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ABSTRACT: Early detection of pathogens or their virulence factors in
complex media has a key role in early diagnosis and treatment of many diseases.
Nanomolar and selective detection of Exotoxin A, which is a virulence factor
secreted from Pseudomonas aeruginosa in the sputum of Cystic Fibrosis (CF)
patients, can pave the way for early diagnosis of P. aeruginosa infections. In this
study, we conducted a preliminary study to demonstrate the feasibility of optical
biodetection of P. aeruginosa Exotoxin A in a diluted artiﬁcial sputum mimicking
the CF respiratory environment. Our surface engineering approach provides an
eﬀective biointerface enabling highly selective detection of the Exotoxin A
molecules in the complex media using monoclonal anti-Exotoxin A functionalized microtoroids. The highly resilient microtoroid surface toward other
constituents of the sputum provides Exotoxin A detection ability in the complex
media by reproducible measurements. In this study, the limit-of-detection of
Exotoxin A in the complex media is calculated as 2.45 nM.
KEYWORDS: biological sensor, optical resonator, microtoroid, whispering gallery-mode, label-free detection, cystic ﬁbrosis,
surface modiﬁcation

O

ptical resonators, such as, microrings,1 microtoroids,2 and
microspheres,3 are micron-scaled structures, which can
conﬁne light in very small volumes. Due to their great ability to
trap a photon for a period of time or their high sensitivity to
any refractive index change occurring within its surrounding
medium, the microresonators are quite sensitive devices as
sensors, for detecting any molecular interactions.
Biosensing with the optical resonators4,5 among the
biodetection techniques based on various optical strategies
like surface plasmon resonance,6 ﬂuorescence,7 photonic
crystal,8 and quartz crystal9,10 still retains its top place in
oﬀering detection at quite low concentrations, and even down
to the single molecule level.4,11 So far, detections of
protein,12−18 DNA (single-stranded DNA),11,19−25 methylated
DNA26−30 and RNA (micro-RNA),31,32 mRNA,33 and transfermRNA34 in various buﬀer solutions have been studied using
various types of optical resonators with considerably high
sensitivities.
On the other hand, biodetection in a complex media is a
diﬃcult task to perform and several eﬀorts have attempted to
overcome this challenge. Undesired interaction of the biosensor
surface with its surrounding medium can easily lead to a signal
and result in misleading data. For a selective biosensing,
calibration is a method used to eliminate signals arising from
nonspeciﬁc interactions, especially between surface tethered
probes like antibodies and nontarget components in a complex
media; i.e., (non)concentrated solutions of serum and artiﬁcial
© 2018 American Chemical Society

