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ABSTRACT: Infections caused by bacterial biofilms are challenging to diagnose because of the complexity of both the bacteria
and the heterogeneous biofilm matrix. We report here a robust polymer-based sensor array that uses selective interactions
between polymer sensor elements and the biofilm matrix to identify bacteria species. In this array, an appropriate choice of
fluorophore enabled excimer formation and interpolymer FRET, generating six output channels from three polymers. Selective
multivalent interactions of these polymers with the biofilm matrices caused differential changes in fluorescent patterns,
providing a species-based signature of the biofilm. The real-world potential of the platform was further validated through
identification of mixed-species bacterial biofilms and discrimination of biofilms in a mammalian cell-biofilm co-culture wound
model.
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■ INTRODUCTION

Infectious microbial biofilms on wounds and synthetic
implants can cause persistent inflammation, as well as tissue
and foreign body infections.1,2 Without effective treatment,
these chronic infections can lead to amputations, organ failure,
and even death.3 Infectious biofilms are difficult to treat
because of the complexity of the biofilm matrix that protects
bacteria from antimicrobial treatment, heightening the
therapeutic challenge presented by multidrug resistant
species.4,5 The rapid and accurate identification of biofilm
infections at an early stage can provide crucial information for
effective treatment, in particular, the choice of therapeutic
agents and strategies.6,7 The heterogeneity of biofilm matrices,
however, makes it challenging to identify the bacterial species
present.8 Conventional biofilm detection and identification
methods such as plating and culturing require long processing
time and have low sensitivity.9 Polymerase chain reaction,10

target-specific immunoassays,11 and fluorescence in situ
hybridization12 require expensive instrumentation, clinical

expertise, and are susceptible to false positive/negative
responses because of the species/strain-specific nature of
these biomarkers.13

The biofilm matrix itself provides a target for diagnosis of
bacterial infections. Biofilms consist of bacteria encased in
biomaterials, with up to 90% of dry mass found in the matrix.
This matrix provides a three-dimensional scaffold that offers
protection and cohesion to the bacteria in the biofilm,14,15

controlling the physical and functional properties of the
biofilm.16 The extracellular polymeric substances (EPS) of
biofilms are made of a complex of moieties including
polysaccharides, proteins, lipids, and nucleic acids. Signifi-
cantly, the EPS differs substantially depending on the species
of bacteria.17,18 For example, Pseudomonas aeruginosa secretes
mostly neutral and polycationic polysaccharides,19 whereas
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Enterobacter coli secretes a predominately polyanionic matrix.20

These differences occur between both species and strains, for
example, polysaccharides from different Streptococcus thermo-
philus biofilms have different monomer compositions, mono-
mer ratios, and molecular masses.21

The heterogeneity and phenotypic diversity of biofilm
matrices make it challenging to apply strategies based on
specific biomarkers.22,23 However, selective “chemical nose”
strategies provide a complementary approach to discriminate
complex chemical and biological analytes by generating unique
“fingerprints” for analytes of interests.24−26 Array-based sensors
have been used to differentiate a variety of species and strains
of dispersed planktonic bacteria with high classification
accuracy,27−29 Discrimination of biofilms using array-based
strategies, however, has only been achieved using fluorescent
protein-based sensors, with the relative instability of the
biomolecular components preventing their translation to
clinical and point-of-care diagnosis.30

Here, we report a robust and fully synthetic sensor array for
biofilm identification. The sensor consists of three cationic
fluorescent polymers with multiple types of recognition
elements. These polymers feature environmentally responsive
fluorophores that are chosen to form excimers and
interpolymer Förster resonance energy transfer (FRET)
partners, generating six distinct ratiometric channels from
only three polymer sensor elements. These outputs change
reproducibly upon interacting with biofilm matrices, resulting
in a distinct fluorescent pattern for each type of biofilm (Figure
1a). Using this sensor platform, we have successfully
discriminated mono-species biofilms formed by five different

bacterial strains, including three pathogenic clinical isolates.
The robust nature of this sensor system likewise enables
identification of biofilm bacteria in more complex milieus
relevant to real-world diagnostics, including dual-species
biofilms, as well as wound biofilm models generated through
co-culture of biofilm-forming bacteria with fibroblast cells.

