
A

G
D

a

A
R
R
A
A

K
L
B
C
G
P

1

c
m
t
s
Y
d
e
r
N
G
p
b
&
d
i
a
1
t
v
m
A

0
h

Carbohydrate Polymers 100 (2014) 40– 45

Contents lists available at ScienceDirect

Carbohydrate  Polymers

j ourna l ho me p age: www.elsev ier .com/ locate /carbpol

 cellulosic  responsive  “living”  membrane

uokui  Qin,  Bruce  J.  Panilaitis ∗,  Zhongyuan  Sun  David  L.  Kaplan
epartment of Biomedical Engineering, 4 Colby Street, Tufts University, Medford, MA  02155, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 8 January 2013
eceived in revised form 9 May  2013
ccepted 14 June 2013
vailable online 28 June 2013

eywords:
iving membrane

a  b  s  t  r  a  c  t

Bacterial  cellulose  has  been  demonstrated  to be  a remarkably  versatile  biomaterial  and  widely  used in
biomedical  applications  due  to  its unique  physical  properties.  Here  we  reported  for  the  first  time  a “living
membrane”  system  based  on recombinant  Escherichia  coli bacterial  strains  entrapped  in  cellulosic  mem-
branes produced  by  Gluconacetobacter  xylinus.  Biologically  driven  detection  and  identification  of a  range
of target  molecules  presents  unique  challenges,  and  requires  that  detection  methods  are  developed  to  be
rapid,  specific  and  sensitive.  The  compatibility  of  G.  xylinus  and  recombinant  E.  coli  strains  was  first  inves-
tigated for  co-cultivation,  and  the  relationship  between  the  number  of  entrapped  E. coli  and  the  level  of
acterial cellulose
o-cultivation
ene amplifier
ositive feedback

inducible  signal  achieved  was  further  explored  by fluorescent  signal  observation  in  confocal  microscopy.
Finally  to  amplify  the  response  to  inducers  for maximum  fluorescent  signal,  a  positive-feedback  genetic
amplifier  was  designed  within  recombinant  E.  coli  strain  entrapped  in  the  living  cellulosic  membrane
system,  allowing  for  the  detection  mechanism  to be  extremely  sensitive  and  resulting  in a  significant
fluorescent  signal  from  a  single  receptor  binding  event.  The  living  membrane  system  proposed  here will
create  devices  of  greater  complexity  in  function  for  applications  in  biological  and  chemical  detection.
. Introduction

Bacterial cellulose has been widely reported in several appli-
ations due to its unique physical properties such as higher
echanical strength, water absorption capacity and higher crys-

allinity, as well as an ultra-fine and highly pure fiber network
tructure (Charreau, Foresti, & Vazquez, 2012; Thomas, 2008;
adav, Paniliatis, Shi, Lee, Cebe, & Kaplan, 2010). It has been
emonstrated to be a remarkably versatile biomaterial and consid-
red for biomedical applications including wound healing, tissue
egeneration, and drug delivery and release (Mayer et al., 1991;
agai, Nishibe, Makino, Tomimori, & Yamada, 1997; Thomas, 2008).
luconacetobacter xylinus is the most efficient bacterial cellulose
roducer and has been used as the model system for cellulose
iosynthesis (Aloni, Delmer, & Benziman, 1982; Lin, Brown, Cooper,

 Delmer, 1985). Typically an extracellular cellulose produced is
eposited as a continuous pellicle (membrane) at the gas–liquid

nterface of a static culture that entraps the bacteria itself and
ny co-cultured organisms as it grows (Gretz, Folsom, & Brown,
989). The pellicle is permeable to small protein molecules and its
hickness is directly proportional to the duration of cultivation, pro-

iding a natural filter for processing of test samples and excellent
echanical properties when compared to cellulose of plant origin.

 great number of studies have been completed on the production,
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physical structure and the chemical composition of bacterial cel-
lulose (Kim, Lee, & Torget, 2001; Lee et al., 2001; Ross et al., 1987;
Son, Heo, Kim, & Lee, 2001). For example, the cellulose exhibited
strong antiviral activity in vitro after chemical modification by
sulfation with piperidine N-sulfonic acid (Kojima et al., 1991). Sev-
eral studies have been reported to generate chimerical cellulosic
copolymers with non-glucose monomers or containing other poly-
mers, including chitin and chitosan (Kim et al., 2001; Plumbridge,
1995; Yadav et al., 2010). Our most recent work has successfully
incorporated heterologous genes into G. xylinus with a metabolic
engineering-based approach to the rational redesign of cellular
metabolites, allowing incorporation of N-acetyl-glucosamine
(GlcNAc) at much higher levels than previously observed (Yadav
et al., 2010; Yadav, Panilaitis, Shi, Numuta, Lee, & Kaplan, 2011).
The resulting cellulose-chitin copolymer was  demonstrated to
be in vivo degradable, providing a new route to overcome the
longstanding limitation associated with the poor degradability of
cellulose for biomedical and biomass conversion applications.

