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ABSTRACT: Multidrug membrane transporters (efflux pumps) in both prokaryotes and eukaryotes are res-
ponsible for impossible treatments of a wide variety of diseases, including infections and cancer, underscoring
the importance of better understanding of their structures and functions for the design of effective therapies.
In this study, we designed and synthesized two silver nanoparticles (Ag NPs) with average diameters of 13.1 £+
2.5nm (8.1—38.6 nm) and 91.0 + 9.3 nm (56— 120 nm) and used the size-dependent plasmonic spectra of single
NPs to probe the size-dependent transport kinetics of MexAB-OprM (multidrug transporter) in Pseudomonas
aeruginosa in real time at nanometer resolution. We found that the level of accumulation of intracellular NPs
in wild-type (WT) cells was higher than in nalB1 (overexpression of MexAB-OprM) but lower than in AABM
(deletion of MexAB-OprM). In the presence of proton ionophores (CCCP, inhibitor of proton motive force),
we found that intracellular NPs in nalB1 were nearly doubled. These results suggest that MexAB-OprM is
responsible for the extrusion of NPs out of cells and NPs (orders of magnitude larger than conventional
antibiotics) are the substrates of the transporter, which indicates that the substrates may trigger the assembly
of the efflux pump optimized for the extrusion of the encountered substrates. We found that the smaller NPs
stayed inside the cells longer than larger NPs, suggesting the size-dependent efflux kinetics of the cells. This
study shows that multisized NPs can be used to mimic various sizes of antibiotics for probing the size-

dependent efflux kinetics of multidrug membrane transporters in single living cells.

Multisubstrate extrusion systems (membrane transporters or
efflux pumps) have been found in both prokaryotes and euka-
ryotes (/, 2). Notably, some of these extrusion transport appa-
ratus allow cells to achieve cellular self-defense mechanisms and
resistance to noxious compounds, leading to multidrug resistance
(MDR)' (2—6). For instance, the efflux pumps of Pseudomonas
aeruginosa can selectively extrude a variety of structurally and
functionally diverse substrates (e.g., chemotoxics, dyes, and anti-
biotics), causing MDR (4, 7—10). P. aeruginosa is a ubiquitous
Gram-negative bacterium and has emerged as a major opportu-
nistic human pathogen and the leading cause of nosocomial infec-
tions in cancer, transplant, burn, and cystic fibrosis patients
(8, 11—14). These infections are difficult to treat, due in part to
the intrinsic resistance of P. aeruginosa to a wide spectrum of
structurally and functionally unrelated antibiotics (7, 15). MDR
is one of the leading causes of ineffective therapies and the pri-
mary reason for using large doses of therapeutic agents to treat a
variety of diseases (e.g., infections and cancer), leading to severe
side effects.

P. aeruginosa possesses several multidrug membrane trans-
porters (efflux pumps) (6, 10, 15—18). MexAB-OprM is the
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primary membrane transporter in wild-type (WT) P. aeruginosa
and consists of two inner membrane proteins (MexA and MexB)
and one outer membrane protein (OprM) (19—21). This efflux
pump can extrude a wide spectrum of structurally and function-
ally unrelated antibiotics and substances using the drive force
generated by proton gradients across the cellular membrane
(22—25). For instance, MexAB-OprM of P. aeruginosa can extrude
dye molecules (e.g., EtBr) and antibiotics such as azthreonam,
rifampicin, chloramphenicol, and gentamicin (26). The sizes and
structures of these pump substrates vary tremendously. The
interplay between the MexAB-OprM efflux system and the outer
membrane barrier plays an important role in MDR (76, 27, 28).
Despite extensive studies, molecular mechanisms of multisub-
strate or multidrug efflux pump remain not yet fully understood
4, 8, 9). Itis very likely that membrane proteins are triggered by
pump substrates to assemble membrane transporters optimized
for the extrusion of encountered substrates. Therefore, real-time
measurements of the size change of efflux pumps at the molecular
level are crucial for improving our understanding of such univer-
sal cellular extrusion defense mechanisms.

Currently, the primary methods for the study of transport
kinetics of efflux pumps in bacteria include using radioactively
labeled (**C and *H) (29) and fluorescent quinolones (e.g., EtBr)
as probes to study the rates of accumulation of substrates in
cells (30—33). Even though fluorescence microscopy and spec-
troscopy have been used to probe the efflux kinetics of single
membrane transporters of single living cells in real time (30, 32, 33),
most reported studies probe the ensemble accumulation kinetics
of bulk cells (9, 31, 34). The ensemble measurement does not
represent the accumulation kinetics of single membrane trans-
porters of single cells, because individual transporters and cells
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have unsynchronized membrane transport kinetics (30, 32). Nota-
bly, these current methods, with the use of either radioactive or
fluorescence probes, cannot provide insights into the change of
membrane permeability and pore sizes of membrane transporters
of single living cells in real time.

The primary methods of measuring the sizes of membrane
transporters at atomic resolution are X-ray crystallography and
cryoTEM (19—21, 35, 36). Crystallization of membrane proteins
is difficult, limiting the application of crystallography. Further-
more, X-ray crystallography and cryoTEM cannot provide real-
time transport dynamics of substrates and self-assembly of pump
proteins in living cells. Therefore, even with the recent success in
determining the structures of membrane transporters at atomic
resolution (/9—21), the molecular mechanisms and functions of
multidrug efflux pumps remain elusive (8, 9).

