapsulated in lipid—silica matrices. (A) Confo-
cal slices from a cluster of three S. cerevisiae cells (red) encapsulated
in a diCs PC-templated silica film containing the pH-sensitive probe,
Oregon Green (green). (B) Confocal slice near the base of a single
yeast cell entrapped in a diCs PC-templated silica film (TAMRA-diCs
PC accounts for 0.1% of total lipid) showing localization of lipid near
the cell. Color corresponds to lipid concentration, increasing from
blue to red. (C) Confocal slice near the base of a cluster of S. cerevi-
siae cells encapsulated in a lipid—silica matrix containing 655 nm
Qdots. Color corresponds to Qdot fluorescence intensity, increasing
from blue to red. (D) Two distinct spectra from Qdots in the sample
from panel (C) were identified: typical 655 nm Qdot spectrum (green),
and Qdot spectrum red-shifted by 7 nm (red). (E) Confocal fluores-
cence image showing conformal liposome fusion with yeast cells
upon integration into the lipid-templated silica film. POPC liposomes
(6% Texas Red-labeled DHPE) were introduced to the film with the
yeast cell suspension. Scale bars = 3 pum.

ferent environments can be distinguished within Fig-
ure 3D. The spectrum of 655 nm Qdots localized near
the yeast cells was red-shifted 7 nm, while the typical
655 nm Qdot spectrum was observed in the bulk film.
To determine the source of this spectral shift, 655 nm
Qdot spectra were obtained for Qdots in solutions at pH
values 3—8 and in solution with diCs PC lipid. As shown
in Figure S3A, no significant shift in 655 nm Qdot spec-
trum was observed over the studied pH range, indicat-
ing that the local gradient in pH near encapsulated
cells does not contribute significantly to this shift. How-
ever, in the presence of diCs PC lipid, a red shift in the
655 nm Qdot spectrum of 2 nm was observed (Figure
S3B, ~7 mg/mL lipid). From these data, we conclude
that the shift in 655 nm Qdot spectra in the lipid—silica
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Figure 4. Fluorescence microscopy images of (A) a mixture of S. cere-
visiae (Cyto64 stained, red emission) and cell surrogates (latex beads,
green emission) and (B) latex beads in the absence of cells that were al-
lowed to integrate into lipid templated silica films for 1, 2, 4, or 24 h,
after which the films were rinsed to remove non-integrated material.
The majority of S. cerevisiae cells are not removed by rinsing, while
beads are easily washed away under time scales shorter than that re-
quired for silica condensation. Scale bars = 25 pm.

cell matrix is largely due to Qdot interactions with the
lipid localized near the cells during self-encapsulation.
Also, the lack of spectral shift for Qdots in the bulk film
indicates that Qdots in this region have little contact
with diCe PC lipid. This is consistent with observations
that lipid is quickly solubilized from the film upon intro-
duction of an aqueous droplet. It may also indicate
that amino-derivatized PEG-coated Qdots reconsti-
tuted near the cell surface during integration are incor-
porated in a more hydrophilic environment than in the
original film.

) VOL. XXX = NO.XX = HARPER ET AL.

Nanocomponents introduced with the aqueous cell
suspension to lipid-templated films show preferential
localization at the cell surface upon integration. Figure
3E shows that addition of palmitoyloleoyl phosphatidyl-
choline (POPC) liposomes to the yeast cell suspension,
followed by deposition onto the silica film, resulted in
fusion of liposome lipid (6% Texas Red-labeled DHPC,
red emission) with the yeast cell surface. The thickness
of liposome layer suggests that multiple fusion steps
have occurred during integration, forming yeast-
supported multilayers. We have previously reported
that liposome fusion with yeast cells in buffered solu-
tions does not occur in the presence of diCg PC lipid nor
under the pH range observed in this system.*® These re-
sults demonstrate the importance of the cell-directed
integration process, where long- and short-chain lipids
are concentrated within a pH gradient, in forming
yeast-supported lipid multilayers from liposomes. This
system could provide a simple means to introduce
other functional components to the cell surface, includ-
ing exogenous membrane-bound proteins as we have
previously reported utilizing our original cell-directed
assembly approach.® In contrast to cell-directed assem-
bly of bulk systems, when introduced with yeast cells
onto a lipid-templated silica film, liposome lipid local-
ization shows improved conformity with the cell sur-
face. This improved conformity may result from diCs PC
acting as a detergent that, upon droplet evaporation
and cell-directed integration, reaches saturated concen-
tration near the cells. This causes destabilization of the
colocalized liposomes,* facilitating fusion of liposomes
with other liposomes and formation of yeast-supported
multilayers with prioritized localization of longer-chain
lipids at the cell surface within the lipid-rich silica shell.

