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Abstract Thermostable polymers cast as thin, porous
coatings or membranes may be useful for concentrat-
ing and stabilizing hyperthermophilic microorganisms
as biocatalysts. Hydrogel matricies can be unstable
above 65°C. Therefore a 55-pm thick, two layer (cell
coat + polymer top coat) bimodal, adhesive latex
coating of partially coalesced polystyrene particles was
investigated at 80°C using Thermotoga maritima as a
model hyperthermophile. Coating permeability (pore
structure) was critical for maintaining 7. maritima
viability. The permeability of bimodal coatings gener-
ated from 0.8 v/v of a suspension of non-film-forming
800 nm polystyrene particles with high glass transition
temperature (T,= 94°C, 26.9% total solids) blended
with 0.2 v/v of a suspension of film-forming 158 nm
polyacrylate/styrene particles (T,~ —5°C, 40.9% total
solids) with 0.3 g sucrose/g latex was measured in a
KNOj diffusion cell. Diffusivity ratio remained above
0.04 (D.g/D) when incubated at 80°C in artificial
seawater (ASW) for 5 days. KNO; permeability was
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corroborated by cryogenic-SEM images of the pore
structure. In contrast, the permeability of a mono-
dispersed acrylate/vinyl acetate latex Rovace SF091
(Ty~10°C) rapidly decreased and became impermeable
after 2 days incubation in ASW at 80°C. Thermotoga
maritima were entrapped in these coatings at a cell
density of 49 g cell wet weight/liter of coating volume,
25-fold higher than the density in liquid culture. Via-
ble T. maritima were released from single-layer coat-
ings at 80°C but accurate measurement of the
percentage of viable entrapped cells by plate counting
was not successful. Metabolic activity could be mea-
sured in bilayer coatings by utilization of glucose and
maltose, which was identical for latex-entrapped and
suspended cells. Starch was hydrolyzed for 200 h by
latex-entrapped cells due to the slow diffusion of
starch through the polymer top coat compared to only
24 h by suspended 7. maritima. The observed reac-
tivity and stability of these coatings was surprising
since cryo-SEM images suggested that the smaller low
T, polyacrylate/styrene particles preferentially bound
to the T. maritima toga-sheath during coat formation.
This model system may be useful for concentrating,
entrapment and stabilization of metabolically active
hyperthermophiles at 80°C.

Keywords Entrapped Thermotoga maritima
Latex coatings - Bimodal polymer blends - Latex
permeability - Thermostable biocatalytic coatings

Abbreviations ASW: Artificial seawater - D.r/D: Ratio
of the diffusivity of KINO; in a latex coating relative to
its diffusivity, D, in water - T,: Polymer particle glass
transition temperature - v/v: Volume fraction of
bimodal latex emulsions blended

Introduction

Marine hyperthermophiles are being investigated as
a source of numerous thermostable enzymes, for
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biotransformations, and for the production of novel
carotenoids (Pantazaki et al. 2002; Hicks and Kelly
1999). However, marine microorganisms capable of
growth at extreme temperatures in acidic or alkaline
environments may themselves be useful biocatalysts for
multi-step oxidations, reductions, for the production of
acids, generation of H,, or as a stable form of membrane-
associated enzymes. In particular, the ‘toga’ protein
sheath of Thermotoga species, which can increase the cell
membrane area several-fold, may be a useful extra-
cellular platform for membrane-associated biocatalysis.
Development of processes that achieve faster reaction
rates with lower cooling costs by using hyperthermo-
philes as whole-cell biocatalysts have so far not been
realized due to a lack of methods to concentrate and
stabilize their activity. There is a single report of using
Pyrococcus furiosus for bioreductions (van den Ban et al.
1998), several reports of using Thermotoga species
(Schroder et al. 1994; Van Ooteghem et al. 2002) and
Caldicellulosiruptor saccharolyticus for production of H,
(Van Niel et al. 2003), and stabilization of Acetogenium
kivui for one year for the formation of acetate from
CO,/H, (Rainina et al. 1994).

Although there are exceptions (Hicks and Kelly 1999;
Holst et al. 1997; Adams 1995), many marine hyper-
thermophiles grow slowly, are sensitive to high shear
rates, and only reach a low cell density in culture (10® to
6x10° cells/ml, 4 g/l wet cell weight, <1.5 g/l cell dry
weight) (Holst et al. 1997; Sharp and Raven 1997).
Heterologous gene expression has been reported in
Thermus thermophilus (see for example Park et al. 2004),
however most hyperthermophiles are not yet amenable
to genetic manipulation. Because of their low culture
density and the lack of genetic methods to increase their
specific reactivity, hyperthermophiles as biocatalysts
have low volumetric productivities unless fed-batch,
dialysis or cell-recycle methods are used to concentrate
and extend their activity (Holst et al. 1997). Surprisingly,
only thermostable poly(vinyl alcohol) cryogels (PVAG)
have been evaluated as matrix materials to stabilize non-
growing hyperthermophiles as biocatalysts (Rainina
et al. 1994). Designing an adhesive matrix that can be
cast as a thin coating or membrane with stable porosity
at 80°C in high salt concentration to entrap hyperther-
mophiles without loss of metabolic activity, however, is
a challenging composite porous film problem that has
only recently begun to be investigated (Gebhard et al.
2004; Jons et al. 1999).

