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ABSTRACT Bacteria form complex multicellular structures on solid surfaces known as
biofilms, which allow them to survive in harsh environments. A hallmark characteristic of
mature biofilms is the high-level antibiotic tolerance (up to 1,000 times) compared with
that of planktonic cells. Here, we report our new findings that biofilm cells are not al-
ways more tolerant to antibiotics than planktonic cells in the same culture. Specifically,
Escherichia coli RP437 exhibited a dynamic change in antibiotic susceptibility during its
early-stage biofilm formation. This phenomenon was not strain specific. Upon initial at-
tachment, surface-associated cells became more sensitive to antibiotics than planktonic
cells. By controlling the cell adhesion and cluster size using patterned E. coli biofilms,
cells involved in the interaction between cell clusters during microcolony formation
were found to be more susceptible to ampicillin than cells within clusters, suggesting a
role of cell-cell interactions in biofilm-associated antibiotic tolerance. After this stage,
biofilm cells became less susceptible to ampicillin and ofloxacin than planktonic
cells. However, when the cells were detached by sonication, both antibiotics were
more effective in killing the detached biofilm cells than the planktonic cells. Collec-
tively, these results indicate that biofilm formation involves active cellular activities
in adaption to the attached life form and interactions between cell clusters to build
the complex structure of a biofilm, which can render these cells more susceptible to
antibiotics. These findings shed new light on bacterial antibiotic susceptibility during
biofilm formation and can guide the design of better antifouling surfaces, e.g., those
with micron-scale topographic structures to interrupt cell-cell interactions.

IMPORTANCE Mature biofilms are known for their high-level tolerance to antibiotics;
however, antibiotic susceptibility of sessile cells during early-stage biofilm formation is
not well understood. In this study, we aim to fill this knowledge gap by following bacte-
rial antibiotic susceptibility during early-stage biofilm formation. We found that the at-
tached cells have a dynamic change in antibiotic susceptibility, and during certain
phases, they can be more sensitive to antibiotics than planktonic counterparts in the
same culture. Using surface chemistry-controlled patterned biofilm formation, cell-
surface and cell-cell interactions were found to affect the antibiotic susceptibility of at-
tached cells. Collectively, these findings provide new insights into biofilm physiology
and reveal how adaptation to the attached life form may influence antibiotic susceptibil-
ity of bacterial cells.

KEYWORDS antibiotic tolerance, biofilm, cell-cell interaction, cell-surface interaction,
patterned biofilm

As the earliest form of life on earth, bacteria have developed remarkable strategies
to survive in harsh environments, one being the formation of multicellular struc-

tures of biofilms with cells attached to a surface and embedded in a self-produced
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extracellular matrix (1). Biofilms are well-documented to provide bacterial cells protec-
tion from a variety of stresses, such as heavy metals, organic solvents, and antimicro-
bials (2–4). Biofilms of pathogenic bacteria allow these cells to tolerate higher concen-
trations of antibiotics (up to 1,000 times) than planktonic cells of the same species,
leading to chronic infections and facilitating the development of multidrug-resistant
strains, such as “superbugs” (2, 5). High-level antibiotic tolerance has been a major
focus of previous biofilm research and is viewed as a hallmark characteristic of biofilms
(2, 5). It is commonly stated that biofilm cells are more tolerant to antibiotics than their
planktonic counterparts (6), except for few scarcely reported findings that chemical or
mechanical biofilm removal can sensitize dispersed cells to antibiotics (7–10). How
antibiotic susceptibility changes during biofilm formation is not well understood. The
lack of a holistic view and some seeming discrepanc-ies among literature emphasize
the need for a more in-depth understanding of antibiotic susceptibility during biofilm
formation.

Biofilm cells obtain high-level tolerance to antibiotics through multiple mechanisms (2,
11–13). First, the polymeric matrix can protect biofilm cells from antibiotics by blocking or
retarding the penetration of certain antibiotic molecules (2, 13). It is well documented
that, for most antibiotics, the killing of biofilm cells is limited to the outer layers (14).
However, for the molecules that do penetrate the extracellular matrix and reach biofilm
cells, the killing effects still can be significantly reduced due to the slow growth of
biofilm cells and the need for growth-associated targets required for the action of most
antibiotics (2, 13). It is worth noticing that these results are largely based on mature
biofilms. How antibiotic susceptibility changes during early events in the formation of
a biofilm has not been well explored.

