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A quantum dot (QD) conjugated whole-cell E. coli biosensor (E. coli-QD bioconjugates) was developed as a
new molecular tool for probing cellular damage. The E. coli-QD bioconjugates were viable and exhibited
fluorescence emission at 585 nm. Scanning electron microscopy (SEM) analysis of E. coli-QD bioconjugates
revealed that the QDs were immobilized on the cell-surfaces and the fluorescence emission from QDs
present on cell-surfaces was visualized by confocal microscopic examination. The E. coli-QD
bioconjugates were employed as whole-cell fluorescent reporters that were designed to function as
fluorescence switches that turn-off when cellular damage occurs. In this study, multi-walled carbon
nanotubes (CNTs) were utilized as a model nanomaterial to probe cellular damage. Fluorescence spectra
were recorded after the exposure of E. coli-QD bioconjugates with CNTs. We observed a strong
correlation between fluorescence emission spectra, SEM and confocal microscopic analysis
demonstrating that CNTs induced a dose and exposure time-dependent cellular toxicity. This toxicity
mainly occurred by the physical interaction and cellular trafficking mechanisms that led to the collapse
of the cellular structure and thus loss of fluorescence. The responses of E. coli-QD bioconjugates against
CNTs were also visualized by simply exposing the cells to UV light and therefore rapid toxicity analysis
and screening can be made. Our study demonstrated an easy and simple method to determine an
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Introduction

Semiconductor QDs are luminescent inorganic NMs that
exhibit unique optical properties, such as broad excitation
spectra, size dependent emission profiles, and long fluores-
cence lifetime. The unique optical properties of QDs make them
appealing as in vivo and in vitro fluorophores in a variety of
biological investigations, in which traditional fluorescent labels
based on organic molecules fail to provide long-term stability
and simultaneous detection of multiple signals. Due to such
unique properties, QDs have attracted great interest as labeling
probes in biological and biomedical applications. QDs as
labeling probes have been successfully used in fluorescent
resonance energy transfer (FRET),"> in vitro and in vivo
imaging,®® immunoassays®*” and DNA hybridization.® Hence,
bioconjugation of QDs is of great importance in biological
applications.® So far, commonly used approaches for conjuga-
tion of biomolecules to QDs are mainly based on covalent
cross-linking,*'*** electrostatic binding,"*® non-covalent
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important mechanistic perspective for the biological toxicity of chemicals or nanomaterials (NMs).

biotinavidin binding,' hydrophobic attraction’ and nickel-
based histidine tagging.® Covalent conjugation of QDs is the
most commonly used approach, which is based on the cross-
linking reaction between amine and carboxyl groups in the
presence of carbodiimide as a catalyst,**'> as well as, the cross-
linking reaction between amine and sulthydryl groups in the
presence of maleimide as a catalyst.® The carboxylated QDs have
been conjugated to the amino groups of biomolecules such as
proteins, enzymes, and antibodies."” This linking approach is
simple and cheap, and currently, it is widely used in certain
biosystems. In order to improve the conjugation efficiency,
surface charge states of proteins and QDs were adjusted by
chemical modification of proteins*® and surface modification of
QDs. However, QDs labeling on whole-cells while keeping the
cells alive is scarce, which provides great potential to use them
as whole-cell fluorescence reporters for assessing toxicological
impacts on cells.

Currently, over 500 consumer products in the market claim
to contain elements of nanoscience and nanotechnology with
new entries coming daily.”® This market annually requires
metric tons of raw NMs, ranging from nano-sized metals and
metal oxide particles to carbon nanotubes.**?° The demand for
nanotechnology in medical products will be expected to reach
$18 billion in 2014." Such manufacturing and consumer utili-
zation then produces multiple different sources of release of
these materials into the environment, eco-system, water** and
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food supplies, and other routes of non-voluntary entry into the
human body.”*** Therefore, toxicity and risk assessments of
engineered nanomaterials (ENMs) are receiving much attention
because of the following reasons: (a) increased use of NMs and
commercialization of nanotechnology products, (b) exposure of
NMs in the environment and humans, (¢) NMs can be tailored
according to the desired characteristics for different applica-
tions such as consumer products, biomarkers, biosensors and
catalysts and these modifications in NMs may be hazardous to
human health and the environment and (d) currently, a
complete understanding of the interactions of nanostructures
with biological systems is lacking and thus it is unclear whether
the exposure of humans, animals, insects and plants to engi-
neered nanostructures could produce harmful biological
responses.