sputum. However, to eﬀectively eliminate the undesired
interactions, surface modiﬁcation should be carefully applied
to the biosensor surface, in a manner that can lead to the
speciﬁc interactions occurring between the targets and their
capture probes. To perform optical measurements in complex
media, Y. Shin and co-workers25 prepared probe conjugated
microring arrays to detect DNA biomarkers in human urine.
However, lower spectral shifts than the ones obtained from
probe−target interactions were reported due to nonspeciﬁc
interactions occurring on the sensor surface. One strategy for
eliminating such lower spectral shifts is by creating biointerfaces
which suppress only the nonspeciﬁc interactions, while not
interfering with the biodetection ability. As a step forward in
achieving this task, we previously demonstrated a surface
modiﬁcation approach, using 3-(trihydroxysilyl) propyl methylphosphonate (THPMP) molecules,35 for selective human
interleukin 2 antigen sensing in a diluted fetal bovine serum.36
In this study, using the same surface modiﬁcation approach,
we performed optical biodetection of Pseudomonas aeruginosa
exotoxin A in a diluted artiﬁcial sputum medium, prepared by
mimicking the respiratory environment of Cystic Fibrosis (CF)
patients. The CF disease arises from a mutation in a single
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66 kDa45), and Exotoxin A antibody from P. aeruginosa (anti-Exotoxin
A, whole antiserum, produced in rabbit), mucin from pig stomach
mucosa (type III), low molecular weight salmon sperm DNA (MB
grade), diethylenetriaminepentaacetic acid (DTPA, MW 393.35), tris
base (MW 121.14), egg yolk emulsion (microbiology grade), and
amino acid standard having L-amino acids (analytical standard grade)
were purchased from Sigma-Aldrich (St. Louis, USA).
For confocal studies, recombinant Green Fluorescent Protein (GFP,
MW 39 kDa, produced in Escherichia coli) and GFP antibody with CF
633 dye conjugate (monoclonal anti-GFP, produced in mouse) were
purchased from Abcam (Cambridge, UK) and Sigma-Aldrich (St.
Louis, USA), respectively. During the whole study, nuclease free H2O
(MB grade), purchased from Fisher Scientiﬁc (Loughborough, UK),
was used.
Fabrication of Microtoroids. As we described previously,22,36
microdisks were formed via photolithography patterning of silicon (Si)
wafers having 2 μm thermal oxide silica (SiO2) (University wafers,
USA) using a UV nanoimprint lithography device (EVG, Germany).
Following the photolithography, to form Si pillars, wet and dry etch
processes were applied, sequentially. The dry etch was done via
isotropic sulfur hexaﬂuoride etching using an inductively coupled
plasma device (SPTS Technologies, USA). Then, a carbon dioxide
laser (Diamond C-55A, Coherent Inc., USA) which was focused with a
zinc selenide lens was used to reﬂow the formed microdisks. After the
reﬂow process, microtoroids having a diameter of ∼110 μm were
obtained.
Surface Cleaning of Microtoroids. The surface cleaning of the
fabricated microtoroids was done using mild Hellmanex III solution,
H2O, ethanol, acetone, and H2O, respectively. In order to activate the
microtoroid surface, 5 min piranha (H2SO4:H2O2 3:1 v/v) cleaning
was applied at 60 °C following UV/Ozone treatment using a UV/
Ozone cleaner (Novascan Technologies, USA) for 15 min in ambient
air. Caution! Piranha solution is highly aggressive and should be handled
with care in a f ume hood.
Functionalization of Microtoroids. After surface activation, the
microtoroids were immediately incubated in a methanol solution (5%
v/v H2O, at pH ∼ 4.6, adjusted by acetic acid) containing 2% v/v
THPMP molecules for 1 h at RT to form a thin THPMP ﬁlm, as also
described previously.35,36 Following the incubation, the microtoroid
surface was washed gently with the methanol solution and cured at
100 °C under vacuum for 1 h using a vacuum oven (Thermo Scientiﬁc,
USA). The THPMP coated microtoroid surface was activated using 5
mM EDC in MES buﬀer (50 mM MES, 0.1 mM NaCl in MB grade
H2O at pH 6.0 adjusted with by NaOH) for 2 h at RT. Then, αExotoxin A (at 1:50 dilution in 1× PBS) was covalently conjugated to
the activated surface. The α-Exotoxin A conjugation to the microtoroid
surface was performed at 4 °C for 2 h. Residual, unbound antibodies
were removed from the microtoroid surface by washing thoroughly
with the 1× PBS buﬀer. Following the covalent α-Exotoxin A probe
conjugation, the functionalized microtoroid surface gained its
antifouling property again in the complex media. For the covalent
antibody conjugation to the microtoroid surface, the full surface
reaction scheme was provided in Figure S1A−C, in the Supporting
Information. Before any use, the 1× PBS buﬀer was ﬁltered with a
sterile syringe ﬁlter (Gema Medical S. L., Spain) having 0.20 μm pore
size.
Confocal Studies. For confocal studies, the anti-GFP conjugation
(20 μg/mL in ﬁltered 1× PBS), to the THPMP modiﬁed microtoroid
surface, was done at 4 °C for 4 h in a dark environment. To remove
unbound anti-GFP molecules, the microtoroid was washed thoroughly
with the ﬁltered 1× PBS solution. Then, the microtoroid was
incubated in GFP (8 μg/mL) having ﬁltered 1× PBS solution at 4 °C
for 4 h in a dark environment. Finally, washing with the ﬁltered 1×
PBS solution was done to remove noninteracted GFP molecules. The
confocal measurements were performed using a confocal microscope
(Zeiss, Germany) with 20× objectives. The excitation of the α-GFP
and GFP molecules was done at 633 nm using He−Ne laser and 477
nm using argon laser, respectively. While gathering the images, each
scan line was averaged 16 times. To analyze the images, ﬂuorescence

