3 Experimental Materials and Methods

3.1 Materials.

3.1.1 Celllines

To more easily differentiate the bacteria used in this study from the multitudes
used in our group, we developed a unique bacterial strain that constitutively expresses a
red fluorescent protein (RFP) with excitation and emission peaks at 554nm and 591nm
respectively. E. coli (K12 Escherichia coli, strain BL21) was purchased from Sigma
Aldrich and transformed with pDsRed-Express 2 (Clontech, Mountain View, CA), which
constitutively expresses DsRed-Express2, a highly stable RFP variant, and confers
resistance to ampicillin or carbenicillin for cell selection. The plasmid was purified
(Figure 3-1A) and a restriction enzyme digestion verified its constituent DNA (Figure
3-1B). Cell colonies and cell suspension are visibly red (Figure 3-1C). For visual
comparison to subsequent studies, we imaged E. coli with no surface coating as shown in

Figure 3-2.
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distance. The resulting collection of images maps the entire z-dimension within the
sample, allowing us to create 3-D reconstructions of the sample. Reconstructions were
created as a composite image (all images displayed on top of each other to form a 2-D

image) or as a 3-D extrusion (all images are digitally reconstructed into a 3-D artifact).

3.3.2.4 Measurement of lipid fluidity

Fluorescence Recovery After Photobleaching (FRAP) was used to measure lipid
fluidity using the confocal set-up as described above. Samples were prepared using
Process A and D spray drying methodologies and included 1% w/w NBD-labeled C-6 PC
lipid (added to Precursor Sol along with C-6 lipid). Powders were spray-dried, collected,
and re-suspended in PBS immediately prior to imaging. FRAP was performed by
photobleaching a region on a particle and measuring the following fluorescence recovery
as fluorescent species that were outside of the bleaching area entered the bleached region,
yielding a positive fluorescent recovery signal. Auto bleaching was measured in an
adjacent, unbleached region and used as a correction factor for in the FRAP recovery
data. Diffusion coefficients and mobile and immobile fractions were determined as

discussed in section 4.4.2.
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3.3.3 Scanning electron microscopy

Scanning Electron Microscopy (SEM) was performed using a Hitachi S-5200
Nano SEM operating between 1 and 5 kV. For imaging thin and thick-cast samples, we
employed two methods: breaking the substrate with the film intact and mechanically
removing the film from the substrate. In the former case, the film was prepared on a
silicon wafer (as opposed to a glass slide) and, after curing, the substrate was broken into
SEM-sized rectangles using a diamond-tipped wafer scribe. The substrate was then
mounted to a SEM boat with carbon tape. This technique resulted in the cleanest samples
with minimal mechanical damage to the film. As for the latter technique, the film was
scraped into a powder using a new, cleaned razor blade, collected in a sample boat, and
lightly dusted onto a SEM sample boat coated in carbon tape using a clean paint brush to
manually transfer the sample. The film pieces were seated into the carbon tape using a
short pulse of nitrogen gas, which was found to be an effective way of securing the
sample to the surface. Spray-dried NBCs were distributed onto a SEM sample boat
coated in carbon tape and seated into the tape with a short pulse of N2 gas. No further
sample preparation was performed for imaging. (We found it unnecessary to sputtercoat

the samples with Au or Pd for the purposes of our studies).

To study the elemental composition of samples, we used the energy-dispersive x-
ray spectroscopy (EDS) attachment (Princeton Gamma Tech). Samples were prepared,

and SEM was performed as described above.
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3.3.4 Transmission electron microscopy

We analyzed material nanostructure using Transmission Electron Microscopy
(TEM). TEM was performed using a Hitachi H7500 TEM equipped with an AMT XR60
bottom mount camera or on a JEOL 2010F field emission HRTEM/STEM with HAADF

detector.

