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ABSTRACT: Membrane transport plays a leading role in a wide spectrum of cellular and subcellular pathways,
including multidrug resistance (MDR), cellular signaling, and cell-cell communication.Pseudomonas
aeruginosais renowned for its intriguing membrane transport mechanisms, such as the interplay of
membrane permeability and extrusion machinery, leading to selective accumulation of specific intracellular
substances and MDR. Despite extensive studies, the mechanisms of membrane transport in living microbial
cells remain incompletely understood. In this study, we directly measure real-time change of membrane
permeability and pore sizes ofP. aeruginosaat the nanometer scale using the intrinsic color index (surface
plasmon resonance spectra) of silver (Ag) nanoparticles as the nanometer size index probes. The results
show that Ag nanoparticles with sizes ranging up to 80 nm are accumulated in living microbial cells,
demonstrating that these Ag nanoparticles transport through the inner and outer membrane of the cells. In
addition, a greater number of larger intracellular Ag nanoparticles are observed in the cells as
chloramphenicol concentration increases, suggesting that chloramphenicol increases membrane permeability
and porosity. Furthermore, studies of mutants (nalB-1 and∆ABM) show that the accumulation rate of
intracellular Ag nanoparticles depends on the expression level of the extrusion pump (MexAB-OprM),
suggesting that the extrusion pump plays an important role in controlling the accumulation of Ag
nanoparticles in living cells. Moreover, the accumulation kinetics measured by Ag nanoparticles are similar
to those measured using a small fluorescent molecule (EtBr), eliminating the possibility of steric and size
effects of Ag nanoparticle probes. Susceptibility measurements also suggest that a low concentration of
Ag nanoparticles (1.3 pM) does not create significant toxicity for the cells, further validating that single
Ag nanoparticles (1.3 pM) can be used as biocompatible nanoprobes for the study of membrane transport
kinetics in living microbial cells.

All living organisms appear to be equipped with unique
membrane transport apparatuses that protect the cells from
hazardous and noxious compounds (1-3). Membrane per-
meability and active extrusion systems in many living
organisms, such as bacteria, yeast, molds, and mammalian
cells, play a crucial role in controlling the accumulation of
specific intracellular substances, leading to the cellular self-
defense mechanism that can resist incoming noxious com-
pounds (1-4). Microbial cells, however, have membrane
transport mechanisms that are substantially distinguished
from those in mammalian cells. For example, current
evidence shows that endocytosis, pinocytosis, and exocytosis
do not exist in microbial cells (prokaryotes), whereas these
processes are widely observed in mammalian cells (eukary-
otes).

Pseudomonas (P.)1 aeruginosais selected for this study
becauseP. aeruginosais a ubiquitous Gram-negative bac-
terium and has emerged as a major opportunistic human

pathogen and the leading cause of nosocomial infections in
cancer, transplant, burn, and cystic fibrosis patients (1-3).
These infections are impossible to eradicate due in part to
the bacterium’s intrinsic resistance to a wide spectrum of
structurally and functionally unrelated antibiotics (1-6).

Several multi-drug efflux systems including MexAB-
OprM, MexCD-OprJ, MexEF-OprN, and MexXY-OprM
have been reported inP. aeruginosa(7-10). The MexAB-
OprM system is the major efflux pump in wild-type (WT)
P. aeruginosa. This pump consists of two inner membrane
proteins (MexA and MexB) and one outer membrane protein
(OprM) (7, 8). The pump is believed to selectively extrude
antibiotics using a proton motive force as an energy source
(2, 7). Several studies have described the interplay between
the MexAB-OprM efflux system and the outer membrane
barrier, leading to multi-drug resistance (MDR) (11-14).
However, such membrane transport mechanisms remain
incompletely understood.

The primary methods for the study of bacterial extrusion
(resistance) mechanisms measure the accumulation of
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quinolone antibiotics in bacteria using radioactively labeled
(14C and3H) quinolones, or natural fluorescent quinolones.
A review article of these methods has been published (15).
Given that a common characteristic of MDR of bacteria (P.
aeruginosa) is their broad resistance to quinolones, the
popular method for assessing MDR measures time-dependent
fluorescence intensity of quinolones in bulk bacterial cells
(15-18). Fluorescent quinolones, such as ethidium bromide
(EtBr), are particularly suitable to be used as a probe for the
study of the MDR mechanism because these quinolones emit
weak fluorescence in aqueous solution (outside cells) and
become strongly fluorescent in nonpolar and hydrophobic
environments, especially as the quinolone molecules enter
cells and intercalate with DNA. Thus, the time-dependent
fluorescence intensity of quinolones (e.g., EtBr) has been
widely used for real-time monitoring of the accumulation
of substrates in bulk bacterial cells (15-18). This approach
provides the sum of accumulation kinetics obtained from a
large population of cells. Individual cells, however, act in-
dependently and have unsynchronized membrane perme-
ability, efflux, and accumulation kinetics (18, 19). Therefore,
the accumulation kinetics of individual cells is lost in bulk
measurements. Furthermore, the bulk measurement using
time-dependent fluorescence intensity cannot provide insights
into the change of membrane permeability and pore sizes in
single living cells. Thus, bulk measurements are unable to
address several important questions, such as when, where,
and how the substrates induce the change of membrane pore
size, membrane permeability, and efflux machinery, leading
to the MDR.

Currently, the sizes of membrane pores rely upon X-ray
crystallography measurements, which are limited by the
difficulties of crystallization of membrane proteins and are
unable to provide real-time kinetic information about the
sizes of membrane pores in living cells. Recently, staining
assays have been used to study the MDR in eukaryotic cells
using fluorescence microscopy (20, 21). Unfortunately, these
techniques are quite often applied with cell fixation and high
concentration of fluorescence dyes that frequently lead to
cell death. Consequently, the fluorescent staining assays for
the dead-cell imaging are unable to offer real-time kinetic
information for membrane transport in living cells. Because
the current techniques cannot measure real-time change of
membrane pores at nanometer resolution, many questions
in regard to membrane transport in living cells remain
unanswered (1, 6). For example, what size of substrates can
be transported through the inner and outer membranes of
living microbial cells? Do the membrane-transport kinetics
depend on the sizes of substrates? Do substrates induce the
change of membrane permeability and pore sizes, activate,
or accelerate, the extrusion mechanism of the cells (so-called
inductive mechanism), leading to MDR? These are the key
questions to be addressed in order to fully understand the
membrane transport and MDR mechanism.

To address some of these questions, we have developed a
new tool that uses silver (Ag) nanoparticles as nanometer
probes to determine the sizes of substrates that can be
transported through the membrane of living microbial cells
and to measure accumulation kinetics of the substrates in
real time at the single-cell resolution (22). The challenges
of such a study include (i) how to overcome the rapid
motion of tiny bacterial cells with a size of 2× 0.5 × 0.5

µm in suspension so that the living cells can be confined
and continuously monitored in suspension for hours, (ii) how
to simultaneously monitor a group of individual cells so that
one can obtain statistical information on bulk cells at the
single-cell resolution, and (iii) how to develop a new imaging
tool that can measure the nanometer probes moving in and
out of living cells for real-time monitoring of the change of
membrane permeability and efflux kinetics at the nanometer
(nm) resolution.