The early-stage biofilm formation includes initial adhesion and microcolony forma-
tion; both are important to the subsequent development of biofilm architecture and
the physiology of biofilm cells (15–19). The generally accepted model is that motile
bacteria use cell surface appendages, such as flagella and pili, to explore a surface and
make the decision of switching from planktonic growth to biofilm formation (20–23).
The attached cells also interact to form small colonies before further biofilm growth,
matrix production, and maturation can take place (24, 25). These are rather active
processes and, thus, are expected to be energy expensive and require coordination of
cellular activities (24, 25). Thus, we hypothesize that bacterial antibiotic tolerance does
not increase to a high level right after attachment but rather changes gradually during
early-stage biofilm formation. We further hypothesize that cells involved in the inter-
action between cell clusters have a higher susceptibility to antimicrobials than those
embedded in cell clusters, contributing to the well-known spatial variation in biofilm
antibiotic susceptibility. In this study, we tested these hypotheses by following antibi-
otic susceptibility during early-stage biofilm formation of Escherichia coli and compar-
ing the levels of susceptibility between cells in cell clusters and those involved in the
interaction between cell clusters. We present evidence that biofilm cells are not always
more tolerant to antibiotics than planktonic cells in the same culture. While the cells in
mature biofilms have reduced metabolic activities, early events in the formation of a
biofilm require active interaction between cells, which has a profound impact on the
structure of biofilm formation and also leads to a window of elevated cellular activities
and, thus, higher antibiotic susceptibility.

RESULTS
Antibiotic susceptibility of E. coli RP437 changed dynamically during early-

stage biofilm formation. To follow the change in antibiotic susceptibility during early
events in biofilm formation, E. coli RP437 biofilms were harvested at different time
points during biofilm formation, followed with antibiotic treatment (200 �g/ml ampi-
cillin [Amp] or 10 �g/ml ofloxacin [Ofx]) for 1 h in 0.85% NaCl. We chose these two
concentrations because we were studying biofilm cells, which are known to have
high-level tolerance to antibiotics (13). These two concentrations are 20 times greater
than the MICs of E. coli RP437 (5 and 0.5 �g/ml for Amp and Ofx, respectively) and have
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been used to study E. coli persisters in biofilms (26, 27). Amp is effective only against
active cells, while Ofx is known to also kill cells in the stationary phase (28). Although
Amp showed lower killing effects in 0.85% NaCl than in a nutrient-abundant medium
(LB) (see Fig. S1 in the supplemental material), we chose 0.85% NaCl solutions because
this choice allows us to characterize the killing activity in the absence of growth (a
confounding factor) and specifically compare the susceptibilities of bacterial cells at
their native stage during early-stage biofilm formation. This condition has been widely
used for biofilm research, including some of our previous studies (29–33). As expected
(2, 12), E. coli RP437 cells in mature biofilms (24 h) are not susceptible to antibiotics (Fig.
1A and B and Fig. S2 in the supplemental material). Treatments with 200-�g/ml Amp
did not show significant killing effects on 24-h biofilm cells, and 10-�g/ml Ofx only
killed 24-h biofilm cells by 56.6% � 15.0% (values are means � standard deviations
throughout; n � 5). However, before entering this stage, the antibiotic susceptibility of

FIG 1 E. coli antibiotic susceptibility during early stages of biofilm formation. (A and B) Reduction of surface-
attached E. coli RP437 cells by 1-h treatment with 200-�g/ml Amp (A) or 10-�g/ml Ofx (B). (C) Reduction of
surface-attached uropathogenic E. coli ATCC 53505 cells by 1-h treatment with 200-�g/ml Amp. (D) Number of
surface-attached E. coli RP437 cells on glass surfaces. Dotted lines indicate the time points when major changes in
antibiotic susceptibility occurred, which correspond to the three phases (I, II, and III) marked in panels A, B, and C.
E. coli biofilms were formed on glass surfaces. The antibiotic susceptibility was tested in 0.85% NaCl solution (no
carbon source) to minimize the effects of cell growth. At least five biological replicates were tested for each data
point.
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attached E. coli RP437 cells exhibited a dynamic change over time (Fig. 1A and B and
Fig. S2), during which antibiotic susceptibility first increased and reached a peak level
before decreasing as the biofilm matured.

In this study, the biofilm cultures were inoculated with stationary-phase planktonic
cells, which are known to be less susceptible to antibiotics than cells in the exponential
phase (34). After planktonic cells were inoculated in fresh medium, their susceptibility
to Amp and Ofx increased rapidly (Fig. 1A and B). After reaching a peak level at around
3 h after inoculation (86.9% � 4.9% and 98.6% � 0.5% killing by Amp and Ofx,
respectively; n � 5), the growth of planktonic E. coli RP437 cells in static cultures started
entering the late exponential phase (see Fig. S3 in the supplemental material), leading
to the decrease in susceptibility to Amp. In contrast, Ofx, an antibiotic that is known to
be also effective against stationary-phase cells (28), remained effective in killing planktonic
cells after 3 h of incubation.

