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A printed nanolitre-scale bacterial sensor array
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The last decade has witnessed a significant increase in interest in whole-cell biosensors for diverse

applications, as well as a rapid and continuous expansion of array technologies. The combination of

these two disciplines has yielded the notion of whole-cell array biosensors. We present a potential

manifestation of this idea by describing the printing of a whole-cell bacterial bioreporters array.

Exploiting natural bacterial tendency to adhere to positively charged abiotic surfaces, we describe

immobilization and patterning of bacterial ‘‘spots’’ in the nanolitre volume range by a non-contact

robotic printer. We show that the printed Escherichia coli-based sensor bacteria are immobilized on the

surface, and retain their viability and biosensing activity for at least 2 months when kept at 4 �C.

Immobilization efficiency was improved by manipulating the bacterial genetics (overproducing curli

protein), the growth and the printing media (osmotic stress and osmoprotectants) and by a chemical

modification of the inanimate surface (self-assembled layers of 3-aminopropyl-triethoxysilane). We

suggest that the methodology presented herein may be applicable to the manufacturing of whole-cell

sensor arrays for diverse high throughput applications.
Introduction

The use of genetically engineered microorganisms as accurate

and sensitive reporters of their chemical environment is gaining

increasing attention. Consequently, numerous reports describe

diverse bacterial strains capable of emitting a dose-dependent

signal (luminescent, fluorescent, electrochemical or colorimetric)

in the presence of either specific target chemicals or global

biological effects such as toxicity or genotoxicity.1–6 In contrast

to traditional approaches for monitoring chemicals, based on

physical or chemical analyses, living bioreporter cells provide

data such as bioavailability of chemicals, their effects on living

systems, and their synergistic or antagonistic behavior in

mixtures.7 Many of these reporters are engineered by fusing

a specific promoter, known to be induced by the target chemical

or effect, to a reporter system such as the bacterial biolumines-

cence genes luxCDABE.7–10

To turn such strains into biosensors, however, they need to

be integrated into a hardware platform containing all the com-

ponents essential for a sensing device,11 including the necessary

electronics and signal acquisition elements. In this paper we

describe the successful deposition of an array of live biolumi-

nescent and fluorescent reporter cells onto solid surfaces by
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printing nanolitre-scale drops of cell suspensions by an adapted

commercial non-contact DNA printer.

Immobilization of bacteria on abiotic surfaces can be carried

out using diverse approaches. One potential solution involves the

direct deposition of the cells onto the surface, exploiting the

natural adhesive properties of bacteria. Bacterial adhesion may

be divided into (a) an initial, instantaneous and reversible

physical phase and (b) a time-dependent irreversible ‘‘molecular’’

phase. The initial adhesion of a bacterium to a solid surface is

mediated by non-specific electrostatic or hydrophobic interac-

tions, by hydrogen bonds, and by van der Waals forces. As

bacterial cell surfaces are usually negatively charged, they adhere

more intensely to positively charged surfaces.12 The attachment

can be further optimized by chemical modification of the surface

and/or by biological modification of the cells.13–17 A common

chemical surface modification may be achieved by the formation of

self-assembled layers or monolayers (SAM).18,19 3-Aminopropyl-

triethoxysilane (APTES), for example, can be used to function-

alize glass by forming self-assembled layers with positively

charged functional amino groups that attract the negatively

charged bacteria.20 Initial adhesion is further stabilized by the

generation of bonds between individual cells, as well as by

excreted exopolysaccharides (EPS) that strengthen the attach-

ment of the bacteria to each other as well as to the surface.21

External cellular structures can interact with the surface,

strengthening the interaction and rendering it irreversible; one of

these surface structures is curli: thin (2–5 nm diameter), coiled

and highly aggregative fimbria that protrude from the cell surface

and form an extracellular matrix. Curli are optimally expressed

below 30 �C, at low levels of nutrients and during stationary
Lab Chip, 2011, 11, 139–146 | 139
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phase.22–25 An Escherichia coli mutant, PHL628, able to adhere

spontaneously to inert solid surfaces, was previously described.17

This phenotype was caused by a point mutation in the ompR

regulatory protein, leading to overproduction of curli.