We have overcome these challenges. We have developed
and applied a microchannel system to confine living bacterial
cells in suspension with no need to immobilize them, which
allows living bacterial cells to be continuously monitored
for hours (18, 23). We have simultaneously imaged bulk
living cells at the single-cell resolution using a CCD camera
coupled with a dark-field optical microscope. We have
developed Ag nanoparticles as nanometer probes to directly
image the changes of membrane pore sizes and permeability
at the nanometer (nm) and millisecond (ms) resolution using
optical microscopy (22, 24). The quantum yield of Rayleigh
scattering of 20 nm of Ag nanoparticles is about seven orders
of magnitude higher than the fluorescent quantum yield of
a single fluorescence dye molecule (R6G). In addition, the
scattering intensity of Ag nanoparticles increases proportion-
ally as the volume of nanoparticles increases. Furthermore,
unlike fluorescence dyes, Ag nanoparticles are resistant to
photobleaching. Therefore, these Ag nanoparticles are ex-
tremely bright under the dark-field microscope and can be
used for real-time monitoring of membrane transport in living
cells for an extended time.

Recently, we have used these new tools to study the
function of aztreonam (AZT) at the nanometer scale and
single living bacteria (P. aeruginosa) resolution. AZT is a
monocyclic â-lactam antibiotic. It is well-known that the
mode of action of AZT is the disruption of the cell wall
(25). In the previous study, AZT was used to validate Ag
nanoparticles as nanometer assays for real-time sizing of
membrane porosity and permeability as AZT disrupted the
cell walls (22). The complete disruption of the cell wall by
a high concentration of AZT (31.3µg/mL) causes the
overflowing of intracellular nanoparticles, leading to the
aggregation of intracellular Ag nanoparticles.

In this new study, we use this validated nanoparticle assay
to study the membrane transport mechanisms of living
microbial cells (P. aeruginosa) in the absence of antibiotics.
In addition, we select an antibiotic (chloramphenicol), which
is neither aâ-lactam nor aminoglycoside antibiotic. Its
primary target in microbial cells is to inhibit the ribosomal
peptidyl transferase rather than disrupt the cell wall (25).
We investigate the dependence of membrane transport upon
the dosages of chloramphenicol using single nanoparticle
optics and single-living-cell imaging. Furthermore, we select
an efflux pump (MexAB-OprM) as a working model and
study the role of the efflux pump in controlling the
accumulation of substrates (nanoparticles, EtBr, chloram-
phenicol) inP. aeruginosa. In this study, we demonstrate
the possibility of real-time sizing of nanoparticles at the
nanometer scale using single nanoparticle optics, as these
nanoparticles transport through the living microbial cells. We
use TEM to determine the size and location of the intracel-
lular Ag nanoparticles at sub-nanometer resolution. We also
demonstrate that single Ag nanoparticle optics and single
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living cell imaging can be used to monitor the modes of
action of antibiotics in real time and probe the new function
of antibiotics at single-living-cell resolution with temporal
(ms) and size (nm) information. These new tools offer an
important new opportunity to advance our understanding of
membrane transport kinetics and MDR mechanism in living
cells in real time.

MATERIALS AND METHODS

Preparation and Characterization of Nanoparticles. Silver
nanoparticles are prepared by reducing AgNO3 aqueous
solution with freshly prepared sodium citrate aqueous solu-
tion as described in the following (22, 24, 26). All glassware
is well cleaned with aqua regia, rinsed with ultrapure water
(Nanopore, 18 MΩ), and then dried prior to the use. We
reflux a freshly prepared 500 mL of 1 mM AgNO3 solution
in a three-necked round-bottom flask. As the solution is
boiling, we add 10 mL of a freshly prepared 1% (w/v)
sodium citrate aqueous solution to reduce AgNO3 and
generate Ag nanoparticles, leading to a color change of the
solution from colorless to greenish-yellow. The solution is
refluxed for another hour, cooled to room temperature, and
then filtered using a 0.22-µm filter. The Ag nanoparticles
are then characterized by optical dark-field microscopy and
spectroscopy and transmission electron microscopy (TEM,
JEOL 100CX) (22, 24), showing the sizes of the nanopar-
ticles ranging from 20 to 100 nm with an average size of
48 ( 15 nm (Figure 1). Samples for TEM imaging are
prepared on 100-mesh Formvar-coated copper grids (Electron
Microscopy Sciences).

Ag nanoparticle concentration is determined as 4× 10-10

M by dividing the moles of nanoparticles by the volume of
the solution. The moles of nanoparticles are calculated as
follows. The volume of generated Ag is calculated by
dividing the weight of Ag generated from the complete
reduction of AgNO3 by the density of silver (10.49 g/cm3).
The number of average-size Ag nanoparticles (48 nm) in
the solution is computed by dividing the volume of generated
Ag with the volume of individual Ag nanoparticles. The
moles of Ag nanoparticles are then determined by dividing
the number of Ag nanoparticles with Avogadro’s constant
(6.02× 1023).

Chemicals and Supplies. Stock solutions of 2.5 and 25
mg/mL chloramphenicol are prepared by dissolving chloram-
phenicol in 95% ethanol and by diluting the solution with
sterilized ultrapure water as described previously (27, 28).
Ethidium bromide (EtBr) solution is prepared in ultrapure
water and filtered in triplicate using 0.2-µm sterilized
membrane filters (Costar). Quartz slides (25× 75× 1 mm),
cover slips (22× 30× 0.08 mm), and nuclepore membranes
(25 mm in diameter with 6-µm thickness) are purchased from
VWR. A 50 mM phosphate buffer saline (PBS) solution (150
mM NaCl, pH) 7.0) is prepared using ultrapure water. All
chemicals, including chloramphenicol, sodium citrate, EtBr,
and AgNO3, are purchased from Sigma and used without
further purification or treatment.

Cell Culture and Preparation. Cell lines ofP. aeruginosa,
WT (PAO4290, a strain that expresses a wild-type level of
MexAB-OprM), nalB-1 (TNP030#1, a mutant that over-
expresses MexAB-OprM), and∆ABM (TNP076, a MexAB-
OprM deficient mutant), are used (16, 29). Cells are

precultured in an Erlenmeyer flask containing 20 mL of
L-broth medium (1% tryptone peptone, 0.5% yeast extract,
and 0.5% NaCl, pH) 7.2). The flask is then placed in a
shaker (Lab-line Orbit Envivon-Shaker) (150 rpm, 37°C)
overnight to ensure full growth of the cells. A precultured
cell suspension (3 mL) is then transferred to another
Erlenmeyer flask containing 20 mL of L-broth medium,
which is placed in the shaker (150 rpm, 37°C) for an
additional 8 h to prepare cultured cells. The cultured cells
are harvested by centrifugation at 7500 rpm (Beckman Model
J2-21 Centrifuge, JA-14 rotor, at 23°C) for 10 min, washed
with 50 mM PBS (pH 7.0) in triplicate, and then resuspended
again in the same buffer with cell concentration at OD600 nm

(optical density of cell solution at 600 nm)) 0.1. These
cell suspensions are employed for the study of membrane
transport using single nanoparticle optics, single living cell
imaging and fluorescence spectroscopy, and for the prepara-
tion of samples for TEM imaging.