Noble metal (e.g., Ag) nanoparticles (NPs) possess an excep-
tionally high quantum yield of Rayleigh scattering that is orders
of magnitude higher than that of fluorophors (e.g., R6G) (37, 38),
allowing them to be directly imaged and characterized using dark-
field optical microscopy and spectroscopy (DFOMS) (39—43).
Unlike fluorescent probes and semiconductor quantum dots (QDs),
these noble metal NPs show superior photostability (nonphoto-
bleaching and nonblinking), enabling them to serve as photo-
stable nanophotonic optical probes for sensing and imaging
molecules and dynamics events of interest in single living cells
and in embryos for a desired period of time (40—42, 44—48).
More importantly, the size-dependent plasmonic spectra (color),
localized surface plasmon resonance (LSPR) spectra, of single
NPs allow us to image the sizes of NPs in solution, single living
cells, and embryos in real time (40—42, 44—49). This approach
enables us to use the color (LSPR spectra) index of the multicolor
NPs as a nanometer-size index to directly measure sizes of single
NPs as they are transported into and out of single living cells, and
to determine the sizes of membrane pores at nanometer scale in
real time (45—47).

In our previous studies, we have demonstrated the feasibility of
using the intrinsic optical properties of the noble metal NPs (e.g.,
Au and Ag) to probe the sizes and transport dynamics of single
membrane transporters, and the transformation of pore sizes of
cellular membranes of single living cells induced by antibiotics
(e.g., aztreonam and chloramphenicol) at sub-100 nm spatial
resolution and millisecond temporal resolution (45—47). In this
study, we synthesized two groups of Ag NPs, ranging from 8.1 to
38.6 nm and from 56 to 120 nm, characterized size-dependent
LSPR spectra of individual NPs and imaged the sizes of single
NPs into and out of single living cells at nanometer resolution in
real time. We studied the dependence of accumulation and efflux
kinetics of single NPs in single living cells (P. aeruginosa) on the
expression level of MexAB-OprM, the presence of proton iono-
phores (inhibitor of proton motive force), and the sizes and
concentrations of NPs (substrates).

MATERIALS AND METHODS

Reagents. Sodium citrate (99%), AgClO4 (99%), NaBH,
(98%), NaCl, NaH,PO,4, Na,HPO,, ethidium bromide (EtBr)
(299%), bacto-tryptone, bacto-yeast extract, and CCCP (carbonyl
cyanide m-chlorophenylhydrazone, >97%) were purchased from
Sigma-Aldrich, and the live/dead BacLight viability and counting
assay was purchased from Invitrogen. All reagents were used as
received. The nanopure deionized (DI) water (18 MQ water,
Barnstead) was used to prepare all solutions and rinse glassware.
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Synthesis and Characterization of Ag NPs. We synthesized
Ag NPs (13.1 £ 2.5 nm) as we described previously (39, 41, 42).
Briefly, AgCIO4 (2.5 mL, 10 mM, ice-cold) was rapidly added
into the stirring mixture (247.5 mL) of ice-cold sodium citrate
(3 mM) and NaBH, (10 mM), and the mixture was left to stir at
room temperature for 4 h. The solution was then filtered using
0.22 ym filters (Whatman) and washed twice with nanopure DI
water using ultracentrifugation at 15000 rcf (relative centrifugal
force), to prepare stable and purified Ag NPs. We synthesized
91.0 £ 9.3 nm Ag NPs by adding sodium citrate (10 mL, 34 mM)
to a refluxing (100 °C) stirring aqueous solution of AgNO5 (500 mL,
3.98 mM) and stirring for an additional 35 min. We then stopped
heating the mixture and allowed it to cool to room temperature
without stirring. Additional sodium citrate (2.5 mM) was added
to further stabilize the NPs in solution. The solution was filtered
using 0.22 um filters and washed three times using nanopure DI
water via centrifugation.

Both washed Ag NPs were resuspended in nanopure DI water
and stored at 4 °C in the dark until they were used. The molar
concentration of Ag NPs was determined and calculated as
described in our previous studies (41, 44, 50). We characterized
the concentrations of NPs using UV—vis spectroscopy (Hitachi
U-2010), the LSPR images and spectra of single NPs using dark-
field optical microscopy and spectroscopy (DFOMS), and their
sizes using high-resolution transmission electron microscopy
(HRTEM, FEI Tecnai G2 F30 S-Twin) and dynamic light
scattering (DLS, Nicomp 380ZLS).

We have fully described the design and construction of our
DFOMS (also named as SNOMS by us) for imaging of single Ag
and Au NPs in solution, in single living cells, and in single
embryos in real time (30, 32, 39—42, 44—47). In this study, we
imaged single Ag NPs in solution and single live cells and
measured the LSPR spectra of single Ag NPs using a dark-field
optical microscope (DFOM) equipped with a CCD camera (5 MHz
Micromax, Roper Scientific) and high-definition color camera
and a Nuance multispectral imaging system (CRI), respectively.
The DFOM is equipped with a dark-field condenser (oil 1.43—
1.20, Nikon) and a 100x objective (Nikon Plan fluor 100x oil,
iris, SL NA 0.5—1.3, WD 0.20 mm) with a depth of field (focus)
of 190 nm.

