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Abstract 

In this work, a boronic acid copolymer, poly(4-vinylphenylboronic acid-co-2-(dimethylamino)ethyl methacrylate-co-
n-butyl methacrylate) (pVDB) was designed for the rapid detection of bacteria based on reversible boronate ester 
formation with the diol-rich saccharide moieties found on bacterial membranes. Electrospun nanofibre membranes 
were prepared from a blend of polyacrylonitrile (PAN) and pVDB, which was synthesized by free radical 
polymerization. The pVDB@PAN membranes were used as fluorescent bacterial biosensors, displaying a distinct 
emission at 538 nm when in contact with bacteria cells. The fluorescence intensity showed a maximum intensity after 
24 h of contact with Staphylococcus aureus or Escherichia coli, and this intensity increased proportionally with the 
pVDB content in the electrospun membranes. When in contact with Pseudomonas putida, the membranes became 
non-responsive within 8 h due to the rapid formation of a bacterial biofilm. This fouling phenomena blocked the 
membrane surface for fluorescence readings. The pVDB@PAN biosensor allowed for the rapid detection of the early 
stages of bacterial colonization well before biofilm formation, which could be advantageous for the early 
identification of pathogenic bacteria and prevention of their spreading. 

Keywords: Keywords: Boronic acid copolymers; Nanofibres; Electrospun membranes; Biosensor; Bacterial biofilms

1. Introduction 

Infectious diseases are still among the leading causes of 
death worldwide, despite numerous advances in 
medical research [1]. The increasing global spread of 
antibiotic resistant bacteria, and the prevalence of 
nosocomial infections, cause increased morbidity and 
mortality in patients and constitute a serious problem 
for public health [2]. New antibiotic resistance 
mechanisms are constantly emerging and compromise 
our ability to treat even common infectious diseases, 
which results in prolonged illness, disability, and 
ultimately death. For example, resistance of E. coli to 
fluoroquinolone antibiotics, among the most widely 
used and highest potency medicines for the treatment of 
urinary tract infections, is already widespread; there are 
currently parts of the world where treatment is virtually 
ineffective in more than half of patients [3]. 

The establishment of bacterial infections involves 
several mechanisms, which require the initial adhesion 
of pathogenic bacteria to host cells (through the action 
of specific lectin-carbohydrate interaction motifs), 
followed by colonization and biofilm formation at the 
site of infection [4–6]. Several pathogens associated 
with chronic infections are linked to biofilm formation, 
including those causing periodontitis, cystic fibrosis, 
pneumonia, chronic urinary tract infections, chronic 
otitis media, and chronic wound infections [7]. Chronic 
infections arise in part because bacteria in biofilms can 
effectively resist the host immune response as well as 

antibiotic treatment, which imparts them with the 
ability to persist for a long time in the human body [8]. 

In recent years, boronic acid (BA) derivatives have 
attracted significant interest in cell capture and release 
technologies, as well as in carbohydrate sensing, owing 
to their ability to form covalent (albeit reversible) 
complexes with cis-diol residues. These are abundant 
on the surface of bacterial cells due to their 
carbohydrate-rich compositions [9,10]. A range of 
design concepts comprising boronic acids have been 
recently reported for the detection and quantification of 
diol-rich carbohydrates or bacterial cells; these include 
the coupling of boronic acids with fluorescent tags [11–
15], immobilization on electrodes, or their chemical 
immobilization on the surfaces of bioelectronic 
devices [16,17]. 

In this work, we explored electrospinning as an 
effective method to incorporate boronic acids in 
fluorescent polymeric nanofibres. Electrospinning is an 
extremely versatile technique to prepare submicron 
fibrous membranes from a wide variety of polymers 
and blends either dissolved in organic or aqueous 
media, or in their melt form [18]. We report the use of 
nanofibrous membranes prepared from a blend of 
polyacrylonitrile, which serves as a fluorescent reporter 
tag, and a boronic acid-based copolymer for the capture 
of bacterial cells. Electrospinning allows the deposition 
of nanofibres in the form of thin membranes that 
exhibit very high surface area to volume ratios, 
providing abundant opportunities for contact with 
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bacteria. The presence of BA in the fibres should 
facilitate robust binding with both gram-positive and 
gram-negative bacteria. Thus, the systems prepared 
here will have the ability to bind effectively with 
bacteria, and the presence of a fluorescent reporter tag 
will provide a convenient readout of binding. A 
schematic of our experimental approach is given 
in Scheme 1. To the best of our knowledge, this is the 
first time a boronic acid-based membrane composed of 
polymeric nanofibres has been used as a biosensor for 
the detection of bacteria. 