The limitations of soft hydrogel and some cryogel
matricies for entrapment of viable microbial cells are
well established: extreme mass transfer limitations; cell
leakage; low specific reactivity; poor mechanical
stability; significant manufacturing costs; and poor
thermostability above 65°C (Webb and Devakos 1996;
Wijffels 2001). Gel matricies that have been investigated
for immobilization of thermophiles include: Caldariella
acidophila in crude egg white (De Rosa et al. 1981),
Sporotrichum thermophile in 2.5% agar (Singh et al.
1990), Bacillus stearothermophilus in 0.66% Gelrite and

0.66% alginic acid (Worden et al. 1991), and entrapment
of Acetogenium kivui in PVAG at 65°C (Ryabokon et al.
1996; Rainina et al. 1994). Recently, immobilized Esc-
herichia coli expressing Sulfolobus trehalosyl-dextrin
forming enzymes was reported immobilized in an algi-
nate matrix at 75°C, but the high temperature was used
only for cell permeabilization and to inactivate un-
wanted host proteins; the cells were non-viable (Di
Lernia et al. 2002; Schiraldi et al. 2003). No matricies
have been reported for entrapment of viable microor-
ganisms at temperatures >65°C. In addition, none of
the porous matricies reported are capable of being cast
into mechanically stable adhesive coatings or stand-
alone membranes.

The above limitations can be overcome by devising
porous thermostable latex polymer coatings and films
containing ~50% by volume of viable cells (Lyngberg
et al. 1999a; 1999b; 2001). The entrapment of viable
microorganisms in latex coatings is dependent upon
coating microstructure (nano-porosity) following coat
drying, storage, and rehydration. The reactivity of these
coatings (and when used as stand-alone films or mem-
branes) is determined by their thinness (<100 pm),
permeability, volume fraction of viable cells, and cellu-
lar-specific activity, which can be increased after film
formation by gene induction. Reactive E. coli latex
coatings have been stored dry or frozen for months
and re-hydrated immediately prior to use with retention
of wviability, and the -capability for mer-lux and
lacZ expression under nitrogen starvation conditions
(Lyngberg et al. 1999b; Swope and Flickinger 1996).

Nano-porous latex coatings cast entirely from low T,
acrylate/vinyl acetate lattices lose permeability due to
wet coalescence (Solheid 2003; Lyngberg et al. 2001). In
order to block polymer particle wet coalescence at hy-
perthermophilic temperatures (> 60°C) hard polystyrene
particles with high glass transition temperature, T,
(melting point >200°C, depending upon polymer
molecular weight) could be used. However these latex
particles by themselves are non-film forming under
conditions compatible with entrapment of living cells.
Polystyrene particles can form nano-porous coatings
and films when coalesced with softer (low 7,) acrylate
film-forming polymer particles (Fig. 1). The particles are
blended in ratios such that the smaller film-forming
acrylate particles cannot completely fill the void space
between the larger particles (Tzitzinou et al. 2000; Ma
2002). The result of this is that the smaller particles are
drawn towards the contact points of the larger particles
by capillary forces exerted upon them during drying and
function as ‘glue’. Bimodal blends can generate larger
pores than monodispersed low T, lattices (see scale bar,
Fig. 1). The disadvantage is that the smaller particles
migrate during film formation and hence can be dis-
tributed non-uniformly.

Cantwell et al. (1995) first reported entrapment of
microorganisms in a blend of hard and soft polymer
particles having a T, in the range of —60°C up to 60°C.
However, this study did not use these blends in thin
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Fig. 1 Formation of a porous latex coating or film. a Monodi-
spersed latex with arrested polymer particle coalescence (Lyngberg
etal. 2001). b Bimodal latex blend consisting of large hard (high T)
polymer particles + small soft (low T,) polymer particles

coatings—only flocculates, 1-2 mm diameter spherical
aggregates, and 2 mm diameter fibrils. Whole cell-
immobilized enzyme activity was reported, but no data
was presented on cell viability following entrapment,
aggregate permeability, or the stability of the porosity of
these polymer structures at > 60°C.

Here we report a method to cast 55 pm thick nano-
porous patch coatings composed of two layers (cell coat
+ polymer topcoat) using a polystyrene/polyacrylate
latex bimodal blend with stable porosity at 80°C. The
polymer particles and the pore space generated as a re-
sult of arrested polymer particle coalescence are smaller
than the embedded microorganisms creating intercon-
nected nano-pores (Fig. 1). The cell coat contains a high
concentration of metabolically active non-growing 7.
maritima embedded in nano-porous latex; the sealant
top coat is nano-porous latex. The embedded 7. mari-
tima retain the ability to utilize carbohydrates and
hydrolyze starch after coat drying and rehydration in
ASW at 80°C.