Similar to that of planktonic cells in the same cultures, the susceptibility of initially
attached E. coli RP437 cells to both antibiotics increased first upon inoculation. After
reaching a peak level at 1 h after inoculation (68.8% � 1.7% and 98.7% � 0.4% of killing
by Amp and Ofx, respectively; n � 5), susceptibility remained rather unchanged and
then decreased rapidly, e.g., 3 h after inoculation for Amp and 16 h after inoculation for
Ofx (Fig. 1A and B). A similar change in susceptibility was also observed during the
early-stage biofilm formation of uropathogenic E. coli ATCC 53505 (to 200-�g/ml Amp)
(Fig. 1C) and Pseudomonas aeruginosa PAO1 (to 10-�g/ml tobramycin [Tob]) (see
Fig. S4 in the supplemental material). Thus, the observed change is not strain specific.
The data indicate that antibiotic susceptibility during early-stage biofilm formation can
be divided into three phases, namely, phase I, II, and III (Fig. 1). In phase I, initially
attached cells were more sensitive to antibiotics than planktonic cells, while surface-
attached cells became comparably susceptible or less susceptible to antibiotics than
planktonic cells in phases II and III. For example, 200-�g/ml Amp killed 73.3% � 11.5%,
81.3% � 3.3%, and 6.3% � 6.0% of attached cells and 42.4% � 7.5%, 84.9% � 4.9%,
and 68.1% � 4.9% of planktonic cells in the same cultures at 1, 2.5, and 4 h after
inoculation, respectively (n � 5; P � 0.009, 0.7698, and � 0.0001, respectively; two-way
analysis of variance [ANOVA] adjusted by Tukey test) (Fig. 1A and B). Although the
changes in susceptibility to Amp and Ofx are similar during early-stage E. coli RP437 biofilm
formation under our experimental conditions, the transition time from phase II to III differed
between these two antibiotics (t � 3 h for Amp and t � 16 h for Ofx).

To understand how biofilm growth affects antibiotic susceptibility, we followed the
attachment and growth of E. coli RP437 cells during early-stage biofilm formation.
Instead of having two continuous phases (exponential and stationary phases) as
planktonic cells in the same cultures (Fig. S3), the change in the number of attached
cells appeared to have more phases. Upon inoculation, the number of attached cells
increased quickly during the first 2 h. According to the tracking of E. coli RP437 on a
glass surface (see Fig. S5 in the supplemental material), this increase in cell number was
due to the attachment of planktonic cells instead of the division of attached cells.
Between 2 and 10 h, the cell number remained rather stable. Then, it increased again
between 10 and 16 h, followed by another plateau (Fig. 1D). The change in Amp and
Ofx susceptibility from phase I to II (t � 1 h) occurred during a rapid increase in the
number of initially attached cells, which explains the increase in antibiotic susceptibil-
ity. The transition from phase II to III (3 h for Amp and 16 h for Ofx) correlated well with
changes in the number of attached cells (Fig. 1D), indicating the possible role of biofilm
structure in antibiotic susceptibility.

Bacterial initial adhesion enhanced antibiotic susceptibility. In the first hour
after biofilm inoculation (Fig. 1A to C, phase I of antibiotic susceptibility graphs), initially
attached cells became sensitive to antibiotics faster than planktonic cells (e.g., 2.6 and
1.5 times faster for Amp and Ofx, respectively; P � 0.01 for both, two-way ANOVA
adjusted by Tukey test). This phenomenon was also observed for uropathogenic E. coli
ATCC 53505 and P. aeruginosa PAO1 (Fig. 1C and Fig. S4), indicating that it is not
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specific to E. coli RP437. To corroborate the results and understand the cause of such
changes, we compared the antibiotic concentrations in the sessile and planktonic E. coli
RP437 cells. The liquid chromatography-mass spectrometry (LC-MS) results showed that
after 15 min of incubation with 10 �g/ml Ofx, the intracellular drug concentration
was 0.6 � 0.3 �g/ml and 8.5 � 0.7 �g/ml in planktonic and attached cells, respec-
tively (n � 3; P � 0.0001, one-way ANOVA) (Fig. 2). This finding indicates that
cell-surface interaction during the very early-stage biofilm formation can promote
antibiotic penetration, consistent with the higher killing activities against early attached
cells.

To understand if efflux plays a role in the difference in Ofx concentration, we tested
Amp susceptibility of E. coli �acrA, a mutant of AcrAB-TolC efflux pump system, and
compared it with that of its isogenic wild type (E. coli BW25113). If the change in efflux
activity is responsible for the difference in intracellular concentration of an antibiotic
between attached and planktonic cells, we would expect that mutation in efflux would
abolish/significantly reduce such difference. The results show that, although the �acrA
mutant is more sensitive to Amp than the wild-type strain in general, there is still a
similar difference in Amp susceptibility between its surface-attached cells and plank-
tonic cells (see Fig. S6 in the supplemental material). Because Amp is a substrate of this
efflux system (35, 36), this result suggests that other factors are also involved.

