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Eravacycline (formerly TP-434) was evaluated in vitro against pre-established biofilms formed by a uropathogenic Escherichia
coli strain. Biofilms were eradicated by 0.5 �g/ml eravacycline, which was within 2-fold of the MIC for planktonic cells. In con-
trast, colistin and meropenem disrupted biofilms at 32 and 2 �g/ml, respectively, concentrations well above their respective
MICs of 0.5 and 0.03 �g/ml. Gentamicin and levofloxacin eradicated biofilms at concentrations within 2-fold of their MICs.

Many bacterial pathogens associated with chronic infections
can persist as inherently antibiotic- and host defense-

tolerant biofilms, embedded in complex extracellular matrices
attached to inert surfaces, dead or living tissue, and medical
devices during mild or serious infections (1–5). Biofilm-like
intracellular bacterial communities have also been observed
within infection sites, such as bladder cells in urinary tract
infections and epithelial cells in respiratory infections (6–8).
Restricted antibiotic diffusion across the extracellular matrix,
upregulation of intrinsic efflux pumps, generally lower meta-
bolic activity, and the presence of persister cells are all thought
to be significant factors contributing to increased antimicro-
bial tolerance of bacteria growing in biofilms (5, 7, 9 10).

Eravacycline is a novel broad-spectrum fluorocycline with
in vitro activity against emerging multidrug-resistant Gram-
negative pathogens, including carbapenem-resistant and ex-
tended-spectrum �-lactamase (ESBL)-producing Enterobac-
teriaceae and Acinetobacter baumannii (11). Eravacycline is
currently in phase 3 clinical studies for complicated urinary tract
infections and complicated intra-abdominal infections. The pres-
ent study was undertaken to characterize the activity in vitro of
eravacycline, and several other antibiotics commonly used in
treatment of infections caused by Gram-negative bacteria against
biofilms formed by a uropathogenic, tetracycline-resistant, �-lac-
tamase-producing Escherichia coli isolate, EC200 (ATCC BAA-
1161) [tet(B) blaTEM].

For biofilm assays, cells from a fresh tryptic soy agar (TSA; BBL
BD no. 221283) plate grown overnight at 35°C were suspended in
0.9% saline to a 0.5 McFarland standard, diluted 10-fold into tryp-
tic soy broth (TSB)–1% yeast extract (YE) medium (Bacto BD no.
211825 [TSB] and no. 210929 [YE]) and grown at 35°C to log
phase for 2 h. The culture was diluted 1/100 in TSB-YE to �106

CFU/ml, and 500 �l of culture was added to 5-ml round-bottom
polystyrene tubes (BD Falcon no. 352054; BD, Franklin Lakes,
NJ). After 24 h of stationary incubation at 35°C, the EC200 biofilm
formed as a ring of growth on the walls of the tube at the liquid-air
interface (Fig. 1A). All subsequent manipulations of tubes for bio-
film staining and CFU quantification (see below) were done with
care to avoid disrupting the adhered biofilm. After 24 h of growth,
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FIG 1 Strain EC200 biofilm formation at 24 and 48 h. (A) (Top) Turbid duplicate cultures inoculated with �106 CFU and grown at 35°C for 24 h. (Bottom)
Associated biofilms at 24 h stained with crystal violet. (B) (Top) Duplicate pairs with no drug and no cells incubated at 35°C in parallel to 48-h no-drug biofilms
(24-h biofilms were aseptically aspirated to remove planktonic cells, fresh medium was added, and cells were grown for an additional 24 h). (Bottom) Associated
biofilms at 48 h stained with crystal violet.
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planktonic cells were aseptically aspirated, and 600 �l of fresh
TSB-YE, with or without antibiotic, was added. Tubes were incu-
bated upright in a test tube rack, with loosened caps, for an addi-
tional 24 h at 35°C in ambient air without shaking to determine

antibiotic activity on the pre-established biofilm and planktonic
growth derived from the biofilm; a new planktonic culture was
seeded from the pre-established biofilm, and the biofilm itself ei-
ther remained intact or was replenished after another 24 h of in-

FIG 2 Antibiotic susceptibility of pre-established (24-h) biofilms from uropathogenic E. coli strain EC200. Tubes containing 24-h pre-established biofilms were
aseptically aspirated to remove planktonic cells, medium containing drug was added, and tubes were incubated for an additional 24 h. (A) Eravacycline, 0.03 to
4 �g/ml; (B) gentamicin, 1 to 128 �g/ml; (C) meropenem, 0.01 to 4 �g/ml; (D) colistin, 1 to 128 �g/ml; (E) levofloxacin, 0.004 to 1 �g/ml. Each panel shows
average CFU released from biofilms by sonication of antibiotic-treated biofilms relative to untreated biofilms (bar graph), turbidity of planktonic cultures after
antibiotic treatment (broth tubes), and staining of antibiotic-treated biofilms with crystal violet (stained tubes). Error bars represent standard deviations.
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cubation at 35°C (48 h total incubation) (Fig. 1B). “Planktonic
MICs” were defined as the lowest concentration that completely
inhibited visible turbidity in compound-treated tubes inoculated
with a biofilm that had been established previously for 24 h.