 

Scheme 1. An outline of the experimental approach taken in 
this work. 

2. Experimental 

2.1. Materials 

Polyacrylonitrile (PAN, average MW 150,000), 4-
vinylphenylboronic acid (98%, VPBA), n-butyl 
methacrylate (99%, BUMA), 2,2′-azobis(2-
methylpropionitrile) (AIBN), 2-(dimethylamino)ethyl 
methacrylate (DMAEMA), dimethyl sulfoxide 
(DMSO), ethanol (96%), N,N-dimethylformamide 
(DMF), N,N-dimethylacetamide (DMAc) and hexane 
were purchased from Sigma Aldrich. Culture media 
components comprised beef and yeast extract and soy 
peptone (purchased from Pronadisa-Conda, Spain), and 
sodium chloride (sourced from Panreac). 
FilmTracer™ SYPRO® Ruby Biofilm Matrix Stain was 
obtained from Thermo Fisher-Invitrogen. 

2.2. Synthesis of pVDB 

The polymer was synthesized by modifying previously 
published protocols [19–21]. In a 50 mL round-bottom 
flask, VPBA (104 mg, 0.7 mmol), DMAEMA (110 mg, 
0.7 mmol) and BUMA (2 g, 14 mmol) at molar ratios 
5:5:90 were dissolved in 7 mL of a DMSO:ethanol (1:1, 
v/v) mixture. AIBN (25 mg, 0.15 mmol) was added to 
the flask, which was then sealed before purging with 
argon for 5–10 min. The reaction mixture was placed in 
an oil bath at 75 °C for 24 h under magnetic stirring. 
The polymer was recovered by precipitation in hexane 

and dried under vacuum. The copolymer was isolated 
as a pale yellow solid (yield 70%). 

2.3. Electrospinning 

Electrospun fibres were prepared by dissolving 30 wt% 
of pVDB polymer in DMAc under constant magnetic 
stirring for 6 h. Subsequently, this solution was mixed 
at different ratios with a 10 wt% solution of PAN in 
DMF (see Table 1). After vigorous magnetic stirring for 
24 h, the resulting dispersion was transferred to a 5 mL 
syringe fitted with a 21-gauge stainless steel blunt-tip 
needle. The needle was in turn connected to a high 
voltage power supply (HCP35–35,000, FuG 
Elektronik). A syringe pump (KDS100, Cole-Parmer) 
and a flat collector plate (16 × 16 cm, covered in 
aluminium foil) completed the assembly. All processes 
were conducted under ambient conditions (22 ± 3 °C, 
and 40 ± 5% relative humidity) at a flow rate of 
0.5 mL/h, with a 24 cm distance between the needle and 
the collector. The applied voltage was 18 kV, with the 
exception of pVDB60@PAN which was prepared at 
21 kV. The fibre formulations and electrospinning 
parameters are described in Table 1. 

2.4. Analytical methods 
1H NMR spectra were recorded with deuterated 
chloroform (CDCl3) as an internal standard using a 
Bruker DRX 400 MHz spectrometer. The morphology 
and the diameter of the electrospun nanofibres were 
analysed with scanning electron microscopy (SEM, FEI 
Quanta 200 FEG-SEM instrument) after sputtering the 
samples with a 20 nm gold layer. The average fibre 
diameter for each sample was calculated by measuring 
around 100 fibres in the SEM images using the ImageJ 
software (National Institutes of Health, USA). Fourier 
transform infrared spectroscopy (FT-IR) was conducted 
using a Nicolet-Nexus 670 FT-IR spectrometer over the 
range 650–4000 cm− 1, with a resolution of 2 cm− 1. 

