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ABSTRACT

When lipid-directed assembly of silicic acid precursors is conducted
in the presence of living cells, the cells intervene, surrounding
themselves with a fluid, multilayered lipid vesicle that interfaces
coherently with an ordered silica mesophase. This bio/nano
interface is unique in that its uniform nanostructure prevents
excessive drying of water, maintaining cell viability, yet provides
accessibility of the cell surface to small molecules. In comparison
to existing immobilization schemes, such as encapsulation within
sol-gel matrices, we show this interface to form by an active
interplay between the living cell and surrounding matrix, which
we refer to as cell-directed assembly (CDA). Importantly and
perhaps uniquely, CDA creates a localized nanostructured micro-
environment within which three-dimensional chemical gradients
are established and maintained.

Introduction

The incorporation of whole cells into inorganic sol-gel
matrices has been practiced for over 15 years, beginning
with the work of Carturan, who encapsulated Saccharo-
myces cerivisiae into a silica gel and studied its catalytic
activity.'® As recently noted by Avnir et al. in a review of
this field,'® brewers’ yeast was an insightful choice; it is a
model eukaryote, and because it converts sugars to carbon
dioxide and alcohol, it withstands the alcoholic byproducts
of alkoxide-based sol-gel hydrolysis and condensation
reactions. Since that pioneering study, sol-gel immobiliza-
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tion of bacteria, protozoa, and mammalian cells''~'® has
been demonstrated, largely driven by applications such
as cell-based sensors, bioreactors, and artificial organs.'®'8
Typically, the synthetic protocol consists of the addition
of cells in buffer to acidic silicate sols causing rapid
gelation and entrapment of the cells within a randomly
structured siloxane matrix, which is maintained in buffer
to avoid drying. Since gelation occurs with essentially no
dimensional change; it might be anticipated that there
would be no detrimental effect on the encapsulated cells.
However, at neutral pH, the gel syneresis rate is maxi-
mized; continued siloxane condensation reactions cause
gel contraction and expulsion of pore fluid. Associated
compressive stresses are presumably imposed on the
entrapped cells. This combined with the possible presence
of the alcohol solvent or byproducts has a negative effect
on cell viability. For example, in studies of Escherichia coli
immobilization, Livage et al."* observed a 40% reduction
in viability within 1 h after gelation, even under conditions
where alcohol was avoided and the system pH, ionic
strength, and temperature were optimal.

Drying further reduces the viability of cells immobilized
within sol-gel matrices.'*'%*® Evaporation causes the
development of tensile capillary stresses in the pore fluid
and concomitant shrinkage of the gel. Such drying stresses
can range from a few to over 100 MPa and are observed
to damage the cell/gel interface, cause cell lysis, and result
in rapid cell death.

As a new approach to cell immobilization, we recently
reported the incorporation of yeast and bacterial cell lines
within nanostructured silica matrices formed by self-
assembly.?! Our approach employs biocompatible short-
chain phospholipids to direct the formation of an ordered
silica mesophase during evaporative processes such as
spin or dip-coating, casting, or printing. We find that,
when lipid-directed assembly of silicic acid precursors is
conducted in the presence of living cells, the cells inter-
vene, surrounding themselves with a fluid, multilayered
lipid vesicle that interfaces coherently with the silica
nanostructure (see Scheme 1). This bio/nano interface is
unique in that its uniform nanostructure prevents exces-
sive drying of water, maintaining cell viability (even upon
evacuation), yet provides accessibility of the cell surface
to small molecules and even antibodies. In comparison
to existing immobilization schemes, such as adhesion to
substrates or physical encapsulation within polymeric or
sol-gel matrices, studies using surrogates show this in-
terface to form by an active interplay between the living
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Scheme 1. CDA Process, Applications of CDA, and the Resulting Bio/Nano Interface?
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aDuring CDA, living cells are encapsulated in a nanostructured silica host (A) and protected by a lipid interface (B). Added nanocomponents [nanocrystals

(C) and proteins (D)] are localized in the fluid lipid interface.