Cell Culture and Preparation. Three strains of Gram-negative
bacterial cells (P. aeruginosa) [WT (PA04290, normal expression
level of MexAB-OprM), nalB1 (overexpression mutant of MexAB-
OprM), and AABM (deletion of MexAB and OprM)] were gene-
rously provided by H. Yoneyama and used for this study (37, 51).
The cells were cultured using L-broth medium [1% tryptone,
0.5% yeast extract, and 0.5% NaCl (pH 7.2)] in a rotary shaker
(Lab-line Orbit Envivon-Shaker, 120 rpm and 37 °C). Cells were
first precultured for 12 h and then cultured using the fresh medium
for an additional 8 h. The cells were harvested by centrifugation
(Beckman JA-14, 7500 rpm) and rinsed with PBS buffer [0.5 mM
phosphate buffer and 1.5 mM NaCl (pH 7.0)] three times via
centrifugation. The cell concentration (ODgyy = 0.1) was adjus-
ted and used for all experiments (30, 32, 33, 45—47).

Imaging of Single Ag NPs in and out of Single Living
Cells and Probing Cellular Viability. The cells (ODgyy = 0.1)
were incubated with Ag NPs in PBS buffer [0.5 mM phosphate
buffer and 1.5 mM NaCl (pH 7.0)], and the timer was started to
record the incubation time as Ag NPs were added to the cell sus-
pension. The mixture was transferred to a freshly prepared micro-
chamber and imaged using DFOMS, as we described previously
(30, 32, 33, 45—47). We continuously imaged the transport of
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single Ag NPs into and out of single living cells in real time using
the DFOMS equipped with a color digital camera and CCD
camera with a temporal resolution of 1 s. We could achieve
sufficient signal-to-noise ratios with a 5 ms temporal resolution.
To track the transport of single NPs into and out of single living
cells for hours continuously with a temporal resolution of 5 ms,
one experiment would create each single data file with enormous
sizes (> 100 GB) that were hard to handle and analyze. Fortu-
nately, we found that the transport of single NPs into and out of
single living cells was not a rapid process and a temporal resolu-
tion of 1 s was sufficient to measure their transport kinetics in real
time.

We also performed the control experiments in the presence of
100 uM CCCP, which is an inhibitor of proton motive force,
allowing us to determine whether the amounts of intracellular
NPs were directly related to the proton motive efflux pumps
(MexAB-OprM) of live cells.

We also studied the intracellular NPs in the large amount of
cells, aiming to determine the intracellular NPs in bulk cells at
single-cell resolution. Instead of imaging single NPs in and out of
the same set of single living cells in the microchamber in real time
for 2 h, we imaged five different sets of single living cells each for
5 min and sampled the mixture of the cells and NPs to the freshly
prepared microchamber every 20 min over 2 h. Using the same
approaches, we imaged intracellular and extracellular NPs of
single living cells using DFOMS over time (45—47).

We determined the numbers of intracellular NPs and plotted
them versus time to measure the accumulation rates of single NPs
over time (accumulation rate = slope of the plot). This approach
allowed us to image a massive amount of cells (3000 cells) for
each sample to gain sufficient statistics for probing the accumula-
tion rates of bulk cells at single-cell resolution.

By the end of each experiment, we studied the viability of the
cells using live/dead BacLight bacterial viability and counting
assay, as described in the assay manual. The green fluorescence
(peak wavelength of fluorescence spectra, A, = 520 nm) cells
and red fluorescence (A, = 610 nm) cells were counted as live
and dead cells, respectively.

Fluorescence Spectroscopic Measurements. The fluore-
scence intensity of EtBr from the cell suspension (ODggy = 0.1)
containing 4 uM EtBr was continuously measured in real time
(3 s time interval) for 2 h using a fluorescence spectrometer
(Perkin-Elmer LS50B) with excitation and emission wavelengths
of 488 and 590 nm, respectively (30, 32, 33).

Data Analysis and Statistics. For each measurement of the
sizes of single Ag NPs using HRTEM and LSPR spectra (colors)
of single Ag NPs, a minimum of 100 Ag NPs were imaged and
characterized. The measurement was repeated three times, and a
minimum of 300 Ag NPs were studied for each sample. For real-
time imaging of single NPs in and out of single living cells for 2 h,
~25 bacterial cells were acquired in each image and studied for
each measurement. Each experiment was repeated at least three
times. Thus, a minimum of 75 cells were studied for each sample.

For the study of accumulation rates of intracellular NPs in
single living cells, a minimum of ~3000 cells were imaged each
20 min, and 18000 cells were studied over 2 h for each measure-
ment. Each experiment was repeated three times. Thus, 54000
cells were studied for each sample to gain sufficient statistics to
probe accumulation rates of bulk cells at single-cell resolution.
We analyzed the number of intracellular NPs in 800 cells each
20 min, plotted them over time, and used the slope of the plots to
determine the accumulation rates of intracellular NPs in each

Nallathamby et al.

type of cells incubated with given sizes and concentrations of
NPs. The equilibrium times of accumulation of NPs in the cells
were determined at the times when the accumulation rates of
intracellular NPs remained unchanged over time. For the study
of viability of single cells, a minimum of 300 cells were assayed for
each measurement. Each measurement was repeated three times.
Thus, 900 cells were assayed for each sample.