The surface ζ-potential of the fibres was measured 
using electrophoretic light scattering (Malvern 
Zetasizer Nano ZS instrument) with the aid of the 
appropriate Malvern surface zeta potential cell (ZEN 
1020). In brief, a rectangular section not larger than 
7 mm × 4 mm was glued onto the sample holder using 
Araldite adhesive. The cell was inserted into a 
disposable plastic 10 mm square cuvette containing 
1.2 mL of 10 mM aqueous KCl (with pH adjusted to 

 

Table 1. Details of the fibre formulations, including electrospinning parameters, surface ζ-potential, water contact 
angle and fibre diameter. All processes were conducted under ambient conditions (22 ± 3 °C, and 40 ± 5% relative 
humidity) at a flow rate of 0.5 mL/h, with a 24 cm distance between the needle and the collector. 

ID Sample 
Polymer 

Polymer in  
fibres (% w/w) 

Voltage 
(kV) 

Surface -potential 
(mV)a 

Water contact 
angle (°) 

Fibre 
diameter (nm) 

PAN PLA 100 18 -1.3 ± 0.9 - 497 ± 67 
pVDB40@PAN PAN/pVDB 60/10 18 -1.5 ± 0.4 120 ± 15 553 ± 141 
pVDB50@PAN PAN/pVDB 50/50 18 -4.8 ± 0.5 134 ± 3 592 ± 70 
pVDB60@PAN PAN/pVDB 40/60 21 -7.0 ± 1.2 143 ± 10 559 ± 112 

a pH 7.0  
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7.0 prior to measurements, using 1 M KOH and 1 M 
HCl), with 0.5% (w/w) polyacrylic acid (450 kDa) as a 
tracer (a negatively charged tracer is required for 
negatively charged surfaces). Measurements were 
performed at 25 °C at six different distances from the 
sample surface, which enabled the surface zeta potential 
to be calculated by the Zetasizer software. Membrane 
wettability was tested on an optical contact angle meter 
(Krüss DSA25 Drop Shape Analysis System) at room 
temperature, using the sessile drop technique. A 
fluorescence spectrophotometer (Varian Cary Eclipse) 
was used for recording the fluorescence spectra of the 
pVDB-based membranes. During the emission scan, the 
excitation monochromator was set to a fixed 
wavelength and the emission monochromator scanned 
over a wavelength range (200 nm greater that the 
emission scan value). The excitation was varied from 
250 nm to 645 nm at 10 nm intervals. 

2.4. Bacterial assays 

The microorganisms used in this study 
were Escherichia coli (ATCC 8739), Pseudomonas 
putida (DSMZ 84) and Staphylococcus aureus (ATCC 
6538P). Cultures were grown overnight in nutrient 
broth under moderate shaking. The broth comprised 
(for 1 L in distilled water): 1 g beef extract, 2 g yeast 
extract, 5 g peptone, 5 g NaCl, and the pH was adjusted 
to 7.2. After reactivation, the cell density was tracked 
by measuring the optical density at 600 nm (OD600). 
Exponentially growing cultures on nutrient medium 
were diluted to an OD600 of 0.0138 for P. putida and E. 
coli and 0.0400 for S. aureus. 1 mL aliquots were 
placed on circular pVDB@PAN samples (15 mm 
diameter) inside 24-well polystyrene plates and 
incubated without shaking at 28 °C (P. putida) or 30 °C 
(S. aureus, E. coli). 

The biosensor capacity of the pVDB-containing 
membranes was studied by following in parallel the 
autofluorescence emitted by the membranes in contact 
with bacteria, and the colonization behaviour of these 
three strains on the membrane surface in specific time 
frame, including 8, 24 and 48 h. 