When immobilized for whole-cell sensor applications, it is

desired that the live bacteria are deposited into specific loca-

tions according to the biosensor design; such patterning also

allows the deposition of different bioreporter types on the

same platform. A recent technique demonstrated for patterning

live cells is the cell printing by ink-jets or related non-contact

technologies.26–28 In the current study we took cell printing

several steps further by using a modified non-contact robotic

printer, originally designed for arraying biomolecules, to

generate printed arrays of reporter cells.

One of the major challenges encountered in the development

of cell-based devices is the long-term maintenance of the

viability and activity of the cells. A large number of preserva-

tion and immobilization methods have been investigated

towards this goal,34 one of the most effective being the

involvement of organic osmoprotectants, either externally

added or synthesized by the cells. When a bacterium is grown at

a high osmolarity, it synthesizes or accumulates compatible

solutes, small organic molecules (e.g., trehalose, glutamate,

proline) that increase the internal osmotic pressure and stabilize

cell components in response to the increased osmotic stress.35 It

has been shown that accumulation of trehalose was correlated

with improved survival after periods of dryness,36 and that

extracellular compatible solutes protect air-dried bacteria from

deleterious effects of desiccation.36,37 In the current work, we

applied both modes of action of osmoprotectants to enhance

bacterial survival.

A future development envisaged for whole cell biosensors

will be the incorporation of an array of live sensor cells,

differing in their response characteristics, onto the same plat-

form, in a concept resembling that of an artificial nose or

tongue.2,8 In the present manuscript, we present a novel method

for generating such a cell array, exploitable for future whole-

cell sensor biochips, by printing minute (nanolitre range) spots

of bacteria. Immobilization was optimized by chemical modi-

fication of the surface (APTES) and by biological modification

of the bacterium (curli overproduction). The immobilized

reporter bacteria displayed a high degree of survival and

responsiveness to toxicants following printing and storage of up

to 2 months.
Table 1 E. coli strains used in this study

Strain Host Plasmid

AG1688 — —
MG1655 — —
RFM443 — —
W3110 — —
HB101 — —

PHL628 MG1655 —
SM110 PHL628 pES2:recA::GFPuv
SM111 PHL628 pRS4:recA::DsRed2
SM117 PHL628 pBR2TTS:CP25::luxCDABE
SM118 PHL628 pBR2TTS:cydA::luxCDABE

140 | Lab Chip, 2011, 11, 139–146
Experimental

Strains and media

Several E. coli K12 strains were used (Table 1). Strain PHL628,

a curli overproducing strain, was kindly provided by Prof.

Philippe Lejeune.17 Strains SM110, SM111, SM117 and SM118

were constructed in the current work. Strains AG1688,29

MG1655,30 W3110,32 RFM443,31 and HB10133 were taken from

our lab collection. All strains were kept on Luria–Bertani (LB)

agar plates at 4 �C or in 50% glycerol at �80 �C and were grown

in rich (LB) or minimal (M63) media.38
Chemicals

Ectoine and hydroxyectoine were purchased from Bitop AG,

Germany. Glycerol was purchased from Frutarom (Israel). All

other chemicals were purchased from Sigma-Aldrich Corpora-

tion (USA).
Genetic engineering of the reporter strains

A plasmid harboring cydA : luxCDABE fusion was constructed.

Primers, designed for the cydA promoter amplification based on its

sequence and on available information as to its regulation, were

used to amplify the regulatory regions of cydA gene from E. coli

MG1655 genome by PCR. Sense primer sequence was 50

GGCAAGGGTACCGCATCAGG 30 and the antisense primer

sequence was 50 GCCATACCGAGCTCCAGTGG 30. The

bold bases indicate enzyme restriction sites. After cutting with

restriction enzymes KpnI and SacI (New England Biolabs, USA),

the PCR products were ligated into a pBR2TTS vector,10 a medium

copy number plasmid (T4 DNA ligase, Roche) that harbors Pho-

torhabdus luminescens luxCDABE genes downstream from

a multiple cloning site. The vector was first transformed into E. coli

AG1688 and then transferred to E. coli PHL628. All other plasmid

vectors, harboring either bioluminescence (luxCDABE) or fluo-

rescence (GFPuv or DSRed) reporter genes, were taken from our

lab collection and transformed into E. coli PHL628 (Table 1).
Adhesion assay by crystal violet (CV) staining

The degree of surface attachment was assayed by CV staining of

adherent cells as described previously,39 with a few modifications.

