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’ INTRODUCTION

Chemical agents that can selectively inactivate or destroy
biological threats while having a low toxicity toward humans
and the environment are desirable for obvious reasons. A number
of cationic polyelectrolytes (CPEs) have been found to be
effective bactericides.1�7 Many of these compounds are water-
soluble and exhibit an affinity for bacterial cell membranes,
causing membrane disruption, agglomeration, and bacterial
death. Our particular focus is on a family of conjugated oligomers
synthesized in our laboratories that was previously shown to have
antimicrobial properties.8�11 These compounds have structures
based on arylene�ethynylene repeat units that are functionalized
by one of several types of tetraalkylammonium side groups.
These compounds show remarkable bactericidal activity, and
layer-by-layer constructs made using alternating anionic and
cationic polymers of this family have significant bacterial seques-
tration properties in solution and on fibers and surfaces.11 Model
membrane studies also indicate that these compounds have
a high affinity for bacterial membranes but a low affinity for
mammalian membranes.12 A number of the compounds have
been physisorbed or chemically grafted onto cotton and silk
fabrics and silica surfaces while retaining their fluorescent and
biocidal properties.13 The synthesis and characterization of these
compounds has complemented other efforts within the group
that seek to correlate the biocidal activity with the photophysical
properties of the CPEs and with the characteristics of target
bacterial membranes.14�18

While a number of the compounds are active in the dark, their
biocidal effects are, in most cases, strongly enhanced by photo-
excitation in the near-UV (∼365 nm) for the shorter oligomers
and in the visible (400�450 nm) for the higher-repeat-unit
(7�50) polymers. Efficient light-induced interfacial generation
of singlet oxygen is occurring in these systems and has been

quantified;18,19 this is believed to contribute considerably to their
activity in light. Several of the complexes are quite effective
against a variety of bacteria, both Gram positive [Bacillus
atrophaeus (both vegetative cells and spores), Staphylococcus
aureus, and Staphylococcus epidermidis] and Gram negative
(Pseudomonas aeruginosa, Escherichia coli, and Cobetia marina).
The work presented here encompasses studies using S. aureus,
S. epidermidis, and E. coli, for which the light-induced killing has
been observed to be as high as 7 log in some cases (E. coli and
S. epidermidis, 30 min light exposure), with some of the oligomers
also showing substantial lethality at similar times in the dark at
higher concentrations (>10 μg/mL). Two oligomers synthesized
in our laboratory and screened against target bacteria are
shown in Scheme 1. The synthetic methods are described
elsewhere.16�18

Flow cytometry involves the generation of a particle stream by
various means, usually in a liquid, which then undergoes sequen-
tial optical analysis. With this technique, analysis of the micro-
organisms can potentially be carried out at a number of levels,
from simple detection or identification to counting to character-
ization of the viability, growth, metabolism, and interaction with
various chemical and physical agents. Since the early 1980s, a
number of researchers have been able to use this technique to
differentiate bacterial populations using various fluorescent labels
and probes.20�23 With the appropriate choice of stains, staining
protocols, and gating, this approach has been refined to provide
results that correlate well with plating and optical density
approaches.24�27 Scatter parameters from flow cytometry coupled
with simultaneous confocal microscopy imaging also provide
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insight into potential morphological changes that occur upon
bacterial injury.

In our studies, flow cytometry paired with confocal laser
scanning microscopy (CLSM) and single- and multiple-staining
methods has been used to rapidly screen the CPEs for biocidal
activity. The flow cytometry technique provides the quantitative
determination of the chemically induced killing, natural attrition
rates, staining efficiencies, and autofluorescence of bacteria, while
CLSM is used to corroborate the staining and can visually
indicate morphological changes and degree of aggregation of
the bacteria after exposure to the compounds of interest in dark
and light-exposed conditions.

’EXPERIMENTAL METHODS

All bacterial work was carried out under sterile conditions (flaming,
alcohol rinse, etc.). Bacteria for testing, E. coli (ATCC 29425),
S. epidermidis (ATCC35984), and S. aureus (ATCC25923), were initially
obtained from ATCC and used to generate a stock culture stored in 20%
glycerol at �70 �C. The thawed stock culture was used to inoculate an
agar slant, which was then stored at 4 �C for up to 2 weeks. Colonies
from the slant were used to inoculate flasks (250 mL, with 50 mL broth)
to grow cultures in Nutrient Broth (Difco). This flask was then sealed
with a foam stopper covered by aluminum foil, in a shaker/incubator
held at 30 �C for 18 h.
The overnight bacteria destined for direct experimentation were