Materials and methods

Bacterial strains, chemicals, media,
and growth conditions

Thermotoga maritima DSM 3109 (obtained from RM
Kelly, North Carolina State University, Raleigh, NC,
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USA) was cultured in ASW-based medium supple-
mented with 0.1% yeast extract (Difco Laboratories,
Detroit, MI, USA), 0.5% tryptone (Difco), 0.1% starch
(soluble starch, reagent grade, MCB, Norwood, OH,
USA) and 2 ml/l resazurin from a 2 g/l stock (ASW-
starch medium) (Kester et al. 1967; Brown et al. 1993,
Liebl et al. 1997). ASW was composed of (per liter):
NaCl 15.0 g, Na,SO4 2.0 g, MgCl,:6H,O 2.0 g, Ca-
Cl,2H,0 0.50 g, NaHCO5 0.25 g, K,HPO,4 0.10 g, KBr
50 mg, H3BO; 20 mg, KI 20 mg, Fe(NH4),(SOy4),
15 mg, Na,WO42H,0 3 mg, and NiCl,,6H,O 2 mg.
The medium was filter-sterilized through a 0.2 pm pore
size filter. Cells were grown in 50 ml volumes in 125-ml
serum bottles with crimped caps, and anaerobic condi-
tions were attained by heating the medium to 98°C for
30-90 min, sparging with nitrogen for 1 min and adding
0.1 ml of a 50 g/l Na,S-9H,O stock solution. Anaerobic
bottles were inoculated with 1 ml from an overnight
culture and incubated in a hot oil bath at 80°C. Growth
of suspended cells was monitored by the increase in OD
at 600 nm. Cultures were also plated for determination
of viability by colony counting on 1% Gelrite ASW
medium in 80 ml Wolfe anaerobic bottles (Bellco, Vin-
land, NJ, USA) incubated at 80°C in an incubator
within an anaerobic chamber (Forma Model 1025) fol-
lowing the method of Sharp and Raven (1997).

Experiments on latex-entrapped and suspended cells
were conducted in 125 ml serum bottles containing
20 ml of medium incubated at 80°C. Carbohydrate uti-
lization experiments were conducted in ASW plus
maltose (0.25 g/l) and glucose (0.25 g/I) without yeast
extract or tryptone. Starch hydrolysis was determined in
ASW-starch medium without tryptone and yeast extract.
Chemicals were reagent grade and were obtained from
Fisher Scientific, Fairlawn, NJ, USA or Sigma Chemical
Company, St. Louis, MO, USA.

Determination of latex coating permeability

For determination of coating permeability, 34-mm
diameter latex coatings without bacteria were punched
with a hole punch (Osborne punches, McMaster Corp,
Chicago, IL, USA) from a coating prepared at room
temperature in air at approximately 50% relative
humidity and delaminated from a 127 um thick stainless
steel shim substrate (Artus Corporation, Englewood NJ,
USA) or photographic paper (Ilford multigrade RC
MGC.44M, Ilford Imaging, UK). The permeability of
these stand-alone films was determined using a half-cell
diffusion apparatus with KNOj as the diffusant (Lyng-
berg et al. 2001). This method was modified by injecting
KNOj directly into the donor cell using a 3 ml syringe
with a 30 cm long 16 gauge needle (Solheid 2003;
Charaniya 2004). The data were analyzed by Nightin-
gale’s equation (Cussler 1998) using a pseudo-steady-
state assumption and the permeability of latex films
expressed as an effective diffusivity (D.g), which was
reported as the ratio of D.y/D, a number between 0 and
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1. D is the diffusivity of KNO;5; in water which is
1.899x10° cm?/s at 30°C and infinite dilution (Gean-
koplis 1984). Average film thickness was determined
from five different places on each patch using a digital
micrometer with a 0.79 cm? circular footpad (Model 1D-
C112GEB, Mitutyo Corporation, Japan).

Latex entrapment of Thermotoga maritima

Thermotoga maritima was entrapped in either 1.27 cm
diameter or 3.81 cm diameter bi-layer coatings of the
following two polymer formulations:

1. Rovace SF091 coatings. Rovace SF091 is a mono-
dispersed acrylate/vinyl acetate copolymer latex
emulsion with a T,~10°C, 280 nm polymer particle
diameter, 50.5% total solids with 15 ppm KathonLX
biocide (Rohm and Haas Co, Spring House, PA,
USA) adjusted to pH~7. The coating formulation
consisted of 1.2 g wet cell paste gently mixed with
0.3 ml of 50% sterile glycerol in water and 0 —
0.7 g sucrose/g dry latex solids from a filter sterilized
stock solution of 0.58 g/ml sucrose that was added to
increase coating permeability (see below). The top
coat (without cells) contained 5% glycerol on a wa-
ter-free basis. Entrapment in 1.27 cm diameter Ro-
vace SF091 coatings was performed at 4°C as
previously described (Lyngberg et al. 2001) with the
exception that all drying and coating took place un-
der a nitrogen atmosphere in a disposable glove bag
(SPILFYTER, JV Manufacturing, Green Bay, WI,
USA). Nitrogen gas was continually purged through
the bag at approximately 2,800 I/h to control the
relative humidity so that coat drying was at a rate
similar to that in a 4°C cold room.