Briefly, bacteria were grown overnight in LB or M63 at 37 �C
Phenotype/genotype Reference

F0 128lacIq lac::Tn5 29
F � l � ilvG-rfb-50 rph-1 30
F� galK2 lac74 rpsL200 31
F� l� rph-1 INV(rrnD, rrnE) 32
F� mcrB mrr hsdS20 (rB

� mB
�)

recA13 leuB6 ara-14 proA2 lacY1
galK2 xyl-5 mtl-1 rpsL20(SmR)
glnV44 l�

33

malA::kanR, ompR234 17
ampR, kanR Current work
ampR, kanR Current work
ampR, kanR Current work
ampR, kanR Current work

This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Adhesion of E. coli strains to polystyrene, PVC and glass after

24 h incubation at 30 �C. HB101, W3110 and RFM443 were tested with

LB medium while MG1655, PHL628, SM110 and SM111 were tested

with M63 medium. Error bars represent standard deviations of at least

3 repeats in the same experiment.
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with agitation, and were diluted �1/4 in fresh medium. Aliquots

of the diluted culture were added to either glass test tubes (13 �
100 mm, Kimble, USA) or to a PVC or a polystyrene 96-well

microtiter plate (Falcon 3912, Becton Dickinson, USA or Nunc,

Denmark, respectively), and incubated at 30 �C without shaking.

After different time periods the non-adhered bacteria were

removed by washing with tap water, and 1% (w/v) CV (Sigma

Aldrich, USA) was added for 5 min before rinsing again in tap

water. To quantify the adhered bacteria, the unrinsed CV was

dissolved in acetone–ethanol (20 : 80), and CV concentration

was determined by measuring the OD600 of the sample with

a plate reader (Victor2, Wallac, Finland) in the case of PVC/

polystyrene plates or by a spectrophotometer (Sarstedt, Ger-

many) in the case of the glass test tubes.

Surface modification

Standard microscope glass slides were coated with APTES in the

following manner. The slides were cleaned in acid piranha

(H2SO4 : H2O2, 7 : 3) for 15 min, rinsed extensively in water and

dried at 100 �C for 15 min. Next, the slides were incubated in 1%

APTES in dry toluene for 3 h, rinsed in toluene, and dried at

100 �C for 30 min. The contact angle of the treated surface was

between 20� and 30�.

Bacterial deposition using a robotic printer

A non-contact robotic printer (sciFlexarrayer S3, Scienion AG,

Germany) with the ability to print liquid volumes as low as 0.1 nl

per drop was used for printing the cells. The printer was equipped

with a special holder for the piezo dispensing capillaries that allowed

an adjustment of the temperature of the printed samples between 20

and 50 �C. The capillaries were coated with a hydrophobic polymer

to improve the stability of the print process of the cell-containing

samples. Cultures of strains SM110 and SM111 were grown over-

night at 30 �C with agitation in M63 medium with the appropriate

antibiotics, with or without NaCl (0.5 M) and ectoine (1 mM).

Bacteria were precipitated by centrifugation (4000 rpm for 10 min)

and suspended in 250 ml of the designated osmoprotectant solution

(0.5 M ectoine, 0.5 M hydroxyectoine, 0.5 M lysine, 0.25 M gluta-

mine, 0.5 M glutamate, 0.25 M trehalose, 0.5 M sucrose, 0.24 M

glycine betaine, 0.5 M proline, 0.5 M glycerol) or an unamended

medium (M63). Sample volumes between 0.5 nl and 2.5 nl, con-

sisting of one or multiple drops, were deposited by the robotic

printer on either bare or APTES-coated glass slides. Samples were

analyzed by an epi-fluorescence microscope (filter sets 13 and 20,

Axivert 135TV, Zeiss, Germany) and by a high resolution SEM

(Sirion, FEI, Holland) following Au coating.