For the visualization of biofilms after incubation, the 
liquid culture was removed, and the membranes 
carefully rinsed with distilled water before being 
stained with 100 μL FilmTracer SYPRO Ruby Biofilm 
Stain (Molecular Probes, Thermo Fisher Scientific). 
Stained membranes were incubated in the dark for 
30 min at room temperature, and then rinsed with 
distilled water. The specimens were transferred to a 
glass slide, covered with a glass cover slip, and sealed. 
All images were recorded at 24 and 48 h after 
inoculation using a SP5 confocal fluorescence 
microscope (Leica Microsystems) at 
excitation/emission wavelengths of 450/610 nm. 
Images of bacteria colonizing the surface of materials 
were recorded on a Hitachi TM-1000 microscope. For 
this, a process of cell fixation in glutaraldehyde 5% 
(v/v) in 0.2 M sodium cacodylate buffer pH 7.2 was 

first carried out for 1 h at room temperature. Samples 
were then rinsed in cacodylate buffer and dehydrated in 
an ascending ethanol series (25, 50, 70, 90 and 100%) 
before critical point drying with CO2 and subsequent 
observation with SEM. The fluorescence emitted by the 
pVBD@PAN membranes in contact with bacteria was 
measured in a fluorometer/luminometer (Fluoroskan 
Ascent FL). The wavelength range was fixed according 
to the data obtained from the fluorescence spectra; 
excitation was set at 360 nm and emission at 538 nm. 
24-well polystyrene plates containing fibre membranes 
before and after incubation were place inside the 
Fluoroskan holder. The fluorescence emitted was 
measured in top-scan mode, using an integration time 
of 60 ms. This method allowed 31 data points to be 
obtained for each surface. 

An additional experiment was carried out to validate the 
responsive of pVDB membranes to bacteria attachment 
after a glucose saturation. 1 mL of a glucose solution 
(1 g/L) was placed on circular pVDB@PAN samples 
(15 mm diameter) inside 24-well polystyrene plates at 
room temperature by 6 h. Prior bacteria contact, the 
glucose was extracted and then 1 mL aliquots were 
added on membranes specimens and incubated 24 h 
without shaking at 28 °C (P. putida) or 30 °C (S. 
aureus, E. coli). 
 3. Results and Discussion 

3.1. Characterisation of pVDB  

The copolymer was first characterized by 1H NMR 
(Fig. 1). The spectrum is fully consistent with the 
formation of the desired polymer, with characteristic 
aromatics peaks of PBA visible at ca. 7.1-7.6 ppm. 

 

 

Figure 1. 1H NMR spectrum of the pVDB in CDCl3. 

Fig. 2a shows the FT-IR spectrum of the synthesized 
pVDB polymer. The spectrum is dominated by a strong 
band at ~ 1730 cm− 1 due to the C=O stretching of the 
methacrylate ester group. Minor bands correspond to 
stretching modes of the methyl group at 2940 cm− 1, 
together with bands of the dimethylamino group from 
the DMAEMA component at 2819 and 2767 cm− 1[22]. 
Signatures of the phenyl boronic moieties can be seen 
at 1430 cm− 1 (due to the combined motions of the C-C 
stretch of the aromatic ring and the B-O stretch), 
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1340 cm− 1 (vibrational modes involving B-O 
stretching), 1100 cm− 1 (phenyl ring deformation) and 
the broad mode centred at 3300 cm− 1 (O-H stretching 
motions of the -B(OH)2 moiety, which likely overlaps 
with vibrational bands from water molecules trapped in 
the sample [23]. The IR spectrum is thus consistent 
with the production of the desired copolymer. 

 

Figure 2. FT-IR spectra of (A) pVDB, (B) pVDB60@PAN, 
and (C) PAN. 

3.2. Characterisation of the electrospun fibres 

The spectrum of pure PAN fibres (Fig. 2) shows bands 
at 2899 cm− 1 (− CH2– stretching) and 2244 cm− 1 

(−CN). That of the pVDB60@PAN blend membrane 
shows absorption bands of both the pVDB (at 
approximately 2940 cm− 1, 2819 cm− 1, 1730 cm− 1) and 
of PAN (at ca. 2244 cm− 1). It is clear that both 
polymers are incorporated into the fibres without any 
loss of structural integrity. 