RESULTS AND DISCUSSION

Synthesis and Characterization of Plasmonic NP Probes.
We synthesized two Ag NP solutions, as described in Materials
and Methods. Representative high-resolution TEM (HRTEM)
images of these Ag NPs and their size distributions (histograms)
in Figure 1A and B show the spherical NPs with average
diameters of 13.1 £ 2.5 nm, ranging from 8.1 to 38.6 nm, and
spheroidal NPs (an aspect ratio of 1.4 £+ 0.4) with average
diameters of 91.0 + 9.3 nm, ranging from 56 to 120 nm,
respectively. The optical images show predominate plasmonic
blue NPs, with some being cyan and light green NPs for 13.1 £+
2.5 nm Ag NPs in Figure 1C-a, and primary green NPs, with
some being yellow and red NPs for 91.0 £ 9.3 nm Ag NPs in
Figure 1C-b. Histograms of the color distribution of individual
NPs in nanopure DI water (Figure 1S of the Supporting
Information) show 73% of blue, 21% of green, and 6% of red
NPs with the peak wavelengths (A,,,,) of representative LSPR
spectra at 468, 488, and 577 nm (Figure 1D, i—iii) for 13.1 £ 2.5
nm Ag NPs. In contrast, it shows 68% of green, 16% of yellow,
and 16% of red NPs with the A, of representative LSPR spectra
at 552, 560, and 637 nm (Figure 1D, iv—vi) for 91.0 + 9.3 nm Ag
NPs. The results show the red shifts of LSPR spectra as the sizes
of NPs increase, which agree with those described in the
literature (38, 52—54).

The plots of A,,, of LSPR spectra of individual NPs measured
using DFOMS versus their sizes determined using HRTEM in
Figure 1E show nearly linear calibration curves for each Ag NP
solution, which allows us to avoid the optical diffraction limit of
optical microcopy and determine the sizes of single NPs at the
nanometer scale using DFOMS. Nonetheless, we observed a
small overlap of wavelength ranges of A,,,x of LSPR spectra of
single NPsin 13.1 +2.5and 91.0 £ 9.3 nm Ag NP solutions. Such
an overlap may be attributed to the different shapes of Ag NPs
and various surface dielectric constants of NPs in two different
NP solutions due to the different amounts of synthetic reagents.
Fortunately, only a slight overlap occurs between the two NP
solutions, and the A, values of LSPR spectra of single NPs are
nearly proportional to their sizes for each NP solution. Each NP
solution was incubated with cells for probing the transport
kinetics of the efflux pump of single living cells, separately.
Therefore, the small overlap between two NP solutions does not
create any problem for us to determine the sizes of single NPs
using the A, of LSPR spectra of single NPs. Notably, these
interesting observations emphasize the importance of calibration
0f Amax 0f LSPR spectra of single Ag NPs with their sizes for each
NP solution, in order to use them as size-dependent plasmonic
NP probes to determine their sizes at nanometer scale using their
LSPR spectra via DFOMS.

Single living cells (P. aeruginosa) need to be suspended in PBS
buffer [10 mM phosphate and 1.5 mM NaCl (pH 7.0)] to sustain
cellular viability over time. To study the function of membrane
transporters of single living cells using size-dependent plasmo-
nic NPs, it is essential to maintain and characterize the stability
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F1GURE 1: Characterization of the size and plasmonic optical proper-
ties of single Ag NPs. (A) HRTEM images and (B) histograms of size
distributions of Ag NPs show nearly spherical NPs with a narrow size
distribution and diameters of (a) 13.1 +=2.5and (b) 91.0 £ 9.3 nm. (C)
Their dark-field optical images show plasmonic colors with
(a) 73% of blue, 21% of green, and 6% of red NPs and (b) 68% of
green, 16% of yellow, and 16% of red NPs. See Figure 1S of the Sup-
porting Information. (D) Representative LSPR spectra of single Ag
NPs show the peak wavelengths (4,.¢) of (a) (i) 468, (ii) 488, and (iii)
577 nm and (b) (iv) 552, (v) 560, and (vi) 637 nm. (E) Correlation of
the Ay of LSPR spectra of single Ag NPs with their sizes shows linear
calibration curves for Ag NPs in (a) and (b), allowing us to
determine the sizes of NPs in solution and in living cells in real time
using DFOMS. Scale bars in (A-a), (A-b) and (C) are 25 nm, 90 nm,
and 4 um, respectively. The scale bar in (C) shows the distances
among single NPs, but not the sizes of NPs, because they are imaged
at the optical diffraction limit (~200 nm).

(nonaggregation) of individual Ag NPs in the buffer for the duration
of the experiments. The results (Figure 2S-A of the Supporting
Information) illustrate that UV—vis spectra of both Ag NP solu-
tions (suspended in the buffer) remain unchanged during a 12 h
incubation. Their average diameters measured using dynamic
light scattering (DLS) in Figure 2S-B of the Supporting Informa-
tion and the histograms of color distribution of single NPs imaged
using DFOMS in Figure 2S-C of the Supporting Information
remain essentially constant, suggesting that the Ag NPs are stable
in the buffer for 12 h. Notably, the sizes of NPs were determined
under vacuum using HRTEM and in solution using DLS. There-
fore, the diameters of NPs measured using DLS in Figure 2S-B of
the Supporting Information differ slightly from those measured
using HRTEM, which may be attributed to the solvation of NPs
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and exchange of surface adsorbates (e.g., citrate ions) of NPs with
the ions of the buffer solution.