Living-Cell-Directed Integration. The capability of viable
cells to actively facilitate their integration was demon-
strated by depositing an aqueous mixture of yeast cells
and neutrally charged latex beads, serving as yeast cell
surrogates (equivalent vol fraction), onto a weakly con-
densed lipid-templated silica film (30 min aging from
film formation). Following evaporation of the
yeast—bead mixture, the samples were aged for an ad-
ditional 1, 2, or 4 h and then rinsed thoroughly to re-
move non-integrated material. Images taken before
and after rinsing (Figure 4A) show that 1 h following
droplet deposition nearly all yeast cells (red emission)
were retained in the film, while 95 = 3% of latex beads
(green emission) were removed by rinsing. Samples al-
lowed to age for 2 and 4 h also showed nearly complete
integration of cells, but greater amounts of beads were
retained at 46 = 7 and 73 = 13%, respectively. For ag-
ing times on the order of those required for complete
condensation of the reconstituted lipid/silica concen-
trate (24—48 h), 52 £ 12% of the beads remained post-
rinsing (Figure 4B). As both S. cerevisiae cells and latex
beads were surrounded by soluble silica and lipid con-
centrate during the initial stage of evaporation of the
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cell/bead dispersion, these data indicate that cells
uniquely promote their integration. We attribute this
cell-directed integration to the ability of cells to actively
develop a pH gradient that catalyzes silica condensa-
tion within a thin three-dimensional volume surround-
ing the cells. Unlike S. cerevisiae, no pH gradient was ob-
served near latex beads introduced to lipid—silica films.
As the rate of silica condensation is a strong function
of pH and increases significantly between pH 3 and 6,%
it is likely that the development of the localized pH gra-
dient governs microorganism self-encapsulation within
silica.

Self-Catalyzed Silica Condensation. To further elucidate
the importance of the active development of a local-
ized pH gradient to cellular integration, we investigated
integration under conditions of inhibited cellular re-
sponse to osmotic stress (osmotic clamp). We have pre-
viously reported that viable cells experience osmotic
stress during EISA,? rapidly excreting up to 35% of their
cytosolic fluid volume in response to changes in turgor
pressure in the cell membrane resulting from the in-
creasing concentration of soluble silica and salts in the
evaporating sol.* This results in an increase of water
volume in the surrounding ~2 pum thick region of the
matrix by more than 60%, creating a gradient in pH in
the immediate vicinity of a cell. Therefore, suppressing
cellular response to osmotic stress should prevent the
formation of this pH gradient and consequently inhibit
the proposed self-catalyzed cellular integration process.