Susceptibility Study. For minimum inhibitory concentration
(MIC) measurements, cells are first precultured in L-broth
as described above, and then cultured for an additional 8 h
in the same medium containing chloramphenicol (0-250µg/
mL) in the presence and absence of 10µM EtBr or 1.3 pM
Ag nanoparticles. The cell growth curves are determined by
measuring OD600 nm of 10× dilutions of the cell culture
solutions using a UV-visible spectrometer (Gary 2G,
Varian). The plots of OD600 nm versus chloramphenicol
concentration are used to determine the MIC of chloram-
phenicol for the cells. In addition, a 20-µL aliquot of each
cell suspension is imaged in a microchannel using single
living cell imaging to study the dependence of cell prolifera-
tion upon chloramphenicol concentration. The sealed mi-
crochannel is constructed by sandwiching the cell suspension
between a microscope slide and a cover slip as described in
detail in our previous publications (18, 23, 28). Using the
same approach, the MICs of Ag nanoparticles and EtBr in
the absence of chloramphenicol are also measured.

Single LiVing Cell and Single Nanoparticles Imaging
System. Our dark-field optical microscope is equipped with
an oil dark-field condenser (Oil 1.43-1.20, Nikon), a 100×
objective (Nikon Plan fluor 100x oil, iris, SL. N. A. 0.5-
1.3, W. D. 0.20 mm), the microscope illuminator (100 W
halogen), a CCD camera (Micromax, 5 MHz Interline, PID
1030 × 1300, Roper Scientific) for high-speed and high-
resolution cell imaging, and a color digital camera (Coolpix
990, Nikon) for real-color imaging. Both cameras are added
to the microscope through a quad-adapter (Nikon) for real-
time imaging. A LN back-illuminated CCD camera (Roper
Scientific) coupled with a SpectraPro-150 (Roper Scientific)
is added to the microscope using another quad-adapter
(Nikon) for simultaneous spectroscopic measurement (22,
24, 30, 31). This microscopy and spectroscopy system is
capable of real-time imaging of single living cells (18, 19,
28), imaging and spectroscopic characterization of single
nanoparticles (22, 24), and single molecule detection (23,
28, 32).

Preparation and Imaging of Cell Suspensions. Three
milliliters (3 mL) of cell suspension containing 1.3 pM Ag
nanoparticles and chloramphenicol (0, 25, and 250µg/mL)
are prepared by mixing 2703µL of the cell solution
(OD600 nm ) 0.1) and 9.8µL of 0.4 nM Ag nanoparticles,
with ultrapure water, 30µL of 2.5 mg/mL chloramphenicol,
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and 30µL of 25 mg/mL chloramphenicol, respectively. Each
suspension is incubated in a vial at 37°C for 2 h. A 20-µL
aliquot of the mixed suspension is sampled at 15 min
intervals and directly imaged with 100-ms exposure time in
the freshly prepared microchannel using the dark-field
microscopy and spectroscopy imaging system equipped with
a CCD camera (18, 22). As described previously, the sealed
microchannel is constructed by sandwiching the solution
between a microscope slide and a cover slip with a 6-µm
thick membrane as a spacer (18, 23).

Data Analysis and Statistics of Single LiVing Cell Imaging.
Each full-frame CCD image is able to simultaneously
monitor∼60 cells from the cell suspension with OD600 nm)
0.1 (Figure 2). Ten representative images of each suspension
at 15-min intervals are recorded over 2 h. Thus, 70 images
(∼4200 cells) are acquired in total for each solution in 2 h.
Each experiment is repeated at least three times; thus,
∼12600 cells of each strain ofP. aeruginosaare studied
and analyzed at the single-cell resolution. Images of five
representative cells from each suspension are selected to
show the intracellular nanoparticles in detail (Figure 3A).
Cumulative histograms of the distribution of the number of
nanoparticles in the cells versus the nanoparticle sizes are
shown in Figure 3B. At every 15 min, 10 images (∼600
cells) of each suspension are recorded for each data point in
Figure 6. Each experiment is repeated at least three times.
Thus, in total∼18000 cells of each strain ofP. aeruginosa
at each 15 min are studied and analyzed at the single-cell
resolution.

Ultrathin Sections of Cells for Transmission Electron
Microscopy Imaging. A 120-mL aliquot of cell suspension
(OD600 nm ) 0.1) containing 1.3 pM Ag nanoparticles and
chloramphenicol (0, 25, 250µg/mL) is prepared as described
above and incubated in the shaker (150 rpm and 37°C) for
2 h. Cells are then harvested using centrifugation at 25000
rpm (a Beckman ultra-centrifuge, Ti-50 rotor, at 23°C) for
30 min. Each pellet is suspended in 1 mL of PBS buffer
(pH ) 7.0). Each solution is transferred to a sterile
microcentrifuge tube. The pellet is collected using centrifu-
gation at 2000 rpm for 5 min and then fixed using 2%
gluteraldehyde in PBS buffer at 4°C overnight. The primary
fixative is removed, and the pellet is rinsed with PBS buffer
in triplicate with each washing cycle lasting for 10 min. Each
pellet is then removed from the microcentrifuge tube and
deposited onto a clean microscope slide. A 30-µL aliquot of
agar is mixed with each pellet and allowed to solidify. Excess
agar is trimmed away from the pellet using a razor blade.
Each pellet is then divided into duplicate samples. Each
solidified pellet is transferred to a sterile tube. For the
secondary fixation at 4°C for 2 h, 5 mL of 2% OsO4 in
distilled water is added into each tube. The pellets are rinsed
using distilled water in triplicate with each washing cycle
lasting for 10 min. Pellets are then dehydrated using 25%,
50%, 75%, and 100% ethanol in distilled water (5 mL) for
15 min each (33). The pellets are infiltrated using a mixture
of resin and acetone (50/50) (EM Bed 812, Ted Pella) at
room temperature overnight. The pellets are then infiltrated
using 100% resin for 1 h. The pellets are then transferred to
embedded molds and embedded in 100% resin. The molds
are then placed in an oven to cure at 65°C for 48 h. Sections
with 0.5-µm thicknesses are sliced using an ultramicrotome
(RMC MT2C) and examined using an optical microscope

to ensure the sample is well prepared. The microsections
are then sliced using a diamond knife to prepare 70-80 nm
ultrathin layer cross-sections. The nanometer ultrathin sec-
tions are mounted on 100-mesh Formvar-coated copper grids,
slightly stained with uranyl acetate and lead citrate, and then
imaged using the TEM (100CXII, JEOL) with an operating
voltage at 60 kV.

Fluorescence Spectroscopic Measurements. Transients of
time-dependent fluorescence intensity of EtBr at 590 nm in
the absence and presence of chloramphenicol are measured
using a fluorescence spectrometer (Perkin-Elmer LS50B)
with a time-drive mode at a 3-s data acquisition interval and
a 488-nm excitation line. These time-dependent fluorescence
intensity transients are used for real-time monitoring of EtBr
accumulation kinetics in bulk living cells. The results are
used to compare with those measured using single nanopar-
ticle assay and single-living-cell imaging.