cell and surrounding matrix, which we refer to as cell-
directed assembly (CDA). Importantly and perhaps uniquely,
CDA creates a localized nanostructured microenvironment
within which three-dimensional (3D) chemical gradients
are established and maintained. Three-dimensional gra-
dients are important because they provide an instructive
background needed to achieve proper functionality and
guide cellular behavior.?>?® For instance, cell differentia-
tion, biofilm formation, and quorum sensing all depend

upon the development of spatiotemporal gradients of
signaling molecules that activate target genes.***> Ad-
ditionally, the multilayered lipid interface created between
the cell and surrounding silica nanostructure mediates the
development of mechanical stresses and serves as a type
of extracellular membrane within which biomolecules and
nano-objects can be localized at the cellular surface.
This Account reviews evaporation-induced self-as-
sembly (EISA) of silica nanostructures, extending the
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concept to the use of biocompatible short-chain phos-
pholipid structure-directing agents (SDAs). We then dis-
cuss the introduction of cells, CDA, and the essential
features of the resulting bio/nano interface. The Account
ends by addressing more complex architectures formed
by patterning and the inclusion of exogenous biomol-
ecules or nano-objects.

EISA Using Lipids as SDAs

Surfactant templating of mesoporous silica powders was
first described by Kresge et al.?® It relies on the spontane-
ous organization of amphiphilic surfactant or block
copolymer “SDAs” to form periodic mesophases.

This self-assembly process organizes added hydrophilic
precursors (e.g., oligosilicic acids) at the interface between
the hydrophilic surfactant head groups and water. Solidi-
fication of the molecular assembly through siloxane
condensation reactions creates a silica fossil of the sur-
factant mesophase, whose structure depends upon the
surfactant concentration, size, and shape. The dimension-
less critical-packing parameter, g = v/ayl. (where v is the
volume of hydrocarbon tails, g, is the optimal surface area
at the water/hydrocarbon interface, and /. is the maxi-
mum effective chain length), describes the geometric
packing of the surfactant amphiphles.?” For g = 1, we
expect low-curvature lamellar structures as seen for lipid
bilayers. Progressively higher curvature cubic and hex-
agonal mesophases form with decreasing g.

To obtain thin films that preserve the periodic order
observed in powders, evaporation was used to induce self-
assembly during dip-coating or other evaporative pro-
cesses.?® EISA begins typically with a homogeneous solu-
tion of surfactant and soluble silica prepared in an
alcohol/water solvent under acidic pH designed to delay
accompanying siloxane condensation reactions. Prefer-
ential evaporation of alcohol concentrates the system in
surfactant and silica causing micelle formation and further
self-assembly of surfactant/silica mesophases, which are
oriented relative to the substrate.?® With respect to cell
immobilization, self-assembled mesoporous silica has
several potential advantages compared to traditional
sol-gel matrices. First, its uniformly sized hydrophilic
nanostructure prevents complete drying (capillary con-
densation would spontaneously fill any open porosity),
thereby maintaining 3D fluidic connectivity even in the
absence of an external buffer. Second, because the pore
space is filled with a surfactant mesophase, drying pro-
ceeds largely without the development of capillary stresses.
Third, ordered silica nanostructures are more mechani-
cally robust than their fractal silica analogues. Fourth, EISA
can be adapted to processes such as spin-coating and ink-
jet printing, allowing facile cellular integration into
devices.?032

Despite these advantages, a major disadvantage of
surfactant templating for cell immobilization is that
traditional surfactants are detergent monomers that insert
into cell membranes, leading to solubilization and rapid
cell death. For this reason, CDA uses amphiphilic phos-
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pholipids that are integral components of the cell mem-
brane. Similar to traditional surfactants, hydrated phos-
pholipids are highly polymorphic, forming mesophases
ranging from hexagonal (H,) to fluid (L,) and gel (Ly)
lamellar bilayers and inverted micellar phases (H;).*
Intermediate regions between the predominant phases
contain cubic and rectangular phases and bicontinuous
inverse cubic phases.

Using grazing incidence small-angle X-ray scattering
(GISAXS), we investigated the EISA of systems prepared
with a variety of water-soluble, short-chain (C4-C,,)
phospholipids as the SDA and identified Cg phosphati-
dylcholines (diC4PC) with zwitterionic head groups and
double Cgq acyl tails as being most effective in directing
lipid/silica mesophase formation. The lipid/silica struc-
tures formed during EISA are consistent with those
predicted by lipid aggregate formation in aqueous solution
and depend upon the packing considerations (g), bulk
lipid concentration, electrolyte concentration, and pH of
the aqueous solvent.>3® In a similar manner to that
reported by us previously for cetyltrimethylammonium-
bromide (CTAB), increasing diCsPC/silica ratios cause a
transformation of the final mesophase from worm-like to
hexagonal to cubic to lamellar, consistent with their
similar gvalues (g~ '/,).3” By comparison, GISAXS studies
of longer tailed PCs, single-tailed lyso-PCs, and phospho-
lipids with other head groups, including serine and
ethanolamine, showed phase separation, polydispersity of
micelle formation, and disruption of silica ordering through
hydrogen bonding with the head group.®®