Real-Time Probing of the Single Membrane Transporter
of Single Living Cells. Optical images of single living cells
incubated with a 770 pM solution of 13.1 £2.5nm Ag NPsand a
3.7 pM solution 0of 91.0 + 9.3 nm Ag NPs in Figure 2A (a) and (b)
illustrate intracellular and extracellular Ag NPs, as boxed in (i)
and (ii), respectively. The depth of field (focus) of our DFOMS
imaging system is 0.19 um, as described in Materials and
Methods. The cross section of rod-shaped bacterial cells with a
length of 2 um and a diameter of 0.5 um in Figure 2 demonstrates
that the focal plane (depth of field) of dark-field microscopy
indeed allows us to image thin-layer sections of single bacterial
cells. The top and bottom membranes of the cells are invisible
under dark-field illumination. Therefore, NPs on the sur-
face of top or bottom membranes of the cells are invisible under
dark-field illumination, because they are out of the focal plane of
the dark-field microscope.

The illumination of dark-field microscopy needs to penetrate
into the cellular membrane to irradiate intracellular NPs, and
light scattering of intracellular NPs must be transmitted through
the membrane to reach the detector. The cellular membrane
absorbs photons, leading to a lower intensity of intracellular NPs
(as they are dimers). The focal plane of dark-field microscopy is
centered on the cross section of the membrane. Intracellular NPs
are situated inside the cellular membrane, leading to out of the
focus plane and blurry images. In contrast, the scattering inten-
sity of the extracellular NPs on the membrane is the sum of the
scattering intensities of NPs and the cellular membrane, leading
to radiating imaging and higher intensity.

Therefore, the intracellular NPs are dimers and more blurry
than NPs in solution, like those shown in the zoom-in images of
intracellular Ag NPs in Figure 2B-a and C-a. In contrast, the
extracellular NPs are radiating and much brighter than NPs in
solution, as shown in Figure 2B-b and C-b. These optical imaging
approaches for determining intracellular NPs have been verified
by imaging intracellular NPs using TEM, as we reported
previously (45—47).

We distinguished intracellular and extracellular NPs using the
scattering intensity of single NPs. We measured the scattering
intensity of single NPs with single living cells over time and sub-
tracted the scattering intensity of the cells in the absence of NPs,
once the NPs were extruded from the cells. Notably, the same
NPs and cells were tracked over the entire extrusion process. This
approach allowed us to measure the scattering intensity of intra-
cellular and extracellular single NPs over time. We found that the
intensity of extracelluar NPs is ~1.2—1.9 times higher than that
of intracellular NPs, depending upon the sizes and locations of
NPs. Generally, the scattering intensity of a single intracellular
NP increased ~8.7—62%, as it was extruded from the cells.

Notably, the sizes of NPs and the thickness of bacterial mem-
brane (36 nm) are under the optical diffraction limit (~200 nm),
and they cannot be resolved spatially using optical microscopy.
However, the sizes of single NPs were determined at nanometer
resolution using their LSPR spectra, as illustrated in the calibra-
tion curves (Figure 1E). The higher reflectivity of Ag NPs versus
that of the cellular membrane makes intracellular NPs appear to
stick out of the membrane (Figure 2).

These approaches allow us to track the transport of single NPs
into and out of single living cells in real time and to determine the
sizes of individual NPs and the durations of time for them to stay
inside and outside of the cells. Real-time videos (movies 1 —4 with
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FIGURE 2: Imaging of single intracellular and extracellular Ag NPs in single living cells. (A) Color images of individual cells (WT) incubated with
(a)a 770 pM solution of 13.1 nm Ag NPs and (b) a 3.7 pM solution of 91.0 nm Ag NPs show (i) intracellular and (ii) extracellular NPs (boxed with
dashed lines). (B and C) (a) Intracellular and (b) extracellular NPs with single cells, selected from the solution and imaged as those in (A-a) and

(B-a), respectively. The scale bars in (A—C) are 4 um.

a 1 s frame interval in the Supporting Information) and their
snapshots in Figure 3 show that single blue, yellow, and green
NPs are in and out of single living cells (nalB1, overexpression of
MexAB-OprM) in the absence and presence of a proton ionophore
(CCCP).

Using the size-dependent plasmonic NPs and the size-dependent
scattering intensity, we determined that the diameters of blue,
yellow, and green NPs in Figure 3 were 9.7, 88, and 17 nm,

respectively. The blue NP (9.7 nm) stayed inside the cells for 47.1
min, while the green NP (17 nm) and yellow NP (88 nm) stayed
inside the cells for 18.3 and 5.7 min, respectively. In the presence of
CCCP (pump inhibitor), a single green NP (17 nm) stayed inside
the cells for 75.0 min, much longer than the period of 18.3 min
observed in the absence of CCCP. The CCCP decreases or
eliminates proton concentration gradients across the cellular
membranes of living cells, disabling the proton motive transpor-
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FIGURE 3: Real-time probing of the efflux pump (MexAB-OprM membrane transporter) of single living cells (nalB1) using single NP probes.
Snapshots of sequential images of (A) a single blue NP (9.7 nm in diameter) in and out of single live cells at (a) 2.55, (b) 5.1, (c) 17.85, (d) 33.15,
(e) 52.22, and (f) 54.77 min, (B) a single yellow NP (88 nm) in and out of single live cells at (a) 2.63, (b) 5.25, (¢) 6.3, (d) 11.03, (¢) 11.55, and (f) 12.07
min, (C) a single green NP (17 nm) in and out of single live cells at (a) 13.3, (b) 16.3, (c) 20.0, (d) 26.7, (e) 32.6, and (f) 36.7 min, and (D) a single
green NP (17 nm) in the presence of CCCP (100 M) in and out of single live cells at (a) 17.5, (b) 19.5, (c) 24.0, (d) 48.0, (¢) 94.5, and (f) 145 min.
(E) Plots of imaging of NPs in and out of single live cells in (A—D) vs time show the duration of single NPs inside the cells: (a) 47.1, (b) 5.7, (c) 18.3,
and (d) 75.0 min. The scale barsin (A—D) are 2 um for all images. Real-time videos of (A—D) with a frame interval of 1 s are shown in movies 1 —4
of the Supporting Information with the observed cells that are highlighted by squares in the videos.
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ters (e.g., MexAB-OprM) and leading to the slow efflux
rate (31, 55). Therefore, the results suggest that the NPs are
indeed extruded by the proton motive pumps.