Fig. 3 depicts representative SEM micrographs of the 
nanofibre membranes formed using PAN/pVDB 
polymer blends containing different feed ratios of the 
pVDB polymer. The morphology and diameter of the 
electrospun fibres depend on a number of parameters 
including the applied voltage, the electrospinning 
distance, and the solution concentration [24]. Most of 
the fibres were linear and cylindrical in shape. The 
average diameter of the fibres did not change 
significantly with increasing the pVDB concentration, 
and in all cases lies in the 500–600 nm range (Table 1). 
However, it was observed that at 60 wt% pVDB and 
18 kV voltage, the electrospinning process became 
unstable, leading to ill-defined fibres, and it was 
necessary to increase the voltage to 21 kV in order to 
obtain uniform beadless fibres (as shown in Fig. 3D). 

Membrane hydrophilicity is an important factor that 
influences the attachment of microbial cells to 
surfaces [25]. We studied this by measuring the water 
contact angles for all the electrospun membranes, as 
given in Table 1. 

 

 

Figure 3. SEM micrographs of nanofibres prepared with 
different ratios of PAN: pVDB (compositions are given 
in Table 1). (A) PAN (B) pVDB40@PAN (C) 
pVDB50@PAN and (D) pVDB60@PAN. Scale bar: 3 μm. 

Water droplets deposited on the PAN membranes 
rapidly spread across the membrane surface, exhibiting 
a superhydrophilic behaviour consistent with the texture 
of a nanofibrous surface made up of a hydrophilic 
polymer [26]. Conversely, the pVDB-containing fibres 
displayed hydrophobic contact angles that increased 
from 120 ± 15° to 143 ± 10° as the pVDB content rose 
from 40 to 60 wt% (Table 1). 

The ζ-potentials of the electrospun membranes are also 
listed in Table 1. All were negatively charged, with 
surface charge becoming more negative as the 
concentration of pVDB in the fibres increased. This is 
expected because DMAEMA is protonated at pH 7.0, 
whereas the boronic acid should exist in the tetrahedral 
form and be negatively charged, and hence the overall 
zeta potential should be negative for these fibres [12]. 

The fluorescence spectra of the pVDB@PAN 
electrospun membranes showed different emission 
bands when the excitation wavelength was set at 
255 nm, 385 nm and 505 nm. Upon excitation at 
255 nm, two peaks were observed in the 265–465 nm 
emission range (at 298 nm and 428 nm) 
(Supplementary Data, Fig. S1). Exciting at 385 nm, 
three peaks were obtained in the 395–595 nm emission 
range at 429, 485 and 528 nm (Fig. 4). Finally, at 
excitation wavelength of 505 nm two main peaks 
appeared at 528 and 543 nm) (Fig. S2). These results 
were used as a reference to set the excitation/emission 
wavelengths for the biosensing assays. It was observed 
that exciting the pVDB@PAN membranes in contact 
with bacteria at 360 nm resulted in a clear signal at 
538 nm, which corresponded with the peak obtained in 
the fluorescence spectrum when exciting at 385 nm 
(Fig. 4). 
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Figure 4. The fluorescence spectrum of pVDB60@PAN (ex 
= 385 nm). 

3.3. Microbial colonization of electrospun 
membranes 

The pure PAN fibres were considerably more resistant 
to bacterial colonization than the pVDB-containing 
fibres. This is clearly shown in the SEM images of 
membranes exposed for 8 and 24 h (Fig. 5), and 48 h 
(Fig. S3) to cultures of E. coli, P. putida and S. aureus. 
The images also demonstrate that the PAN membranes 
are essentially free of E. coli cells even after 48 h. P. 
putida and S. aureus led to a certain degree of 
colonization, but without developing biofilms. 
Conversely, the pVDB-containing fibres displayed 
extensive bacterial colonization and clear biofilm 
formation. 