For visualizing biofilms after the second overnight incubation,
with or without drug, planktonic cells were removed by aspira-
tion, and 750 �l tap water was gently added to biofilm-containing
tubes, which were allowed to sit for 1 min at room temperature.
After aspiration of the wash liquid, 750 �l 0.1% crystal violet (no.
C3886-100G0; Sigma-Aldrich, St. Louis, MO) prepared in deion-
ized water was gently added. After approximately 5 min at room
temperature, the dye was aspirated, and the tubes were rinsed with
1 ml of tap water and allowed to dry prior to photography. Results
for antibiotic treatments presented here are representative of at
least two independent experiments (Fig. 2). “Biofilm MICs” were
defined as the lowest compound concentration that produced a
significant reduction in the biofilm by two criteria (i.e., the biofilm
ring was no longer visualized by crystal violet staining, plus there
was a �90% reduction in biofilm CFU [see below]).

For quantification of biofilm CFU after the second overnight
incubation, with or without drug, planktonic cells were aseptically
removed by aspiration, 750 ml sterile 0.9% saline was gently added
for 1 min and then aspirated, and 1 ml of sterile 0.9% saline was
added to each tube along with two sterile 6-mm borosilicate glass
beads (Kimax no. 89001-520; VWR, Arlington Heights, IL). Rep-
licate tubes were sonicated in a Branson 5510 water bath at room
temperature for 1 min and then placed on ice. Preliminary time
course experiments showed that 1 min of sonication was sufficient
to release a maximum of CFU from tubes, with no increase or
decrease in CFU for sonication up to 5 min. The sonicates con-
taining cells dispersed from the biofilm were serially diluted,
plated on TSA plates, and incubated at 35°C for CFU quantifica-
tion. Untreated and drug-treated tubes at each concentration were
run at least in duplicate, and the results presented here are average
percent CFU relative to untreated control values at each drug con-
centration. Typically, untreated biofilms produced �5 � 107

CFU. Representative results of at least two independent assays are
shown in Fig. 2.

Macrodilution MIC assays were performed according to the
methods described by the Clinical and Laboratory Standards Institute
(CLSI) (12) with the exception that log-phase cultures grown in
TSB-YE medium were diluted 1/100 in fresh TSB-YE medium con-
taining 2-fold serial dilutions of antibacterial compound to �106

CFU/ml, and 500 �l of culture was added to 5-ml round-bottom
polystyrene tubes. Eravacycline was synthesized as described by Xiao
et al. (13). Gentamicin, meropenem, levofloxacin, and colistin were
obtained from Sigma-Aldrich (St. Louis, MO).

Biofilms exposed to �0.25 �g/ml eravacycline showed reduced
crystal violet staining; the eravacycline biofilm MIC was 0.5 �g/
ml, resulting in �1% of the CFU seen with the untreated control;
the eravacycline macrodilution MIC was 0.25 �g/ml (Fig. 2A and
Table 1). It is noteworthy that EC200 planktonic cells and biofilms
were both insensitive to tetracycline at 128 �g/ml, the highest
concentration tested (data not shown), consistent with the re-
quirement of intracellular antimicrobial activity to eradicate the
biofilms of this tetracycline-resistant tet(B) isolate. For eravacy-
cline, the macrodilution, planktonic, and biofilm MICs against
EC200 were all similar (0.25 to 0.5 �g/ml). Similar to other tetra-
cycline antibiotics, eravacycline inhibits protein translation by
binding to the 30S ribosomal subunit and blocking the entry of

tRNA molecules to the A site of the ribosome (14); however, it
remains to be determined if eravacycline’s mechanism of action
against biofilm cells is the same as that against planktonic cells.

Biofilms treated with meropenem and colistin showed reduced
crystal violet staining after 24 h of exposure to �0.13 �g/ml (Fig. 2C)
and �16 �g/ml (Fig. 2D), respectively, with biofilm MICs of 2 �g/ml
and 32 �g/ml, respectively, compared to macrodilution MICs of 0.03
�g/ml and 0.5 �g/ml, respectively (Table 1). Planktonic MICs, de-
rived from a 24-h biofilm inoculum, for meropenem and colistin
were also elevated at 0.13 �g/ml and 32 �g/ml, respectively, com-
pared to the corresponding macrodilution MICs (Table 1). While the
reason for the elevated planktonic and biofilm MICs compared to
macrodilution MICs is not known, several factors, such as an in-
creased inoculum from biofilm, the physiology of the cells initially
released from the biofilm upon introduction of fresh medium, and
the ability of the compound to penetrate the biofilm, may play a role
in susceptibility to these compounds. For gentamicin and levofloxa-
cin, both the biofilm MIC and the planktonic MICs were within
2-fold of their macrodilution MICs of 32 �g/ml and 0.06 �g/ml,
respectively (Fig. 2B and E and Table 1). Results with comparator
antibiotics were similar to findings reported for Pseudomonas
aeruginosa biofilms (15–17).

Interestingly, tetracycline has been shown to efficiently pene-
trate E. coli biofilms, suggesting that other tetracycline antibiotics
may have an advantage in targeting cells growing in biofilms (18).
In conclusion, eravacycline shows promising activity in vitro
against E. coli biofilms, and if confirmed in vivo, this activity
would be advantageous for the treatment of antibiotic-resistant
chronic biofilm infections, including complicated urinary tract
infections.
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