Activity and induction of arrayed cells

Bioluminescent reporter strains SM117 and SM118, harboring

a CP25::luxCDABE and a cydA::luxCDABE fusion, respec-

tively, were grown, treated and spotted as described above, either

as 1 spot of 500 nl or in 25 spots of 1 nl volume in each well of

a 96-well microtiter plate. The plates were incubated at 4 �C; at

time zero and at designated intervals, 100 ml of medium (either LB

or M63), with or without a toxicant, were added to at least 2 wells

of each treatment. Luminescence was measured by a microtiter

plate luminometer (Victor2, Wallac, Finland) at 37 �C at 10 minute
This journal is ª The Royal Society of Chemistry 2011
intervals for 3 hours. Light emission was quantified by the

instrument’s arbitrary relative light units (RLU). Responses to

the toxicants are reported either as the fold increase in RLU over

the non-induced control (response ratio) or as the difference

between the induced and non-induced systems (DRLU). Where

indicated, bacteria were printed in a 96-well microtiter plate, the

bottom of which was replaced by APTES-coated glass, allowing

better adhesion of the cells. At each time point wells were washed

with LB or M63 media prior to the activity test.

For long-term experiments, the bacteria were printed using the

robotic printer in a 96-well microtiter plate, 25 spots of 1 nl in each

well. The plates were kept at�20 �C, 4 �C, or 24 �C with or without

desiccation for various time periods. At time zero and at the

designated sampling times, LB medium was added to at least 2 wells

of each treatment with or without a toxicant and luminescence was

measured as before, at 37 �C, at 10 minute intervals for 6 hours.
Results and discussion

Screening and selection of bacterial host strain

Deposition of live bacteria onto a solid platform may be con-

ducted with the cells encapsulated in a polymer, which provides

solid support, surface attachment and a hydrated environment; the

viscosity of the polymer suspension, however, often hinders non-

contact deposition by a nozzled instrument. An alternative mode,

adopted in the present study, is to array the cells onto the surface

without the assistance of a polymeric matrix, thereby allowing

low-volume nozzle-deposition and a much finer patterning reso-

lution. For this to succeed, a bacterial strain had to be selected that

would adhere firmly to the solid inanimate substrate by its own

power. We have thus screened several E. coli strains for their

ability to attach to three types of surfaces: polystyrene, poly[vinyl-

chloride] (PVC) and glass. The degree of surface attachment was

assayed by crystal violet (CV) staining of the attached cells after

the non-adherent cells have been washed off.

A comparison was made between five E. coli K12 strains

(W3110, MG1655, RFM433, HB101, and PHL628), the latter

being a curli-overproducing mutant.17 As can be observed in

Fig. 1, the extent of bacterial adhesion greatly varied between
Lab Chip, 2011, 11, 139–146 | 141
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strains and substrates. Both strains HB101 and PHL628

exhibited the highest overall degree of attachment, with the latter

displaying superior affinity to glass. Consequently, strain

PHL628 was selected for the subsequent steps of the study,

a decision that was also motivated by the high number of genome

mutations characteristic of strain HB101 and the unclear mech-

anism of its adhesion.33,40,41

Strain PHL628 was therefore transformed separately with 4

different vectors containing various promoter-reporter gene

combinations (Table 1), thus generating 4 different reporter

strains, either fluorescent (SM110, SM111) or luminescent

(SM117, SM118). As shown for strains SM110 and SM111

(Fig. 1), adhesion characteristics of the PHL628 derivatives were

similar to that of their parental strain.
Surface modifications and optimization of cell attachment

As a first step towards the patterning of the envisioned cell

arrays, we attempted to optimize the deposition process. An

array was formed by printing nanolitre spots of PHL628-based

reporter strains, using a non-contact robotic printer. The cells

were printed onto modified surfaces and tested for the bacterial

adhesion, activity and ability to respond to target chemicals.