Cell-Directed Assembly (CDA)

Introduction of stationary-phase S. cerevisiae markedly
alters the pathway of the lipid/silica mesophase assembly
during evaporative deposition processes, such as spin-
coating or casting. When S. cerevisiae cells are added to
the system at concentrations >10 wt %, keeping all other
components constant, the structure of the final lipid
mesophase depends differently upon the lipid/silica ratio,
and we observe a different sequence of mesophase
development (than without cells). Figure 1 depicts the
pathways of structural evolution for diC;PC/silica systems
prepared with and without S. cerevisiae. This composition/
structure diagram was generated by combining in situ
GISAXS and gravimetric analyses of the evaporating
system and portrays average compositions. Silica precur-
sors, water, and ethanol are considered together as one
component, with lipid and wet cells making up the other
two vertices of the ternary diagram. Systems without cells
follow a trajectory (pathway 1), which begins in the
isotropic region and follows the (silica, water, and etha-
nol)/lipid binary line, passing through interfacial lamellar,
2D hexagonal, 3D cubic or hexagonal, and (bulk) lamellar
phases, with the resultant mesophase determined by the
final (fully evaporated) lipid/silica ratio. The lipid/silica/
cell pathway (pathway 2) also begins in the isotropic
region and immediately develops an interfacial lamellar
phase. However, with further evaporation, a lamellar
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FIGURE 1. Structural development for lipid/silica mesophase assembly with and without added yeast cells. Compositional space for lipid-
directed assembly (pathway 1) and CDA (pathway 2) with corresponding time-resolved GISAXS images (panels 1 and 2, respectively) showing
the structure development for the evolving systems. This figure was adapted from ref 21.
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FIGURE 2. Progression of the repeat distance (d. in Scheme 1A)
during EISA as a function of the time and evolving osmotic pressure
for lipid/silica and lipid/silica/cell systems. This figure was adapted
from ref 21.

phase is maintained, while a hexagonal mesophase de-
velops and then transforms to a final overall lamellar
phase. Figure 2 plots the corresponding repeat distance
d. progression with the time of evaporation for the
diCgPCl/silica system with and without cells. d, is deter-
mined from in situ 2D GISAXS images using Bragg
reflections in the specular direction and includes the fluid
interbilayer space plus the lipid bilayer thickness (see
Scheme 1A) or equivalently the cylindrical micelle diam-
eter. The first measurable repeat distance is the same for
both systems (31.2 A) and attributed to that of an incipient
lamellar phase, which develops at the liquid/vapor inter-
face,® because of the transient gradient in the surfactant
concentration established by evaporation, which is unaf-
fected by the presence of cells. With an increasing
evaporation time, d, for the system without cells decreases
abruptly as generally observed for EISA, where solvent loss
and continuing condensation reactions result in shrink-
ages of 5-15% in the direction normal to the substrate.
Estimates of strain in dried lipid/silica films made through
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FIGURE 3. Stress development during EISA for films prepared with
and without yeast cells.

a comparison of in-plane and normal lattice parameters
are consistent with other surfactant/silica systems, with
the strain decreasing with an increasing lipid concentra-
tion. In situ stress measurements®' (Figure 3) performed
using a cantilever beam technique show the development
of ~1.2 MPa tensile stress for the lipid/silica system,
consistent with the observed reduction in repeat spacing.

Cell-containing systems however show a completely
different and unprecedented increase in the repeat dis-
tance with the evaporation time: within the first hour of
drying, d, increases by over 1 A; thereafter, a slight
decrease in d, is observed. The accompanying tensile
stress developed in cell-containing systems (Figure 3) is
nearly 0 (0.1 MPa).