2. Bimodal blend coatings of Rhopaque 1055 and
JP1232. Rhopaque 1055 is a 800 nm diameter hollow
non-film-forming polystyrene particle with a
T,=94°C, 26.9% total solids, adjusted to pH ~7
containing 250 ppm Proxel biocide (Rohm and Haas
Co., Spring House, PA, USA) which cannot coalesce
at ambient temperature. JP1232 is a 158 nm diameter
polyacrylate/styrene particle with a T,~ —5°C,
40.9% total solids, adjusted to pH 7 that does not
contain biocide (Rohm and Haas Co., Spring House,
PA, USA). For coatings consisting of blends of
Rhopaque 1055, JP1232, and T. maritima, 3.81 cm
diameter patches were prepared using the same patch
coating method but at room temperature and in a
nitrogen atmosphere glove bag.

Thermotoga maritima was grown overnight in 20, 125
ml serum bottles containing 50 ml ASW-starch medium.
The culture broth was harvested into two cooled 500 ml
centrifuge bottles (no head space in each bottle) and
centrifuged at 2,800xg at 4°C for 25 min. The cell pellets
were washed in 100 ml ASW, pooled into one 500 ml
centrifuge bottle, and centrifuged at 2,800xg for 25 min.

The total wet-cell pellet yield was 1.9 g/l. The bimodal
blend latex coating formulation was prepared by
blending 10 ml of pH 7 Rhopaque 1055 with 2.5 ml of
pH 7 JP 1232 and the appropriate amount of glycerol
and sucrose using a small spatula. This mixture was
blended with wet-cell paste in the ratio of 0.3 g wet-cell
paste to 1 ml coating liquid. The bended coating liquid
was transferred into a plastic anaerobic hood with a
nitrogen flow rate of approximately 2,800 I/h. Patches
were generated on 100 um thick polyester sheets (Du-
Pont Melinex 454, Tekra Corp, NJ, USA) using a 77 um
thick adhesive vinyl mask (Con-Tact, Stamford, CT,
USA) punched with a hole punch (McMaster, Corpo-
ration, Chicago, IL, USA) and applied to the polyester
substrate with a rubber roller (Lyngberg et al. 2001).
Here the method was modified by using a number 48
Mayer rod (Paul N.Gardner, Pompano Beach, FL,
USA) for the cell coat which resulted in a dry cell coat
thickness of 55+5 um. After drying for 60 min at
~28°C, biolayer patches were top coated with the same
latex coating liquid without T. maritima, using a number
48 Mayer rod and a 155 um thick tape spacer. Following
top coat drying for 60 min at ~28°C, patches were cut
from the sheet and transferred using tweezers to 125 ml
serum bottles containing 20 ml of medium. The wet cell
coat volume deposited per patch was equivalent to 125
pl of cell coat formulation prior to water evaporation
during coat formation. Therefore, suspended cell con-
trols were 125 pl of cell coat liquid inoculated into serum
bottles containing 20 ml of ASW medium.

Maltose and glucose analysis

Maltose and glucose were determined using a Dionex
DX500 HPLC equipped with a PA1 anion exchange
column and an amperometric detector. Samples were
diluted 1-10 in distilled and deionized water containing
15 mg/l fucose as internal standard. Elution was iso-
cratic at 0.08 M NaOH. Concentrations of maltose and
glucose were determined as the ratio of the peak area to
the internal standard peak. Analysis of unknown poly-
saccharides was evaluated using a Thermo Finnigan
LCQ clectro spray ESI mass spectrometer (ES-MS).

Cryogenic scanning electron microscopy

High resolution cryogenic scanning electron microscopic
images of T. maritima were generated by withdrawing
5 ul from liquid cultures and depositing the liquid on
one side of a perforated carbon film on a copper TEM
specimen grid (Ted Pella, Redding, CA, USA). Carbon
film hole size ranged from 1 pm to 10 um. Filter paper
was used to blot the other side of the carbon film leaving
a thin liquid film spanning the holes, and the grids were
then plunged into liquid ethane (—182.8°C) cooled by
liquid nitrogen. The vitrified samples were mounted on a
Gatan 626 cryo-transfer stage (Gatan, Pleasanton, CA,



USA) in liquid nitrogen vapor and transferred into a
pre-cooled Balzars MED 010 sputter device (Balzars
Union, Balzars, Lichenstein) against a counter flow of
dry nitrogen gas. Ice was partially sublimed at —108°C
and 2x10? bar for 10 min. A 2-3 nm thick layer of
platinum was sputtered onto the samples differentially at
—120°C and the samples were then transferred to a Hi-
tiachi S900 in-the-lens field emission SEM (FESEM).
Specimens were imaged at 1 KeV and 0.65x107'! am-
peres at —170°C to reduce charging and electron beam
damage.