Bacterial cells can be an ideal choice as biological recogni-
tion elements because they (a) grow rapidly and (b) respond to
external stress (stimuli), such as toxic chemicals that lead to
altered cellular dynamics, including metabolism, growth and
cell surface charge distribution. Such responses can be utilized
to predict the toxicity impacts of chemicals on other living
cells.*** The toxicity response of bacterial cells is often deter-
mined in terms of stress responses that are imposed by chem-
icals, such as CNTs. The stress responses in bacteria primarily
begin at the cell-surface, cell-wall or membrane. However, the
results from cytotoxicity studies with CNTs and other NMs are
often contradictory, likely because of the use of CNTs of
different sizes, purities and functionalizations,* different cell
culture media® and use of a variety of cell types.>” Such obser-
vations underscore the need for simple methods to test toxicity
of NMs on living cells.”

Here, we have developed a bioassay that utilized viable E. coli
whole-cells as baits to determine the cellular damage induced
by CNTs as a model NM. It required labeling of cells in order to
probe their responses against CNTs in the form of detectable
signals. Labeling of cells was done by non-toxic chromogenic
water-soluble, capped QDs that emit light or attain fluorescent
abilities while cells are active and viable. Our results demon-
strate that the E. coli-QD bioconjugates served as fluorescent
switches that turn-off when CNTs interacted and damaged the
cells. Our results also showed a strong correlation between the
fluorescence emission spectra of CNTs exposed E. coli-QD
bioconjugates and their morphological changes as determined
by scanning electron microscopy (SEM). To our knowledge,
there are no reports associated with the use of viable E. coli-QD
bioconjugates to probe the interaction of NMs. Therefore, the
assay developed in this study has a great potential to be applied
as a tool for screening of various other NMs, toxic chemicals,
drugs, food samples and environmental contaminants.

Experimental
Chemicals and reagents

The wild-type E. coli DH5a. strain was used as a model living
bacterial cell in this study. Luria-Bertani broth (LB-broth)
and Luria-Bertani agar (LB-agar) were obtained from Difco
(MI, USA). N-Hydroxysuccinimide (NHS) and N-ethyl-N'-(3-
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(dimethylamino) propyl)carbodiimide (EDC) were purchased
from Sigma-Aldrich and multiwalled carbon nanotubes (CNTs)
were obtained from Arry® International Group Ltd (Germany)
with a diameter of 10-20 nm, purity of >95 wt%, and were
~20 pm long. Triton-X 100 was procured from Merck, Germany.
A 10 mM Phosphate Buffer Saline (PBS), pH-7.4 used in this
study was prepared from a 10x stock solution accordingly and
prepared with deionized water (Milli Q, Millipore, Barnstead,
CA, USA). Qdot® 585 ITK™ carboxyl quantum dots (Invitrogen)
were used as labeling probes having an emission maximum at
~585 nm. All other reagents used were of analytical grade.

Apparatus

All glassware and solutions used in this study prior to the
experiment were autoclaved with HMC, Hirayama autoclave,
Che Scientific Co., Hong Kong. All bioconjugation studies and
related work were carried out in a Thermo Scientific HERAsafe®
KS microbiological safety cabinet. The spectral studies of the
E. coli-QD bioconjugate and different stress induced chemicals
were done in a range of 500 nm to 750 nm with advanced
NanoDrop 3300 Fluorospectrometer (Thermo Scientific Nano-
Drop Products). Scanning electron microscopy (SEM) images
were taken with a Hitachi S-4700 Field Emission Scanning
Electron Microscope (Japan). All optical measurements were
performed at room temperature under ambient conditions.