The Bio/Nano Interface

Laser scanning confocal imaging along with electron
microscopy allowed for the interpretation of the meso-
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FIGURE 4. CDA of ordered phospholipid/silica nanostructures, with coherent cell/lipid/silica interfaces. (A) Confocal image of immobilized
cells prepared with a 1% fluorescent label, showing lipid localization at the cell surface. (B and C) Transmission electron microscopy (TEM)
images of the cell immobilized in a silica thin film, spin-coated directly on a copper grid. Both the lipid-interfaced cell and the surrounding
silica nanostructure are visible. Environmental scanning electron microscopy (ESEM) images and elemental analysis of cells inmobilized with
(D) and without (E) added lipid. (F) Differential interference contrast (DIC) and fluorescence images of the pH gradient in a lipid/silica system
with yeast. The bulk pH (dark area) is ~3, while the local pH surrounding the cells is ~5-6. (G) Uniform pH of ~3 in the lipid/silica system

prepared with negatively charged latex bead surrogates.

phase development as resulting from the rapid self-
assembly of an ordered multilayered lipid vesicle around
each cell, giving rise to a lamellar GISAXS pattern. This is
followed by EISA of a 2D hexagonal lipid/silica mesophase,
which occurs on a longer timescale dictated by the
evaporation rate. Finally, the host structure transforms
globally to a lamellar mesophase, with d-spacing slightly
greater than that of the corresponding multilayered lipid
vesicles. In Figure 4A, 1 wt % of the fluorescently labeled
lipid analogue, 1-hexanoyl-2-[6-[(7-nitro-2-1,3-benzoxa-
diazol-4-yl)amino]hexanoyl]-sn-glycero-3-phosphocho-
line (diC4PC-NBD), was substituted for diC;PC. Laser
scanning confocal imaging of the fully evaporated system
reveals bright areas because of preferential accumulation
of lipid at the cell surface; the surrounding host necessarily
has a lower but uniform lipid concentration established
by the lipid/silica ratio of the lamellar mesophase. In parts
B-D of Figure 4, electron microscopy images of im-
mobilized S. cerevisiae show the multilayered lipid inter-
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face to be uniform in thickness and coherent with the cell
and surrounding silica mesophase. Corresponding con-
focal microscopy stack images (not shown) demonstrate
the 3D nature of this interface. Elemental mapping (parts
D and E of Figure 4) indicates that the lipid-rich region
largely excludes silica, and in situ confocal imaging of cast
samples shows that it develops almost immediately, with
a thickness that is invariant over a 10x reduction in
diCcPC/Si. Fluorescence recovery after photobleaching
(FRAP) experiments show the multilayered lipid interface
to remain fluid for several hours, while corresponding
FRAP experiments performed on the bulk host matrix,
where the lipid is confined within a partially solidified
silica nanostructure, show no measurable fluorescence
recovery. These combined observations are consistent
with the rapid formation of a fluid, multilayered lipid
vesicle around each cell, representing a sort of extra-
cellular membrane (see Scheme 1B). Remarkably, without
stabilization or fixation of the biomaterial, this fluid
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interface remains coherent with the cell (Figure 4B) and
surrounding silica mesophase even when subjected to
drying, evacuation, and electron imaging (viability studies
also confirm the maintenance of the cellular metabolic
function). By comparison, S. cerevisiae/silica films pre-
pared identically but without lipid develop macroscopic
cavities around the cells (Figure 4E), presumably because
of the development of biaxial tensile drying stresses, which
are absent in the corresponding lipid-containing systems.
Finally, scanning electron microscopy (SEM) imaging and
elemental mapping of cells after longer periods of im-
mobilization show the diffusion of silica toward the cell
and concomitant lipid uptake by the cell over a period of
24-72 h.

Replacing the cell with several cell models highlights
that the living cell exerts a unique influence on the
formation of the lipid interface and the ordering of the
silica nanostructure. When cells are replaced with 5 um
diameter uncharged polystyrene beads, lipid disperses
evenly throughout the film, with no aggregation at the
bead surface. Both negatively and positively charged beads
accumulate lipids at the surface of the bead, but the
localized lipids are not homogeneous and do not form
the smooth interface seen when cells are present. With
apoptotic cells, lipid is apparently concentrated at the cell
surface and enters the cell through compromised cell
membranes, leaving a lipid-depleted area around the cell.
Cells that have been stripped of their cell wall with
zymolase but are still viable prevent lipid from entering
the cell (as occurs in apoptotic cells) but do not ac-
cumulate an extended lipid interface. GISAXS scans of
systems with surrogate cells show that only the living cell
influences inorganic self-assembly, with no model system
able to switch the lipid/silica nanostructure to the lamellar
form.