RESULTS

Real-Time Sizing Membrane Permeability Using Single
Nanoparticle Optics. Silver nanoparticles with diameters 20-
100 nm are synthesized as described above (22, 26). These
Ag nanoparticles are characterized using dark-field optical
microscopy and spectroscopy (localized surface plasmon
resonance spectroscopy, LSPRS) and TEM (22, 24) (Figure
1). The full-frame optical image of nanoparticle solution in
Figure 1A shows that the solution contains multiple colors
of single nanoparticles. The TEM image in Figure 1B
indicates that Ag nanoparticles with a variety of sizes are
present in the solution, showing that the majority of
nanoparticles are spherical while a very few nanoparticles
are triangular and hexagonal. The color distribution of single
nanoparticles in 0.4 nM solution measured using dark-field
microscopy and spectroscopy is used to compare with the
size distribution of single nanoparticles from the same
solution determined by TEM. The results indicate that the
color index of violet, blue, green, and red is correlated with
size index of 30( 10, 50( 10, 70( 10, and 90( 10 nm,
respectively, as we reported previously (22). The solution
contains approximately 23% of violet (30( 10 nm), 53%
of blue (50( 10 nm), 16% of green (70( 10 nm), and 8%
of red (90( 10 nm) nanoparticles (Supporting Information,
Figure 1S).

These multicolored nanoparticles are then used as nanom-
eter-sized probes to directly measure the sizes of substrates
that can transport through living microbial membrane, aiming
to determine the change of membrane permeability and pore
sizes in real time. To minimize the possible effects of
competitive transports of nanoparticles with the substrates
of interest (e.g., chloramphenicol) and prevent the possible
aggregation of nanoparticles, a low concentration of nano-
particles (1.3 pM) is used to incubate with the living cells
(OD600 nm ) 0.1) for real-time monitoring of membrane
transport at the nanometer scale.

Many living individual cells and single nanoparticles in
the microchannel are monitored simultaneously using a CCD
camera through a dark-field microscope, showing that more
nanoparticles are observed in the cells as chloramphenicol
concentration increases (Figure 2). Representative images of
single cells selected from the full images shown in Figure
3A illustrate the cells containing nanoparticles in detail,
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indicating that more nanoparticles are present in the cells as
chloramphenicol concentration increases. Normalized his-
tograms of the number of nanoparticles with the cells versus
sizes of the nanoparticles (Figure 3B) indicate that a greater
number of larger Ag nanoparticles are with the cells as
chloramphenicol concentration increases, suggesting that the
permeability and porosity of the cellular membrane increase
as chloramphenicol concentration increases. Note that a

higher percent of 50( 10 nm nanoparticles (53% of the
total nanoparticles) are present in the solution. Therefore,
more 50( 10 nm nanoparticles are observed in the cells.
The relative numbers of specific sizes of intracellular
nanoparticles in the presence of 0, 25, and 250µg/mL
chloramphenicol are compared to determine the change of
membrane permeability and porosity as chloramphenicol
concentration increases.

FIGURE 1: Characterization of color index and size index of Ag nanoparticles. (A) The representative full-frame optical image of individual
Ag nanoparticles taken from a 0.4 nM Ag nanoparticle solution in a microchannel by a digital color camera through the dark-field optical
microscope. Optical images of single Ag nanoparticles selected from the full frame image show the color index of Ag nanoparticles. The
optical images of nanoparticles look larger than their actual sizes because of the optical diffraction limit (∼200 nm). (B) Representative
TEM images of Ag nanoparticles from the solutions in (A) show the sizes and shapes of nanoparticles. The scale bar represents 40 nm.

10404 Biochemistry, Vol. 43, No. 32, 2004 Xu et al.



The integrated scattering intensity of selected individual
nanoparticles in and out of cells is measured and subtracted
from the background in the same image, indicating that the
intensity of intracellular nanoparticles is about 10% less than
extracellular nanoparticles in the solution and about 20% less
than those extracellular nanoparticles on the membrane. The
scattering intensity of nanoparticles decreases slightly (∼10%)
as nanoparticles enter the cellular membrane because the
cellular membrane and matrix absorb the microscope il-
luminator light and reduce its intensity. The decreased
intensity of intracellular nanoparticles appears to depend on
the location of nanoparticles inside the cells, such as the

depth below the cellular membrane. Attempts have been
made to quantitatively study the correlation of scattering
intensity of intracellular nanoparticles associated with their
locations related to the depth below the cellular membrane.
Unfortunately, the task becomes impossible because the
optical diffraction limit defines the spatial resolution (∼200
nm) and makes the nanoparticles appear larger than their
actual sizes. Nevertheless, we can qualitatively determine
whether the nanoparticles are in or out of the cells based
upon their intensity changes as these nanoparticles enter the
cells and their transport processes are recorded in real time
(24).

In addition, the quantum yield of Rayleigh scattering of
intracellular Ag nanoparticles is smaller than extracellular
Ag nanoparticles because intracellular Ag nanoparticles are
surrounded by biomolecules (e.g., proteins, lipids) that reduce
the reflection coefficient of Ag nanoparticles (34-37).
Therefore, the nanoparticles outside the cellular membrane
appear to radiate more sharply and brightly, whereas nano-
particles inside the cells look blurry and dim as shown in
Figure 4. This feature allows us to determine whether the
nanoparticles are inside or outside the cells using optical
microscopy. The size of the nanoparticles (<100 nm) and
the thickness of cell membrane (36 nm including 8 nm inner
or outer membrane and∼20 nm between the inner and outer
membranes of gram-negative bacteria) are below the optical
diffraction limit (∼ 200 nm). The scattering intensity of
nanoparticles is much higher than that of the cellular
membrane because of the higher intrinsic optical dielectric
constant of Ag nanoparticles. Therefore, the nanoparticles
are much brighter than the membrane, appearing to be
accumulated on the membrane (Figure 4B). However, these
nanoparticles are blurry, and dimmer than the extracellular
nanoparticles, indicating that these blurry nanoparticles are
inside the cells. Taken together, the results indicate that, in
the absence of chloramphenicol, the majority of red nano-
particles (>80 nm) appear to stay outside the cells, whereas
violet, blue, and green nanoparticles (<80 nm) can enter the
cells.

To determine the sizes and locations of intracellular
nanoparticles at the sub-nanometer (Å) level, ultrathin
sections (70-80 nm) of the fixed cells that have been
incubated with 1.3 pM nanoparticles and chloramphenicol
(0, 25, and 250µg/mL) for 2 h are prepared and imaged
using TEM as described above. TEM images in Figure 5A
unambiguously demonstrate that Ag nanoparticles with a
variety of sizes (20-80 nm in diameter) are inside the cells
in the absence of chloramphenicol. The majority of the
nanoparticles are located in the cytoplasmic space of the cells,
whereas a few nanoparticles are just underneath the cellular
membrane. The cells with embedded triangular nanoparticles
(Figure 5A) are particularly selected for easy identification
of Ag nanoparticles (Figure 1B). Since the cells are aligned
randomly in the embedded resin pellets and are sliced in a
random fashion, the shapes of cells are different as shown
in Figure 5. The representative cell shapes (e.g., slicing
through the vertical or horizontal center of the cells or off
the centers of the cells) are selected and shown in Figure 5
to illustrate the positions of the intracellular nanoparticles.
Taken together, the TEM images show that the nanoparticles
with sizes ranging up to 80 nm are embedded inside the cells
in the absence of chloramphenicol, which agrees well with

FIGURE 2: Real-time monitoring of membrane transport of many
living individual cells (WT) simultaneously in the absence and
presence of chloramphenicol using single Ag nanoparticle optics
and dark-field optical microscopy. The representative optical images
of the cells (OD600 nm ) 0.1) incubated with 1.3 pM Ag nanopar-
ticles and (A) 0, (B) 25, and (C) 250µg/mL of chloramphenicol in
the microchannel, are directly recorded by a color digital camera
and CCD camera with 100-ms exposure time. The scale bar
represents 4µm. Each box highlights individual cells: (A) without
nanoparticle, (B) with a single Ag nanoparticle, (C) with multiple
Ag nanoparticles.
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those measured using single-nanoparticle optics, suggesting
that, even in the absence of chloramphenicol, the nanopar-
ticles with sizes up to 80 nm can transport through the outer
and inner cell membrane ofP. aeruginosa, a size which is
about 50 times larger than conventional antibiotics. As
chloramphenicol concentration increases to 25 and 250µg/
mL, a greater number of larger Ag nanoparticles are observed

inside the cells, suggesting that chloramphenicol increases
the membrane permeability and sizes of membrane pores.