Preparation of the E. coli culture

Lyophilized cells of E. coli DH5a were precultured in LB-broth at
37 °C for 15 h and then the cells were harvested by centrifuga-
tion at 3000 rpm for 5 min at 4 °C. The cells were subsequently
washed thrice with sterile PBS followed by centrifugation for 5
min at 3000 rpm at 4 °C. The cell pellet was suspended in PBS
and colony forming units (CFUs) were measured by serial
dilution followed by plating on LB-agar plates. The cell-
suspension was divided into several aliquots carrying the
same number of cells (~10° CFU mL™") for test and control
experiments.

Ex vivo labeling of E. coli cells with QDs

A two-step protocol was employed for the ex vivo labeling of
E. coli cells with carboxyl QDs (cat. no. Q21311MP) as shown in
Scheme 1. The QDs chosen in this study had emission around
585 nm and more brightly fluoresce under an ultraviolet lamp.
Here, free -COOH groups of QDs and primary amine-containing
bio-molecules on E. coli cell-surface were covalently coupled by
using a modified previously reported method.? In brief, freshly
obtained E. coli cell pellets were resuspended in 100 pL of PBS,
pH-7.4 containing a mixture of 50 mM EDC and 5 mM NHS and
incubated for 5 min at 25 °C. This mixture was quickly added
with 2 puL of 8 mM QDsgs solution and the entire reaction
mixture was incubated again at 25 °C for 15 min under constant
shaking at 110 rpm. The QD-conjugated cell-suspension (E. coli-
QD bioconjugates) was centrifuged at 1500 rpm for 3 min and
the supernatant was removed and the pellet was washed thrice
after resuspending in PBS, pH 7.4 followed by centrifugation
with the same buffer and stored at 4 °C until use.
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Scheme 1  Ex vivo labeling of E. coli cells with carboxy Qdot® 585 ITK™ by EDC/
NHS coupling. Labeled and unlabeled cells were confirmed by exposing to UV
light (302 nm).

The extent of conjugation was monitored using a NanoDrop
Fluorospectrometer. Cell viability tests were carried out after
appropriate dilutions with PBS followed by plating on LB-agar
plates. CFUs were counted to ensure that no loss of cell viability
occurred after the bioconjugation as well as to determine the
shelf-life. The bioconjugates were stable for at least 2 months
without the loss of cell viability. However, the QD-labeled cells
once exposed to UV light tend to lose their viability as the
number of CFUs declined to ~10% of the initial number.
Therefore, bioconjugates that were once exposed to UV were not
utilized for further experiments in this study.

Treatment of E. coli-QD bioconjugates with CNTs

All reagents used in this study were freshly prepared on the
same day of the experiment. An aqueous stock CNT suspension
(200 pL of 1 mg mL ™" in PBS, pH 7.4) containing Tween (0.1%)
was sonicated with alternating cycles of 10 s pulse with an
interval of 10 s for a total of 5 min using an ultrasonicator probe
(Vibracell 75043). The thus obtained homogeneous CNT-stock
suspension was quickly diluted to final concentrations of 0.1, 1
and 100 ng mL ™" CNTs in the same buffer, and this suspension
was mixed with aliquots of E. coli-QD bioconjugates. The
E. coli-QD bioconjugates and CNT mixture were incubated at
different time intervals (1-3 h). For controls, except CNTs, all
other conditions were identical (PBS was added in place of CNT
suspension). Fluorescence emission spectra were recorded at
each interval to probe the changes that occur before and after
the treatment processes. All experiments were carried out in at
least five replicates. The application of white light emitting
diodes (LEDs) in the NanoDrop fluorospectrometer enabled
scanning across a wide range of wavelengths covering 400-
750 nm using sample volumes as low as 1-2 pL without cuvettes.