The influence of the living cell on both its local and
global environments is explained by consideration of its
response to the evolving chemical and physical conditions
of EISA. As the solvent evaporates, the concentration of
osmolytes in the system increases. The resulting osmotic
pressure (Figure 2) develops uniformly in systems without
cells. However, cells sense and respond to their changing
conditions through multiple hyperosmotic stress mech-
anisms, including the release of water. We postulate that
this release causes the development of a localized pH
gradient (Figure 4F). Incorporation of the pH-sensitive dye
Oregon Green 488 during EISA showed the pH to increase
from ~3, corresponding to the acidity of the silanol-
terminated silica matrix, to 5-6 within several micrometers
of the cell surface. This gradient affects both the local lipid
interface and nanostructure development in the lipid/
silica matrix. In contrast, systems containing negatively
charged or uncharged beads have a constant pH of ~3
(Figure 4G).

In the vicinity of the cells, the pH of ~5 is near the
isoelectric point of both the cell wall and the zwitterionic
PC head group, facilitating adsorption of a lipid layer
through electrostatic interactions. Adhesion maps of S.
cerevisiae cells’® show that near its isoelectric point the

surface can be pictured as a homogeneous mixture of
surface macromolecules bearing negatively charged COO™
groups and positively charged NH;* groups. Aggregated
double-chained PCs form structures with one tail ex-
tended and the head group nearly parallel with the
aggregate surface,®>*! facilitating discrete ion-pair interac-
tions with the amphoteric cell surface.

The different trends in the development of the repeat
distance in evolving lipid/silica and lipid/silica/cell sys-
tems (Figure 2) can also be explained in terms of the pH
gradient during CDA. For the evolving lipid/silica system,
the repeat distance decreases with increasing osmotic
pressure and agrees well with measured values for lipid
bilayers at corresponding pressures.*” When cells are
present, however, the repeat distance of the system
increases with the osmotic stress. This unexpected be-
havior of the host matrix nanostructure is due to two
trends. A compensatory effect, where living cells expel
water in response to osmotic stress, helps minimize the
water loss in the interbilayer region and maintain its
thickness (d,, in Scheme 1A). At the same time, pH
variations can cause changes in the zwitterionic PC head-
group size. At the increased pH in the vicinity of the cell
wall, head-group deprotonation will decrease the optimal
head-group surface area,®® causing lipid acyl chains to
reorient from their usual tilted configurations toward
configurations where the acyl chains are oriented more
normal to the interfacial planes, allowing hydrophobic
tails to maximize van der Waals interactions and avoid
water contact at the head-group/hydrocarbon interface.?**?
This serves to increase d; and the overall repeat distance
(d,).

While the cells direct the assembly of the local lipid
interface, lipid/silica self-assembly directs the initial me-
sophase formation in the surrounding host. Lipid enrich-
ment near the cells depletes lipid in regions far from the
cell, and a bulk 2D hexagonal phase develops on a longer
time scale, commensurate with that of the EISA process.
During the later stages of EISA, it disappears through
transformation to a lamellar mesophase, with d-spacing
corresponding to that of the lipid interface. Based on the
coherent, seamless nature of the lipid/silica interface, this
transformation likely initiates at the lipid surface, because
of charge matching with the high density of dipoles on
the PC bilayers.

The fluidic lipid interface formed during CDA protects
the cell from both mechanical and chemical stresses,
supporting an immobilization strategy that preserves cell
viability and functionality in configurations suitable for
standalone sensors. Viable cells can be immobilized in
thin films and stored at ambient conditions for several
weeks, without external fluidic support. Cells immobilized
by CDA have markedly improved viability compared to
cells immobilized in traditional sol-gel silica films, as
shown in Figure 5A. When cells are immobilized in silica
matrices without lipid, 50% of the cells are dead within
2 h and <10% are alive at 3 days. Immobilizing cells
through CDA, however, preserves cell viability at more
than 93% at 3 days, with over 50% of the cells viable for
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and without lipid. (B) DIC (left) and fluorescence (right) images of
immobilized S. cerevisiae. GFP expression induced after 24 h by a
glucose-to-galactose nutrient shift. This figure was adapted from
ref 21.

several weeks. Weight loss measurements and spectro-
scopic analysis of the lipid/silica/cell system during CDA
show that the hygroscopic nature of the PC lipids and their
organization into a uniform nanostructure serve to sup-
press the overall water loss, allowing the cell to be
maintained in a fluid, water-rich microenvironment, even
upon evacuation and electron imaging in a SEM (curve d
in Figure 5A).