NBCs containing beads or E. coli were suspended overnight in PBS at 4°C; fixed
in 2.5% glutaraldehyde in PBS overnight at 4°C; washed 3x in PBS; stained with 1%
osmium tetroxide; washed 3x with water; dehydrated in a graded ethanol series in water
consisting of 30%, 50%, 70%. 90%, 95%, and 100% EtOH for 10mins; and switched to
an anhydrous acetone for final dehydration (Wright 2000, weblink in refs retrieved
5/4/16). Samples were be stored in 100% EtOH at 4°C until use with the final acetone
soak occurring immediately prior to imaging. The preparation was then infiltrated with
the resin by incubating the particles in 1:1 resin to acetone, 3:1 resin to acetone and,
finally, 100% resin. Samples were placed in embedding molds, polymerized by
incubation at 60°C for at least 16 hours, and the blocks were trimmed for microtoming.
This trimmed piece was in the shape of a conical frustum (i.e. a cone with its cap
removed. See Figure 3-4). Microtomed sections with thicknesses between 60 and 80 nm
were used for imaging. For osmium tetroxide (OsO4) staining of cell walls, samples were

fixed for two hours on an ice bath in 1% OsO4 and washed three times in H20.
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3.3.,5 X-ray diffraction and grazing incidence small angle x-ray scattering

To measure the lattice spacing of the nanostructure within thin-films, thick-films,
and spray dried powders, we used an x-ray diffraction (XRD) instrument with a
PANalytical X’pert Pro diffractometer using CuKa radiation with A = 1.15418A. Thin
films were placed on the instrument stage with no further modification, thick-cast films
were scraped into a powder as described above, and aerosolized powders (spray dried or
aerosol-assisted EISA) were loaded onto the instrument stage and lightly tapped flat with

a spatula. We used Bragg’s Law to calculate the lattice spacing:
nd = 2dsinf
where A = 1.15418A and 6 is measured.

GISAXS studies were performed using a synchrotron source (CAT -1BMC
Beamline and CAT-9) at the Advanced Photon Source, Argonne National Labs. For in-
situ measurements, silicon substrates were placed in a controlled humidity chamber with
kapton windows. Measured volumes of sols and suspended buffered cells were
dispensed directly on the substrates through a remotely controlled double syringe pump
suspended above the sample chamber. The sample chamber was maintained at 25°C and
15-17% relative humidity with humidified N2 throughout the course of the experiment.
The substrate was probed with 10 keV X-rays (A = 1.23987A) with incidence angles of
0.2-0.44 °. Scattering was monitored with a Mar CCD detector and frames were collected

every 30-60 seconds.
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3.3.6 Atomic Force Microscopy

For additional surface morphology analysis, we used atomic force microscopy
(AFM) on thin films. Samples were prepared much in the same manner as SEM
preparation: films were spin-coated on silicon wafers and cut into ~5x5 mm? rectangles,
which were mounted to the AFM stage using carbon tape. No further sample preparation
was necessary. AFM measurements were performed using a MFP3-D-Bio AFM (Asylum
Research, Santa Barbara, CA) mounted on an inverted Nikon TE2000U microscope in
tapping mode using triangular cantilevers with an oxide sharpened pyramidal point

(TR400PB, k=0.09 N/m, made by Olympus and obtained from Asylum Research).*’

3.3.7 Nanoindentation characterization of NBC modulus and hardness.

Samples were prepared for nanoindentation using the same techniques employed
for TEM sample preparation. For TEM imaging, the samples consisted of thin sheets that
were microtomed from the conical frustum of a cone via microtoming. For
nanoindentation imaging, we recycled the leftover frustum and used it without further
modification for processing (Figure 3-4). The frustum was mounted on the NI stage with

the frustum-face (aka sample-face) upwards, ready for imaging.
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1) Standard sample 2) Microtoming a thin 3) Multiple characterization routes
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nanoindentation.

Figure 3-4 | Schematic depicting the preparation of samples used for TEM, SEM
backscatter and nano-indentation studies. (A) Using the standard TEM preparation epoxy
impregnation and ultra-microtoming technique, we prepared thin sections of spray dried
powder samples (60 nm thick) used for TEM studies; the adjoining matching bulk sample
was used for backscatter SEM imaging (B) and nanoindentation studies with no
additional sample preparation (i.e. no surface metal coating). SEM highlights the surface
morphology observed in TEM analysis. This image was used as a guideline for seeking
particles to analyze with nanoindentation and can be compared to the surface morphology
observed in the SEM analysis of this work.