Microscope glass slides, either non-treated or coated with
Fig. 2 (A) Fluorescent reporter strains SM110 and SM111 printed (0.5–2.5 n

and after 24 h incubation at 30 �C, following removal of non-adhered cells

APTES-coated glass immediately after printing (5 left columns) and after 2

columns and (C)). (D) Strains SM110 and SM111 printed (2 nl) on APTES-c

142 | Lab Chip, 2011, 11, 139–146
APTES, recently shown to promote mammalian cell adhesion,42

served as the printed surface.

Suspensions of fluorescent strains SM110 and SM111 were

printed in volumes of 0.5 nl to 2.5 nl, resulting in spots 50

to 200 mm in diameter (Fig. 2A) showing the expected inter-

dependence of these parameters. The spots were allowed to dry

at 30 �C or at 4 �C and the degree of adhesion was tested after

24 hours, after removing non-adhered cells by gentle rinsing. As

can be seen from microscopic analysis (Fig. 2), bacteria printed

over the APTES coated glass displayed a higher degree of

adhesion compared to bacteria printed over non-modified glass

(Fig. 2A–C). As discussed above, this may be attributed to

the attraction between the positively charged APTES layers and

the negatively charged cells. These results are in agreement with

the report of Ploux et al. (2007),43 demonstrating that PHL628

cells favorably adhered to positively charged amine functional

groups. No correlation was observed between adherence and

drop size (data not shown). Fig. 2D displays the tandem

deposition of two different fluorescent reporter strains (SM110

and SM111, see Table 1), demonstrating the potential of the

printing process to generate an array of unlimited number of

strains. It is tempting to envision an array harboring a large

number of bacterial reporter strains, each engineered to detect

a different class of compounds, for detecting the biological
l) on a non-modified glass slide, immediately after printing (upper 2 rows)

(2 bottom rows) (light microscope). (B) Strain SM111 (1 nl) printed on

4 h incubation at 4 �C, following removal of non-adhered cells (5 right

oated glass (epifluorescence microscope).

This journal is ª The Royal Society of Chemistry 2011
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effects of a broad range of compounds in a single device. In view

of the stability and firm attachment of the surface-attached

bacteria, we believe the approach described herein can be

readily adaptable for incorporation into diverse microfluidic

platforms.

Two of the main advantages of non-contact printing are

superior spot morphologies and a reduced likelihood for con-

tamination, as the substrate and the printing nozzle are sepa-

rated. One potential disadvantage is the potential formation of

tiny satellite droplets;44 in the experiments described here,

however, we have not encountered this problem. Another risk

may lie in the high shear rates that the liquid experiences during

nozzle passage and surface impact.45,46 A high shear rate, caused

by the oscillating wave inside the piezo dispensing capillary and

that depends on the viscosity and possible interactions between

the cells and the glass surface of the print nozzle, can exert

mechanical stress on the cells. This problem was minimized by

using hydrophobically coated print nozzles, and by a slight

increase of the print head temperature to reduce viscosity. Other

parameters that had to be adjusted were the diameter of the

orifice of the print nozzle (about 50 mm) and the settings for

the applied piezoelectric pulse (pulse amplitude, width and

frequency) of the printing device, when printing sub-nanolitre
Fig. 3 (A) Residual activity of constitutively bioluminescent (CP25 : luxCDA

(500 nl) were printed either with no additions (M63), pre-growth under osmo

under osmotic stress (NaCl 0.5 M) and ectoine with different osmoprotecta

printing, immediately after printing, and after incubation for 24 h at 4 �C. Err

(B) Twenty five spots, 1 nl each, of strain SM118 in ectoine, printed onto the w

different concentrations of sodium azide of strain SM118 (cydA : luxCDABE

incubation for 24 h at 4 �C.

This journal is ª The Royal Society of Chemistry 2011
droplets of cell solutions. It was thus essential to test cell viability

following the printing process.

As shown in Fig. 3A, residual viability (24 hours post-printing)

markedly depended on medium composition. The strain used

for this study, SM117, harbors a bacterial bioluminescence

operon (luxCDABE) under the control of a synthetic constitutive

promoter CP25 (Table 1).47 Strain SM117 thus emits a strong

and stable luminescent signal that, in our case, served as

a convenient measure of viability. Spots of this strain were

printed in a 96-well microtiter plate, one spot of 500 nl in each

well, and luminescence was measured before printing, immedi-

ately after printing and following 24 hours incubation at 4 �C.