Osmotic clamp was induced by adding 2% (vol) of
the osmolyte, DMSO, to a split sample of yeast cells in
aqueous suspension. This low concentration of DMSO
has been shown to significantly inhibit osmotic equili-
bration due to its high osmolarity and rapid transport
rate, while not significantly affecting the metabolic
state of the cells.*’*8 Both the control cells (without
DMSO) and cells under osmotic clamp were deposited
onto weakly condensed lipid-templated silica films and
allowed to age for 1 or 2 h, after which the substrates
were rinsed thoroughly to remove non-integrated ma-
terial. The percentage of retained cells under both con-
ditions is presented in Figure 5A. (Pre- and post-rinsing
images for control cells and cells under osmotic clamp
are presented in the Supporting Information, Figure
S4A,B respectively). Control cells from the split sample
showed a high degree of integration into the film for
both time points (76 and 96%). In contrast, 87 —96% of
cells under osmotic clamp were removed from the film,
indicating that they failed to integrate. Evidence that
cells under this treatment are not completely precluded
from responding to osmotic stress is shown by the 9%
higher retention of cells between the 1 and 2 h aging
periods. Figure 5B shows S. cerevisiae cells under os-
motic clamp introduced to lipid/silica films containing
the pH-sensitive probe OG. Prior to rinsing (which re-
moves these clamped cells), we do not observe a gradi-
ent in pH (compare with Figure 3A). Rather, we find a
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Figure 5. (A) Percent of S. cerevisiae cells that integrated into lipid-
templated silica films from samples containing cells in water only (con-
trol), cells in water with 2% DMSO (cells under osmotic clamp), and ap-
optotic cells in water (heat shock). Cells were allowed to integrate for
1 or 2 h, after which samples were rinsed to remove non-integrated
material. Error bars are the standard deviation of measurements ob-
tained from three or more samples. (B,C) S. cerevisiae cells introduced
to a lipid-templated mesoporous silica film containing OG prior to rins-
ing. (B) Fluorescence microscopy image of S. cerevisiae cells under os-
motic clamp (Cyto64 stained, two separate fields). Scale bar = 3 pm.
(C) Confocal fluorescence and DIC images of a single living or apop-
totic (heat shock) S. cerevisiae cell (Cyto64 stained). Scale bar = 1 pm.

uniform pH throughout the sample that corresponds
to the pH of the bulk lipid—silica matrix (pH ~3, Fig-
ure 5B). Evidence that the integration process is actively
directed by living cells is presented in Figure 5C, where
we substituted apoptotic S. cerevisiae (i.e., those under-
going programmed cell death stimulated by rapid heat-
ing to 95 °C), for stationary phase yeast used in the pre-
vious experiments. Apoptotic yeast were introduced to
a weakly condensed lipid —silica film as before, followed
by 2 h of aging and rinsing. As shown in Figure 5A,
less than 3% of apoptotic yeast introduced to the film
integrated. Figure 5C compares pH gradient develop-
ment in active and apoptotic yeast introduced to OG-
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Figure 6. (A) Lysozyme protein-conjugated fluorescent orange 5 pm beads. Lysozyme conjugation verified by subsequent
treatment with NHS ester AlexaFluor 488 (green emission). Scale bar = 1 pm. (B) Percent of lysozyme—bead conjugates that
integrated into weakly condensed (white bars) and fully condensed (gray bar) lipid-templated silica films. Lysozyme—bead
conjugates were allowed to integrate for 5, 15, or 30 min, after which samples were rinsed to remove non-integrated ma-
terial. Error bars are the standard deviation of measurements obtained from three or more samples.

containing lipid—silica films prior to rinsing. We ob-
serve no pH gradient, in contrast to the active yeast
(Figures 5C and 3A), and the surface of the apoptotic
yeast appears collapsed because it does not catalyze 3D
integration within a protective silica shell.

The ability of synthetic and natural polymers pos-
sessing amine functional groups to catalyze silica con-
densation has been widely studied**° and was investi-
gated as a parallel mechanism for cell-directed silica
condensation and self-integration. Strong attractive
electrostatic interactions and weak hydrogen bonding
between polycationic macromolecules and polysilicic
acid has been shown to induce silica polymerization
and precipitation.®’ As the cell wall of S. cerevisiae is
known to display a multitude of proteins,>? polycationic
and/or amine functional regions exist on the exterior
of the cell. The possible contribution of cationic pro-
tein residues to cell-directed catalysis of silica and self-
encapsulation, along with electrostatic interactions be-
tween these residues and the negatively charged
lipid—silica film, were examined using lysozyme
protein-coated beads. In the presence of soluble silica,
lysozyme is known to induce local silicate condensation
forming precipitated silica particles.>