The extended viability of cells immobilized through
CDA allows the genetically tractable, model eukaryote S.
cerevisiae to be used as a cell-based sensor. Green
fluorescent protein (GFP) expression in genetically modi-
fied S. cerevisiae was induced in cells immobilized through
CDA by a glucose-to-galactose nutrient shift (Figure 5B),
with induction times similar to those of control cells,
confirming high viability along with preserved functional-
ity and accessibility needed for array-based biosensors.**

Patterning

When large-scale rapid patterning techniques are com-
bined with CDA, viable cells residing in an instructive,
reproducible 3D nanostructured local environment can
be incorporated into hierarchical structures and platforms
for interrogation of cellular responses. The presence of a
biocompatible lipid interface avoids many of the problems
associated with patterning of living cells, including dehy-
dration, shear stresses, and exposure to toxic environ-
mental conditions.

Ink-jet printing is an attractive method of patterning
because, if the buffered cells are maintained in separate
reservoirs from sol precursors, exposure times of living
cells to the solvents and catalysts used for EISA are
minimized. When the extent of silica condensation is
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FIGURE 6. Yeast cells expressing GFP, patterned by ink-jet printing.
Cell centering within the printed nanostructure occurs during drying.

controlled through a choice of precursors and reaction
conditions, the viscosity of the sol can be maintained at
a level that allows flow through a printer nozzle, with
further solidification occurring as the solvent evaporates.
In Figure 6, cells expressing GFP were printed during a
first pass, followed by a second printing of lipid/silica sol.
Centering of the cell occurs within the sol droplet during
evaporation and mesophase formation, improving the
resolution for cell placement.

Complex Structures and Functions

When natural, non-native biological, or even inorganic
materials are introduced during CDA, the fluidic lipid
interface and the molecular gradients cause the added
components to localize in the interfacial region. This
extension of the CDA process to create materials with new,
tailorable bio/nano interfaces, multiple, localized nano-
components, and foreign functionality promises new uses
in cell-based sensing in extreme environments, sensitive
cellular interrogation and imaging systems, and general
platforms for understanding and exploiting cell-cell
communication.

CDA allows the organization and internalization of
water-soluble nanocrystals without nanoparticle conjuga-
tion or the need for electroporation or microinjection (see
Scheme 1C). When lipid-stabilized Au or CdSe nanocrys-
tals are added to the system, the nanocrystals are rapidly
organized at the cell surface during CDA and mainly
internalized after 24 h. The addition of these particles does
not substantially affect viability. As an example, Figure 7A
shows dual-channel laser scanning confocal microscopy
of immobilized S. cerevisiae formed by CDA with added
lipid-coated CdSe nanocrystal micelles.*” The red emission
is from the CdSe nanocrystals, which are internalized by
the cell; the green emission is from the diC;PC-NBD label,
associated with lipid localized at the cell surface. Cellular
uptake of nanocrystals occurs over several hours, with the
mild-detergent properties of the lipids likely important in
increasing membrane permeability while retaining cell
functionality. In contrast, if cells are immobilized with
lipid-coated nanocrystals in traditional sol-gel matrices
(i.e., the identical sol prepared without lipid SDAs), cells
are desiccated and the nanocrystals are dispersed through-
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FIGURE 7. (A) Lipid-coated CdSe nanocrystals (red) localize at the
cell surface during CDA and are then internalized by yeast cells
within 24 h. Green fluorescence is due to labeled lipid, diC;PC-NBD,
localized at the cell surface. (B) E. coli cells that have been
genetically modified in situ by plasmid localization during CDA show
GFP expression in response to the analyte arahinose. (C) DIC and
confocal fluorescence image of BR (labeled with Alexa Fluor 594)
organized around yeast cells in a lipid-templated silica film formed
by CDA with added BR-containing liposomes. Fluorescent pH probe
shows the pH gradient that develops during CDA for (D) E. coli and
(E) B. subtilis.

out the film. This suggests that the lipid interface and pH
gradient established during CDA are important in nano-
component localization.