T. maritima entrapped in Rhopaque HP1055 and
JP1232 bimodal latex composites or cell free blends of
polymer particles were prepared for cryogenic SEM by
coating onto 5 mm by 5 mm pieces of silicon wafers at
room temperature in air followed by drying between
1 min and 10 min following the methods of Thiagarajan
et al. (1999) and Huang et al. (1999). Samples of T.
maritima immobilized in Rovace SF091 containing
0.4 v/v sucrose were coated onto silicon wafers or
stainless steel shims and dried for 1 min to 30 min.
Rehydrated samples were incubated in ASW at room
temperature or at 80°C for 10 min or at 30°C in ASW
also for 10 min prior to freezing in liquid nitrogen for
cryo-SEM imaging.

Results and discussion

Determination of 7. maritima viability
in SF091 acrylate/vinyl acetate latex coatings

Suspension cultures of T. maritima examined using cryo-
SEM prior to mixing with latex had the characteristic
toga sheath coating extending beyond the end of each
cell or covering pairs of cells (Fig. 2). No cocci-shaped
cells characteristic of later stationary phase morphology
were observed. The maximum specific growth rate of
control cultures grown at 80°C in 50 ml of ASW-starch
medium was 0.30 h™! with a cell yield of 1.9 g wet cell
weight/liter.

We have previously developed a method for deter-
mining the viability of latex-entrapped microorganisms
recovered by agar plating by shaking or mild sonication
to release cells from patches (either delaminated from a

Fig. 2 High resolution
cryogenic FESEM images of T.
maritima growing on ASW-
starch medium. a Single toga-
sheathed cell. b Toga-sheathed
dividing cells
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stainless steel substrate or attached to a polyester sub-
strate) (Solheid 2003; Lyngberg et al. 1999a, b). Viable
T. maritima cells were recovered in ASW as colonies on
1% Gelrite in Wolfe anaerobic bottles from the SF091
and 1055/1232 coating mixtures and from non-top-
coated rehydrated latex patches. However, this method
was not sufficiently reproducible to accurately determine
the fraction of viable T. maritima cells that may have
been killed by coat drying, and rehydration. Therefore
carbohydrate utilization was used as a measure of latex-
entrapped 7. maritima metabolic activity in comparison
to the same volume of cells suspended in the coating
mixture prior to latex patch formation.

Coating T. maritima with SF091 latex

Initial latex coating experiments were performed by
entrapping 7. maritima in SF091 acrylate/vinyl acetate
latex polymer patches (containing glycerol and sucrose
to generate coating permeability) using the method
previously developed for E. coli by Lyngberg et al.
(2001). Glucose and maltose utilization were used as an
indicator of T. maritima viability. The effect of several
different coating conditions that would result in different
degrees of polymer particle coalescence and T. maritima
entrapment were investigated prior to rehydrating each
patch in ASW-starch medium. All patches were dried at
4°C with the following treatments: (1) cell coat only (no
top coat), no further treatment; (2) a cell coat and a top
coat dried at 4°C; (3) incubation of the cell coat for
10 min at 37°C to partially coalesce the polymer parti-
cles; (4) a coating without 7. maritima as a control for
glucose degradation at 80°C in ASW. Rehydration of
SF091 patches that were coated and dried at 4°C but not
incubated for 10 min at 37°C to partially coalesce the
polymer particles at ambient temperature (30°C) re-
sulted in redispersion of the latex immediately upon
contact with medium. However, SF091 patches not
incubated at 37°C but immediately transferred into 80°C
ASW medium did not redisperse, indicating that contact
with 80°C ASW medium rapidly induced polymer par-
ticle coalescence and sufficient particle welding to form a
stable film. Patches not incubated at 37°C and without
SF091 latex topcoats would release 7. maritima cells
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Fig. 3 Cryogenic-FESEM of
the top of T. maritima acrylate/
vinyl acetate SF091 latex
coatings without a top coat
layer. a Coating hydrated at
30°C, 10 min. Porosity visible
between the partially coalesced
latex particles (striped arrows).
Large craters left by released
T. maritima (white arrows).

b T. maritima coating hydrated
at 80°C, 10 min. Reduced
porosity between polymer
particles (white arrows)

immediately upon hydration with 80°C ASW medium
and as such, were used as controls to determine the effect
of latex coating and drying conditions on the viability of
the entrapped 7. maritima. Gelrite plating and glucose
consumption experiments indicated that the cells re-
leased from non-top-coated patches were viable (data
not shown). However, patches with a topcoat of SF091
latex (incubated or not incubated at 37°C) did not show
significant glucose consumption when rehydrated di-
rectly in 80°C ASW medium indicating that little met-
abolic activity was present. This suggests that rapid
heat-induced coalescence of the low T, SF091 topcoat
occurs on contact with 80°C ASW resulting in formation
of a non-permeable coating.