According to Perozo et al. (37), the contact between bacteria and a substratum
surface during initial attachment can deform the bacterial cell wall and, thus, causes the
opening of mechanosensitive channels (MSC) on the membrane of E. coli cells, which
triggers the secretion of extracellular polymeric substrates (EPSs) for subsequent bio-
film formation (37–39). We hypothesize that the increase in pore size and other
unknown changes in bacterial membranes upon initial attachment may also cause the
increased penetration of antibiotics in sessile cells and, consequently, elevated antibi-
otic susceptibility among these cells, as observed in our study. Further study is needed
to identify the exact factors affecting antibiotic penetration/accumulation during early-
stage biofilm formation.

Cellular activities and biofilm-associated antibiotic susceptibility. Under our
experimental conditions, initially attached cells started active growth/elongation (see
Fig. S7A in the supplemental material) with high-level cellular activities at around 1 h
after inoculation (Fig. S7B). Consistently, surface-attached cells at this stage (late phase
I and phase II) (Fig. 1A to C) showed a similar high-level susceptibility as planktonic cells
did to Amp in 0.85% NaCl, an antibiotic that is known to be effective against meta-
bolically active cells (40).

In addition to growth, biofilm formation also involves cell-cell interactions. In our
earlier study, we observed that E. coli RP437 cells from adjacent clusters actively
interact and form connections between them (24). Since such activities need energy,
we hypothesized that such interactions may also play a role in biofilm antibiotic

FIG 2 The concentration of Ofx in surface-attached and planktonic cells at 15 min after inoculation (***,
P � 0.0005). The antibiotic treatment was conducted in 0.85% NaCl solution. E. coli RP437 biofilms were
formed on glass surfaces in LB medium, and each condition was tested with at least three biological
replicates.
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susceptibility. To test this hypothesis, we followed the antibiotic susceptibility of E. coli
RP437 cells in patterned biofilms during early-stage biofilm formation. Patterned
biofilms were formed on gold-coated glass surfaces with square-shaped CH3-SAM
modified areas (20 �m by 20 �m) and various interpattern distances (D � 2, 5, or 10
�m) as we described previously (24). After 2 h of biofilm formation, patterned biofilms
were harvested and treated with 200-�g/ml Amp for 1 h. Cell viability was determined
using live/dead staining (Fig. 3A), and fluorescence signals were quantified using
COMSTAT (41) (Fig. 3B). The results in Fig. 3A showed that the cells involved in
interaction between clusters (94.4% � 6.2% killing; n � 3) (Fig. 3B) were more
susceptible to Amp (200 �g/ml) than those in the middle of clusters (14.2% � 3.5%
killing; n � 3; P � 0.0001, two-way ANOVA adjusted by Tukey test) (Fig. 3B). This finding
indicates that cells involved in intercluster interactions were more sensitive to Amp.

Cells embedded in early-stage biofilms remained active and sensitive to anti-
biotics if dispersed prior to antibiotic treatment. Susceptibility of E. coli RP437
biofilm cells to Amp and Ofx entered phase III at different time points (3 h for Amp and
16 h for Ofx), during which antibiotic susceptibility started decreasing. In addition, the
change in biofilm susceptibility to both Amp and Ofx decreased faster than that of
planktonic cells (Fig. 1A to C). When treated with 200-�g/ml Amp for 1 h, the killing of
initially attached cells dropped 4.1 times faster than planktonic cells (77.4% versus
18.9%; P � 0.0012, two-way ANOVA adjusted by Tukey test). It is well known that
planktonic cells become more tolerant to Amp upon entering stationary phase (42, 43).
Biofilm cells have other mechanisms for antibiotic tolerance (2, 16, 44). During biofilm
formation, bacteria produce extracellular polymeric substrates (EPSs) to facilitate three-
dimensional (3D) biofilm formation when the surface coverage of initially attached cells
reached saturation (�10%) (39, 45), which is one of the well-known mechanisms that
protect biofilm cells from antibiotics (39, 45, 46). In our system, we observed that the
coverage of glass surfaces reached a plateau (12.0% � 0.3%; n � 3) at 3 h after