■ RESULTS AND DISCUSSION

In this study, we chose poly(oxanorborneneimide) (PONI)
polymers as the scaffold for our sensor because of their ease of
synthesis, well-controlled molecular weight, and high bio-
compatibility.31,32 These PONI polymers were fabricated to
incorporate one cationic recognition element and one
environmentally sensitive transducer: C3-guanidine-pyrene
(C3-Gu-Py), C3-benzyl-nitrobenzoxadiazole (C3-Bz-NBD),
and C11-trimethylammonium-Redd (C11-TMA-Redd) (Figure
1b). The careful selection of transducers offers two donor−
acceptor FRET pairs: C3-Gu-Py with C3-Bz-NBD (NBD
FRET) and C3-Gu-Py with C11-TMA-Redd (Redd FRET)
(Figure 1c). These three polymers were added together with
the biofilm sample in a single microwell and fluorescence
emission of each polymer was recorded, offering a total of six
output channels. The cationic recognition elements were
chosen to show selective binding toward biofilm matrices,
concomitantly generating binding patterns (Figure 1d).33,34

The generated patterns were then used for data analysis to
identify and classify each type of biofilm. Taken together, this
six-channel system provides high content “one well” sensing of
biofilms.

Figure 1. Molecular design and working principle of the polymer sensor platform. (a) Schematic illustration of the sensor platform. The sensor is
composed of three fluorescent polymers. Interaction of the polymers with the biofilm causes a disruption or conformational change of the complex
that leads to variation in fluorescence outputs, resulting in distinct fluorescence patterns for biofilm identification. (b) Molecular structures of
cationic fluorescent polymers with multiple types of recognition elements and fluorophores. (c) Generation of two FRET pairs: C3-Gu-Py with C3-
Bz-NBD (NBD FRET) and C3-Gu-Py with C11-TMA-Redd (Redd FRET). (d) Possible structural changes of the polymer complex in response to
the biofilm environment lead to distinct fluorescence fingerprints.
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Initial studies focused on sensor outputs. We first validated
the two FRET pairs by fluorescence titration. Results showed a
decrease of the C3-Gu-Py monomer at 392 nm and excimer at
470 nm, while an increase of C3-Bz-NBD emission at 545 nm
and C11-TMA-Redd emission at 528 nm were observed,
confirming the presence of NBD and Redd FRET pairs (Figure
2a, Figure S2). To evaluate the dynamic changes in output, we
quantified fluorescence quenching and FRET efficiency from
the titration curve. Fitting of titration data revealed differential
interactions between C3-Gu-Py to C3-Bz-NBD and C11-TMA-
Redd, indicating a selective interaction. A ratio of 2:1 between
C3-Bz-NBD and C3-Gu-Py was used to provide a quenching
efficiency of ∼80% and FRET efficiency of ∼20% (Figure 2b).
For the Redd FRET pair, the ratio of 0.5 was selected with
quenching and FRET efficiencies of ∼60 and ∼10%,
respectively (Figure S2). The ratio was selected so that four
characteristic excitation/emission peaks are present on the
spectrum and these peaks have a dynamic range to either
increase or decrease when interacting with biofilm matrices.
After determining the optimal ratio of the three polymers, we

prepared the sensor by mixing the three PONI polymers in one
microwell and determined the fluorescent output. Each of the
three PONI polymers showed four characteristic excitation/
emission peaks and two efficient FRET signals (Figure S3),
altogether generating six-channel information from a single-
well measurement.
The biofilm life cycle comprises four stages: adhesion, early

biofilm development, biofilm maturation, and dispersal. During
the second stage, EPS production is stimulated, further
enhancing bacterial adhesion to the surface and forming the
matrix that surrounds the cell. The EPS matrix continues to
develop at maturation, enabling the formation of diverse
physicochemical microenvironments.35 In this study, biofilms
used were 3-day old and the biomass formation was quantified
using crystal violet staining experiment (Figure S4). Biofilm at
this stage is at the early biofilm development to biofilm
maturation. We tested the sensor against five mono-species
biofilms to validate the ability of the sensor to discriminate
bacterial species: P. aeruginosa (ATCC 19660), B. subtilis
(FD6b), E. coli (CD-2), Enterobacter cloacae complex (CD-

Figure 2. FRET efficiency between C3-Gu-Py−C3-Bz-NBD. (a) Fluorescence titration of 0.5 μM C3-Gu-Py with varying concentrations of C3-Bz-
NBD. (b) Quenching of C3-Gu-Py fluorescence (blue squares) and the corresponding FRET efficiency (red circles) as a function of increasing C3-
Bz-NBD concentration. Each value is an average of three data points, and the error bars are standard deviations.