Electrostatic interactions have been shown to play a 
role in microbial adhesion, either attracting or repelling 
the outer membranes of bacterial cells, which bear a 
negative charge [27]. The ζ-potentials reported for E. 
coli and S. aureus are − 44.2 and − 35.6 mV 
respectively [28], while Neumann and co-workers 
reported − 14 mV as the ζ-potential of P. putida 
[28,29]. Our data showed that the more negatively 
charged surfaces (pVDB60@PAN) underwent the 
greatest extent of bacterial colonization, as revealed by 
SEM and Ruby FilmTracer micrographs (Figs. 5 and 
6 and Fig. S3). In spite of the recognized role of surface 
charge in the initial stages of bacteria attachment, 
biofilm formation can also be governed by other 
factors [30]. The value of the contact angles (Table 1) 
revealed that the pVDB-containing membranes were 
superhydrophobic with contact angles of 120° for 
pVDB40@PAN, 134° for pVDB50@PAN and 143° 
for pVDB60@PAN. In contrast, the PAN membranes 
demonstrated extreme hydrophilicity with a measured 
contact angle of 0°. Therefore, we believe that for these 
fibres, their superhydrophobicity (possibly in 
combination with gravitational force), is the dominant 
factor that governs the initial adhesion of the bacteria to 
the membranes. 

The contact angle values are dependent on chemical 
composition, porosity, and surface roughness [31,32]. 
In fact, recent experimental results have indicated that 
the roughness alone can greatly magnify the (de-

)wetting properties of a surface even without altering 
the chemical composition [33]. In order to demonstrate 
the role of roughness on the wetting properties of the 
membranes, we measured the contact angle of pVDA 
polymers in the form of thin films using blends at the 
same ratios as those of the electrospun fibres. The 
results showed contact angles considerably smaller 
compared to the nano-fibrous textured counterparts 
(Tables 1 and S1). The water contact angles on pVDB-
containing films were 83 ± 5° for pVDB40@PAN, 
85 ± 3° for pVDB50@PAN and 87 ± 3° for 
pVDB40@PAN and 56 ± 4° on PAN films, reflecting 
that the chemical composition of the pVDB 
significantly contributes to the high contact angle 
values of the pVDB-containing membranes, which in 
turn influence biofilm formation. These findings are in 
accord with previous reports showing that smooth 
surfaces do not favour bacterial adhesion [31,32]. 
Therefore, nanofibrous membranes might offer more 
adhesion points for bacterial anchoring motifs owing to 
their increased roughness and the larger available 
surface area for bacterial contact, as a result of their 
high aspect ratios. 

The images shown in Fig. 5 provide some insight into 
the process of biofilm formation on the membrane 
surface. The attachment of bacterial cells to the surface 
takes place via the development of primary micro-
colonies that produce a primitive extracellular matrix 
holding them together. Then, the micro-colonies 
progressively enlarge and coalesce to form successive 
layers of cells covering the surface, which eventually 
lead to a maturity stage with larger macro-colonies 
surrounded by water channels that help distribute 
nutrients and signalling molecules [8]. Our images 
show that the initial steps of biofilm formation on the 
pVDB-containing fibres occurred before 8 h for S. 
aureus and E. coli, while the PAN fibres reached this 
stage between 24 and 48 h (see Fig. 5). The images of 
membranes in contact with P. putida at 8 h clearly 
show mature biofilms on the fibre surfaces, while PAN 
fibres achieved this phase only after 24 h (Fig. 5). This 
information is supported by confocal micrographs 
recorded with the use of a Ruby FilmTracer fluorescent 
probe (Fig. 6), which reveal the protein-rich formation 
of the bacterial extracellular matrix. This consists of 
glycoproteins, phosphoproteins, lipoproteins, calcium 
binding proteins, fibrillar proteins, and other 
proteins [34]. It should be noted that a typical biofilm 
exhibits relatively heterogeneous thickness and could 
contain several undefined components that differ with 
species and conditions [34]. Nevertheless, our chosen 
fluorescent probe captured relatively reliably the 
formation of the biofilms due to its non-specific 
protein-staining capacity irrespective of the bacterial 
strain used. As expected, by increasing the contact 
time, an increase in extracellular matrix formation was 
observed, indicating extensive biofilm proliferation on 
the pVDB-containing fibres. On the PAN fibres, 
however, bacterial spreading was considerably lower,  
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Figure 5. SEM micrographs of PAN, pVDB40@PAN, pVDB50@PAN and pVDB60@PAN membranes after 8 and 
24 h of static incubation with S. aureus (at 30 °C), E. coli (at 30 °C) and P. putida (at 28 °C). Scale bars (8h) = 20 μm, 
Scale bars (24 h) = 50 μm. 
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Figure 6. (A) FilmTracer™ SYPRO™ Ruby biofilm matrix 
staining of PAN and pVDB60@PAN membranes in contact 
with. S. aureus, E. coli and P. putida cultures for 24 and 48 h. 
(B) Average surface coverage percentages of biofilm 
matrices on PAN and pVDB membranes, after 24 and 48 h of 
static incubation with S. aureus (at 30 °C), E. coli (at 30 °C) 
and P. putida (at 28 °C). Surface coverage percentages were 
calculated using confocal micrographs, with the ImageJ 
program (n = 131, 3 independent runs). Scale bars = 25 μm. 