Similar sizes of single NPs were studied at least three times. In
the absence of CCCP, we found that single NPs with diameters of
9.540.7,16.1 £ 0.5, and 84.1 & 3.9 nm stayed inside the cells for
5577+ 12.7,27.0 £ 6.5, and 8.9 £ 3.1 min, respectively. In the
presence of CCCP, the NPs with diameters of 16.8 4+ 0.7 nm
stayed inside the cells for 82.0 £ 6.6 min. Notably, colors (LSPR
spectra) of single intracellular and extracellular NPs remain essen-
tially the same, indicating that the NPs are stable (not aggregated)
inside the cells.

It is worth noting that endocytosis, pinocytosis, and exocy-
tosis, widely reported in eukaryotes, do not transpire in pro-
karyotes (bacterial cells). Thus, the transport of NPs into and out
of the bacterial cells (P. aeruginosa) that we observed in this study
is not attributable to these processes.

Taken together, the results show the size-dependent efflux
kinetics of single living cells and the inhibitory effect of CCCP on
the efflux kinetics of single NPs, suggesting that the NPs are
indeed extruded by the proton motive pumps (MexAB-OprM),
and the multisized NPs are suitable substrates for probing the
efflux pump (MexAB-OprM). Notably, the pump responds to
the substrates up to 88 nm, which are nearly 2 orders of magni-
tude larger than conventional antibiotics. It suggests the possi-
bility that the substrates trigger three membrane proteins (MexA,
MexB, and OprM) to assemble an efflux pump for extrusion of
the substrates. The smaller NPs stay inside the cells longer than
larger NPs, suggesting that they are more biocompatible with the
cells, and they can serve as effective carriers for drug delivery.

Study of the Dependence of Membrane Transport of N Ps
on the Expression Level of MexAB-OprM. To further inves-
tigate whether the membrane transporter (MexAB-OprM) is indeed
responsible for the efflux of NPs out of living cells, we studied the
dependence of membrane transport kinetics of NPs on the expres-
sion level of MexAB-OprM. We selected the WT of P. aeruginosa
with a normal expression level of MexAB-OprM and its two
mutants, nalB1 (overexpression of MexAB-OprM) and AABM
(deletion of MexAB-OprM). We incubated these three strains of
cells (ODgg = 0.1) with two different sizes of Ag NPs, 13.1 £ 2.5 nm
(770 pM) and 91.0 £ 9.3 nm (3.7 pM), over time and studied the
accumulation rates of intracellular NPs in the cells.

Weimaged intracellular NPs over time and plotted the number
of intracellular NPs versus time. The results in Figure 4A and B
show that WT cells accumulate more intracellular NPsin (a) than
nalBI cells in (b), but less intracellular NPs than AABM cells in
(c). In other words, AABM cells accumulate the largest number
of intracellular NPs with the highest accumulation rate, while the
nalB1 cells accumulate the smallest number of NPs with the
lowest accumulation rate. These results show that the accumula-
tion rates of intracellular NPs highly depend upon the expression
level of a membrane transporter (MexAB-OprM) and suggest
that the lowest level of accumulation of intracellular NPs in the
cells with the highest expression of MexAB-OprM (nalBl) is
attributed to the efflux of NPs by the pump. The absence of
MexAB-OprM in AABM cells disables the extrusion of NPs,
leading to the highest level of accumulation of intracellular NPs.

At the same incubation time, the cells accumulate more small
NPs (Figure 4A) than large NPs (Figure 4B), which agrees with
what we observed in Figure 3 that small NPs stay inside the cells
longer. These observations may be attributed to the higher mem-
brane permeability and higher concentration of small NPs.
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FiGure 4: Study of expression level-dependent transport kinetics of
the efflux pump of single living cells. (A and B) Plots of intracellular
NPs in (a) WT, (b) nalB1, and (c) AABM cells, vs time, for the cells
incubated with (A) a 770 pM solution of 13.1 £ 2.5nm NPsand (B) a
3.7 pM solution of 91.0 £ 9.3 nm NPs for 2 h show that accumulation
of intracellular NPs depends upon the expression levels of MexAB-
OprM and sizes of NPs. (C) Plots of the number of intracellular NPs
vs time, for the cells (nalB1) that are incubated with a 3.7 pM solution
of 91.0 nm Ag NPs (a) in the presence and (b) absence of CCCP, show
that the number of intracellular NPs is nearly doubled in the presence
of CCCP. (D) Time courses of fluorescence intensity of intracellular
EtBrfor (a) WT, (b) nalB1, and (c) AABM cells, incubated with 4 uM
EtBr for 2 h, show that accumulation of intracellular EtBr depends
upon the expression levels of MexAB-OprM.