FIG 3 Cell-cell interactions affected the Amp susceptibility of attached cells. (A) Representative fluores-
cence images of 2-h patterned biofilms treated with 200-�g/ml Amp and labeled with live/dead staining
(bar, 10 �m). The antibiotic treatment was conducted in 0.85% NaCl solution. (B) Percentage of 2-h
patterned biofilm cells (W � 20 �m and D � 2, 5, or 10 �m) killed by 200-�g/ml Amp (*, P � 0.05; **,
P � 0.005; and ***, P � 0.0005). E. coli RP437 biofilms were formed on gold-coated glass surfaces in LB
medium, and each condition was tested with three biological replicates.
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inoculation (see Fig. S8 in the supplemental material). To understand if the EPS
produced at this critical time point had contributed to the different antibiotic suscep-
tibility between biofilm and planktonic cells observed in this study, we followed the EPS
production during early-stage biofilm formation using both Congo red and Alexa Fluor
594-WGA (Fig. 4). Congo red binds to cellulose and curli, and wheat germ agglutinin
(WGA) targets sialic acid and N-acetyl-D-glucosamine, all of which are major compo-
nents of E. coli EPS (25, 47). From 2.5 to 3 h, the biomass labeled with Congo red
increased by 17.4 times based on the fluorescence signal (Fig. 4A and Fig. S9A in the
supplemental material), indicating that E. coli RP437 cells start producing EPS at 3 h
after inoculation. It coincides with the Alexa Fluor 594-WGA staining results, which also
showed an increase in signal at this time point (Fig. 4D). Since the biofilm matrix of E. coli
is known to impede �-lactam penetration significantly (48), this change correlates well with
the significant decrease in Amp susceptibility in 0.85% NaCl among attached cells (77.4%
decrease between 3- and 4-h biofilms; P � 0.0001, two-way ANOVA adjusted by Tukey
test) (Fig. 1A). Consistently, the decrease in Amp susceptibility at 4 h after inoculation
was also abolished by the deletion of bscA for cellulose synthesis or csgB for curli
production compared to the wild-type strain (Fig. S9B and C). Collectively, these results
indicate that cellulose and curli may influence the antibiotic susceptibility of surface-
attached E. coli cells. Unlike �-lactam, the E. coli biofilm matrix cannot prevent fluoro-
quinolone penetration effectively (48), which explains why the susceptibility of biofilm
cells to Ofx (fluoroquinolone family) did not show significant change at the same time
point (P � 0.9257, two-way ANOVA adjusted by Tukey test) (Fig. 1B). A significant
decrease in biofilm susceptibility to Ofx was observed around 16 h after inoculation
(P � 0.05, two-way ANOVA adjusted by Tukey test), which could be the result of other
mechanisms, such as the increase in biofilm thickness, and subsequent change in
cellular activities and physiology (Fig. 4A).

To further investigate if the change in antibiotic susceptibility was due to biofilm
matrix or physiological changes in these cells, we followed the antibiotic susceptibility
of biofilm cells after detaching them by gentle sonication. The mechanical force itself
did not affect antibiotic susceptibility of E. coli RP437 cells (see Fig. S10 in the supplemental
material). Interestingly, cells in young microcolonies were found more susceptible to
antibiotics than planktonic cells if they were dispersed prior to antibiotic treatment (Fig.
4B and C and Fig. S11 in the supplemental material). For instance, in 6-h biofilms,
200-�g/ml Amp can kill only 10.1% � 25.3% (n � 5) surface-attached biofilm cells.
However, this percentage increased to 71.4% � 1.2% (n � 3) when biofilm cells were
released by sonication prior to Amp treatment, which was higher than that of plank-
tonic cells in the same culture (49.1% � 4.7% killing; n � 5; P � 0.0196, two-way ANOVA
adjusted by Tukey test) (Fig. 4B). A similar result was obtained when cells were exposed
to 10-�g/ml Ofx (Fig. 4C). When the antibiotic was used to treat 24-h biofilms, Ofx killed
96.9% � 1.3% (n � 3) detached biofilm cells which is higher than the killing of both
surface-attached biofilm cells (56.6% � 15%; n � 5; P � 0.0001, two-way ANOVA
adjusted by Tukey test) and planktonic cells in the same biofilm cultures (88.2% � 1.9%;
n � 5; P � 0.0008, two-way ANOVA adjusted by Tukey test). Thus, without the
protection of the biofilm matrix, cells in early-stage biofilms can be more susceptible to
antibiotics than planktonic cells, possibly due to the activities of cell cluster interactions
and biofilm EPS synthesis.