Cryogenic SEM of T. maritima SF091 latex coatings

Cryogenic SEM images of Rovace SF091 latex coatings
where the T. maritima cells were shaken out supported
the findings from the glucose consumption experiments
(Fig. 3). The appearance of the T. maritima cell craters
and the surrounding latex matrix incubated at 30°C was
similar to images previously made of SF091 coatings of
E. coli (Thiagarajan et al. 1999). The cleanliness of the
cell crater surface indicated that the 7. maritima cells did
not adhere to the SF091 acrylate/vinyl acetate polymer
particles. SF091 latex particles not exposed to 80°C
formed a partially coalesced nano-porous coating and
individual particle contours were clearly visible
(Fig. 3a). The microstructure of patches where T.
maritima cells were shaken out of the coatings (coatings
without a topcoat, incubated 10 min at 37°C and then
rehydrated at 80°C) showed a significantly higher degree
of particle deformation and compaction (Fig. 3b). This
result supported the glucose uptake experiments
indicating that temperature-induced wet coalescence of
SF091 acrylate/vinyl acetate latex was rapid at 80°C.

Kinetics of wet coalescence of SF091 latex coatings

Because of the carbohydrate utilization and cryo-SEM
evidence of rapid wet coalescence, the rate of loss of

Deffl D

0 100 200 300 400
Time (min)

Fig. 4 Rate of loss of diffusivity (D.g/D) of acrylate/vinyl acetate
coatings containing 0.4 g sucrose/g SF091 latex incubated at 80°C
(filled square). Triplicate determinations. Error bars represent =+ 1
SD. (filled diamond) Estimated by the relationship D.g/D = 0.05
e k=A ¢ BB A =35%x10" h™! (Solheid, 2003)

SF091 coating diffusivity (D.g/D) at 80°C was deter-
mined by incubating patches in water and periodically
measuring their diffusivity (Fig. 4). The half-life of loss
of permeability of SF091 coatings incubated at 80°C was
determined to be 45 min. The temperature and time
dependence of the decrease in diffusivity of SF091
acrylate/vinyl acetate latex coatings containing 0.4 g
sucrose/g latex to arrest polymer particle coalescence has
recently been determined in phosphate buffered saline
(PBS) from 5°C to 30°C and can be described by an
Arhenius relationship with an activation energy of
108 kJ/mol (Solheid, 2003). A half-life of approximately
80 min was predicted from the activation energy deter-
mined in PBS, confirming that the rate of wet coales-
cence is too rapid for monodispersed low 7, lattices such
as SF091 to be useful as a coating matrix at 80°C
(Fig. 4).

Coating T. maritima in bimodal latex blends

Permeability of polystyrene/polyacrylate bimodal
latex blends

The diffusivity of coatings of 1055/1232 polystyrene/
polyacrylate bimodal latex blends cast and dried at room



temperature without the addition of sucrose was signif-
icantly higher than for mono-dispersed SF091 acrylate/
vinyl acetate coatings but decreased with increasing
volume fraction of 158 nm, low T,, JP1232 polymer
particles (Fig. 5a) Coatings cast with less than 15%
(0.15 v/v) JP1232 did not have sufficient strength to be
delaminated intact from the stainless steel substrate and
mounted in the diffusion apparatus. A 20% 1232/ 80%
1055 bimodal blend (which corresponds to 23% w/w)
was chosen for further investigation. Based upon the
ratio of polymer particle diameters, at this weight ratio
there are a sufficient number of small particles to sur-
round each large particle, assuming hexagonal packing
(Tzizinou and Keddie 2000). The addition of sucrose
previously reported to increase latex coating perme-
ability (Lyngberg et al. 2001) was evaluated using the
0.2 v/v 1232/0.8 v/v 1055 bimodal blend and found not
to dramatically increase diffusivity (Fig. 5b). However,
the addition of 0.3 g sucrose/g latex to this blend was
used in order to be consistent with previous work on
arresting polymer particle coalescence and enhance
coating diffusivity (Charaniya 2004).
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Fig. 5 a The effect of increasing volume fraction of 158 nm soft
JP1232 polyacrylate latex on the diffusivity of a hydrated coating
prepared from a bimodal blend with 800 nm hard 1055 polystyrene
latex particles. Coatings rehydrated for 30 min in phosphate
buffered saline, delaminated from photographic paper, and
diffusivity measured at 30°C. Triplicate determinations =1 SD. b
The effect of the addition of sucrose on bimodal blend coating
diffusivity
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The kinetics of loss of diffusivity of the 0.2 (v/v) 1232/
0.8 (v/v) 1055 bimodal blend in comparison to SF091
incubated at 80°C in ASW as a function of time was
determined (Fig. 6). The diffusivity of the 1232/1055
bimodal latex blend decreased to about half of the initial
value after 2 days and then remained constant while the
SF091 coating became non-permeable. The initial de-
crease in diffusivity for the latex bimodal blend indicated
wet compaction — that some polymer particle packing
rearrangement was taking place at 80°C after the coating
was formed and rehydrated. This indicates that the
800 nm 1055 particles were not permanently fixed in
place by the 1232 particles acting as ‘glue’ but continued
to rearrange following coat rehydration at 80°C into a
tighter packing configuration.