Rapid slide test for fluorescence emission

A rapid test was developed to qualitatively determine the
responses of E. coli-QD bioconjugates against CNTs. Micro-
scope glass slides were spotted with E. coli-QD bioconjugate
suspension in PBS, pH 7.4. Each spot contained 25 pL volume of
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the above cell-suspension that accommodated 5 spots on each
glass slide for rapid analysis against different concentrations of
CNTs. The slides were directly visualized for fluorescence
emission after exposing them to UV light (302 nm) using a UV
transilluminator (BIO-RAD).

SEM analysis for morphology changes in E. coli-QD
bioconjugates

The morphological changes of E. coli-QD bioconjugates caused
by CNTs were investigated by SEM. The effective concentration
of each sample was taken after 1-3 h incubation and the
untreated controls were prepared both in standard and in salt
free medium. A pre-cleaned silica chip with an area of 2 x 2 cm?
was used for the sample analysis.** The samples were mounted
on these chips and allowed to dehydrate at room temperature
before taking the SEM images. The images were collected using
a LEO Supra 35VP Scanning Electron Microscope.

Confocal microscopic examination of E. coli-QD
bioconjugates

Fluorescence microscopy images were acquired with a Carl-
Zeiss LSM 710 confocal microscope equipped with a Plan-Apo-
chromat 63x/1.40 oil objective. QDs on cell-surfaces were
excited with a 405 nm laser and images were collected using a
553-718 nm filter.

Results and discussion
Bioconjugation of QDs with viable E. coli cells

E. coli (DH5a) cells were covalently conjugated with carboxyl-
QDs by EDC/NHS coupling. These E. coli-QD bioconjugates
were separated from free QDs by centrifugation and fluores-
cence emission spectra were recorded that exhibited a charac-
teristic fluorescent emission peak at 585 nm, which was derived
from the cell-bound QDs (Fig. 1). Internal labeling of E. coli with
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Fig. 1 Fluorescence emission spectra of pure QDsgs (blue), E. coli (black) and
E. coli-QD bioconjugates (red). The inset figure shows normal and QD-conjugated

cells in suspension. The conjugated cells exhibit fluorescence emission property
under UV light.
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QDs by first permeabilizing the cells to uptake QDs has been
reported, which may severely affect the integrity of cells.*
Therefore, we employed here a covalent coupling strategy to
immobilize QDs on the surface of the cells without affecting the
cellular integrity or viability. The fluorescence nature of cells
was also visualized simply with a brief exposure of a separate
aliquot of E. coli-QD bioconjugates under UV light (Fig. 1 inset).
It is noted that cells once exposed to UV light were more prone
to lose their viability, and therefore, such cells were not utilized
in this study as biological reporters.

The spectral features of E. coli-QD bioconjugates can be
easily distinguished from the free QDs based on the appearance
of a combination of (i) a shoulder peak at ~520 nm and (ii) a
fluorescent peak at 585 nm as shown in Fig. 1 and ESI Fig. S1.T
SEM analysis of bioconjugates revealed the presence of QDs on
E. coli cell surfaces when compared to controls (Fig. 2a and b).

QDs of similar nature have been previously utilized in a
variety of live-cell in vitro labeling experiments and no toxicity
with such QDs is found with cells in culture.®* QDs used in this
study were made of a CdSe core encapsulated in a crystalline
shell of ZnS followed by a coating with an amphophilic polymer.
This coating prevents the release of free Cd and therefore QDs
can be non-toxic to cells. However, SEM images taken soon after
the bioconjugation process showed noticeable morphological
changes when compared to the control cells (Fig. 2a and b). This
morphology change was probably due to the release of urea as a
by-product after the cell-treatment with EDC during the
coupling reaction. Release of urea may have a reversible effect
on cells that was recovered quickly after washing QD-bio-
conjugated cells with excess isotonic PBS solution. Further,
coupling reaction was carried out with no contaminating
-COOH groups other than those present on QDs in isotonic
buffer that prevented undesirable polymerization on the cell-
surface which can be detrimental to the cells. We subjected
E. coli-QD bioconjugates to viability tests by plating them on LB-
agar plates. It is clear from Fig. S27 that the cells actively grow in
the LB-medium while the QDs were lost during the growth
because the newly grown cells failed to exhibit fluorescence
emission upon UV light exposure.