Carboxylic acid functionalized fluorescent orange
beads (5 wm diameter) were conjugated to lysozyme
proteins via carbodiimide chemistry (see Experimental
Section). Lysozyme conjugation was verified by subse-
quent treatment with NHS ester AlexaFluor 488 (green
emission), which bound to free amines present on the
surface of lysozyme, as shown in Figure 6A. Aqueous
suspensions of lysozyme—bead conjugates were de-
posited onto weakly condensed lipid-templated silica
films (aged 30 min prior to bead deposition) and aged
for 5, 15, or 30 min post-droplet evaporation, followed
by thorough rinsing. Interestingly, nearly 50% of the
lysozyme—bead conjugates under each incubation pe-
riod remained in the film, as shown in Figure 6B. These
results differ significantly from those obtained with la-
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tex beads which showed only ~5% integration effi-
ciency (Figure 4A). This demonstrates that lysozyme
protein significantly interacts with the lipid—silica film.
The extent of this interaction that can be attributed to
electrostatic binding between the positively charged
lysozyme molecules (pl ~ 10) and the lipid—silica film,
independent of polycationic residue-induced catalysis
of silica condensation, was investigated by introducing
lysozyme—bead conjugates to a lipid-templated meso-
porous silica film that was previously allowed to fully
condense. As only trace levels of silica precursors are
solubilized from the fully condensed film, silica conden-
sation cannot contribute to the population of
lysozyme—bead conjugates that remain post-rinsing.
As shown in Figure 6B (gray bar) approximately 10% of
the lysozyme—bead conjugates remain. Retention of
this lower population of lysozyme—bead conjugates is
attributed to the strong electrostatic interactions be-
tween lysozyme and the silica film. Further, this result
shows that the larger fraction of lysozyme —bead conju-
gates retained upon introduction to a weakly con-
densed lipid—silica film can be attributed to polyca-
tionic residue-catalyzed silica condensation.

These data provide evidence that polycationic
and/or amine functional regions on the exterior of S.
cerevisiae may contribute to self-integration. It should
also be noted that in the case of living microorganism
encapsulation, a neutral pH develops near the cellular
surface which would increase the rate of cell wall
protein/peptide-induced silica condensation.’ How-
ever, these data, combined with the poor integration
of S. cerevisiae under osmotic clamp or apoptotic condi-
tions, both of which still display proteins, albeit at low
pH, indicate that this is a minor mechanism under the
time scales investigated in this study. Finally, the local-
ized lipid lamellar interface formed during cellular inte-
gration may serve to physically isolate the cell surface
and surface proteins from silica precursors, further re-
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ducing the impact of polycationic macromolecule-
induced silica condensation on cellular integration.

Integrated Cell Viability. Viability of integrated cells de-
pended strongly on storage conditions. Substrates with
integrated cells placed into buffer or media (YPD) ap-
proximately 35 min post-droplet evaporation showed
15 £ 6.9% viability as measured by CFDA/PI assay (see
Experimental Section). If maintained under these solu-
tions at room temperature, the thin lipid —silica shell en-
capsulating the cells slowly dissolved freeing yeast
cells between 3 and 5 days post-integration. If under
YDP medium, released cells would replicate, demon-
strating that the cells do remain viable and culturable
following cell-directed integration into the lipid—silica
mesophase film.

Substrates with integrated cells stored under dry
room temperature conditions showed significant loss
in viability over the first few hours post-integration with
less than 4% viable cells after 24 h. However, addition
of trehalose to the matrix, a disaccharide known to pro-
vide improved tolerance to desiccation, significantly im-
proved viability of integrated cells when stored dry. If
trehalose was added directly to the aqueous suspen-
sion of cells, followed by deposition onto the
lipid —silica film, we found that the droplet did not com-
pletely evaporate, forming a gel phase that prevented
cellular integration into the film. Alternatively, addition
of trehalose to the lipid—silica precursor solution, fol-
lowed by film formation, allowed for integration of cells
into the trehalose containing film. We propose that tre-
halose was solubilized from the film by the aqueous
cell suspension and accumulated near the cells in a
manner similar to that observed for solubilized lipid
and silica. The lower concentration of trehalose solu-
blized from the film did not form a gel phase, allowing
development of evaporation-induced osmotic stress
and pH gradients required for integration. A strong de-