prepared by centrifugation at 4 �C at 10K rpm for 30 min in an
Eppendorf 5415C centrifuge, and the supernatant was removed and
discarded. The remaining pellet was resuspended in 40 mL of a 0.85%
NaCl solution and recentrifuged under the same conditions. This cycle
was repeated for a total of three washes, and counting was carried out in a
hemocytometer in order to normalize bacterial concentrations. The
bacteria were used immediately after their preparation to preserve live
population.
E. coli, S. epidermidis, and S. aureus overnight batch cultures with

populations of∼2� 109 bacteria mL�1 were diluted to between 106 and
107 mL�1 in a 0.85% NaCl buffer for flow samples. The sample set
typically contained live and dead controls, split into multiple aliquots for
varied staining procedures. For example, unstained, propidium iodide
(PI)-only stained and doubly stained (PI and the appropriate permeant
SYTO dye) controls were used to determine the autofluorescence of the
vegetative cells. Biocidal candidate compounds were added to these
samples at multiple concentrations between 0.001 and 10 μg mL�1.
SYTO 9, SYTO 24, and PI stains were used in the flow cytometer
experiments, with a 15minminimum incubation period. Light exposures
were between 30 and 120 min in an enclosed photochamber (LuzChem
ORG) with near-UV (365 nm) excitation sources. This device has a
sample capacity of 16 microcentrifuge tubes or cuvettes and also has
a rotating carousel that provides for uniform exposures of around
9 mW cm�2.

Flow cytometric studies herein were done using an Accuri C6 flow
cytometer, a compact unit with four fluorescence and two scatter
detectors. This instrument is capable of processing up to 10 000 events
s�1 and sample concentrations near 107 cells mL�1. The C6 uses
peristaltic pumps for transport, allowing for cell concentration determi-
nation by precisely metering the volume. The instrument has two lasers
and four fluorescence detectors, set up with the optical filters shown in
Table 1. Data are collected on forward scatter (FSC) and side scatter
(SSC) (from the 488 nm laser) and all four fluorescence channels in
every run. The Accuri C6 was calibrated with eight peak rainbow beads
(Spherotech, Inc.) and proved to be quite stable over time in fluores-
cence as gauged by coefficient of variation (CV) values. The instrument
was backflushed between sample types in order to minimize residual
contamination. The system was also cleaned and decontaminated after
each use to eliminate any stains or bacterial debris that might bind to the
flow cytometer tubing.

For the selected stains, the most useful representation for gating the
data was the bivariate plot of FL1 (530 ( 15 nm—“green”—live) for
the SYTO 9 and SYTO 24 permeant stains and FL3 (670 nm long
pass—“red”—dead) for the PI. For the flow cytometric bivariate plot
graphics in this paper, we have followed the convention of having the
green fluorescence channel (FL1) on the Y axis and the red fluorescence
channel (FL3) on the X axis. The virtual “life cycle” could be followed
through the progression of events moving roughly clockwise on these
plots, starting in the lower left with unstained live controls, moving
upward once stained, and then transitioning to the right with an increase
in the membrane permeability and finally downward with a further loss
of the membrane integrity. The last three stages of this process are
shown in Figure 1.

For corroborative evidence, comparison plating onTSB agar plates was
done on selected samples split from the corresponding samples used for
flow cytometry testing. These were incubated overnight (18 h) at 30 �C.

In any given experimental set, consistent scattering thresholds were
applied across all samples and 10K�50K events were collected per run.
For the compounds showing high activity, runs of up to 10 000 000
events were carried out to firmly establish the log killing values. The
working scattering thresholds that we have established are (FSC-H) as
follows: S. aureus, 40 000�60 000; E. coli, 15 000�30 000. These values
are dependent on the growth phase and media, making it especially
important to have consistent growth conditions. Both of these scattering
thresholds were complemented by a secondary fluorescence threshold
between 100 and 1000 (typically ∼250) in FL1 or FL3. Because of the
pronounced spreading in the scatter, gate settings were usually adjusted
to include at least 75% of the total events and were centered on mean
values of the signals for both FSC and SSC. These settings were then
optimized by monitoring CV values for the fluorescent channels of
interest (FL1 and FL3). The experimental data were analyzed using the
CFlow software available on the Accuri C6 and with FCS Express 3.0
from DeNovo Software.