Since Amp is not effective against metabolically inactive cells (49), the high-level
Amp susceptibility of detached biofilm cells indicates that cells in early-stage biofilms
are not dormant. To understand if these cells are indeed active, we used a reporter
strain, E. coli ASV, with a chromosomally tagged unstable variant of green fluorescent
protein (GFP) under the promoter rrnBP1, which allows one to track cellular activities
using fluorescence microscopy (50). The result (Fig. S7B) demonstrates that the GFP
signal from initially attached cells (1 h after inoculation) is �20 times stronger than that
from planktonic cells in static biofilm cultures or shaken planktonic cultures in LB
medium (P � 0.0001, one-way ANOVA). This finding indicates an increase in cellular
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FIG 4 Cells embedded in early-stage biofilms remained active and sensitive to antibiotics if dispersed prior to antibiotic treatment. (A)
Representative fluorescence images of E. coli RP437, E. coli AR3110 (wild type), E. coli AR182 (�bscA), and E. coli AR282 (�csgB) biofilms at different
time points (1, 3, 16, and 24 h) during biofilm formation. The embedded cells were labeled with SYTO9, and the cellulose in the biofilm matrix
was labeled with Congo red. (B and C) Susceptibility of different cell populations (detached biofilm cells and planktonic cells in the same static
biofilm cultures) to Amp (B) or Ofx (C) during early events of biofilm formation. The susceptibility of planktonic cells was repeated (from Fig. 1A
and B) in these two panels as references for comparison. The antibiotic treatment was conducted in 0.85% NaCl solutions. (D) Representative
fluorescence images of E. coli RP437 biofilms. Alexa Fluor 594-WGA stains sialic acid and N-acetyl-D-glucosamine in biofilm matrix, while SYTO9
stains surface-attached E. coli RP437 cells. E. coli RP437 biofilms were formed on glass surfaces in LB medium, and each condition was tested
with three biological replicates (n � 3).
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activities in these newly attached cells and is consistent with our observation that
initially attached cells are more sensitive to Amp and Ofx (Fig. 1A and B).

DISCUSSION

Biofilm formation is a dynamic process that includes initial adhesion, microcolony
formation, maturation, and dispersion (51). Once a mature biofilm is formed, bacterial
cells are extremely difficult to eradicate due to high-level tolerance to antimicrobials.
However, how antibiotic susceptibility changes during biofilm formation is still not fully
understood, which motivated this study.

It is interesting to us that bacterial activities during biofilm formation can render
these attached cells even more susceptible to antibiotics than planktonic cells in the
same culture during the early stages of biofilm formation. To our best knowledge, this
has not been reported before. The killing of biofilm cells in Fig. 1 was determined using
the standard assay by counting the viable cells attached on glass surfaces before and
after treatment. Amp did not cause notable detachment, while Ofx caused moderate
detachment. The detached cells were found to be highly sensitive to antibiotics
(LIVE/DEAD images not shown), indicating that the killing of early-stage biofilms by Ofx
in Fig. 1 is even underestimated. To more specifically study the susceptibility of biofilm
cells in the absence of EPS, we detached the cells before antibiotic treatment. The
results in Fig. 4 indicate the higher susceptibility of detached cells than of planktonic
cells to Amp and Ofx during early-stage biofilm formation. Before EPS production
started, we observed that cell-surface interaction led to an increase in antibiotic
accumulation in attached cells, which helps explain why surface-attached cells can be
more sensitive to antibiotics than planktonic cells during this stage of biofilm forma-
tion. With the production of EPS started at 3 h after inoculation, the susceptibility of
biofilm to Amp decreased presumably due to the decrease in antibiotic penetration. As
for Ofx, an antibiotic that has better permeability through E. coli biofilm matrix and
killing effects on cells with lower metabolic activities than Amp (28, 48), the decrease
in Ofx susceptibility of biofilm cells occurred later (16 h after inoculation) when the
cellular activities started decreasing. Consistently, we demonstrate that without the
protection of EPS, antibiotic susceptibility of dispersed early-stage biofilm cells was
higher than planktonic cells due to active cellular activities and cell-cell interactions.
These results inform us that antibiotics are more effective against initially attached cells
than microcolonies, and the treatment on early-stage biofilms with biofilm matrix can
be more effective by inducing a chemical or mechanical dispersion first, which are
consistent with previous observations (7–10). The new finding is that biofilm suscep-
tibility to antibiotics can be altered by influencing the level of interactions between cell
clusters. Future studies using cell patterning and flow control may reveal further details
about biofilm physiology and help develop better biofilm controls (52–55). This is part
of our ongoing effort.

In summary, this study provides missing information about antibiotic susceptibility
during early-stage biofilm formation. The main findings are summarized in Fig. 5.
During reversible attachment, bacterial cells need to overcome repulsive forces from
the surface to attach. During irreversible attachment, the change in mechanical forces
sensed by flagella/pili of motile bacteria and membrane receptors of nonmotile bac-
teria can trigger cellular responses, leading to the switch from free-swimming to
surface-attached phase (56). The upregulated cellular activities in initially attached cells
render these cells more prone to antibiotic attack, and our data show that under certain
conditions are even more susceptible than planktonic cells in the same culture (phase
I). Antibiotic susceptibility of permanently attached cells can further increase due to the
adhesion-triggered antibiotic penetration into these cells (phase I). After the initial
adhesion, cells that are close to each other will initiate active cell-cell interaction (phase
II). During this process, cells will divide, grow, rearrange their position, and conse-
quently become highly sensitive to antibiotics. Under our experimental conditions, we
define biofilm formation during this stage as a transition between initial attachment
and microcolony formation, during which surface-attached cells are highly sensitive to
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antibiotics (phase II). After this stage, biofilm susceptibility to the antibiotics that have
high affinity to biofilm matrix will start decreasing due to the production of EPS (phase
III). However, the embedded cells are still susceptible to antibiotics if dispersed from the
EPS matrix. As for the antibiotics with low affinity to biofilm matrix (better penetration),
the level of susceptibility will remain for a longer period of time until the cells become
rather dormant in mature biofilms.