Confocal microscopic examination of E. coli-QD
bioconjugates

The fluorescence light emitted from the cells in confocal images
was predominantly seen at the terminal regions of individual
cells and at the juncture of cell aggregates (Fig. 3a and b).
Therefore QDs in E. coli-QD bioconjugates were found to be
attached on the cell-surfaces to unknown biomolecules. Fig. 3c

Fig. 2 Scanning electron microscopic images of (a) normal and (b) QD-conju-
gated E. coli cells.
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shows confocal images of E. coli-QD bioconjugates incubated
with CNTs that formed heterostructures despite their poorly
controllable degree of clustering, or surface coverage on the
cells. We here observed a significant loss of fluorescence
emission with CNT-E. coli-QD heterostructures. Quenching of
photoluminescence occurred with CNTs and E. coli-QD bio-
conjugates when they assembled directly on the cell-surfaces
forming QD-CNT composites.*® This loss of fluorescence can be
attributed to either or both of the following possibilities: (a)
direct quenching effects of QDs upon interaction with CNTs as
heterostructures and (b) cellular damage that may occur due to
the interaction of cells with CNTs that release bound QDs. Both
of these possibilities indicated that cells and CNTs have affinity
to interact with each other mostly through non-covalent forces.
Therefore, the E. coli-QD bioconjugates were used as a model
living whole-cell biosensor to probe the interaction of CNTs.

E. coli-QD bioconjugates as fluorescent reporters for cellular
perturbations

E. coli-QD bioconjugates were used as whole-cell fluorescence
reporters for cellular damage. The cellular interactions, toxicity
or damage that occurred to the E. coli-QD bioconjugates was
determined by exposing CNTs as a model nanomaterial. The
effect of various concentrations of CNTs (0.1-100 ng mL™ ") on
cells was studied through changes in fluorescent characteristics
of bioconjugates. Treatment of bioconjugates with initial 0.1 and
1 ng mL~ " CNT concentrations resulted in a concentration
dependent diminishing response of their characteristic fluo-
rescent peak at 585 nm (Fig. 4a). The fluorescence emission was
also found to diminish with time (1-3 h) indicating that physical
interaction or rupturing effects of CNTs on cells occurred that
not only depended on concentration, but also on the exposure
time (Fig. 4b, S3 and S4t). Ahigher concentration of CNTs (100 ng
mL~") severely damaged the cells within 1 h of exposure (Fig. 4a)
which was evidenced by a 150-fold loss of fluorescence emission
at 585 nm (RFU = 10) within 1 h compared to the control E. coli-
QD bioconjugates (untreated, RFU = 1500). Incubation of bio-
conjugates for 1 h with a higher CNT concentration (1 ng mL ™)
had a similar effect with a lower CNT concentration (0.1 ng mL ™)
incubated for 2 h (ESI Fig. S37). This result indicated that
proliferation and contact time (incubation time) with CNTs and
E. coli cells severely affected the cellular integrity and thus irre-
versibly damaged the cells.