Current detection of target molecules including pathogen and
chemical detection often utilizes sophisticated equipment that is
fragile and requires significant power supply, and dedicated lab-
oratory space that is not available in all locations (Chepurnykh
& Avkhimenko, 1994; Ligon, 2006; Upadhyayula, 2012). A rapid,
simple, and low cost detection technology with high sensitivity

is needed for stability and functionality at extremes of tempera-
ture, humidity and in the absence of elaborate support equipment.
Bacteria naturally respond to a wide range of stimuli in their
environment. Most of those systems are designed to respond to

dx.doi.org/10.1016/j.carbpol.2013.06.019
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Table 1
Bacterial strains and plasmids used in this study.

Strains or plasmids Relevant features or description Source and purpose

Strains
G. xylinus ATCC 10245 Wild type (wt); standard cellulose production ATCC; this study
E.  coli NEB5� Gene cloning NEB; cloning
E.  coli BLR (DE3) High protein expression Novagen; expression
E.  coli BL21star (DE3) High protein expression Invitrogen; expression

Plasmids
pGFPuv  Ampr; green fluorescent protein (GFP) gene Clontech; GFP expression
pJexpress-RFP Kanr; red fluorescent protein (RFP) gene DNA2.0; RFP expression
pGEM-T Ampr; PCR cloning vector Promega; cloning
pGEMT-GFP/Lux Ampr; recombinant plasmid harboring GFP/lux gene This study

oring 
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pGN68 Camr; recombinant plasmid harb

mpr, ampicillin resistance; Kanr, kanamycin resistance; Camr, chloramphenicol re

mall molecules related to nutrient concentration, quorum sensing,
r related functions (Dark, Dean, & Warhurst, 2009). For exam-
le, Nistala et al. constructed a modular genetic amplifier in
scherichia coli for a one-component tetracycline sensor and a two-
omponent aspartate sensor with the increased sensitivity, based
n a constitutively active, autoinducer-independent variant of the
uorum-sensing regulator LuxR from Vibrio fischeri (Nistala, Wu,
ao, & Bhalerao, 2010).

Given the need to respond to larger molecules in the case of
ome detection applications, here we developed a “living mem-
rane” system based on recombinant bacterial strains entrapped

n cellulosic membranes, making them resistant to environmen-
al degradation and persistent for short or long periods of time.
ased on the reporter genes available, we have coupled the natural
etection capabilities in bacteria with the expression of specific flu-
rescent proteins to eventually generate a suite of living detectors
or the rapid and specific identification of relevant target molecules.
erein we attempt to engineer a genetic amplifier in E. coli to
mplify a transcriptional fluorescence signal output entrapped
n cellulosic membranes, based on the quorum-sensing regulator
uxR as reported previously (Nistala et al., 2010). The proposed sys-
em will be durable and easy to use, requiring no additional power
r sophisticated support equipment.

. Materials and methods

.1. Bacterial strains, culture media and growth conditions

All bacterial strains and plasmids used in this study are listed in
able 1. The cellulose producing bacterium G. xylinus strain 10245
as obtained from ATCC (Manassas, VA) and cultured in Hestrin

nd Schramm (HS) medium (0.5% yeast extract, 0.5% peptone, 0.27%
a2HPO4, 0.15% citric acid, pH 4.5) supplemented with 2% glu-
ose and grown at 30 ◦C shaking at 200 rpm or statically. All of
. coli cells were cultured in Luria-Bertani (LB) broth at 37 ◦C unless
oted otherwise. Antibiotics were used at the following concentra-
ions: ampicillin at 100 �g/ml, chloramphenicol at 20 �g/mlm and
anamycin at 50 �g/ml. Primers were purchased from Invitrogen
nc. (Carlsbad, CA). Restriction enzymes were purchased from New
ngland Biolabs Inc. (Ipswitch, MA)  and used according to the man-
facturer’s recommendations. All cloning steps were performed in
. coli strain NEB5� (New England Biolabs, Ipswitch, MA). Subse-
uent experiments involving the protein expression under IPTG

nduction were conducted in E. coli strain BL21 star (DE3) (Invitro-
en, Carlsbad, CA) and strain BLR (DE3) (Novagen, Madison, WI).
.2. Plasmid construction and transformation

The plasmid pGN68 with the chloramphenicol selection
ene (Nistala et al., 2010) (donated by Prof. Kaustubh Bhalerao,
GFP/lux gene with lux promoter Nistala et al. (2010)

ce.