When printed in minimal medium M63 (right hand bars),

bacterial viability after 24 hours at 4 �C was very low, with only

0.3% of the initial luminescence remaining (Fig. 3A). To at least

partially adapt the cells and protect them from the expected

stresses, both growth and deposition media were modified. The

bacteria were grown with an imposed osmotic stress (0.5 M

NaCl) in the presence of 1 mM ectoine, forcing the cells to uptake

the compatible solute to correct the osmotic imbalance. It has

been previously shown that the expression of both genes involved

in ectoine uptake, ompC and proP, increases at high osmolarity.35

In addition, ten known osmoprotectants, including ectoine, were
BE) reporter strain SM117 following desiccation and rehydration. Spots

tic stress (NaCl 0.5 M) and ectoine (intracellular ectoine), or pre-grown

nts added to the printing medium. Bioluminescence is displayed before

or bars represent standard deviations of 8 repeats in the same experiment.

ells of 96-well plate with an APTES coated glass bottom. (C) Response to

), printed (25 � 1 nl) in ectoine, immediately after the printing and after

Lab Chip, 2011, 11, 139–146 | 143
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individually added to the deposition medium following the

osmotically stressed growth, and their effect on residual biolu-

minescence was compared. Bacteria pre-grown under osmotic

stress but deposited with no additional osmoprotectant fared

significantly better (4% residual activity) than cells pre-grown

without osmotic stress, presumably due to ectoine accumulation.

Osmotically stressed bacteria printed with all the osmopro-

tectants, except for lysine, clearly showed higher activity than

bacteria printed with M63 only (Fig. 3A). In addition, when

comparing the luminescence before printing, it seems that the

presence of the osmoprotectants in the medium did not affect

bacterial activity. It was previously reported that high osmolarity

may repress curli expression, leading to a weaker adhesion,48,49

but that the ompR234 mutation in PHL628 counteracts this

repression.49 In our case, high osmolarity did not affect the

immobilization of the printed bacteria (data not shown).

In addition to the preservation of bacterial viability, it is also

essential to verify that the sensing activity is retained. To test for

this we have used strain SM118, which harbors an inducible

promoter (cydA) fused to luxCDABE and strongly luminesces

in the presence of respiratory inhibitors, such as sodium azide.

Twenty five spots of SM118, 2 nl each, were printed on an

APTES-coated glass at the bottom of a well of a 96-well

microtiter plate (Fig. 3B). Bacteria were exposed to sodium azide

immediately after printing and 24 hours following incubation

at 4 �C, and luminescence was measured at each time. Fig. 3C
Fig. 4 Strain SM110, printed (2 nl spot) on APTES coated glass (A, C, and

(C and D) of trehalose in the printing medium (high resolution SEM).
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demonstrates that the response ratio of these cells (luminescence

in the presence of azide divided by luminescence in its absence)

remained unaffected following 24 hours at 4 �C.

Fig. 4 demonstrates how the addition of an external com-

patible solute (in this case, trehalose) forms a ‘‘blanket’’ that

surrounds the bacteria, partially separating them from their

environment, in comparison with the bacteria printed in a non-

amended medium. Trehalose was reported to protect the outer

phase of the membrane and may also enter the cells by passive

diffusion across the cell membrane. It was suggested that treha-

lose binds to the phospholipid head groups by hydrogen bonds,

replacing the hydrogen bonded water molecules, and maintain-

ing the proper liquid-crystal state of the membrane. In the

absence of trehalose or another compatible solute, van der Waals

forces between the hydrophobic ‘‘tails’’ of the phospholipids

increase, changing the membrane state, and causing a deleterious

effect.36,50,51 As shown in this paper, this seeming isolation did

not hinder the ability of the cells to sense their environment.
Reporter activity of printed bacteria