To investigate the role of the efflux pump proteins
(MexAB-OprM) in controlling the accumulation of intra-
cellular nanoparticles and function of chloramphenicol, we
study the membrane permeability of two mutants, nalB-1
(the mutant with the overexpression level of MexAB-OprM)

FIGURE 3: Direct observation of real-time change of membrane permeability and pore sizes in WT, induced by chloramphenicol in a
dose-dependent manner. (A) Representative optical images (a-c) of single cells selected from∼60 cells in the full-frame images similar
to Figure 2. The solutions contain the same concentration of cells (OD600 nm) 0.1) and Ag nanoparticles (1.3 pM), but a different concentration
of chloramphenicol: (a) 0, (b) 25, and (c) 250µg/mL chloramphenicol. Each solution is prepared in a vial and imaged in the microchannel
at 15-min intervals for 2 h. The scale bar represents 2µm. (B) Representative normalized histograms of the number of Ag nanoparticles
with the cells versus sizes of nanoparticles from the solutions in (A). Each solution contains the same concentration of cells (OD600 nm )
0.1) and Ag nanoparticles (1.3 pM), but different concentration of chloramphenicol: (a) 0, (b) 25, and (c) 250µg/mL. The 70 full-frame
images (∼4200 cells), similar to Figure 2, recorded for 2 h, are analyzed.

10406 Biochemistry, Vol. 43, No. 32, 2004 Xu et al.



and ∆ABM (the mutant devoid of MexAB-OprM). Plots
of the normalized percent of intracellular Ag nanoparticles
versus time for WT, nalB-1, and∆ABM in 0, 25, and 250
µg/mL chloramphenicol, are shown in Figure 6A (a, b, c),
6B (a, b, c), and 6C (a, b, c), respectively. Each data point
represents 600 cells in 10 full-frame images, which are
acquired in real time as living cells are accumulating
intracellular Ag nanoparticles. The nanoparticles transporting
in and out of the cells are recorded in real time, resulting in
the fluctuation of data points in Figure 6. The number of
intracellular Ag nanoparticles in nalB-1 (MexAB-OprM
overexpression mutant) appears to highly fluctuate (Figure
6B), which may be attributable to a higher efflux rate of
nanoparticles by nalB-1 and suggests that nanoparticles are
indeed moving in and out of living cells in real time. Note
that these cells are incubated in the PBS buffer solution at
room temperature and the cell growth rate in such an
environment is negligible. Thus, the cell concentration
remains unchanged over the 2-h incubation.

To understand the effect of chloramphenicol upon mem-
brane porosity and transport, the accumulation kinetics of
single Ag nanoparticles of WT, nalB-1, and∆ABM in the
absence and presence of chloramphenicol (0, 25, and 250
µg/mL) are measured and compared. In the absence of
chloramphenicol (Figure 6: a), a very small number of
intracellular Ag nanoparticles are observed in WT (Figure
6A: a) and ∆ABM (Figure 6C: a), whereas few of
intracellular Ag nanoparticles are found in nalB-1 (Figure
6B: a). The number of intracellular Ag nanoparticles in all
three strains remains almost unchanged over time. As
chloramphenicol concentration increases to 25µg/mL (Figure
6: b), the number of intracellular Ag nanoparticles in WT
(Figure 6A: b) and∆ABM (Figure 6C: b) increases with
time at a rate of 4× 10-5 and 8× 10-5 s-1, which are about
10-fold higher than in the absence of chloramphenicol,
respectively. In contrast, the number of intracellular Ag
nanoparticles in nalB-1 (Figure 6B: b) remains almost
unchanged over time as observed in the absence of chloram-
phenicol (Figure 6B: a). As chloramphenicol concentration
increases further to 250µg/mL (Figure 6: c), the number of
intracellular Ag nanoparticles in WT (Figure 6A: c) and
∆ABM (Figure 6C: c) increases with time at a rate of 1×

10-4 and 2× 10-4 s-1, which are about 2.5-fold higher than
in 25 µg/mL chloramphenicol, respectively. Unlike those
observed in 0 to 25µg/mL chloramphenicol, the intracellular
Ag nanoparticles in nalB-1 (Figure 6B: c) increase with time
at the rate of 5× 10-5 s-1; that is about 2- and 4-fold lower
than in WT and∆ABM, respectively.

Taken together, the results show that the number of Ag
nanoparticles accumulated in all three strains increases as
chloramphenicol concentration increases and as incubation
time increases, suggesting that chloramphenicol increases
membrane porosity and permeability (Figure 6). In addition,
the results indicate that accumulation kinetics of intracellular
nanoparticles is associated with the expression levels of
MexAB-OprM. The mutant with the overexpression level
of MexAB-OprM (nalB-1) accumulates the least number
of intracellular Ag nanoparticles, whereas the mutant devoid
of MexAB-OprM (∆ABM) accumulates the greatest num-
ber of Ag nanoparticles. This suggests that MexAB-OprM
plays a critical role in controlling of accumulation of
intracellular Ag nanoparticles.

Fluorescence Spectroscopic Measurements. To rule out
the possibility of steric and size effect of using Ag nano-
particle probes for real-time sizing of membrane permeability
and porosity induced by chloramphenicol (antibiotic), we use
a small molecule (EtBr) as a fluorescence probe and measure
accumulation kinetics of EtBr by bulk WT, nalB-1, and
∆ABM in the presence of 0, 25, and 250µg/mL chloram-
phenicol. EtBr and chloramphenicol enter the cells through
passive diffusion and are extruded out of the cells by the
efflux pumps inP. aeruginosa(29, 38, 39, 40). The EtBr
concentration at 10µM is deliberately selected to be much
lower than chloramphenicol concentration, 25µg/mL (77
µM) and 250µg/mL (770µM), allowing chloramphenicol
to dominate the passive diffusion pathway and enter the cells.
This approach minimizes the possible effect of the presence
of EtBr on the accumulation of chloramphenicol, ensuring
the function of chloramphenicol to be studied using EtBr.