In the presence of CCCP (pump inhibitor), we found that the
amount of intracellular NPs in nalB1 is nearly doubled (Figure 4C),
suggesting that the CCCP (proton ionophore) weakened or elimi-
nated the proton gradients across the membrane of living cells,
which removed the drive force of the membrane efflux pump
(31, 55) and led to the accumulation of the larger amount of
intracellular NPs. It indicates that, in the absence of CCCP
(Figure 4C-b), the efflux pump (MexAB-OprM) extrudes the
NPs out of the cells, leading to the lower level of accumulation of
intracellular NPs.
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FIGURE 5: Study of concentration-dependent transport rates of Ag NPs in single living cells. Plots of the number of intracellular NPs in (A) WT,
(B) nalB1, and (C) AABM vs time, for the cells that are incubated with (a) 13.1 £ 2.5 nm NPs at concentrations of (i) 190 and (ii) 96.3 pM and
(b) 91.0 £ 9.3 nm NPs at concentrations of (i) 1.85 and (ii) 0.93 pM. We analyzed 800 cells at each 20 min over 2 h for each data point.

Table 1: Summary of Accumulation Rates and Equilibrium Times of Single NPs in Single Living Cells

accumulation rate (no. of NPs/min)

equilibrium time (min)

diameter (nm) Cag nps (PM) WT nalB1 AABM WT nalBl AABM
13.1£2.5 770 1.72 0.92 22 27.5 17.5 47.5
190 1.22 0.80 1.3 22.5 12.5 42.5
96.3 0.84 0.75 1.0 17.5 12.5 37.5
91.0+9.7 3.7 1.65 0.98 54 32.5 22.5 37.5
1.85 1.16 0.74 1.5 22.5 17.5 27.5
0.93 0.37 0.23 0.7 17.5 12.5 27.5

The NPs used here are orders of magnitude larger than the
conventional substrates of the pump. It seems almost inconceiv-
able that these NPs can permeate into the cells and be extruded
out by the efflux pump. To determine any possible steric effects of
NPs and the proper functioning of efflux pump in living cells, we
used a well-known fluorescence probe (EtBr) to characterize the
function of the MexAB-OprM pump using fluorescence spectro-
scopy (30—33), while we conducted the study of the membrane
transporter using single NPs. The fluorescence intensity of EtBr
molecules increases up to 25-fold, as they enter the cells and inter-
calate with DNA, leading to a higher quantum efficiency of EtBr
because of hydrophobic intracellular environments (56). Thus,
one can use the fluorescence intensity of EtBr to monitor its accu-
mulation in cells (30—33). The results in Figure 4D show that the
rate of accumulation of intracellular EtBr in WT cells is lower

than that in AABM cells, but higher than that in nalB1 cells. In
other words, the highest rate of accumulation is observed in AABM,
while the lowest rate of accumulation is found in nalB1. These
results (Figure 4D) are very similar to those observed using single
NP probes (Figure 4A,B), suggesting that large sizes of NPs did
not hinder their transport into the cells and their extrusion by the
pump. Therefore, multiple sized NPs can be used to mimic vari-
ous sized antibiotics (drugs) for probing the size-dependent trans-
port kinetics of multidrug efflux pumps of single living cells in
real time at nanometer resolution.

Probing of the Dependence of Membrane Transport of
NPs on Their Size and Concentration. We further studied the
dependence of accumulation and efflux rates of NPs on their
sizes and concentrations (doses), aiming to determine their
molecular mechanisms and compare them with those observed
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FIGURE 6: Characterization of cellular viability. (A) Optical images of cells (WT, nalB1, and AABM) that are incubated with (a) the buffer (blank
control), (b) a 770 pM solution of 13.1 nm NPs, and (c) a 3.7 pM solution of 91.0 nM NPs for 12 h. (B) Fluorescence images of the cells in (A),
which are assayed using live/dead BacLight assays, show that the cells are alive. The scale bars in (A—B) are 8 um. (C) More than 99% of the cells

(WT, nalBl, and AABM) in (A) are viable.

for antibiotics. We used two concentrations for each size of
NPs and studied their accumulation rates in WT, nalB1, and
AABM. The results in Figure 5 show the dependence of the
number of intracellular NPs on NP concentration for all three
strains of cells, and the number of intracellular NPs increases as
the concentration of NPs increases, suggesting that passive
diffusion may transport extracellular NPs into the cells,
similar to the mechanisms of transport of antibiotics into the
cells.