Figure 3. Discrimination of single-species biofilms. (a) Normalized fluorescence intensity against five types of biofilms. ΔI is the sensor response of
biofilms after removing biofilm autofluorescence in water. I0 is the sensor-only response. Each value is the average of eight independent
measurements. (b) Canonical score plot for the first two factors of fluorescence patterns was obtained with the polymer sensor against five single-
species biofilms. The scores were generated through LDA with 95% confidence ellipses (n = 8). (c) Correct classification percentage of biofilms
using different combinations of sensor channels. (d) Correct unknown identification of biofilms using different combinations of sensor channels.
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1412), and methicillin-resistant Staphylococcus aureus (MRSA,
CD-489), of which three species are pathogenic clinical isolates
(E.coli CD-2, MRSA CD-489, and E. cloacae CD-1412).
Solutions of bacteria were incubated in M9 minimal media in a
96-well microplate for three days at room temperature to allow
biofilm formation (early stage of biofilm development). After
removing planktonic bacteria cells, the polymer sensor mixture
was added to each well and incubated for 30 min prior to
reading the fluorescence signals. A distinct fluorescence pattern
was generated for each species of the biofilm (Figure 3a). The
fluorescence response was further analyzed through linear
discriminant analysis (LDA) to statistically classify these
biofilms (5 mono-species bacterial biofilm × 8 replicates × 6
channels of three polymer complexes).36 The LDA plot
showed five nonoverlapping clusters with 100% accuracy
classification, indicating a successful discrimination of the five
biofilms (Figure 3b, Table S5). In addition, we validated the
reliability of such sensor platform by carrying out unknown
identification. Among the 40 blind samples, 38 were correctly
predicted into the correct group giving an overall correct
unknown identification of 95% (Table S8).
The components of the EPS across the biofilm matrix are

heterogenous and vary depending on bacterial species present.
For instance, the following proteins are predominantly present
in the biofilms of different bacterial species: TasA (B. subtilis),
FapC (Pseudomonas spp.), and phenol-soluble modulins (S.
aureus).17 The essence of our array-based sensing or selective
sensing is that the sensor is not specific for a particular
component of the biofilms. Instead, the sensor selectively
interacts with EPS in the biofilm matrix, generating distinct
response patterns for tested biofilms. Our previous sensing
studies with mammalian cells suggest that glycosylation
patterns on cell membrane are correlated with the sensing
readout. However, biofilms are much more complex than the
cell surface. The components of the EPS, commonly composed
of lipids, DNA, extracellular proteins, and exopolysaccharides,
are diverse and vary depending on the bacterial species present.
We hypothesize that multiple parts of biofilm EPS could be
interacting with our sensor elements. More mechanistic studies
need to be conducted to elucidate which molecular
interactions are important for biofilm classification.
Next, we performed LDA and correct unknown identi-

fication (CUI) with or without the two FRET channels to
assess the contribution of each FRET pair in discriminating
biofilms. As shown in Figure 3c−d, the six-channel
combination provides the highest classification and unknown

identification accuracy when compared to other combinations.
Interestingly, when using only the regular four channels from
the three polymers as predictors, the classification dropped
below 80% and correct unknown identification was very poor.
To avoid the potential problem of overfitting the data, we
combined two sets of sensing data (40 testing samples + 40
blind samples) and performed jackknife classification analysis.
The results showed a similar trend where four channels had the
lowest classification accuracy (79%) and the addition of two
FRET channels demonstrated the highest accuracy (99%)
(Figure S6).
These results indicated that efficient FRET from these

polymers is essential for our sensor to discriminate the
diversity of biofilms. We hypothesize that when the polymer
complex interacts with biofilms, substrates in the biofilms alter
the distance between the donor and acceptor fluorophore
(either bringing them closer together or further apart). Because
the efficiency of this energy transfer is dependent on the
inverse sixth power of intermolecular separation, small changes
in distance will result in a dramatic fluorescence changes.37 In
addition, it is also likely that changes in orientation happened
on FRET pairs will further expose or hinder environment-
sensitive dyes (pyrene, NBD, and Redd) to their local
environment, enhancing the effects on the FRET output
(Figure 1d).
Several biofilm-related chronic infections, such as otitis