SEM images of E. coli-QD bioconjugates were taken in their
free forms and after incubation with CNTs at different time
intervals (Fig. 5a-d). We observed a strong correlation between
fluorescent spectra and morphological pattern change by SEM
analysis that demonstrated cytotoxic effects of CNTs on E. coli-
QD bioconjugates (Fig. 4a and b and Fig. 5a-d). The cylindrical
shape and high aspect ratio of CNTs allow their penetration
through the membrane, similar to a ‘nanosyringe’, which has
been experimentally studied®** and theoretically simulated.**
E. coli cells were affected more in direct contact and in sus-
pended aggregates with CNTs and loss of viability was up to
80% at the initial exposure.*® The diminished fluorescence
emission of E. coli-QD bioconjugates was therefore attributed to
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Fig. 3 Confocal microscopic images of E. coli-QD bioconjugates taken (a) under normal light, (b) after the laser excitation on E. coli-QD bioconjugates and overlayed,
(c) loss of fluorescence due to the presence of CNTs after the laser excitation on E. coli-QD bioconjugates and (d) fluorescence emission spectra of E. coli-QD bio-
conjugates with or without CNTs incubation showing complete disappearance of fluorescence emission. The fluorescent spectra shown in red and green colors were
obtained against PBS as the blank. Normalized curves seen in the spectra were obtained when unlabeled E. coli cells were used as control (blank). The inset images show
the UV-exposed glass slides spotted with E. coli-QD bioconjugates and incubated by mixing with different ratios of CNTs with respect to QDs (QD : CNT = uM : ug) as

indicated in the inset legend.

the cellular damage caused by CNTs, mainly by physical injuries
to cells, followed by the loss of QDs (Fig. 5a-d).

It is clear from our results as well as those reported earlier*”
that CNTs exhibited detrimental effects on E. coli cells. Intra-
cellular trafficking of CNTs occurred individually or in bundles
penetrating CNTs through the membrane. Other mechanisms
such as phagocytosis have been reported that depend on the cell
type, size of nanotube or extent of bundling, and therefore are
directly involved in the intracellular trafficking of nanotubes.””

The bioassay reported in this study was designed to respond
in such a way that any toxic chemical that comes in contact with
these cells, either through (a) interaction directly with QDs

2728 | J. Mater. Chem. B, 2013, 1, 2724-2730

present on the cell-surface, which quenches the fluorescence
emission or (b) its interaction with the cell or cell-membrane
damages the cellular integrity which knocks-off the surface
bound QDs and thus results in loss of fluorescence emission.
The detrimental effects by either of the above two ways caused
by NMs or other similar chemicals can be easily probed using
whole-cell reporters, such as in this study, E. coli-QD bio-
conjugates through the loss of fluorescence emission or cell
viability against CNTs. Therefore, use of these E.coli-QD bio-
conjugates as living cell reporters can provide an important
mechanistic perspective for the biological toxicity of NMs
similar to CNTs or other xenobiotic chemicals.

This journal is © The Royal Society of Chemistry 2013
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Conclusions

QDs have emerged as a promising and most exciting NM for
electronic materials science to biological applications. In this
study, a bioassay was developed to probe the interaction of other
NMs, such as CNTs with E. coli cells. An ex vivo labeling of QDs on

This journal is © The Royal Society of Chemistry 2013

E. coli cells was performed to develop a whole-cell fluorescent
biosensor. QD-labeling was done covalently on the cell-surface
without affecting the viability of cells so as to use them as whole-
cell biological reporters. The basic mechanism was based on the
fluorescent nature of E. coli-QD bioconjugates that remain
turned on under normal conditions. When a toxic chemical
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comes in contact with E. coli-QD bioconjugates, their fluorescent
behavior is altered or turned-off because of the stress imposed by
the toxic chemical. This stress could occur due to many possi-
bilities that arise as a result of interaction of chemicals with the
cell-wall or cell membrane and therefore cellular damage occurs.
Here, we used CNTs as a model NM and tested their interaction
with E. coli-QD bioconjugates as whole-cell fluorescent biosen-
sors. Our results demonstrated that the fluorescent ability of
these bioconjugates diminishes with time as the CNTs interacted
with E. coli-QD conjugates that turned off the fluorescence
emission from the cells (signal-off mode) because of the possible
quenching and/or damaging effects of CNTs. The strategy
reported in this study may be useful for creating a novel meth-
odology for investigating cellular interactions with toxic chem-
icals or ENMs, and the quenching phenomenon of E. coli-QD
bioconjugates can be used as a new platform to develop a variety
of similar fluorescence whole-cell based biosensors.
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