Transients of time-dependent fluorescence intensity of
EtBr at 590 nm from the solutions containing 10µM EtBr
and the cells (WT, nalB, and∆ABM) in the absence and
presence of chloramphenicol (0, 25, and 250µg/mL) are
shown in Figure 7, panels A, B, and C, respectively. The

FIGURE 4: Determination of (A) extracellular and (B) intracellular Ag nanoparticles using the scattering intensity of nanoparticles: optical
images of Ag nanoparticles accumulated (A) on membrane (outside the cell) and (B) inside single living cells (P. aeruginosa) recorded by
digital color camera and CCD camera (exposure time) 100 ms) through the dark-field optical microscope. Extracellular nanoparticles in
(A) appear to radiate more sharply and brightly, whereas intracellular nanoparticles in (B) look blurry and dim, indicating that the scattering
intensity of nanoparticles decreases as nanoparticles enter the cells, owing to light absorption of cellular membrane and decreased reflection
coefficient of intracellular Ag nanoparticles. The scale bars represent 2µm. The solutions are prepared as described in Figure 3.
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changes of fluorescence intensity over time are used to real-
time monitor the accumulation kinetics of EtBr in the cells
because EtBr enters the cells and intercalates with DNA,
leading to a 10-fold increase in fluorescence intensity. The
accumulation rate of EtBr in 0, 25, and 250µg/mL
chloramphenicol are measured and compared to determine

the dose effect of chloramphenicol upon the membrane
permeability. The initial fluorescence intensity of each cell
type is varied slightly, which may be attributable to the
variation of cell concentration (OD600 nm ) 0.1 ( 0.02),
distribution of cell sizes (1-2 µm), and the fluctuation of
excitation intensity of the Xe lamp in fluorescence spec-

FIGURE 5: TEM images show sizes and locations of Ag nanoparticles inside the cells (WT), which are acquired from ultrathin cross-
sections (70-80 nm) of fixed WT cells sliced by a diamond knife. The cells (OD600 nm ) 0.1) have been incubated with 1.3 pM Ag
nanoparticles and (A) 0, (B) 25, and (C) 250µg/mL chloramphenicol for 2 h before fixation, as described in the text. The scale bars
represent 220 nm, and the circles are used to highlight the nanoparticles.
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trometer. It is also important to point out that these cells
only grow and divide in cell culture medium. In these
experiments, the cells are incubated in the PBS buffer
solution at room temperature and the cells do not grow and
divide significantly in such an environment. Thus, the cell
concentration remains unchanged over the 2-h incubation.

In the absence of chloramphenicol (Figure 7: a), the
transients of time-dependent fluorescence intensity of EtBr
in nalB-1, WT, and∆ABM, show that fluorescence intensity
increases with time at a rate of 5× 10-4, 5 × 10-4, and
4 × 10-3 s-1, respectively, suggesting that∆ABM ac-
cumulates EtBr approximately 10 times (Figure 7C: a) faster
than WT (Figure 7A: a) and nalB-1 (Figure 7B: a). As
chloramphenicol concentration increases to 25µg/mL (Figure
7: b), the fluorescence intensity increases with time at a rate

of 9 × 10-4, 6 × 10-4, and 5× 10-3 s-1, which is slightly
(1.8, 1.2, and 1.3 times) higher than those observed in the
absence of chloramphenicol, for bulk WT, nalB-1, and
∆ABM, respectively. In contrast, as chloramphenicol con-
centration increases further to 250µg/mL (Figure 7: c),
fluorescence intensity increases with time at a rate of 3×
10-3, 9 × 10-3, and 1× 10-2 s-1, showing 3, 18, and 2
times faster than in 25µg/mL chloramphenicol, for nalB-1,
WT, and ∆ABM, respectively. The rates of increased
fluorescence intensity of EtBr in∆ABM (Figure 7C: c) are
1.1 times and 3.3 times faster than in WT (Figure 7A: c)
and nalB-1 (Figure 7B: c), respectively.

Taken together, the result shows that the mutant devoid
of MexAB-OprM (∆ABM) accumulates EtBr most rapidly,
whereas the mutant with the overexpression level of MexAB-
OprM (nalB-1) accumulates EtBr most slowly. This suggests
that MexAB-OprM plays an important role in controlling
the accumulation of EtBr, as reported previously (13, 17,

FIGURE 6: Real-time measurements of accumulation kinetics of
single Ag nanoparticles in living cells, showing that membrane
permeability and porosity increase as chloramphenicol concentration
increases. Plots of normalized number of intracellular Ag nano-
particles versus time: (A) WT, (B) nalB-1, and (C)∆ABM, from
solution containing the cells (OD600 nm ) 0.1); 1.3 pM Ag
nanoparticles, and (a,2) 0, (b, *) 25, and (c,0) 250 µg/mL
chloramphenicol. Ten full-frame images of each solution are
acquired at 15-min intervals and each image is recorded with 100-
ms exposure time. Each data point represents 600 cells.

FIGURE 7: Real-time monitoring of EtBr accumulation kinetics in
living cells. Representative transients of time-dependent fluores-
cence intensity of EtBr at 590 nm from the 3.0-mL solutions
containing 10µM EtBr and the cells (OD600 nm ) 0.1): (A) WT,
(B) nalB-1, and (C)∆ABM; and (a) 0, (b) 25, and (c) 250µg/mL
chloramphenicol, respectively. Each transient is acquired from the
3.0-mL solution in a quartz cuvette using fluorescence spectroscopy
with time-drive mode at a 3-s data acquisition interval and 488-
nm excitation.
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18, 23). These results agree qualitatively with those measured
using single-nanoparticle optics and single-living-cell imag-
ing (Figure 6), validating that single Ag nanoparticles can
be used as nanometer probes for real-time sizing membrane
transport in living cells. Unlike the accumulation kinetics
measured using fluorescence probes (EtBr), the results
acquired by single nanoparticles and single living cell images
offer new insights into the change of membrane permeability
and pore sizes at the nanometer scale (Figures 3 and 4). For
example, Ag nanoparticles with a size beyond 80 nm (red
nanoparticle) appear to be difficult to transport through the
membrane ofP. aeruginosain the absence of chlorampheni-
col (Figure 4). In contrast, a greater number of larger
nanoparticles are accumulated in living cells as chloram-
phenicol concentration increases (Figure 3), suggesting that
chloramphenicol increases the membrane permeability and
pore sizes.

Susceptibility Measurements. If Ag nanoparticles or EtBr
compete with chloramphenicol for membrane transport and
accumulation in the cells, such competition would have led
to decreased accumulation of chloramphenicol in the cells
and hence changed the susceptibility of chloramphenicol. To
rule out the possibility of such competitive accumulation in
the cells, the MIC of chloramphenicol in the presence of 10
µM EtBr is determined by measuring the optical density
(OD) of the cell suspension at 600 nm and imaging individual
living cells in the cell suspension. Note that OD600 nm and
single-living-cell imaging are applied to determine the
number of cells that have survived in the presence of
particular concentration of chloramphenicol. Plots of OD600 nm

of bulk cell suspension versus chloramphenicol concentra-
tion (0, 2.5, 12.5, 25, 50, 250µg/mL) in Figure 8 indicate
that MIC of 12.5, 25, and 250µg/mL chloramphenicol for
∆ABM, WT, and nalB-1 cells, respectively. Single-living-
cell imaging is used to directly observe the number of
survival cells in the presence of chloramphenicol (0, 2.5,
12.5, 25, 50, 250µg/mL) at single-cell resolution. Ten images
are taken for each chloramphenicol concentration and each
experiment is repeated in triplicate. Thus, 30 images of each
chloramphenicol concentration are acquired to determine the
number of survival cells, showing few cells have survived
in the presence of the minimum concentration of chloram-
phenicol at 12.5, 25, and 250µg/mL for ∆ABM, WT, and

nalB-1, respectively (Supporting Information, Figure 2S).
The result further confirms the MIC measured using OD600 nm