with reduced biofouling. At 48 h, when the  
pVDB@PAN membranes develop a mature biofilm, 
multiple layers of cells accumulate on the surface, as 
shown by the SEM micrographs (Fig. S3). As a result, 
some of the extracellular matrix may become covered, 
which would explain the reduced biofilm surface 
coverage revealed by the staining of extracellular 
proteins in the case of E. coli after 48 h with 
pVDB60@PAN (Fig. 6). The results clearly show that 
the inclusion of the pVDB significantly augments 
bacterial attachment. This was validated by exposing 
PAN and pVDB-containing fibres to a saturated 
glucose solution (1 g/L, 6 h) prior to contact with 
bacteria culture (Fig. S4). A significant decrease of 
bacterial adhesion, particularly for P. putida, was 
observed: this is attributed to the fact that free glucose 
binds to the boronic acid residues of the fibers and 
blocks potential binding with the diols present on 
bacterial surfaces. Ultimately, this reduces bacterial 

attachment and biofilm formation [35]. Therefore, this 
set of experiments corroborates our hypothesis that the 
boronic acids on the fibres mediate specific ligand-
receptor types of adhesion cascades, acting in concert 
with non-specific interactions (e.g. hydrophobicity) that 
drive the attachment of bacterial cells to the 
membranes. 

3.4. Biosensing assays 

The biosensing capacity of the pVDB-containing fibres 
was studied upon contact with all three bacterial 
strains. Fluorescence readings were recorded at 538 nm 
with an excitation wavelength at 360 nm. The 
measurements were performed after the membranes 
had been in contact with bacteria for 8, 24 and 48 h in 
microplates. The results are shown in Fig. 7 and are 
reported as relative fluorescence units (RFU; an RFU 
of 1 corresponds to the pure PAN control fibres). The 
results can be interpreted in terms of the ability of 
pVDB to form reversible covalent complexes with the 
1,2-diols and 1,3-diols of bacterial wall 
carbohydrates [36,37]. 

The increase in fluorescence observed for pVDB-
containing fibres in contact with E. coli and P. 
putida can be rationalized due to the binding of pVDB 
to the bacterial membrane lipopolysaccharides. The cell 
wall of Gram-negative bacteria is composed of a thin 
layer of peptidoglycan and an outer membrane with 
phospholipids and boronic-acid interacting 
lipopolysaccharides [38]. Conversely, Gram-positive 
bacterial cell walls are composed of multiple 
peptidoglycan layers, with a wall of lipoteichoic acids 
bridging the peptidoglycan and the cytoplasmic 
membrane. The teichoic acid found in the Gram-
positive S. aureus is a water-soluble polymer composed 
of 40 ribitol phosphate units substituted with a D-
alanine ester and N-acetylglucosaminyl residues. The 
chain is attached to peptidoglycans by a phosphodiester 
bond, through a linkage unit that is composed of three 
glycerophosphate residues linked to two amino sugars; 
the latter is a diol target for possible pVDB 
binding [39]. The fluorescence intensity shows a 
maximum after 24 h contact with S. aureus and E. coli, 
with higher intensity upon increasing the concentration 
of pVDB in the fibres. This effect is even more 
pronounced in E. coli, which can be explained because 
the Gram-negative E. coli presents many free diol 
groups in its lipopolysaccharides' outer membrane 
which can bind with boronic acid moieties in the fibre 
membranes. Gram-positive S. aureus, with a reduced 
number of sugars accessible in the thick peptidoglycan 
layer, led to moderate fluorescence intensities. In the 
case of the Gram-negative P. putida, however, the 
membrane rapidly became non-responsive and only the 
pVDB60@PAN sample displayed appreciable 
fluorescence after 8 h contact with bacterial cells. 
These data were consistent with the fouling behaviour 
shown in Fig. 5, from which it is apparent that P. 
putida develops a mature biofilm after 8 h in contact 
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with the pVDB@PAN fibres. These mature biofilms 
could be blocking the membrane surface for 
fluorescence readings. 