Nanoindentation was performed on a Hysitron Tribolndenter® with a cube-corner
tip. We used the pyramidal shaped epoxy-resin substrate that was used for the TEM
experiments for all nanoindentation experiments. During NBC indentation, the contact
radius was kept small so that the plastic zone beneath the tip (approximately three times
contact radius) was contained within the NBC with minimal influence from the epoxy-
resin substrate. A fused quartz standard was used to determine the indenter tip area
function as a function of contact depth. Control indents were performed in the epoxy
regions surrounding the encapsulated particles. Young’s modulus and hardness for both

NBC and epoxy indents were determined via the Oliver-Pharr method.'*
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3.4 Biological characterization techniques

3.4.1 Dye-based viability assays

For the optical determination of cellular viability, we used a live-dead dye assay
kit (BacLight, ThermoFisher). To stain the cells, 1.5uL of each dye component was
added to each mL of washed cells in suspension and the solution was vortexed. Cells
were viewed on a fluorescence or confocal microscope optimized for 500 nm and 635 nm
emission. The viability of the sample was determined by counting the green cells (live

population) and red cells (dead population).

3.4.2 ATP assay

To further assess cellular viability of NBC-encapsulated cells, we probed for
cellular adenosine triphosphate (ATP), which is known to act as an analogue for
viability.*®4° We used a commercial ATP based luminescence assay to act as an analogue
for viability using manufacturer specifications (Bactiter Glo, Promega). A measured
amount (5-10mg) of dry powder was resuspended in water to a 1mg/25uL dilution in a
micro-centrifuge tube. The solution was thoroughly mixed by pipetting and 25uL was
added to wells in a white 96-well plate. (Control experiments with this luminometer

indicated significant cross-talk between the wells of translucent plates, so opaque plates
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4.4.2 NBCs incorporate lipids within an ordered nanostructure that maintain fluidity

for periods up to 18 months under dry storage

The role of phospholipids during formation and storage of NBCs is several-fold.
First, during CDA they direct the formation of a coherent, fluid (liquid crystalline)
lipid/silica mesophase that surrounds the cells and is expected to serve as a biocompatible
interface that protects cells from osmotic, electrostatic, hydrogen-bonding, and drying
stresses during solvent drying. Second, the uniform hydrophilic nature of the
nanostructured lipid/silica mesophase is expected to retain water via capillary
condensation or solvation and thereby prevent cellular desiccation. Third, the
nanostructured lipid/silica composite, after room temperature aging and further
condensation of the silica framework, is envisioned to result in a hard, mechanical
protective shell for the cells that, by virtue of its internal nanostructure, also provides
fluid/molecular accessibility to the cell surface. In order to assess the physicochemical
state of the lipid fraction during long term storage, we performed fluorescence recovery
after photobleaching (FRAP), a process in which fluorescent molecules (here, 1% w/w
fluorescently labeled lipids of total lipid fraction) within a small 3-D disc-shaped volume
are quenched (photobleached) with a high intensity laser pulse, and then the region is
monitored for fluorescence recovery of intact fluorescent molecules from outside the
quenching volume that diffuse into the bleached region (referred to as the mobile
fraction). This technique is typically used to characterize membrane component

fluidity/diffusivity in cell membranes or lipid vesicles.'® Analysis of the recovery
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Parameters: Log loss ATP after Log loss ATP after
Nozzle temp (°C), 2mo. at 40°C/75RH 2mo. at 40°C/ORH

feed rate (mL/min) (mols) (mols)

A 60°C, 3.5mL/min

B 90°C, 3.5mL/min 2.2 0.1
C 120°C, 3.5mL/min 2.0 0.2
D 90°C, 2.5mL/min 2.1 0.2
E 90°C, 4.5mL/min 1.9 0.3

Table 4-5 | ATP was stablized across all analyzed processing parameters with
small differences in stability at 40°C / 75 RH and no noticeable differences at 40°C /
ORH.