(Figure 8). Similar results are observed in the experiments
involving 1.3 pM Ag nanoparticles (41). These MIC results
agree well with the MICs measured in the absence of EtBr
and Ag nanoparticles (28, 38), indicating that the presence
of 10 µM EtBr or 1.3 pM Ag nanoparticles does not
significantly affect the accumulation of chloramphenicol in
the cells and neither 10µM EtBr nor 1.3 pM Ag nanopar-
ticles cause significant toxicity to the living cells. The results
also show that the MICs are highly associated with the
expression level of the MexAB-OprM, indicating that the
mutant devoid of MexAB-OprM (∆ABM) accumulates
chloramphenicol most effectively, leading to the lowest MIC
at 12.5µg/mL. In contrast, the mutant with overexpression
of MexAB-OprM (nalB-1) accumulates chloramphenicol
least effectively, leading to the highest MIC at 250µg/mL.

MICs of EtBr and Ag nanoparticles in the absence of
chloramphenicol are also measured using the same approach,
showing that MICs of EtBr and Ag nanoparticles for all three
strains are higher than 10µM and 1.3 pM, respectively (41).
The study of MIC and biocompatibility of Ag nanoparticles
in the absence of chloramphenicol is described in detail
elsewhere (41). Taken together, the results of the MIC
experiments further demonstrate that the presence of 1.3 pM
Ag nanoparticles or 10µM EtBr does not appear to interfere
the accumulation of chloramphenicol in the cells. Therefore,
this experiment further validates that 1.3 pM Ag nanopar-
ticles can be used as nanometer probes to study membrane
transport in the living cells.

DISCUSSION

Optical properties (colors, LSPRS) of Ag nanoparticles
depend on size and shape of nanoparticles and the dielectric
constant of the embedded medium (34-37, 42). Unlike the
bulk plasmon, the surface plasmon of nanoparticles can be
directly excited by propagating light waves (electromagnetic
waves), leading to the selective absorption and scattering of
light. Therefore, the colors (LSPRS) of Ag nanoparticles are
correlated with the sizes of nanoparticles, while the shape
of nanoparticles and their embedded medium remain un-
changed (Figure 1) (22, 24). Such unique size-dependent
optical properties allow us to use the color index of
nanoparticles (violet, blue, green, red) as the nanometer size
index probes (30( 10, 50( 10, 70( 10, 90( 10 nm) for
real-time sizing the change of living cellular membrane
permeability and porosity at the nanometer scale.

Individual Ag nanoparticles are extremely bright under
dark-field optical microscope and can be directly imaged by
a digital or CCD camera through the dark-field microscope.
Unlike fluorescence dyes, these nanoparticles do not suffer
photodecomposition and can be used as a probe to continu-
ously monitor dynamics and kinetics of membrane transport
in living cells for an extended time (hours). In addition, these
nanoparticles can be used as nanometer probes to determine
the sizes of substrates that are transporting in and out of the
living cellular membrane at the nanometer scale in real time.

The scattering intensity of the nanoparticles decreases as
nanoparticles enter the cell membrane and move into the
cytoplasmic space, because the cellular membrane and matrix
absorbs the light of the microscope illuminator and reduces

FIGURE 8: Determination of minimum inhibitory concentration
(MIC) of chloramphenicol for WT, nalB-1, and∆ABM. Repre-
sentative plots of OD600 nm versus chloramphenicol concentration
(0, 2.5, 12.5, 25, 50, and 250µg/mL) from the solutions containing
10 µM EtBr and∆ABM (0), WT (*), and nalB-1 (2), indicating
that the MIC of∆ABM, WT, and nalB-1 is 12.5, 25, and 250µg/
mL, respectively. The MICs are also confirmed at single cell
resolution using single living cell imaging (Figure 2S).
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its intensity. Furthermore, the intracellular nanoparticles are
surrounded by a cellular matrix (e.g., proteins, lipids) inside
the cells, and hence the reflection coefficient of intracellular
Ag nanoparticles is smaller than the extracellular Ag nano-
particles (34-36). With an imaging system that is sufficiently
sensitive to detect single fluorescence dye molecules (19,
28, 32), intracellular and extracellular single Ag nanoparticles
with diameters at 20-100 nm are easily observed and
distinguished (Figures 3 and 4). Since the size of the
nanoparticles and thickness of the cellular membrane are
under the optical diffraction limit (∼200 nm), the intracellular
nanoparticles appear accumulated on the membrane (Figure
4B). However, these nanoparticles appear blurry and dimmer
than the extracellular nanoparticles, indicating that the blurry
nanoparticles are inside the cells.

TEM is used to confirm the intracellular nanoparticles
inside the cells at subnanometer (Å) resolution. The TEM
images of ultrathin cross-sections of cells with nanoparticles
in Figure 5 unambiguously illustrate that the nanoparticles
with sizes up to 80 nm in diameter are observed inside the
cells in the absence of chloramphenicol. The majority of
nanoparticles (20-80 nm) are in the cytoplasmic space of
the cells, whereas some of nanoparticles are right underneath
the cellular membrane. This finding suggests that the outer
and inner membrane ofP. aeruginosapermeate the substrates
with sizes up to 80 nm, which are 50 times larger than
conventional antibiotics and detergents.

Bulk cells are monitored simultaneously at the single-cell
resolution using single-living-cell imaging (Figure 2). Ac-
cumulation kinetics of nanoparticles in living cells is
measured in real time using single nanoparticle optics. Even
though these nanoparticles look larger than their actual sizes
due to the optical diffraction limit, the sizes of nanoparticles
are determined using their colors (LSPRS). As chloram-
phenicol concentration increases to 25 and 250µg/mL, more
nanoparticles are observed in the cells, suggesting that the
membrane permeability and porosity increase. As more
nanoparticles are accumulated in the cells, it becomes more
difficult to distinguish individual nanoparticles. Nevertheless,
the sizes of individual intracellular nanoparticles can still
be distinguished using their colors (LSPRS) even in the
presence of 250µg/mL of chloramphenicol, suggesting that
chloramphenicol increases membrane permeability but does
not completely disrupt the cell walls. Such observations are
distinguished from our previous study of the function of AZT
(â-lactam antibiotic) in which AZT completely disrupted the
cell walls and individual intracellular Ag nanoparticles were
aggregated and hard to distinguish in the presence of 31.3
µg/mL of AZT (22).

Chloramphenicol is neither aâ-lactam nor an aminogly-
coside antibiotic. Its primary target is ribosomal peptidyl
transferase, where it acts competitively to inhibit normal
substrate binding and protein synthesis (25). This study
suggests that chloramphenicol also leads to increased mem-
brane permeability. These new insights further demonstrate
the unique advantages of using single nanoparticles as probes
for the study of function of antibiotics and membrane
transport. The plausible explanation for such a mode of action
of chloramphenicol is that chloramphenicol inhibits the
protein synthesis, leading to disintegration of the membrane
and increased membrane permeability (28).