media, urinary tract infection, and osteomyelitis, are caused by
the colonization of more than one pathogenic bacteria species.
The presence of multispecies bacteria in the biofilm results in a
greater diversity of matrices that is more challenging to
diagnose and eradicate.38,39 We tested the platform on the
mixed-species biofilm model to evaluate the ability of the
sensor array to differentiate more complex biofilms. Two
pathogenic bacteria, P. aeruginosa CD-1006 (Gram-negative)
and MRSA CD-489 (Gram-positive), were chosen to form the
mixed-species biofilm model because they are the opportun-
istic pathogens most often found together in chronic wound
infections.40−42 The mixed-species biofilm showed distinct
fluorescence patterns compared to their mono-species biofilms
(Figure 4a). Furthermore, LDA-classified 24 samples into three
distinct clusters with 100% accuracy (Figure 4b, Table S6).
The results indicate a difference in physiological components
between single and mixed-species bacterial biofilms. As
mentioned above, we also investigated the reliability of the
sensor by predicting unknown samples. A CUI of 100% was
achieved with 24 samples (Table S9), demonstrating the

Figure 4. Discrimination of the mixed-species biofilms. (a) Normalized fluorescence patterns of the polymer sensor against three types of mixed-
species biofilms. (b) Canonical score plot for the first two factors of fluorescence patterns were generated and plotted through LDA with 95%
confidence ellipses (n = 8).
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efficiency of this polymer sensor in classifying complex
biofilms.
Identifying the pathogen in biofilms infecting tissues or

organs is critical and particularly challenging.43,44 We
generated a biofilm-fibroblast co-culture model to test the
ability of our sensor to discriminate biofilm species in a wound
biofilm model.45,46 Different strains of P. aeruginosa were
chosen as representative nonpathogenic (P. aeruginosa ATCC
19660) and pathogenic (P. aeruginosa CD-1006) bacteria in
this study. Most strains of this species are opportunistic human
pathogens commonly found in human wounds and often used
in both in vitro and in vivo infection models.47,48 The bacteria
were seeded to a fibroblast NIH-3T3 cell monolayer for 6 h to
allow biofilm formation. Cytotoxicity assay confirmed that the
biofilm was not toxic to 3T3 cells (Figure S5). Before adding
the sensor, the co-culture models were washed to remove
planktonic bacteria and nonadherent 3T3 cells. The
fluorescence fingerprints of these two types of biofilm-infected
3T3 cells were different from the noninfected 3T3 cells (Figure
5a). The LDA plot showed nonoverlapping groups of co-
cultures and 3T3 cells with 96% classification accuracy (Figure
5b, Table S10). A similar high percentage of CUI (92%) was
achieved in this model, confirming the diagnostic potentials of
our polymer sensor platform.

■ CONCLUSIONS
In summary, we have developed a rapid and effective three-
polymer-six output multichannel sensor array for discrim-
ination of bacterial biofilms. Using this “one well” sensor
platform, we successfully classified and identified biofilms
formed by nonpathogenic and pathogenic bacteria, as well as
between pathogenic biofilms formed by single and mixed-
species bacteria. This sensor array further showed its diagnostic
potential by discriminating bacterial strain in a fibroblast-
biofilm wound infection model. Taken together, this study
demonstrated an effective sensor array to differentiate bacterial
species in biofilms, providing a pathway to new rapid
diagnostic methods for biofilm infections.

■ EXPERIMENTAL PROCEDURES
Synthesis of Fluorescent Polymers. Monomers and polymers

were synthesized according to previous reports.49,50 Details are
described in the Supporting Information.
Fluorescence Titration. Fluorescence titration of the C3-Gu-Py

with C3-Bz-NBD and C11-TMA-Redd were recorded in a Molecular
Device Spectramax M2 plate reader. C3-Gu-Py solution (0.5 μM) was
titrated with either C3-Bz-NBD or C11-TMA-Redd at a concentration

range from 0 to 4 μM in a black 96-well microplate. The solutions
were mixed and incubated for 30 min at room temperature followed
by the recording of the fluorescence spectra with an excitation
wavelength at 344 nm.