Spray-dried biomaterials are often prepared with excipient materials such as
trehalose,® sucrose,® and leucine® to reduce cell death resulting from osmotic and
drying stresses. We prepared NBCs according to Process A and included 15mM or
100mM of each excipient separately to the precursors before spraying. Samples were
stored for 2 months at 40°C/75RH and analyzed for ATP. All samples behaved similarly
losing between 2.7 and 3.1 logs ATP (Table 4-6) and so do not improve upon losses
observed for control samples (no excipient). This suggests that the progressive
replacement of water with the conformal, hydrophilic lipid/silica nanostructure during
spray drying maintains a biocompatible nano/bio interface that sufficiently protects cells
from environmental stresses without the need for ameliorants. Moreover, the addition of
liquid growth media to spray-dried NBCs resulted in a noticeably greater decline in ATP
with a loss of 3.8 logs ATP after 2 months (Table 4-6, bottom). A similar behavior was
described by Harper et al.® and was attributed to the effects of increased metabolism of

encapsulated cells and resulting decreased ability to cope with stresses of cellular
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confinement. Induction of a VBNC state by physical and chemical cellular confinement

within a rigid biocompatible nanostructure is consistent with our observations.

Excipient added Log loss ATP after
2mo. at 40°C/75RH
(mols)
+5mM trehalose 3.1
+15mM trehalose 26
+5mM Sucrose 3.1
+15mM sucrose 2.8
+15mM leucine 2.7
+growth media 3.8

Table 4-6 | ATP stability is not dependent on addition of excipients such as
trehalose and sucrose but the addition of growth nutrient appears to have a negative effect
on stability, which is consistent with previous experimental findings.2 The six excipient
experiments are compared to the baseline Process A.

4.5.1.4 Future directions in viability studies

While the presence of ATP in a sample is known to be an indicator of viability, there
are other methods of probing for viability that could be explored using the NBC system.
Metabolic dye kits®? show are active only in the presence of metabolic activity; a redox
assay probes for bacteria that are actively respiring;'?° gas chromatography can be used to
meaure the aerobic respiration of bacteria. These approaches could be used to further the

understanding of the viability of NBC-encapsulated cells.
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4-61). This illuminating result indicates that NBC-encapsulated cells exhibit a latent

phenotype and that this phenotype strengthens with dry material aging.
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Figure 4-61 | An in-vivo experiment demonstrates time dependent immunological
properties of NBCs where the immunological strength of the vaccine is increased with

dry aging.

4.6.5 Growth kinetics of aged, gel-encapsulated cells validate the persister hypothesis

To further characterize the ability of encapsulated living cells to regrow post-
encapsulation, we performed a suite of experiments using gel-encapsulated bacteria
(Figure 4-62). First, we analyzed the basic growth properties of encapsulated cells. Here,
we prepared a gel encapsulating cells, aged it for 24 hours, liberated the cells from the gel
(as described in the materials and methods section), and plated the cells onto a standard
growth medium (solid). A control plate (unencapsulated bacteria in stationary phase)

served as a control and indicated normal growth after 24 hours (Figure 4-62 A). Gel
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encapsulated cells, however, required at least 48 hours before any observable colony
formation could be seen (Figure 4-62 B). Furthermore, the rate of colony formation per
total number of cells inoculated to the plate was lower than that observed for the control
sample. These results indicate that, at the time of de-encapsulation, the encapsulated
bacteria exist in a growth suppressed state and are not able to grow for several days, but
they able to return to a normal growth state. This finding is consistent with reported

resuscitation rates of about 1 in 10,0003 as well as with previously observed rates.>*

Unencapsulated Gel encapsulated

Figure 4-62 | Cells in suspension are readily grown on a media plate (left). Cells
were encapsulated in a gel for several days and plated. These samples exhibited no
growth for 48 hours after which a subpopulation of cells entered the growth phase and
formed a colonies at a rate of ~1 in 10,000 as found in our culturability studies and as
reported recently.!3® This behavior is indicative of cellular latency.
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