’RESULTS AND DISCUSSION

The effects of the CPEs on the bacteria in most every case were
quite pronounced, as observed by flow cytometry. FSC is generally

Scheme 1. Structures of Two Functionalized CPE
Complexes

Table 1. Fluorescence Detection Parameters in the Accuri C6
Flow Cytometer

filter excitation source (nm) detection range (nm)

FL1 488 530 ( 15

FL2 488 585 ( 20

FL3 488 670 long pass

FL4 640 675 ( 12.5
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correlated to the particle size, while SSC is more closely related to
the surface complexity characteristics of the particle; for bacteria,
this is likely indicative of the membrane roughness.28 In our
screening runs, the signals for FSC and SSC tended to spread
significantly, sometimes with one clearly affected more than the
other. This spreading is most likely due to two factors: (1) the
agglomeration of bacteria that was observed by CLSM in this and
many prior experiments and (2) the variability in the uptake of
the stains among individual bacteria, clusters, and debris particles
(which may also be contained in the agglomerates). This
contributed to a broadening in the distribution and an increase

in the range of intensities of both scatter and fluorescence,
although this was likely mitigated somewhat by the narrowing
of the orifice (∼40 μm maximum particle size29) through which
any clustered material had to pass. This same reasoning would
suggest that many agglomerated bacteria were possibly not
counted because of the fact that the instrument rejects the
acquisition of data if a pulse width exceeds a preset limit. Also,
for cells that were damaged and permeabilized to the PI stain, the
increase in the range of SSC was less pronounced, possibly
because of the refractive index differential between the cells and
the solution being diminished by equilibrium processes.

Figure 1. Doubly stained sample of E. coli: (a) live control; (b) after exposure to compound 1 in the dark; (c) after light exposure with compound 1.

Figure 2. S. aureus (a) live control (dark, 60 min) and (b) dead control (heat-killed at 90 �C for 2.5 h).

Figure 3. S. aureus exposed to 1 μg/mL of 2 for 60 min (a) in the dark and (b) with light exposure.
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At concentrations down to 0.01 μg/mL, the light-activated
effects of the oligomers were unambiguous, as can be seen in
Figures 3 and 6. Here the PI staining is quantitative in the light-
exposed sample, and the corresponding red fluorescence has
increased by an order of magnitude over the live control. This
indicates that 2 with light exposure is extremely effective in
permeabilizing the bacterial membrane of Gram positive bacteria.

The choices of which channel and where to set the lower
boundary (threshold) for the signal intensity are also critical
ones. Since the particles of interest (bacteria) are near the lower
size limits for the instrument, a triggering threshold of less than
80 000 in FSC was usually required for achieving reasonable
scatter populations. This threshold was combined with small-
valued fluorescence cutoffs (100�1000) in order to improve CV
values andminimize triggering from cellular debris. Values higher
than 1000 would typically begin to eliminate legitimate data. The

numbers of events per microliter registered by the flow cytometer
were then compared to the cell count from a hemocytometer for
consistency and, insofar as practical, parameters were adjusted to
match the counts. Care should be taken in assigning these multiple
flow cytometric parameters, balancing the need for careful popula-
tion identification and for the setting of thresholds and gating to
optimize the capture of data from those populations.

The fluorescence signal strength can shift between samples
with different compounds and with differing concentrations;
therefore, the gating must sometimes be adjusted between
sample types to fit the new medians of population. Usually, this
is not a large shift and the population profiles or contour shapes
tend to remain the same, so setting the new gates only requires
the adjustment of existing gates along one axis. However, in
samples treated with oligomers 1 and 2, the bacteria appear
heavily damaged, even with low exposure times at concentrations

Figure 4. Log killing of S. aureus over time by 1 and 2 in both dark and light-exposed conditions at two concentrations (0.1 and 1.0 μg/mL).

Figure 5. Biocidal effect of 1 [EO-OPE1-(C3)] and 2 [EO-OPE1-(C3,Th)] onE. coli in the dark and light at three different concentrations (0.1, 0.5, and
1.0 μg/mL) and at three times (30, 60, and 120 min).
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of <0.1 μg/mL. Here, we must assume that the membrane
integrity is highly impacted, causing rapid leakage and/or
quenching of the SYTO permeant stain during equilibration
with the suspension medium. This is reflected in the significant
movement of the population by an order of magnitude lower in
FL1 and about the same amount higher in FL3 (downward and
to the right in the bivariate plot) as compared to samples with less
active compounds.

The demarcation line of the bacteria as “live” and “dead” is
based on population geometric means established by untreated
live (as in Figures 1a, 2a, and 3a) and dead [Figure 1c (with
compound 1), heat-killed, Figure 2b] control samples. Plate
counting resulted in no viable colonies for samples showing
>95% killing by flow cytometry. This indicates that the flow
cytometry numbers are probably rather conservative for evaluat-
ing the antimicrobial activity in this system.