 

Figure 7. The fluorescence intensity of pVDB-containing 
fibres after contact with bacteria. ex. = 360 nm 
em. = 538 nm. 6 replicates per membrane and strain, 31 data 
points were obtained over each surface. The dashed line 
corresponds to PAN. RFU = relative fluorescence units, and 
RFU = 1 is for the control PAN membrane without pVDB. 

The inclusion of the boronic acid unit into a polymer 
matrix is a simple way of developing analytical devices, 
since the polymer imparts many advantages over the 
free boronic acid complex. These include improved 
robustness, sensitivity, handling, and biocompatibility, 
which are important properties for the development of 
bacterial sensors [40]. This work shows that pVDB 
containing electrospun membranes provide sensors 
responsive to bacterial attachment and allowing their 
early detection, which could be useful to prevent 
irreversible damage of biomaterials and tissues due to 
fouling. 

4. Conclusions 

In summary, our work demonstrates the efficiency of 
electrospun nanofibrous membranes prepared from a 
blend of polyacrylonitrile and a boronic acid-based 
polymer as a fluorescent bacterial biosensor. The 
morphology and composition of the pVDB@PAN 
membranes prepared allowed effective bacterial 
attachment and rapid monitoring via a straightforward 
fluorescent readout mechanism. The high affinity and 
specificity of the pVDB-containing membranes towards 
both Gram-negative and Gram-positive bacteria was 
demonstrated by the extensive bacterial colonization 
and biofilm formation observed with three different 
bacterial strains. The fluorescent response of the 
pVDB-containing electrospun materials allowed for 
simple bacterial detection at the early stages of 
microbial colonization, which could have great 
potential in the design of bioelectronics and biosensing 
devices. 
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Table S1 Water contact angles of polymeric films. Microscope 
cover glasses (13 mm diameter) were coated with polymer blends 
at the same ratios of those of the fibers and dried at 50 ºC for 24 h. 

Sample Name Water Contact Angle (°) 

PAN 56 ± 4 

pVDB40@PAN 83 ± 5 

pVDB50@PAN 85 ± 3 

pVDB60@PAN 87 ± 3 
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Fig. S1 The fluorescence spectrum of pVDB60@PAN (Λex = 255 nm). 
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Fig. S2 The fluorescence spectrum of pVDB60@PAN (Λex = 505 nm) 
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Fig. S3 SEM micrographs of PAN, pVDB40@PAN, pVDB50@PAN and pVDB60@PAN  membranes 
after 48 h in contact with cultures of E. coli, S. aureus and P. putida (at 28 ºC for P. putida or 30 ºC for S. 
aureus and E. coli). Scale bars = 50 μm. 
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Fig. S4 SEM (scale bars = 50 μm) and confocal micrographs (scale bars = 25 μm)  of PAN, 
pVDB40@PAN, pVDB50@PAN and pVDB60@PAN membranes after 6 h in contact with 1 g/L of 
glucose (extracted before cultures were added), and then 24 h with cultures of E. coli, S. aureus and P. 
putida (at 28 ºC for P. putida or 30 ºC for S. aureus and E. coli). 

 
 