University of Illinois at Urbana-Champaign, USA) was  made for the
luxI-GFP-LuxR transcriptional fusion with the luxI promoter. The
GFP–LuxR fusion of the GFP and LuxR genes was first PCR amplified
using the plasmid pGN68 as the template with the primers GN10F
(GGG GAA TTC ATA CGT ATT TAA ATC AGG AGT GGA AAT GAG TAA
AGG AGA AGA ACT T) and KW171R (AAT AGC  GGC  CGC TTA TTA
ATT TTT AAA GTA TGG GC) (Nistala et al., 2010). The PCR program
was  used as follows: 95 ◦C for 4 min  (1 cycle); 95 ◦C for 30 s, 60 ◦C
for 30 s, 72 ◦C for 1.5 min  (30 cycles) and 72 ◦C for 10 min  (1 cycle).
The resulting amplified DNA fragments of approximately 1 kb
were gel extracted (Qiagen, Valencia, CA) and then cloned into the
BamHI and NotI restriction sites of the vector pGEM-T (Promega,
Madison, WI), yielding the new plasmid pGEMT-GFP/LuxR with
the T7 promoter. Ligation reactions were done using T4 DNA  ligase
(Invitrogen, Carlsbad, CA) at 16 ◦C. The ligation product was  used
to transform E. coli DH5� strain (Invitrogen, Carlsbad CA) and
successful transformants were identified by plating and incubation
on a LB/agar plate containing 100 �g/ml ampicillin. The presence
of correct inserts in each construct was identified by colony PCR
and confirmed by DNA sequencing.

The plasmid pGFPuv (Clontech, Mountain View, CA) with the
ampicillin selection gene was transformed into E. coli BLR (DE3)
for the expression of green fluorescent protein (GFP). The plasmid
pJexpress-RFP (DNA2.0, Menlo Park, CA) with the kanamycin selec-
tion gene was  transformed into E. coli strain BL21 star (DE3) for
the expression of red fluorescent protein (RFP). The new plasmid
pGEMT-GFP/Lux with the ampicillin selection gene was also trans-
formed into E. coli BL21 star (DE3) for GFP expression. A genetic
amplifier with the plasmid pGN68 and plasmid pGEMT-GFP/Lux
was  further transformed into the same E. coli BL21 star (DE3) for
GFP signal detection.

2.3. Cell growth, cellulose production, and fluorescent protein
expression

For cellulose production in static culture, G. xylinus strain 10245
cells were grown in 6-well culture plates containing 10 ml  of HS
medium each well at 30 ◦C for 1 week. The cellulose pellicles were
purified by treating twice with 4% SDS solution at 70 ◦C for 4 h
and 4% NaOH at 70 ◦C for 4 h to remove the entrapped bacteria,
followed by several washes with deionized water as reported pre-
viously (Yadav et al., 2010). The purified cellulose mats were further
dried at 70 ◦C for 30 h for next studies. To develop a “living” mem-
brane system with fluorescent signals, G. xylinus strain 10245 cells
were grown in 6-well culture plates at the same conditions for 4
days, and 2% (v/v) E. coli cells harboring the plasmids were then

applied into each well and co-cultured with G. xylinus cells at 30 ◦C
for 8–12 h. Finally fluorescent protein expression was induced by
adding 1 mM ITPG (isopropyl �-d-thiogalactoside) (Fisher Scien-
tific, Hampton, NH) into each well of plates and measured after
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ig. 1. Cellulose production and morphology. (A) The cellulose membrane (pellicle
LR  (DE3) entrapped in the cellulose membrane observed under UV light; and (C) t

urther incubation at 30 ◦C for 8–12 h (Qin et al., 2009, 2011). Fol-
owing the same steps, different cell numbers of E. coli were loaded
nto different well of the same plate to examine the relationship
etween the number of entrapped E. coli and the level of inducible
ignal achieved.

.4. Confocal microscopy

The resulting cellulose pellicles generated with G. xylinus strain
0245 with entrapped E. coli cells were washed twice in sterilized
BS, and then washed several times with deionized water.