Notably, the accumulation rates in Figure 5 depend upon the
expression level of MexAB-OprM and sizes of NPs, similar to

those in Figure 4. The level of accumulation of intracellular NPs
in WT (Figure 5A) is higher than in nalB1 (Figure 5B), but lower
than in AABM (Figure 5C). The highest number of intracellular
NPs and accumulation rates are found in AABM, while the lowest
number of intracellular NPs and lowest accumulation rates are
observed in nalB1. The results suggest that the absence of MexAB-
OprM in AABM leads to the highest rate of accumulation of
intracellular NPs, while the overexpression of MexAB-OprM in
nalB1 enables the effective extrusion of intracellular NPs, which
leads to the lowest rates of accumulation and lowest number of
intracellular NPs.
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We summarize quantitative accumulation rates and equilib-
rium times of accumulation of intracellular NPs in living cells
(Figures 4 and 5) in Table 1, which shows their dependence on the
expression level of MexAB-OprM, and sizes and concentrations
of NPs. For 13.1 £ 2.5 nm NPs, the accumulation rate of AABM
is ~2.3 times higher than that of nalB1 and 1.9 times higher than
that of WT for 770 pM NPs, 1.6 and 1.5 times higher than that for
190 pM NPs, and 1.4 and 1.1 times higher than that for 96.3 pM
NPs, respectively. For 91.0 £ 9.7 nm NPs, the accumu-
lation rate of AABM is ~5.6 times higher than that of nalBI,
1.7 times higher than that of WT for 3.7 pM NPs, 2.1 and
1.6 times higher than that for 1.85 pM NPs, and 2.9 and 1.6 times
higher than that for 0.93 pM NPs, respectively.

Characterization of the Viability of Single Cells. Studies
show that Ag NPs inhibit bacterial growth in a dose-dependent
manner (57, 58). Therefore, we characterized the viability of cells
to ensure that the doses of NPs that we used to probe the efflux
pump of P. aeruginosa did not affect the function and viability of
the cells.

The viabilities of cells (WT, nalBl, and AABM) incubated
with NPs for 12 h were characterized using the live/dead BacLight
viability and counting assay, which determines the viability of
cells by detection of both live and dead cells using SYTO9 nucleic
acid stain and propidium iodide, respectively (59). The observa-
tion of the green fluorescence (A, = 520 nm) of SYTO9 in
bacterial cells indicates the viable cells, while the display of red
fluorescence (A = 610 nm) of propidium iodide in bacterial
cells shows the dead cells, allowing us to count the number of live
and dead cells and determine the percentage of viable cells. Optical
images of the cells (WT) incubated with PBS buffer (blank
control, in the absence of NPs), a 770 pM solution of 13.1 +
2.5nm Ag NPs and a 3.7 pM solution of 91.0 £ 9.3 nm Ag NPs,
for 12 h (Figure 6A, a—c), show the cells without NPs in (a) and
cells with intracellular and extracellular NPs in (b—c). Their
fluorescence images in Figure 6B illustrate that the cells with and
without NPs, as those boxed, are alive.

We determined the number of live and dead cells and plotted
the percentage of viable cells. The results in Figure 6C show that
more than 99% of the cells (WT, nalB1, and AABM) incubated
with the buffer, a 770 pM solution of 13.1 £2.5nm Ag NPsand a
3.7 pM solution of 91.0 & 9.3 nm Ag NPs, for 12 h, are alive,
demonstrating that we indeed studied the efflux pump of single
living cells. The results demonstrate that the NPs at these selected
concentrations are biocompatible with the cells, showing that the
Ag NPs are well suited for probing of membrane transporters of
single living cells.

SUMMARY

In summary, we have designed and synthesized Ag NPs with
average diameters of 13.1 £2.5and 91.0 £ 9.3 nm and used their
size-dependent plasmonic spectra to image and determine the
sizes of single NPs in and out of single living bacterial cells. The
NPs (770 pM solution of 13.1 nm NPs and 3.7 pM solution of
91 nm NPs) are stable (nonaggregated) in PBS buffer and in cells,
and the cells incubated with these concentrations of NPs for 12 h
are viable. We found that NPs were transported into the cells in a
concentration-dependent manner, suggesting that the passive dif-
fusion driven by concentration gradients is the primary mecha-
nism for NPs to enter the cells, similar to those observed
for antibiotics. The accumulation of intracellular NPs depends
upon the expression level of MexAB-OprM, the sizes and
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concentrations of NPs, and the presence of proton ionophores
(CCCP) (pump inhibitor). The largest number of intracellular
NPs was found in AABM (deletion of MexAB-OprM), while the
smallest number was observed in nalBl (overexpression of
MexAB-OprM). In the presence of CCCP, we observed the
larger number of intracellular NPs in nalB1. These results show
that the accumulation and efflux of intracellular NPs are directly
associated with the expression level and function of MexAB-
OprM, suggesting that the efflux pump (MexAB-OprM) is
responsible for the extrusion of NPs out of the cells. The smaller
NPs stay inside the cells longer than larger NPs, suggesting size-
dependent efflux kinetics of the membrane transporter. Taken
together, the results show that size-dependent plasmonic NP
probes can be used to study the multidrug membrane transpor-
ters in single living cells, offering the possibility of better under-
standing of MDR. Work is in progress to probe the molecular
mechanisms of the membrane transporter.
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SUPPORTING INFORMATION AVAILABLE

Histograms of the color distribution of individual Ag NPs in
nanopure water (Figure 1S) and study of stability (nonaggregation)
of Ag NPs in PBS buffer for 12 h (Figure 2S). Movies 1—3 show
that single blue, yellow, and green NPs, respectively, are in and
out of single living cells (nalB1), which are boxed in the videos.
Movie 4 shows single green NPs in and out of single living cells
(nalBl) in the presence of a proton ionophore (carbonyl cyanide
m-chlorophenylhydrazone, 100 uM CCCP). The cell is boxed in
the video. The videos were acquired using dark-field optical micro-
scopy equipped with a CCD camera with a temporal resolution
of 1's. This material is available free of charge via the Internet at
http://pubs.acs.org.
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