Single-Species Biofilm Model. A single colony of bacteria was
inoculated into LB broth at 37 °C overnight to reach the stationary
phase. Bacteria solution was then centrifuged, washed three times with
0.85% NaCl, and resuspended in phosphate buffer saline (PBS).
Optical density (OD) of bacteria solution at 600 nm was measured to
determine bacteria concentration. The bacteria solution was then
diluted in M9 minimal media to 0.1 OD. Seed solution (100 μL) was
added to black 96-well microplate and incubated at room temperature
under static condition for three days. Media was replaced every day.
Prior to the sensing experiments, the plate was wash three times with
PBS to remove planktonic bacteria.

Mixed-Species Biofilm Model. Solutions of bacteria were
prepared as described earlier. For the mixed-species biofilm, 50 μL
of 0.1 OD600 P. aeruginosa and 50 μL of 0.1 OD600 MRSA were added
into 96-well microplate then mixed. Mixed-species biofilm was formed
by incubating the bacterial solution on a 96-well plate at room
temperature for 3 days with replacement of media every 24 h.

Biofilm-3T3 Fibroblast Cells Co-culture Model. A total of 10
000 NIH 3T3 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) with 10% bovine calf serum at 37 °C in a
humidified atmosphere of 5% CO2 for 24 h. Bacteria were grown in
DMEM media at 37 °C and 275 rpm up to the log phase (0.5
McFarland standard/1.5 × 108 CFU/mL). Then, 100 μL of the
bacterial solution was incubated with mammalian cells at 37 °C in a
humidified atmosphere of 5% CO2 for 6 h to allow biofilm formation.
The co-culture was washed three times with PBS to remove
planktonic bacteria and nonadherent 3T3 cells before addition of
the sensor.

Sensor Complexation. The sensor solution was composed of 0.5
μM C3-Gu-Py, 1 μM C3-Bz-NBD, and 0.25 μM C11-TMA-Redd in
Milli-Q (MQ) water. The polymer sensor was made fresh and
incubated for 15 min before using. Each solution (150 μL) was placed
into each well of a 96-well microplate containing biofilms. After
incubation for 30 min, the fluorescence intensity was recorded at
optimal excitation/emission (Ex/Em) wavelengths: C3-Gu-Py at 344/
392 nm and an excimer emission 344/470 nm; C3-Bz-NBD at Ex/Em
470/545 nm; C11-TMA-Redd at Ex/Em 422/528 nm; FRET between
C3-Gu-Py and C3-Bz-NBD at 344/545 nm; and FRET between C3-
Gu-Py and C11-TMA-Redd at 344/528 nm. The fluorescence
intensity was monitored using Molecular Device Spectramax M2
plate reader. The auto-fluorescence of the biofilms in MQ water was
also recorded.

Linear Discriminant Analysis. LDA was performed using the
SYSTAT (version 13) program. For the single-species biofilm sensing,
the raw fluorescence response data contained a matrix of 8
(replicates) × 5 (biofilms) × 6 (channels). For the mixed-species
biofilm, a matrix of 8 (replicates) × 3 (mixed biofilm/biofilms) × 6
(channels) was generated. The biofilm-3T3 fibroblast cells co-culture

Figure 5. Detection and discrimination of biofilms grown on fibroblast cells. (a) Normalized fluorescence response patterns of polymer sensor
against fibroblast cells with and without the biofilms. (b) Canonical score plot of the first two factors obtained from LDA with 95% confidence (n =
8).
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model provided a matrix of 8 (replicates) × 3 (biofilm-3T3 cells/3T3
cells only) × 6 (channels). The raw data were transferred to canonical
score setting with bacterial species as the grouping variable. These
canonical scores were plotted as a scatter plot with 95% confidence
ellipse.
Unknown Identification. The identity of unknown samples was

predicted by the Mahalanobis distance of the unknown data from the
training groups.51 The LDA was performed on the raw fluorescence
responses of the training set and the unknowns at the same time. The
Mahalanobis distance of each unknown from the centroid of training
groups was calculated. Sample is assigned to the group with the
shortest Mahalanobis distance.
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R. E. Bacterial Biofilm Development as a Multicellular Adaptation:

Antibiotic Resistance and New Therapeutic Strategies. Curr. Opin.
Microbiol. 2013, 16, 580−589.
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