EXPERIMENTAL SECTION

Materials. Aqueous solutions were prepared with 18 MQ) wa-
ter using a Barnstead Nanopure water purifier (Boston, MA). Tet-
raethylorthosilicate (TEOS), tetramethylorthosilicate (TMOS), so-
dium molybdate, ascorbic acid, lysozyme (from chicken egg
white), and hydrochloric acid (HCI) were purchased from Sigma-
Aldrich (St. Louis, MO). 2-[4-(2-Hydroxyethyl)-1-
piperazine]ethanesulfonic acid (HEPES), 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC),
4-aminobenzoic acid, N-hydroxysuccinimide (NHS), and ethanol
(absolute) were obtained from Acros Organics (Beel, Belgium).
Phosphate buffer saline (PBS) solution, pH 7.4 (11.9 mM phos-
phates, 137 mM NaCl, and 2.7 mM KCl), sodium hydroxide
(NaOH), potassium hydroxide (KOH), and dimethyl sulfoxide
(DMSO) were purchased from Fischer Scientific (Pittsburgh, PA).
1,2-Dihexanoyl-sn-glycero-3-phosphocholine (diCs PC),
1-hexanoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl}-sn-glycero-3-phosphocholine (NBD-diCs PC),
1-hexanoyl-2-{6-[(5-(and-6)-
carboxytetramethylrhodamine)amino]hexanoyl-sn-glycero-3-
phosphocholine (TAMRA- diCs PC), and palmitoyloleoyl phos-
phatidylcholine (POPC) were obtained from Avanti Polar Lipids
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pendence of viability on trehalose film concentration
was observed and is shown in Figure S5 (Supporting In-
formation). At 45 mg/mL trehalose 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 X 10° cells/cm? are initially inte-
grated into the lipid—silica mesophase films, leaving
approximately 4.5 X 10 viable cells/cm? following 7
days of dry storage. This considerable population of vi-
able cells is sufficient for subsequent use or
experimentation.

CONCLUSIONS

In summary, we have described a unique method
in which cells introduced onto a solid-state lipid—silica
mesophase film actively reconstruct the surface to cre-
ate a fully 3D bio/nano interface composed of a lipid-
rich silica shell that coherently interfaces the cells with
the nanostructured inorganic matrix. We attribute this
cell-directed integration to the ability of cells to actively
develop a pH gradient in response to evaporation-
induced osmotic stress, which catalyzes silica condensa-
tion within a thin three-dimensional volume surround-
ing the cells. Auxiliary nanocomponents added to the
lipid/silica mesophase film, or introduced with the cells,
were localized at the cellular surface, providing a means
to introduce foreign functionalities, which remained ac-
cessible to and interacted with the cellular surface. This
process is simple and does not expose cells to toxic sol-
vents, chemical byproducts, or drying stresses, preserv-
ing the original cell morphology. We expect this
method to be general and adaptable to other bacterial
and fungal cells and even mammalian cells. It promises
to be useful as a new technique for integrating bio
with nano, impacting fundamental studies in nanopar-
ticle toxicology, cell—cell signaling, and development
of bioelectronics and cell-based biosensors.

(Alabaster, AL). 2',7'-Difluorofluorescein Oregon Green 488 (0G),
AlexaFluor 488 carboxylic acid succinimidyl ester (NHS-
AlexaFluor 488), amino-derivatized polyethylene glycol (PEG)-
coated 655 nm quantum dots (655 nm Qdots), Texas Red-labeled
DHPE, and Funga Light CFDA/PI yeast viability kit were from In-
vitrogen (Carlsbad, CA). Latex beads (5 pm, fluorescent green)
were from Duke Laboratories (now part of Thermo Scientific).
Carboxyl -functionalized Suncoast Yellow beads (5 pm, fluores-
cent orange) were from Bangs Laboratories (Fishers, IN).
Lipid-Templated Silica Film Formation. Prehydrolyzed TEOS stock
solutions (A2**) were prepared by refluxing 61 mL of TEOS, 61
mL of ethanol (absolute), 4.9 mL of nanopure water, and 0.2 mL
of 0.07 N HCI (molar ratio 1:4:1:5 X 10~°) for 90 min at 60 °C.
Stock solutions were stored at —20 °C. A2** stock was used to
prepare the precursor sol solution by adding 0.25 mL of A2**,
0.20 mL of ethanol (absolute), 0.16 mL of 0.05 N HCl, and 0.40 mL
of nanopure water (molar ratio of 1 TEOS/4.0 ethanol/2.0 water/
0.005 HCl) to 30 mg of diCs PC. This solution was allowed to age
at room temperature for 20 min. Following aging the solution
was spin-coated onto 25 mm No. 1.5 round glass coverslips
which had been pretreated in 0.1 M KOH for at least 2 h, washed
with 1% Alconox in nanopure water, and rinsed with nanopure
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water and ethanol, and then cleaned in a UVO cleaner (Jelight
model 342) for 5 min. Spin coating occurred at 1500 rpm for 30 s
(Laurell model WS-400B) at <20% relative humidity. Films con-
taining fluorescently labeled lipid (0.1% of total lipid) were pre-
pared as described above with the addition of 0.03 mg of either
NBD- or TAMRA-diCs PC to the sol precursor solution prior to
the 20 min room temperature incubation. Films containing OG
or 655 nm Qdots were prepared as described above with the ad-
dition of 20 L of OG solution (13.5 mM) or 10 pL of 655 nm
Qdot solution (8 wM) to 1 mL of the sol precursor solution prior
to the 20 min room temperature incubation.