Cryogenic SEM evidence of bimodal blend porous
microstructure

Images of cryo-fractures of coatings of the 0.2(v/v) 1232/
0.8 (v/v) 1055 bimodal blend microstructure of the
fracture surface appeared highly porous with the 800-nm
particles arranged in a random pattern with some par-
ticles arranged in small groups of hexagonal closest
packing (HCP) structures (Fig. 7). The small 1232 par-
ticles were not visible, indicating that they were so soft
that individual particle contours disappeared by defor-
mation and interdiffusion prior to imaging. Compared
to the fracture surface, the coating surface appeared
similarly open in packing conformation, with a signifi-
cantly higher volume fraction of 158 nm coalesced par-
ticles in the first one or two particle depths from the
surface, indicating that during drying some migration of
the small particles had occurred. A high magnification
image of individual large polystyrene particles (Fig. 7b)
revealed that some 800 nm polystyrene particles ap-
peared coated with JP1232 polymer, giving them a
rough appearance. Higher magnification images of the
contact surfaces between individual 800 nm particles
revealed coalesced polymer appearing as ‘glue’ at the
contact points between the larger particles (Fig. 7c).
Also, it appeared that some rearrangement occurred
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Fig. 6 The kinetics of loss of diffusivity of 1055 0.8 v/v and JP1232
0.2 v/v bimodal blend (filled circle), in comparison to SF091(filled
square), incubated at 80°C in ASW
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Fig. 7 Cryo-FESEM image of
1055 0.8 v/v and JP1232 0.2 v/v
bimodal blend latex coating,
dried at 30°C. a View of top
surface and fracture edge.

b View of fracture edge. ¢ View
of white frame in (b) showing
particle-to-particle contact
point and stretching of JP1232
polymer particles (images
courtesy of E. Sutanto)

after initial contact of the larger particles as indicated by
the drawn-out soft polymer strings attached between
larger particles. The strings were likely formed by large
particles contacting each other and then being drawn
apart in a later stage of film formation by cohesive
forces.

Microscopic evidence of binding of 1232 latex polymer
particles to T. maritima

We attempted to obtain images of 7. maritima cells
immobilized in the 1232/1055 latex blends similar to in
SF091 coatings (Fig. 3). However, this proved very dif-
ficult because 1232 acrylate/styrene latex particles
agglomerated with the bacterial cells when blended with
the cell pellet. Phase contrast microscopy before and
after mixing of cells with 0.2 (v/v) 1232/1055 revealed
that individual cells were clearly visible in the latex-free
cell pellet. Similarly, 1055 particles and cells were visible
in the latex blend before mixing with 1232 latex. Fol-
lowing mixing of the two polymer emulsions, no indi-
vidual T. maritima were visible, but the 800 nm 1055
particles could still be seen. In the mixed state, clumps
were visible that appeared to be cells bound together
with small latex particles. Two cell to latex blend ratios
were investigated, 0.3 v/v and 0.5 v/v wet cell paste to
latex (total polymer volume), but no cells were clearly
visible in any cryo-SEM freeze fracture images of these
mixtures, though the contours of individual 800 nm la-
tex particles were distinctly visible. These findings sug-
gest that agglomeration of the low T, 1232 acrylate/
styrene particles onto the 7. maritima toga surface oc-
curs upon mixing .

This result is in contrast to the images of Fig. 3 and
many previous cryo-SEM images of latex-embedded
viable Gram negative microorganisms obtained in our
laboratory using low T, acrylate polymers (see for
example Lyngberg et al. 2001; Thiagarajan et al. 1999).
The images in Fig. 3 indicate that the surface of acry-
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late/vinyl acetate SF091 polymer particles do not adhere
to the T. maritima toga sheath and viable cells were
recovered from non-top-coated SF091 patches. The
1232 acrylate/styrene particles that are more reactive
and have fewer surface acid groups than SF091 appear
to adhere to the protein toga sheath of T. maritima
masking the cells in cryo-SEM images. Surprisingly,
coating the toga sheath of T. maritima with this polymer
did not reduce the ability of the cells to utilize carbo-
hydrates nor did it block starch from diffusing to the
toga as evident by the observed amylase activity (see
below).