As already mentioned above, strain SM118 harbors

a cydA : luxCDABE fusion, and is strongly induced by sodium

azide. This compound is a cytochrome inhibitor;52 it is used in

hospitals and laboratories as a biocide and is also found as the

source of nitrogen gas used in automobile airbags.53
D) and on non-modified glass (B), in the absence (A and B) or presence
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Fig. 5 Induction by sodium azide (0.2 mg ml�1) of strain SM118

(cydA : luxCDABE) printed (25 � 1 nl) in different osmoprotectants,

immediately after the printing and 24 h later. Error bars represent stan-

dard deviations of 3 independent experiments.
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Strain SM118 was printed as an array of 25 spots of 1 nl each,

in a 96-well plate, in the presence of 6 different osmoprotectants

or in minimal medium M63. Bacteria were exposed to sodium

azide (0.2 mg ml�1) immediately after printing and 24 hours later,

following a gentle rinsing to remove non-adhered cells, and

bioluminescence was recorded for 3 hours. As may be observed

in Fig. 5, glycerol, sucrose, ectoine, trehalose and hydroxyectoine

had a significant protective effect on the inducible activity,

whereas glutamine failed to provide any protection. The response

speed under all conditions was similar to that of non-desiccated

cells (data not shown).
Long term maintenance of printed arrays

Clearly, a future biosensor should be ‘‘ready for action’’ after

long term storage. We tested the printed bacteria for their ability

to remain active and responsive following storage periods of up

to 2 months. Based on the results described above, we printed

strain SM118 (cydA : luxCDABE), amended with sucrose,

trehalose or glycerol in an array of 25 spots, 1 nl each, in the wells
Fig. 6 Induction by sodium azide (0.2 mg ml�1) of strain SM118 (cydA : l

incubated at different temperature. Error bars represent standard deviations

This journal is ª The Royal Society of Chemistry 2011
of 96-well plates. The plates were stored dry at �20 �C, 4 �C and

24 �C, and at intervals (immediately after printing, one week, one

month and two months later) sodium azide (0.2 mg ml�1) was

added and luminescence was monitored. As shown in Fig. 6, 4 �C

appeared to be the best temperature of those tested, and sucrose

provided the best long term protection. Activity after 2 months at

4 �C in the presence of sucrose was over 40% of that at time zero,

and response kinetics and dose-dependency were practically

unchanged (not shown). Quite clearly, cooling to �20 �C was

detrimental; it is unclear at this time whether yet lower temper-

atures would improve preservation. No significant improvement

in residual activity was obtained by storage in desiccated

conditions (not shown). While long-term preservation results to

date are very encouraging, further work is needed to optimize

long term storage conditions of the spotted cells.
Conclusions

The results presented in this paper provide a proof of the concept

for the feasibility of constructing live cell arrays made out of

‘‘spots’’ of nanolitre-scale live bacterial bioreporters. Using both

bioluminescent and fluorescent toxicant-sensitive genetically

engineered bacterial sensor strains, it was demonstrated that they

can be spotted, arrayed, preserved and maintain their sensor

activities for prolonged periods. For this purpose, we have used

non-contact deposition onto a chemically modified surface, and

manipulated growth and deposition media for optimal mainte-

nance of activity. In doing so, as far as we are aware, we

described the smallest cell printing volume to date by non-

contact printing technology, enabling minimization of the prin-

ted area and a higher density array. Minimizing the area needed

for bacterial deposition could be useful for incorporation into

a single-use array biochip, to be applied either in portable field

sensors or in laboratory high-throughput devices. While addi-

tional research is clearly needed in order to optimize the printing

method and further improve bacterial storage, we nevertheless

believe that we have progressed several steps forward on the

route to functional live cell array biochips. In the course of

the study, we have also described a novel specific reporter for the
uxCDABE) printed (25 � 1 nl) in trehalose, glutamate or sucrose and

of duplicates in the same experiment.

Lab Chip, 2011, 11, 139–146 | 145
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detection of respiratory inhibitors. Sodium azide, a chemical

with a constantly increasing world distribution,53 served as the

model toxicant. The sensor’s response was rapid (20 minutes

after exposure) and dose-dependent, and could be maintained for

at least 2 months at 4 �C.
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