Cell Self-Integration. S. cerevisiae (strain S288C, Invitrogen) was
grown in glucose-based rich medium (YPD) to GO or stationary
phase. Cells were collected by centrifugation, washed three
times in nanopure water, and resuspended in nanopure water.
Aqueous suspensions of yeast were introduced onto preformed
lipid-templated mesoporous silica films 30— 120 min after forma-
tion in 0.5 pL droplets (10°—10° cells/mL) and allowed to dry.
Once dry, substrates were allowed to rest for given periods of
time and then rinsed thoroughly with nanopure water (10 s ex-
posure to water stream, followed by drying with N, stream) to re-
move non-integrated material.

Reduced Molybdic Acid Assay for Soluble Silica Content. The amount
of silica removed from the film by a drop of water residing on
the film surface was quantified by the reduced molybdic acid as-
say method.** This assay is more sensitive then the molybdic
acid (MA) test, allowing calibration down to 2 M of silicic acid.
Ten millimolar sodium molybdate was prepared in DI water and
pH was adjusted to 1.2 with HCI. Plastic vessels were used to
avoid silica contamination. The sample was collected by placing
a drop of DI water on the silica—lipid film for 10 min followed by
careful removal of 80% of the drop without scratching the film.
This sample was incubated overnight after adding 40 p.L of 5 mM
NaOH to dissolve any silica aggregates. The sample was placed
into a 1T mL cuvette, along with 0.8 mL of the sodium molybdate
solution, and allowed to incubate for 30 min. Following incuba-
tion, 40 pL of 0.5 M ascorbic acid was added to the cuvette. Im-
mediately, the previously clear assay solution started turning
blue. Exactly 60 s after ascorbic acid addition, the sample was
scanned with the UV—vis spectrophotometer. The scan
(500—700 nm) took 12 s. Timing is important as the color inten-
sity of reduced molybdic acid is unstable. Satisfactory linear cali-
bration curves based on hydrolyzed TMOS were obtained with
every experiment. Silica concentration in film dissolution
samples was determined by least-squares fit to an absorbance
curve derived from the calibration data.

Fluorescently Labeled Liposome Formation. Palmitoyloleoyl phos-
phatidylcholine (POPC) was dissolved in chloroform, dried, and
maintained overnight under vacuum to remove residual solvent;
2.5 mg of lipid (including Texas Red-labeled DHPE at 6 wt %)
was dissolved in 0.5X PBS, sonicated briefly, and extruded
through a 100 nm filter (Millipore) 10 times.

Lysozyme —Bead Conjugation. Carboxyl-functionalized 5 pm di-
ameter beads were diluted 10-fold from stock solution into 1
mL of 10 mM HEPES buffer solution, pH 7.5, containing 10 mM
EDC. Following a 20 min incubation, the beads were pelletted by
centrifugation and resuspended in 1 mL of 10 mM HEPES buffer,
pH 7.5, containing 1.5 mg of lysozyme protein, and incubated
for 2—4 h at room temperature. Following conjugation, the
beads were washed three times with HEPES solution and stored
at 4 °C until use. To verify lysozyme conjugation onto the beads,
10 L of stock NHS-AlexaFluor 488 solution was added to 1 mL
of the lysozyme-conjugated beads in 10 mM HEPES buffer, pH
7.5, for 2—4 h at room temperature. Following incubation, the
beads were washed three times with HEPES solution and then
imaged.