gene, which encodes CF transmembrane conductance regulator
(CFTR), a chloride ion channel. This mutation causes a
malfunction in the corresponding membrane protein, CFTR,
which is commonly found in epithelial cells.37 The CF disease
causes mucus accumulation in the respiratory system, which
provides a suitable environment for mucoid bacterial growth
and thus causes bacterial infection and inﬂammation.
The P. aeruginosa is the commonly found pathogen in lungs
of the CF patients, which causes morbidity and mortality
worldwide by pulmonary colonization. The P. aeruginosa shows
an extreme resistance to multiple antibiotics by having gradual
mutations in its genomic material during the early stage of the
CF disease, thus causing chronic infections. Therefore, the
detection of the P. aeruginosa pathogen is quite critical for early
diagnosis and treatment of bacterial infections of the CF
patients, which otherwise causes severe morbidity. Recently, we
have suggested a microresonator based biosensing approach22
for discriminating early stage point DNA mutations occurring
in the pathogen P. aeruginosa within the CF environment.
Moreover, P. aeruginosa secretes several toxins and virulence
factors like exoenzyme S, pyocyanin, elastase, alkaline protease,
and phenazine pigments, which all mediate toxic eﬀects and
thus cause long-term infections. Exotoxin A is a toxin similar to
the Exoenzyme S in function,38−40 which are both secreted by
the P. aeruginosa pathogen and have the ability to covalently
modify speciﬁc proteins in mammalian cells. The Exotoxin A
can inhibit protein synthesis like diphtheria toxin since it
catalyzes adenosine diphosphate ribosylation of elongation
factor 2 protein.38,39,41
Previously, several approaches were suggested for detecting
the P. aeruginosa and its subspecies, such as ampliﬁcation of the
Exotoxin A gene by polymerase chain reaction,38 immunoﬂuorescent-antibody test for P. aeruginosa detection in blood
culture,42 and P. aeruginosa identiﬁcation by using a disk
consisting of phenanthroline and 9-chloro-9-[4-(diethylamino)phenyl)-9,10-dihydro-10-phenylacridine hydrochloride.43 However, the aforementioned techniques can be considered laborintensive and time-consuming. As an alternative approach,
recently, a technique using a lateral ﬂow biosensor44 has been
suggested for visual detection of P. aeruginosa genes, which
requires ampliﬁcation and labeling.
In this study, in order to directly detect P. aeruginosa
Exotoxin A without any label presence in a complex medium
like sputum, we suggest a highly sensitive technique, which
provides high throughput by exploiting anti-Exotoxin A (αExotoxin A) conjugated microtoroidal optical resonators. The
biointerface herein demonstrated can be widely used in terms
of palliating the symptoms of CF disease by enabling early
diagnosis and treatment of bacterial infections.