The flow cytometry data in Figures 4 and 5 gathered on the
oligomeric compounds 1 and 2 show that they are effective
biocides primarily under light conditions. The greatest impact
was observed with 2, which proved to be 100% lethal (>6 log
killing, 0 live bacteria out of 1 000 000 counts) to S. aureus after
30 min of light exposure at a concentration of 0.1 μg/mL. CV
values for these experiments ranged from 7 to 30% and averaged
about 12%, quite reasonable for biological samples of this type.

Evaluation of the control samples that had undergone light
exposure was also important with the oligomers because these
molecules require shorter wavelength excitation for activation.
This affected S. aureus more than E. coli, and in some instances
the attrition of the bacteria was significant (see Figure 4, light
control). For E.coli at the longest light exposure time (120 min),
the maximum amount of cell attrition for any of the live controls
was measured at 22%. Given this caveat, the significant differ-
ences between the experimental samples and controls can still be
observed.

The effects of 1 and 2 on S. epidermidis at lower concentrations
(0.01 and 0.05 μg/mL) can be seen in Figure 6. Studies are
underway now to bracket the lower active concentrations for a
number of these compounds, and the thiophenyl-substituted
compound in particular still shows appreciable biocidal activity
against S. epidermidis (1�3 log reduction) at concentrations of
0.001 mg/mL.

’CONCLUSIONS

A number of arylene�ethynylene compounds have under-
gone preliminary screening with flow cytometry, confirming the
observations of antimicrobial effects on bacterial cells made in
earlier experiments with confocal microscopy. Some of the
oligomers seem especially potent and are seen to cause quanti-
tative or near-quantitative permeabilization of the bacteria.

Because different antibacterial agents may have different direct
and indirect impacts on various functions in different bacteria, it
is obviously important to be able to track more than one
parameter to understand the effects of the CPEs on the bacteria.
The multiple parameters available in flow cytometry do help to
accurately discriminate certain properties, but these properties
may be difficult to uncouple from each other because of factors
such as variation in the bacterial sizes, orientation of asymmetric
microbes in the flow stream, and, perhaps most importantly,
variations in staining. Some early attempts to correlate plate
counting for bacterial susceptibility with flow cytometric evalua-
tions differed by more than a factor of 5.30 However, more recent
studies have demonstrated that flow cytometry can produce
comparable and consistent results, which can be very sensitive to
bacterial metabolic states while simultaneously providing insight
into size and surface morphology changes.31�33 Once the intrinsic
properties of bacterial cells are sufficiently characterized, flow
cytometry, with or without a given set of stains, yields much
useful information.30,34 These observations can shed light on
both the direct and indirect impact of antimicrobials on micro-
organisms and enable the identification of mechanisms involved
in bacterial death.35�40 Given its rapid analysis times, low volume
requirements, high sensitivity, and synchronous measurement of
fluorescence sensitivity, flow cytometry can be a powerful tool
for the evaluation of bacterial susceptibility and can aid in the
discovery of new antimicrobial agents.

Sample processing in flow cytometry usually only takes a
couple of minutes per sample, much faster than either plate
counting (overnight) or CLSM. With flow cytometry, measure-
ment of the particle characteristics can be very precise, but
selection of the gating parameters, triggering thresholds, sample
concentrations, staining protocols, and flow rates must be
optimized. Becausemost bacteria, including those studied herein,
are at the lower end of the size range for the instrument, noise
from the background (stray light and diffraction from fluid
density variations) require thresholds that necessarily eliminate
some real events. On the bright side, photobleaching is less of a
problem when using a flow cytometer because each cell is
exposed to excitation light for just a few microseconds as it
passes through the beam, giving much more flexibility in the
choice of stains. In all cases, the relationship between staining
conditions and viability must be judged carefully.

This family of oligomeric materials shows great promise in
rapidly reducing populations of pathogens. The low antagonism
toward mammalian cells indicates that these materials could
potentially be employed in general use biocidal applications.

Figure 6. Effects of 1 (“C3”) and 2 (“C3Th”) on S. epidermidis at lower
concentrations.
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We have also covalently grafted other compounds of this type to
silicon microspheres and fiber surfaces and envision their poten-
tial incorporation into bandages, clothing, filters, and medical
devices such as catheters and endoscopic tools. With their greatly
increased activity under compatible irradiation, this series of
compounds may also benefit patients through application in
photodynamic therapy.
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