The lipid environment formed during CDA may also
serve to localize transmembrane proteins (see Scheme
1D), conferring to the cell foreign functional characteris-
tics. Figure 7C shows a confocal fluorescence image of
bacteriorhodopsin [BR, labeled with Alexa Fluor 594 and
introduced in a dimyristoylphosphatidylcholine (DMPC)
liposome] localized within the fluid multilayered lipid
interface formed around yeast during CDA.

Genetic modification is typically accomplished by
transforming cells with plasmids, using heat shock or
electroporation to allow the plasmids to diffuse across the
cell membrane. Plasmids introduced during CDA are
localized at the cell surface, creating a high, effective
concentration gradient. In combination with the fluid
nature of the bio/nano interface and the gentle perme-
abilization of the cell membrane by biocompatible short-
chained phospholipids, this simple procedure yields a
new, efficient method for in situ genetic modification of
immobilized cells (Figure 7B).

Although initial studies of CDA have centered on the
model eukaryote S. cerevisiae, preliminary studies of other
cell types have been performed. Both Gram-positive
(Bacillus subtilis) and Gram-negative (E. coli) bacteria

immobilized within lipid/silica nanostructures formed by
CDA remain viable upon exposure to ambient conditions
for time periods comparable to those of S. cerevisiae
(Figure 5A). However, as anticipated by the specificity of
cellular responses to hyperosmotic stress, mechanical
stress, adhesion, etc., we observe differences in the
resulting bio/nano interfaces. Parts D and E of Figure 7
show the pH gradients established by E. coli and B. subtilis
as probed by Oregon Green fluorescence. Whereas B.
subtilis establishes a gradient comparable to that of yeast,
the gradient developed by E. coli is much less extensive.
Conceivably, for E. coli, water loss is more rapidly coun-
tered by controlled accumulation of solutes in the cyto-
plasm and consequent water inflow.*® The specificity of
CDA will be investigated and exploited in future work.

Conclusions and Future Directions

Although cell immobilization in polymers, hydrogels, and
inorganic gels has been practiced for decades, these
approaches do not provide for bio/nano interfaces with
3D spatial control of topology and composition, important
to both the maintenance of natural cellular behavior
patterns and the development of new non-native behav-
iors and functions. The ability of the living cell to create
its own microenvironment, affect the structure of its
inorganic host, and localize multiple nanocomponents
within a nano/bio interface that maintains cell functional-
ity is unique. It promises the facile synthesis of new classes
of synergistic biotic/abiotic materials, where cells direct
their integration into complex architectures capable of
both responding to and reporting on environmental cues.
The bio/nano interface does not form “passively”, rather
it is a consequence of the ability of the cell to sense and
actively respond to external stimuli. During EISA, solvent
evaporation concentrates the extracellular environment
in osmolytes. In response to this hyperosmotic stress, the
cells release water, creating a gradient in pH (and pre-
sumably other molecular components), which is main-
tained within the adjoining nanostructured host and
serves to localize lipids, proteins, plasmids, nanocrystals,
and a variety of other components at the cellular surface.
This active organization of the bio/nano interface can be
accomplished during ink-jet printing, allowing patterning
of cellular arrays.

The synthetic constructs formed during CDA will facilitate
the exploration of fundamental questions concerning the
mechanisms by which cells actively control nanostructure
formation and function and, conversely, the mechanisms by
which nanostructured interfaces, matrices, and patterns can
control cellular behavior. CDA will allow proteins with
unusual functionalities, which are isolated from one organ-
ism, to be physically introduced at the surface of another
organism to provide new non-native functionality. Sensors
for extreme environments may be developed through im-
mobilization of extremophiles, or alternatively, extremophile
lipids may be localized at the cellular surface to serve as a
cellular repair kit or to impart added thermal or chemical
stability. Patterning strategies that use CDA to spatially define
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and display a range of cellular properties, including genetic
modification and cell-cell communication networks, will be
developed. The host nanostructure and lipid interface will
be tailored to provide specific environments or instructive
backgrounds to guide cellular behavior. The lipid interface
can hold nutrients and growth factors or even be selectively
removed to create a reservoir or scaffold for the incorpora-
tion of complex extracellular instructions. Extrinsic signals
from the ECM, which are essential in guiding cellular
developmental pathways and establishing cellular com-
munication networks, depend upon sustainable chemical
gradients. With CDA, varied lipids and lipid concentrations
could be used to tailor the dimensional scale and connectiv-
ity of the host matrix, therefore, allowing for the engineering
of diffusion coefficients and gradient development.
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