The results of this study shed new light on the understanding of early-stage biofilm
formation and indicate that attached cells are not always highly tolerant to antibiot-
ics. There is a time window that surface-attached cells are more sensitive than their
planktonic counterparts, suggesting an opportunity to maximize the antifouling effects
by combining other physical/chemical factors with conventional antibiotics. The results
of this study complement current knowledge on biofilm-associated antibiotic resis-
tance and may guide the design of better strategies for biofilm control, e.g., the design
of smart biomaterials and medical devices that can interrupt bacteria cell-cell interac-
tions.

FIG 5 A hypothetic model of antibiotic susceptibility during early-stage biofilm formation. Phases I, II, and III in this diagram
are the main findings from this study. Cells with dotted lines in the cell membrane represent these initially attached cells or
cells in interactions with increased membrane permeability. The mechanisms in biofilm maturation and dispersion are based
on literature. They are included here to show the whole process of biofilm formation and associated antibiotic tolerance.
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MATERIALS AND METHODS
Bacterial strains and media. The strains used in this study are summarized in Table S1 in the

supplemental material. Bacterial cells were routinely grown at 37°C with shaking at 200 rpm in lysogeny
broth (LB) (57) containing 10 g/liter tryptone, 5 g/liter yeast extract, and 10 g/liter sodium chloride
overnight. The overnight cultures were used to inoculate 20-ml fresh LB solution with an optical density
at 600 nm (OD600) of 0.05 for biofilm formation.

Surface preparation. Chemically modified gold surfaces (with 5-nm Ti and 10-nm Au) were prepared
using microcontact printing as described previously (24). Briefly, the polydimethylsiloxane (PDMS)
surfaces with square-shaped microtopographic patterns (10 �m tall and 20 �m wide with 2-, 5-, 10-, 15-,
or 20-�m interpattern distance) were used to pattern the gold surfaces with HS(CH2)14CH3 (10 mM in
95% ethanol; Sigma-Aldrich Co., St. Louis, MO). Then, patterned gold surfaces were soaked in
HS(CH2)11(OCH2CH2)3OH (10 mM in 95% ethanol; Sigma-Aldrich Co.) for 24 h to modify the remaining
area with self-assembled monolayer presenting tri(ethylene glycol) groups. After 24 h of incubation, the
gold surfaces were dried using filtered air (sterilized using 0.22-�m filters) and transferred into a clean
petri dish for biofilm formation.

Biofilms were also formed on glass slides with a dimension of 2.5 cm by 2.0 cm. Before biofilm
inoculation, glass slides were sterilized by soaking in 95% ethanol for 30 min and then transferred to
clean petri dishes for drying at 50°C for 40 min. To test biofilm formation on glass slides, clean glass slides
were placed at the bottom of clean petri dishes. Biofilm formation was conducted at 37°C without
shaking.

Antibiotic susceptibility. To evaluate the antibiotic susceptibility of bacterial cells during biofilm
formation, different cells (planktonic cells in static biofilm cultures, detached biofilm cells, and surface-
attached cells) were collected at different time points. For Amp, samples were taken every 30 min during
the first 7 h of incubation and then at 24 and 48 h after inoculation. For Ofx, samples were taken at every
30 min during the first 7 h and then at 10, 13, 16, 19, 20, 22, and 24 h. For the Amp and Tob treatment
during the early-stage biofilm formation of uropathogenic E. coli ATCC 53505 and P. aeruginosa PAO1,
samples were taken every 30 min during the first 3 h of incubation and then at 4, 5, 6, and 24 h after
inoculation.

Planktonic cells were harvested at the same time points from static biofilm cultures and washed three
times before being treated with an antibiotic for 1 h in 0.85% NaCl solution at 37°C with shaking at 200
rpm. Planktonic cells grown with shaking at 200 rpm were also harvested at 2 h after inoculation and
treated with Amp for 1 h in LB medium at 37°C with shaking at 200 rpm to confirm the killing effects of
Amp. Glass slides with biofilms were washed three times with clean 0.85% NaCl solution before antibiotic
treatment at 37°C without shaking. To physically detach biofilm cells, each glass surface with biofilm was
washed three times and then transferred to 3-ml clean 0.85% NaCl solution in a test tube. The surface
was sonicated for 30 s followed by pipetting for 1 min to detach biofilm cells. The detached biofilm cells
were collected by centrifugation at 13,200 � g for 5 min and resuspended in appropriate antibiotic
solution for 1-h treatment at 37°C. To test the effect of sonication on bacterial antibiotic susceptibility,
planktonic cells from static biofilm cultures were also sonicated for 30 s and pipetted for 1 min before
antibitoic treatment. Since the biofilm cells were detached into clean 0.85% NaCl solutions in test tubes
after the wash, biofilm cells would not contaminate the planktonic population, which was harvested
before biofilms were taken for washing.