■

MATERIALS

For surface cleaning, Hellmanex III was purchased from HellmaAnalytics (Müllheim, Germany). Sodium chloride (NaCl, MW 58.44,
MB grade), sodium hydroxide (NaOH, MW 40.00, ACS reagent
grade), and potassium chloride (KCl, MW 74.6, MB grade) were
purchased from Merck (Darmstadt, Germany). Sulfuric acid (H2SO4,
analytical grade) was purchased from Carlo Erba (Val-de-Reuil,
France). Ethanol (HPLC grade), acetone (HPLC grade), hydrogen
peroxide (H2O2) solution (trace analysis grade), 3-(trihydroxysilyl)
propyl methylphosphonate (THPMP, MW 238.18), acetic acid (ACS
reagent grade), N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide
hydrochloride (EDC, purum grade), 2-(N-Morpholino) ethanesulfonic acid hydrate (MES, MW 195.24), phosphate buﬀered saline
(PBS, in tablets), Pseudomonas Exotoxin A from P. aeruginosa (MW
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Figure 1. Surface functionalization of the microtoroids with α-Exotoxin A probe molecules. Scanning electron microscopy (SEM) images of (A)
nonfunctionalized microtoroids in arrays and an individual microtoroid from the array with its (B) top and (C) side views. The 3D AFM scans of the
(D) bare and (E) α-Exotoxin A functionalized Si wafers having thermal oxide SiO2 layers as well as their 2D views and line proﬁles (red data),
respectively, (F) and (G). The scale bar is 250 nm. The surface roughness was increased from 0.45 to 1.24 nm after the functionalization. The
photomicrographs of the water droplets (4 μL) on the (H) bare and (I) α-Exotoxin A functionalized Si wafers having thermal oxide SiO2 layers with
contact angles of 9.7 ± 1.1° and 31 ± 3.5°, respectively.
fabricated microtoroids via a single-mode SiO2 ﬁber, as the waveguide.
In order to obtain the single-mode ﬁber, tapering process22,36 of a SiO2
ﬁber (1460−1620 nm, Ø125 μm cladding, HES Kablo, Turkey) was
done using a hydrogen torch. The ﬁber tapering process was
controlled by a custom-made software. In our biosensing setup,22,36
output intensity of the light was tracked with a powermeter (Newport,
USA). Also, the laser wavelength and transmitted power values were
monitored with an oscilloscope (Tektronix Inc., USA), while the
resonance wavelength was being recorded frame-by-frame (with 100
ms sweep delay) using a custom-made software. The WhisperingGallery-Mode (WGM) shift data was analyzed using a custom-made
Matlab code.
Optical Measurements in Complex Media. As we described
formerly in detail,22,36 the optical measurements were performed
through a biosensing platform, covered with a plastic coverslip (Fisher
Scientiﬁc, USA) and placed on a closed-loop piezo stage (3 axis
NanoMax-TS, Thorlabs, USA), in order to avoid any mechanical
vibrations. Also, the tapered ﬁber waveguide was ﬁxed onto the
biosensing platform using a UV-curable epoxy (Thorlabs, USA)
droplet to prevent ﬁber motion during ﬂow measurements. All the
biosensing measurements were performed inside a 200 μL diluted
sputum medium (10% v/v in 1× PBS) droplet (microaquarium) at
RT. Inlet Exotoxin A ﬂow and outlet bulk ﬂow (at 25 μL/min constant
ﬂow rate) were supplied to the system using two individual syringe
pumps (New Era Pump Systems Inc., USA) having individual
sterilized syringe bodies (5 mL, Terumo Syringe, Belgium) with
Tygon tubing (6.35 mm inlet diameter). The syringe concentration of
the Exotoxin A was 500 ng/mL in a diluted sputum medium (10% v/v
in 1× PBS). A separate group (i.e., array) of the functionalized