The fluorescent signal from each individual cellulose pellicle
as assessed using confocal microscopy. Images were obtained
sing a confocal laser scanning microscope (Leica SP2 inverted
icroscope) equipped with argon (488 nm)  and HeNe (534 nm)

asers. The region of interest was selected from z plane images
o include either the surface or the internal fibers, beginning
ith a bottom section at least 1 mm  above the surface of the
ellicles. Depth projection micrographs were obtained from 20
orizontal sections imaged at a depth distance of 10–20 mm from
ach other. The fluorescent signal intensity and three-dimensional
ultichannel-image processing was determined and analyzed by

sing ImageJ (Mandal, Grinberg, Gil, Panilaitis, & Kaplan, 2012; Park
t al., 2012).

.5. Scanning electron microscopy (SEM)

SEM was used to assess additional morphological characteri-
ation of the freeze-dried cellulose pellicle samples (Yadav et al.,
010). The experiments were performed using a Zeiss 55VP Sys-
em (Oberkochen, Germany, at Harvard University Center for
anoscale Systems, Cambridge, MA). Freeze-dried samples were
rst mounted on a silicon chip in a closed container at room
emperature. SEM images were collected, after sputter coating
Cressington, 208HR) with a Pt/Pd target, using both InLens and
econdary backscatter detectors.

. Results and discussion

.1. Cellulose production and morphology

To produce bacterial cellulose production, G. xylinus strain
0245 was grown in static culture at 30 ◦C for up to 7 days.
he resulting cellulose was deposited as an extracellular pellicle
hich was extracted from the HS medium. Typically the cellu-

ose polymer accumulates at the gas–liquid interface of a static

ulture as a continuous membrane (pellicle) as shown in Fig. 1A.
he pellicle thickness is directly proportional to the duration of
ultivation, generally limited by media carbon source and pH. In
he studies presented here, the pellicles were approximately 5 mm
uced by G. xylinus strain 10245; (B) GFP fluorescent signal expressed within E. coli
rphologies of freeze-dried cellulose pellicles studied by SEM.

thick. The cellulose pellicle could be further treated and purified
into different forms based on different studies. For example, the
pellicles can be dried into a cellulose film or freeze-dried into
a cellulose mat  after purification. The cellulose membrane has
an ability to entrap the cellulose-producing bacteria themselves
together with other bacteria within the same membrane system.
As an example reported here, E. coli cells with green fluorescent
protein (GFP) expressed under IPTG induction were inoculated
into the cellulose membrane, and then fluorescence signal under
UV light was  observed from the cellulose membrane, indicating
the ability of entrapment for the cellulose membrane produced
by G. xylinus strain 10245 (Fig. 1B). Freeze-dried cellulose pellicle
morphology was  assessed by SEM, showing the arrangement of
associated thin fibers (Fig. 1C).

3.2. Co-culture capability and fluorescent signal measurement

The preliminary data obtained above validated the in situ
generation of cellulosic membranes that encapsulate secondary
catalytic organisms. To examine the compatibility of the cellulose
producing organism G. xylinus and recombinant E. coli strains to co-
cultivation in terms of gross viability, we  attempted co-cultivation
first through the seeding of membrane surfaces with E. coli BLR
(DE3) harvested during log phase from a primary culture. After the
cellulose membranes were produced by G. xylinus in HS medium
for 4 days, the secondary organism E. coli cells were inoculated and
grown in the same HS medium for three days, allowing for the dif-
ferential quantification of cellulose productivity and cell viability of
both organisms. In order to assist in cell counts, we transformed the
plasmid pGFPuv into E. coli BLR (DE3) and plasmid pJexpress-RFP
into E. coli BL21 star (DE3) for GFP and RFP signal expression respec-
tively, and then we  determined secondary bacterial density and
location in intact membranes by confocal microscopy. The GFP and
RFP signal expressed by E. coli were detected in the cellulose mem-
branes with and without IPTG induction as shown in Fig. 2. Strong
fluorescence signal was observed from the combined system with
IPTG induction, demonstrating the compatibility of co-cultivation
of E. coli on G. xylinus supportive media.