Glucose and maltose utilization by concentrated
and bimodal latex-entrapped T. maritima

Concentrating T. maritima in 55+ 5 pm thick two-layer
latex coatings increased the cell density approximately
25-fold from a suspended cell density of 1.9 g cell wet
weight/liter of medium to 49 g cell wet weight/liter of
latex coating volume. No carbohydrate utilization or
amylase activity could be detected following entrapment
of T. maritima at 80°C in SF091 latex bilayer patches
because of rapid polymer particle coalescence resulting
in very low diffusivity of the matrix both surrounding
the cells and in the topcoat.

Evidence for latex-entrapped 7. maritima viability
and metabolic activity was obtained in 0.2 v/v 1232/
0.8 v/v 1055 bimodal blend patch coatings by comparing
the glucose and maltose disappearance (utilization) rates
of suspended cells and patches of T. maritima (Fig. 8).
This experiment was conducted using the same quantity
of cells in media but without a nitrogen source (ASW
with 0.25 g/l maltose + 0.25 g/l glucose). Figure 8
shows the utilization of glucose and maltose as a func-
tion of time for latex-entrapped and suspended 7.
maritima. The concentration profiles appeared identical
for both suspended and latex-entrapped cells, and
maltose utilization is more rapid than glucose uptake.
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Fig. 8 Carbohydrate utilization by latex-entrapped 7. maritima in
nitrogen source-free ASW-maltose + glucose ASW at 80°C. (filled
circle) glucose, entrapped cells, (filled square) maltose, entrapped
cells, (open circle) glucose, suspended cells, (open square) maltose,
suspended cells

This correlates with Chhabra et al. 2003 who reported
that the doubling time for growth of T. maritima on
monosaccharides is substantially higher than on the
corresponding polysaccharides. Initially there was a
large decrease in maltose concentration until 50 h after
which it remained constant (Fig. 8). The glucose con-
centration increased slightly during the same time period
after which it decreased slowly during the remaining
150 hours. The similarity between the utilization profiles
indicates that latex-entrapped T. maritima are viable and
capable of carbohydrate transport that does not appear
to be diffusion-limited using this 1232/1055 polymer
matrix.

Glucose and maltose production as an indicator
of T. maritima amylase activity

The o-amylase of T. maritima has been shown to be
toga-associated and 85% or more of the total enzyme
activity is accessible on the outside of the cell (Liebl et al.
1997). Bimodal latex-blend entrapped 7. maritima pat-
ches and suspended T. maritima were incubated in ASW
medium containing 1 g/l soluble starch and the maltose
+ glucose concentration monitored as a function of
time as an indicator of amylase activity. Figure 9 shows
evidence of amylase activity by the kinetics of glucose +
maltose accumulation in the medium. Cell-free controls
produced no measurable glucose or maltose (data not
shown). Suspended 7. maritima produced maltose and
glucose immediately following inoculation for 24 h after
which the maltose and glucose were consumed below
detectable levels following 50 h of incubation. Bimodal
latex patches of T. maritima showed little evidence of
amylase activity during the first 24 h, presumably due to
the slow diffusion of starch to the cells through the
polymer top coat. However, after 24 h of incubation
amylase activity was evident as glucose + maltose were
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Fig. 9 Glucose and maltose formation from starch by latex-
entrapped 7. maritima in ASW-starch medium at 80°C. (filled
circle) glucose, entrapped cells, (filled square) maltose, entrapped
cells, (open circle) glucose, suspended cells, (open square) maltose,
suspended cells

liberated and accumulated in the medium for 200 h. In
comparison to Fig. 8, the observed accumulation of
monosaccharides in the medium is the excess starch
hydrolysis products over carbohydrate assimilation un-
der nitrogen-starvation conditions. Little maltotriose
was detected by HPLC analysis which was in agreement
with previous findings that the a-amylase of 7. maritima
was of the endo-type having no «-1-6 glucoside bond
activity (Liebl et al. 1997). During the incubation there
was also an accumulation of an extra-cellular polysac-
charide that could not be identified further by HPLC or
ES-MS due to the high salt concentration and the
presence of metal ions. It was determined by HPLC not
to be composed of fucose, pyruvate, galactose, fructose,
mannose, glucoseamine, sucrose, maltose or sorbitol.

Conclusion

Polystyrene bimodal blend coatings may be a useful
model system for engineering a matrix to generate por-
ous, adhesive coatings for entrapment of hyperthermo-
philes at high concentration so that they can be used
under non-growth conditions to increase their volu-
metric biocatalytic productivity. Other approaches for
generating thermostable coatings such as core-shell lat-
tices may also be useful (see for example Kalinina and
Kumacheva 1999; Dos Santos et al. 2000). The core shell
approach should minimize binding of reactive low T},
‘shell” polymers to cell surfaces such as in this case, the
T. maritima toga protein sheath. With further develop-
ment, these methods may be useful for casting perfusive
biocatalytic films for high temperature membrane bior-
eactors (Drioli and Giorno 1999; Sanchez Marcano and
Tsotsis 2002) and membranes useful to immobilize and
stabilize the activity of a high density of viable hyper-
thermophiles at a phase boundary for high temperature
multi-phase biocatalysis (Cabral et al. 2001).
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