To evaluate antibiotic susceptibility, the number of cells with and without antibiotic treatment was
determined using drop plate method to count CFUs, as described previously (58). Antibiotic susceptibility
was also evaluated using LIVE/DEAD BacLight bacterial viability kit (Life Technologies Inc., Carlsbad, CA).
Using this method, all cells were labeled with SYTO9 in green fluorescence, and the dead cells were
labeled with propidium iodide (PI) in red fluorescence. Fluorescence signals were quantified using
MATLAB-based COMSTAT (41). The percentage of cells killed by antibiotics was calculated by dividing the
surface coverage of dead cells (red fluorescence signals) with the surface coverage of all cells (both red
and green fluorescence signal).

Bacterial cellular activity during early attachment. E. coli ASV (rrnBP1-gfp) (both planktonic cells in
static biofilm cultures and detached biofilm cells) was taken at 1 h after inoculation and resuspended in
0.85% NaCl solution. The intensity of GFP signal was measured using a Synergy2 microplate reader
(BioTek, Winooski, VT) and normalized by cell number. Stationary and exponential phases of E. coli ASV
cells and 0.85% NaCl were used as controls. Each condition was tested with three biological replicates.

Biofilm matrix production. To track biofilm EPS production during biofilm formation, 40-�g/ml
Congo red (Sigma-Aldrich, St. Louis, MO) was added into biofilm culture during inoculation. After biofilm
formation, the samples were washed three times with 0.85% NaCl solution before the biofilm cells were
labeled with SYTO9 in 0.85% NaCl solution (vol/vol, 1.5:1) for 15 min. The labeled samples were imaged
using an Axio Imager M1 fluorescence microscope (Carl Zeiss Inc., Berlin, Germany).

To corroborate the results, Alexa Fluor 594-WGA (Thermo Fisher Scientific, Waltham, MA) was also
used to stain E. coli RP437 biofilms taken at 1, 3, 5, and 24 h after inoculation. The biofilm samples were
stained by incubating in phosphate-buffered saline (PBS) supplemented with 100-�g/ml Alexa Fluor
594-WGA for 30 min after three times of washing in PBS. The biofilm cells were labeled with SYTO9
before they were imaged using an Axio Imager M1 fluorescence microscope.

Microscopy and data analysis. Labeled cells were transferred onto microscopic slides and imaged
using an Axio Imager M1 fluorescence microscope with a camera (Orca-Flash 4.0 LT; Hamamatsu Photonics,
Hamamatsu City, Japan).

For labeled planktonic cells, two-dimensional (2D) pictures were taken. Cells were vortexed before
imaging to ensure even distribution. For biofilm cells, especially mature biofilms, three-dimensional (3D)
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images were taken. At least 5 random spots were imaged for each sample. The ratio between different
signals was analyzed using MATLAB-based COMSTAT (41) and Zen Pro 10.1 (Carl Zeiss Inc., Berlin,
Germany).

Ofx penetration into 1-h biofilm cells and planktonic cells. To quantify the amount of Ofx that
penetrated biofilm and planktonic cells, cells were harvested and then treated with 10-�g/ml Ofx for
15 min. We shortened the Ofx treatment time from 1 h (in killing tests) to 15 min to avoid the artifact
in quantifying antibiotic concentration due to cell death/cell lysis, since treatment for 15 min
resulted in no killing and, thus, ensured the integrity of cells (see Fig. S12 in the supplemental
material). After being washed once with 0.85% NaCl solution, cells were detached and then lysed
with chloroform to release the accumulated antibiotic into the solvent. Cell debris was removed by
centrifugation (5,000 � g for 5 min), and the solvent with released antibiotic was collected. The
solvents were evaporated in a vacuum desiccator. Antibiotics were resuspended in 80% methanol
solution for quantification using Thermo LTQ Orbitrap mass spectrometer at State of New York,
Upstate Medical University (Syracuse, NY).

Statistics. SAS 9.1.3, Windows version (Cary, NC), was used for all statistical analyses. Either one-way
or two-way ANOVA followed by Tukey test was used depending on the nature of the test. Results with
P values of �0.05 were considered statistically significant.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00034-19.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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