The fundamental concept of co-cultivation with these novel
living membranes may lead to an expanded range of mem-
brane functions. Further efforts can address the growth kinetics
and viability of both organisms under a variety of environmen-
tal conditions and elucidate the three dimensional structure and
composition of resulting polymeric/cellular material. For example,
cultivation time is the main determinant of cellulose production
and molecular weight (Ross, Mayer, & Benziman, 1991), and mem-
branes produced here grow to thicknesses effective for separations

within 24–72 h. Dissolved oxygen (DO) concentrations can affect
significantly cellulose production (Setyawati, Chien, & Lee, 2007).
The facultative nature of most E. coli strains and the relatively low
critical oxygen concentrations of G. xylinus strains should result in



G. Qin et al. / Carbohydrate Polymers 100 (2014) 40– 45 43

Fig. 2. Co-culture capability and fluorescent signal with 2D (upper) and 3D (lower) measurement. GFP signal expressed within E. coli BLR (DE3) was observed in the cellulose
m bran
s embra
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embrane without (A) and with (B) IPTG induction. The insert is the cellulose mem
ignal expressed within E. coli BL21 star (DE3) was also observed in the cellulose m

he flexibility to maintain baseline populations of each organism
nder conditions favorable to each other (Chao, Ishida, Sugano, &
hoda, 2000; Henderson & Chenoweth, 1985; Hwang, Yang, Hwang,
yun, & Kim, 1999). This behavior could be investigated using static
ultivation of a continuous cellulose pellicle along a gas/media

nterface for 4–6 days, followed by shorter agitated cultivation of
. coli strains with and without sparging (air). Additional encapsu-
ating cellulosic material could then be cultivated via the reduction
f oxygenation to static levels, with subsequent entrainment of

ig. 3. Bacterial loading capacity and fluorescent signal level. The GFP (A) and RFP (C) fl
onfocal microscopy, compared with the signal expression without IPTG induction. The G
or  comparison of fluorescent signal expression with different loading numbers of E. coli c
e with recombinant E. coli entrapped without (A) and with (B) IPTG induction. RFP
ne without (C) and with (D) IPTG induction.

secondary organisms. Other environmental factors have also been
reported to influence the level of cellulose production, such as car-
bon source, pH and agitation (Kim et al., 2001; Lee et al., 2001;
Ryu, Lee, Kim, Kang, & Kim, 2001; Son et al., 2001). Each of these
variables could be manipulated in order to find optimal conditions

for living membrane development. Here we  used GFP or RFP for the
signal output as they can provide a facile measure of transcriptional
activity, and any other genes can in practice be used as the readout
(Nistala et al., 2010).

uorescent signals with different loading numbers of E. coli cells were observed by
FP (B) and RFP (D) fluorescent intensity was further analyzed by ImageJ software
ells.
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Fig. 4. Schematic of positive-feedback genetic amplifier. The amplifier consists of a
plasmid pGN68 where LuxR has been cloned behind the PluxI promoter. The inducer
IPTG will bind to the T7 promoter and control the expression of GFP–LuxR fusion as
an  output signal. The LuxR produced here was  again used to bind to the PluxI pro-
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.3. Bacterial loading capacity and fluorescent signal level

In order to maximize the production of fluorescence signal or
ell density within the membranes, the optimum level of entrapped
. coli needed to be determined. For this part of the work, we exam-
ned the relationship between the number of entrapped E. coli
nd the level of inducible signal which could be achieved. We
rst selected the E. coli strains transformed with the fluorescent
arker, GFP or RFP, and then induced a detectable level of GFP

r RFP expression by IPTG in control experiments to determine
he range of stimuli. After cellulose membranes were produced
y G. xylinus for 4 days as reported above, different numbers
f E. coli cells with the fluorescent marker were inoculated and
nduced by IPTG at the same time for fluorescent signal expres-
ion. For detection of GFP expression level, we tried 5 different
oading numbers of E. coli cells, 1 × 101, 1 × 103, 1 × 105, 1 × 107

nd 1 × 108 CFU. The GFP fluorescent signal was observed by con-
ocal microscopy and increased obviously as the E. coli cell loading
umber increased, compared with the signal expression without

PTG induction (Fig. 3A). The GFP fluorescent intensity was fur-
her analyzed by ImageJ software for comparison of fluorescent
ignal expression with different loading numbers of E. coli cells. As
hown in Fig. 3B, the fluorescent intensity increased obviously from