Atomic Force, Fluorescence, and Scanning Electron Microscopy. Atomic
force microcopy was carried out on a MFP-3B Bio AFM (Asylum
Research, Santa Barbara, CA) operated in tapping mode in air
and in liquid. For imaging in air AC240 TS cantilevers were used
(Olympus, k = 2 N/m). For imaging in water, TR400 PB cantilevers
(Olympus, k = 0.09 N/m) were used. For applications where
film thickness was determined by AFM, an image at least 20 X
20 pm in size was acquired and analyzed. Fluorescence micro-
scopy imaging was performed on an Olympus IX70 microscope
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and recorded using an Olympus DP71 camera. A JEOL 6701F
scanning electron microscope (SEM) operating at 5 kV was used
to directly image cells integrated into lipid—silica films without
further preparation.

Hyperspectral Confocal Fluorescence Microscopy. A hyperspectral
confocal fluorescence microscope was used to image the yeast
cells encapsulated in the lipid —silica matrices. This unique micro-
scope, which was designed and built at Sandia,** is a fully confo-
cal design capable of collecting 8300 pixels per second. Each
pixel consists of 512 emission wavelengths spanning the spec-
tral region of 490—800 nm when the sample is excited using a
solid-state 488 nm laser (Coherent, Incorporated). These emis-
sion wavelengths are dispersed onto a electron multiplying
charge-coupled device (EMCCD) detector using a custom-built
high-throughput prism spectrometer. The resolution of this
microscope consists of a lateral (x,y) spatial resolution of 0.25
wm, an axial (2) resolution is 0.6 pm and a spectral resolution of
better than 3 nm. For the collection of the encapsulated yeast
cell samples, a oil immersion 60X objective with a numerical ap-
erture of 1.4 was used to collect the images.

Once the hyperspectral images have been collected, the im-
ages are preprocessed to remove unwanted spectral artifacts
and then the images are analyzed using multivariate curve reso-
lution (MCR). The preprocessing consisted of the following steps:
(1) detection and removal of cosmic spikes collected on the EM-
CCD, (2) subtraction of the dark image to remove the effects of a
structured noise source from the spectral data, and (3) removal
of the spectral offset arising from the electronics of the EMCCD.
A more detailed description of the preprocessing steps can be
found in the experimental section in Jones et al.>* Following
these preprocessing steps, MCR analyses of the spectral image
data sets were conducted. MCR is a powerful multivariate analy-
sis technique in which the associated algorithms can extract
the pure spectral emission and the corresponding intensities of
each spectral component for each pixel in the image. In addition,
MCR can discover all emitting fluorphores that are above the
noise floor without any a priori information regarding the sample
being imaged (i.e., no information is needed to discover and
quantify the fluorophores present in the sample images). There-
fore, both known and unknown spectral emissions can be dis-
covered and quantified within the images. Also, unlike most
filter-based fluorescence microscopes, it is not necessary to have
well-separated fluorophores to obtain quantitative images since
the MCR algorithms can significantly reduce the amount of
cross-talk between fluorophores. Further information on MCR
implementation and decriptions of the MCR software written in
Matlab and C code are detailed elsewhere.42%55°

Integrated Yeast Viability Assay. Integrated yeast viability was
measured using the Funga Light assay (Invitrogen) containing a
cell-permeable nonspecific esterase substrate (acetoxymethyl
ester 5-carboxyfluorescein diacetate, CFDA) and a cell mem-
brane integrity indicator (propidium iodide, Pl). Viability assay
was performed using the manufacturer’s protocol with slight
modifications. One microliter of CFDA solution (1 mg in 100 pL
of DMSO) and 1 pL of Pl solution (20 mM in H,0) were added to
1 mL of 1X PBS, pH 7.4. This solution was carefully pipetted
onto substrates containing cells integrated in a lipid—silica film
and incubated at room temperature for 45—60 min. Following
incubation, cells still under CDFA/PI assay solution were imaged
with an inverted fluorescence microscope. Cells with esterase ac-
tivity and intact membranes fluoresced green and were counted
as viable. Cells without esterase activity and damaged mem-
branes fluoresced red and were not counted as viable. Cells with
residual esterase activity and damaged membranes fluoresced
yellow and were not counted as viable.
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