The accumulation rate of intracellular nanoparticles shows
mutant dependence (Figure 6), indicating that the mutant
devoid of MexAB-OprM (∆ABM) accumulates the nano-
particles most rapidly, whereas MexAB-OprM overexpres-
sion mutant (nalB-1) accumulates the nanoparticles most
slowly. This result suggests that MexAB-OprM plays an
important role in controlling the accumulation of nanopar-
ticles in the cells. Nanoparticles are much larger substrates
than conventional drugs (e.g., antibiotics, dyes). It is surpris-
ing that the nanoparticles (up to 80 nm) permeate through
the cellular membrane. These are bacterial cells. Currently,
there is no evidence available to support the process of
endocytosis, pinocytosis, or exocytosis in prokaryotes (P.
aeruginosa). However, it is well-known that MexAB-OprM
can extrude a wide spectrum of substrates, such as antibiotics,
dyes, detergents, and chemotoxic materials, out of the cells
using the proton motive force as the energy source (7, 8).
Therefore, one plausible suggestion for the transport mech-
anism of nanoparticles through the living cellular membrane
is that nanoparticles enter the cells through passive diffusion
and are most likely extruded out of the cells by the extrusion
mechanism of bacteria. Even though the sizes of Ag
nanoparticles seem 50 times larger than the pore sizes of
membrane pumps (MexAB-OprM), it is possible that the
substrates (nanoparticles) can induce the assembly of the
pumps in real time and define the pore sizes of the pumps.
Currently, the crystal structure of the membrane pump is
unavailable and the extrusion mechanism of the pump still
remains essentially unknown (1, 6). On the other hand, it is
also possible that Ag nanoparticles may enter the cells and
are extruded out of the cells using unidentified pathways.
Our works are in progress to further understand potential
pathways that lead to the entry and efflux of megasubstrates
(nanoparticles) of bacteria.

EtBr has been widely used as a fluorescence probe for
the study of membrane permeability and extrusion machinery
of bacterial cells (15, 17, 18, 23). EtBr is an especially
suitable fluorescence probe for such study because EtBr emits
weaker fluorescence in an aqueous environment (outside the
cells) and becomes ten times more strongly fluorescent as it
enters the cells and intercalates with DNA in the cells (43).
It is well-known that EtBr enters the cells using passive
diffusion and is extruded out of cells by efflux pumps ofP.
aeruginosausing a proton motive force as an energy source
(15-17).

The fluorescence spectra of EtBr indicate that the emission
peak at 590 nm remains unchanged in a 2 hincubation of
EtBr with the living cells (17, 23). Therefore, the transients
of time-dependent fluorescence intensity at 590 nm are used
to measure the accumulation kinetics of living cells, showing
that fluorescence intensity increases with time more rapidly
as chloramphenicol concentration increases and demonstrat-
ing that chloramphenicol increases membrane permeability
(Figure 7). The time-dependent fluorescence intensity tran-
sients also show the mutant dependence, indicating that the
mutant devoid of MexAB-OprM (∆ABM) accumulates
EtBr most rapidly, whereas the mutant with overexpression
of MexAB-OprM (nalB-1) accumulates EtBr most slowly,
suggesting that MexAB-OprM plays a leading role in the
accumulation of substrate (EtBr) in the cells. Taken together,
accumulation kinetics measured using EtBr (a small fluo-
rescence molecule) in Figure 7 is consistent with those
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observed using single nanoparticles (Figure 6), eliminating
the concern of the possible steric and size effects of using
large nanoparticle probes for the study of membrane transport
mechanism in living cells.

The MICs of chloramphenicol in the presence of 10µM
EtBr or 1.3 pM Ag nanoparticles also show the mutant
dependence, indicating an MIC of 12.5, 25, and 250µg/mL
for ∆ABM, WT, and nalB-1, respectively (Figures 8 and
2S). The MICs agree well with those measured in the absence
of EtBr and Ag nanoparticles (23, 29, 38, 41), further
suggesting that the presence of 10µM EtBr or 1.3 pM Ag
nanoparticles neither affect the accumulation of chloram-
phenicol in the cells nor create significant toxicity to the
cells. This result further confirms that a low concentration
of Ag nanoparticles (1.3 pM) can be used as a powerful
nanoprobes to real-time study membrane transport in living
microbial cells.

Unlike fluorescence probes, Ag nanoparticles can offer
real-time size information of the substrates that transport
through living cell membranes at the nanometer scale.
Because the color (LSPRS) index of nanoparticles can be
used as the nanometer size index, the accumulation kinetics
can be measured at the millisecond temporal resolution using
dark-field optical microscopy and spectroscopy. In addition,
the scattering intensity of Ag nanoparticles decreases slightly
(∼10%) as nanoparticles just pass through the membrane
and enter the cells, offering the opportunity to trace the
transport of nanoparticles in and out of the membrane.
Furthermore, the scattering intensity of Ag nanoparticles does
not decay over time, owing to their resistance to photode-
composition. Taken together, these unique characteristics of
Ag nanoparticles allow multiple sizes (multiple colors) of
Ag nanoparticles to be used as the nanometer probes to
determine the sizes of transport substrates and measure
membrane permeability and porosity in living cells for an
extended time.

CONCLUSION

In summary, we have developed and applied single-Ag-
nanoparticle optics and single-living-cell imaging to in-
vestigate membrane transport in living microbial cells
(P. aeruginosa) in real time.

New findings from this study include the following. (i) In
the absence of antibiotics, Ag nanoparticles with sizes up to
80 nm can transport through the inner and outer cellular
membrane ofP. aeruginosa, about 50 times larger than
conventional antibiotics. The majority of the intracellular Ag
nanoparticles are located in the cytoplasmic space of the cells,
whereas a few nanoparticles are just underneath the cellular
membrane. (ii) The accumulation kinetics of intracellular Ag
nanoparticles measured using single nanoparticle optics are
similar to the accumulation kinetics of EtBr (a small
fluorescence molecule), validating Ag nanoparticles as
nanoprobes to measure membrane transport mechanisms of
microbial cells in real time. Unlike fluorescence probes, Ag
nanoparticle probes can measure the change of membrane
permeability and pore sizes at the nanometer scale for an
extended time. (iii) Single nanoparticle optics and single-
living-cell imaging can be used to investigate the new
function of antibiotics. For example, this study indicates that
chloramphenicol increases the membrane permeability in a

dose-dependent manner, which has not been reported previ-
ously. (iv) MICs of chloramphenicol in the absence and
presence of 1.3 pM Ag nanoparticles or 10µM EtBr remain
the same, indicating that neither 1.3 pM Ag nanoparticles
nor 10µM EtBr affects the accumulation of chloramphenicol
in the cells and suggesting that neither 1.3 pM Ag nanopar-
ticles nor 10µM EtBr create significant toxicity to the cells.
Taken together, this study further demonstrates that a low
concentration of Ag nanoparticles (1.3 pM) can be used as
powerful nanoprobes to study membrane transport in living
microbial cells.
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SUPPORTING INFORMATION AVAILABLE

Characterization of silver (Ag) nanoparticles shown in
detail (Figure 1S), demonstrating that the color index of Ag
nanoparticles is associated with size index of Ag nanopar-
ticles. Determination of minimum inhibitory concentration
(MIC) of chloramphenicol in the presence of 10 M EtBr for
WT, nalB-1, and∆ABM using single living cell imaging
(Figure 2S). This material is available free of charge via the
Internet at http://pubs.acs.org.
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