 × 101 to 1 × 103 CFU of E. coli cell numbers loaded, and showed
n apparent dose-dependent increase from 1 × 103 to 1 × 108 CFU
f E. coli cell numbers loaded. Following the similar strategy, we
oaded 5 different quantities of E. coli cells for detection of RFP
xpression level, 2.42 × 103, 2.42 × 105, 2.42 × 107, 2.42 × 109 and
.42 × 1011 CFU. Both RFP fluorescent signal and intensity were
bserved by confocal microscopy and analyzed by ImageJ soft-
are (Fig. 3C and D), indicating the RFP expression by E. coli in

he cellulose membranes was increased as the cell loading number
ncreased similar to what was observed in the GFP cells. Based on
he data obtained above, we concluded that the higher number of
ntrapped E. coli can achieve the higher level of inducible signal in
he cellulose membranes. The minimum loading number of E. coli
ells was 1 × 103 and 2.42 × 103 CFU for a detectable level of GFP
nd RFP expression, respectively.
.4. Design of positive-feedback genetic amplifier

To amplify the response to inducers for maximum fluorescent
ignal, attempts begin to generate a reporter system that is directly

ig. 5. Comparison of GFP signal observation in cellulose membrane without (A) and with
f  fluorescent intensity by ImageJ software (C).
moter, this time as the input signal, and activate secondary expression of GFP–LuxR
fusion, which in turn feeds back into the amplifier loop.

linked to the LuxR system derived from V. fischeri within E. coli as
the LuxR protein is constitutively active and not dependent on the
addition of an exogenous inducer (Nistala et al., 2010). Recent work
demonstrated a modular positive feedback-based gene amplifier
to enhance reporter gene signals using the GFP as the transcrip-
tional readout (Nistala et al., 2010). Using this system, the GFP
reporter system was designed such that an induction of IPTG signal
will induce expression of the GFP reporter under specific control
of the T7 promoter, as well as the LuxR amplifier signal, which
then will induce secondary expression of the GFP and LuxR gene
(Fig. 4).

In the original plasmid pGN68, the GFP and LuxR genes were
arranged behind the PluxI promoter on high-copy number plas-
mid  (ColE1 origin of replication). In this system, LuxR can bind
to the PluxI promoter and activate its own  transcription. To con-
struct the positive-feedback genetic amplifier we  cloned GFP and
LuxR genes from plasmid pGN68 behind the T7 promoter into plas-
mid  pGEM-T, yielding a new plasmid pGEMT-GFP/LuxR (see Section
2 for details). The pGN68 and pGEMT-GFP/LuxR plasmids were
transformed together into the E. coli strain BL21 star (DE3). In this
design, the inducer IPTG will bind to the T7 promoter and con-
trol the expression of GFP–LuxR fusion as an output signal. The
LuxR produced here was  again used to bind to the PluxI promoter,
this time as the input signal, and activate secondary expression
of GFP–LuxR fusion, which in turn feeds back into the amplifier
loop. In this amplifier loop, the LuxR is used as the input and
positive feedback signal (Nistala et al., 2010). Such a design will

allow the detection mechanism to be extremely sensitive, result-
ing in a significant fluorescent signal from a single receptor binding
event.

 (B) the positive-feedback genetic amplifier, as well as further comparison analysis
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.5. Validation of genetic amplifier in cellulose membrane

To test the genetic amplifier designed for maximum signal, both
eporter systems with and without the amplifier loop in E. coli
trains were entrapped in cellulose membrane produced by G. xyli-
us. After cellulose membranes were produced for 4 days, different
umber of E. coli cells with and without the amplifier loop was

oaded into the cellulose membranes. Fluorescent signal after IPTG
nduction was observed by confocal microscopy and analyzed by
mage J software as described above. In the presence of the ampli-
er loop, IPTG will bind to the T7 promoter and start the amplifier

oop, leading to much stronger GFP fluorescent signal observed by
onfocal microscopy, even with a lower cell number loaded into
he cellulose membranes (Fig. 5). All of the studies above confirmed
hat the genetic amplifier described here was able to increase the
ynamic range and sensitivity of the transcriptional signal for bio-

ogically driven detection.

. Conclusions

Extracellular cellulose pellicles produced by the bacterium G.
ylinus can entrap itself as well as any co-cultured organisms as
hey grow. Our investigation demonstrated the compatibility of
he cellulose-producing organism G. xylinus and recombinant E. coli
trains for co-cultivation and fluorescent signal observation. The
elationship between the number of entrapped E. coli and the level
f inducible signal achieved was further examined, showing that
he fluorescent signal in the cellulose membranes increased as the
. coli cell loading number increased. Finally a living membrane
ystem based on a recombinant E. coli strain containing a positive-
eedback genetic amplifier entrapped in cellulosic membranes was
eveloped to amplify the response to inducers for maximum fluo-
escent signal. Such a design will allow the detection mechanism to
e extremely sensitive, resulting in a significant fluorescent signal
rom a single receptor binding event.
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