intensity of each image was calculated using GIMP 2.8 software, for
both red (α-GFP) and green (GFP) channels.
Surface Characterization. For surface morphology studies, an
atomic force microscope (AFM, PSIA, S. Korea) was used in
noncontact (NC) mode with a scan rate of 0.66 Hz and a 1000 ×
1000 nm2 scan area. The root-mean-square surface roughness (Rq)
values were calculated using XEI image processing software. For static
contact angle measurements, a contact angle meter (DataPhysics,
Germany) was used. With a 4 μL dosing volume and 1 μL/s dosing
rate, each measurement was performed 3 times with diﬀerent samples.
The static contact angles of bare surfaces were calculated using GIMP
2.8 software while the contact angles of functionalized surfaces were
calculated using SCA20 software. During all surface characterization
studies, Si wafers having 1 μm SiO2 thermal oxide layers (diced into
0.5 × 0.5 cm) were used.
Preparing the Artiﬁcial Sputum. The artiﬁcial sputum medium,
which mimics respiratory environment of the CF, was prepared
accordingly a previously published protocol.46 Simply, all essential Lamino acids (250 mg for each), except L-tryptophan, were added to a
buﬀer solution having mucin, salmon sperm DNA, DTPA, NaCl, KCl,
and Tris base under continuous stirring, as described in the protocol.46
Then, the solution pH was stabilized to 7.0 using Tris base and the
total volume was raised to 1000 mL by adding MB grade H2O. Under
sterile conditions, L-tryptophan and egg yolk emulsion were added
respectively, following sterilization of the medium at 110 °C for 15
min in an autoclave (Tuttnauer, Germany). Before any use, the
aliquoted sputum samples were kept in a cold-room at 4 °C.
Fiber Tapering and Biosensing Set-up. Light, from a tunable
laser source (1550 nm, TSL-510, Santec, Japan) was coupled to the
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microtoroids was used in each experiment. From each array, only 1
microtoroid was coupled to its tapered ﬁber in each measurement.
Data Analysis. The resonance shift data was analyzed using a
custom-made Matlab code, as described previously.22 Simply, for
tracking the shift, the resonance wavelength values were determined by
ﬁtting each transmission dip to a 4 variable Lorentz function and then,
a median ﬁltering (7 left/right neighbors) was applied to reduce noise
and also to keep the original data trend. Finally, each 3 data points
were represented as 1 mean value with its error bar.
The change in concentration of the Exotoxin A targets inside the
microaquarium can be mathematically modeled by assuming a
homogeneous system with a constant volume (200 μL). As previously
described in detail,22,36 since the Fourier mass number was ≪1 for our
case, an unsteady-state approximation was applied for modeling the
target concentration inside the biosensing module. Thus, the Exotoxin
A analyte concentration inside the microaquarium is expressed as
follows:
̇

C ExoA(t ) = C ExoA,o(1 − e−Q t / V )
where CExoA,CExoA,o, Q̇ , t, and V are Exotoxin A concentration inside
the microaquarium (mol/mm3), introduced exotoxin A concentration
(mol/mm3), volumetric ﬂow rate (mm3/min), time (min), and
microaquarium volume (mm3), respectively.
By expressing the Exotoxin A concentration within the microaquarium, the resonance wavelength shift with respect to the increased
Exotoxin A concentration can also be determined. After obtaining the
lowest detected Exotoxin A concentration, the limit-of-detection
(LOD) for the Exotoxin A was determined using a previously
published method.47

Figure 2. Anti-GFP conjugation to demonstrate biofunctionalization
of the THPMP modiﬁed microtoroidal resonators. (A-B) DIC, (C-D)
anti-GFP, and (E-F) GFP channels for a bare (top row) and an antiGFP conjugated (bottom row) microtoroids. The anti-GFP
conjugated microtoroid was incubated in GFP solution for 2 h. (G)
Related ﬂuorescence intensities of the bare and functionalized
microtoroids in red (anti-GFP) and green (GFP) channels.

■

RESULTS AND DISCUSSION
Veriﬁcation of the Functionalized Surface. In order to
demonstrate the fabricated microtoroids besides verifying the
surface coating, scanning electron microscopy (SEM), AFM
studies, and contact angle measurements were conducted
(Figure 1). The SEM image of the fabricated microtoroids
(∼110 μm in diameter), as in arrays on a chip, was shown in
Figure 1A. Also, the SEM images of an individual microtoroid
from the array were provided (top view) (Figure 1B) and (side
view) (Figure 1C).
As expected, the surface morphologies, gathered by the NCAFM scannings, showed a smooth, bare SiO2 surface after the
UV-Ozone cleaning (Figure 1D) and a rough surface (Figure
2E) was observed after functionalizing the surface with the αExotoxin A molecules. The Rq value for the bare SiO2 surface
was obtained as 0.45 nm, in agreement with our previous
report.35 The corresponding line proﬁle of the 2D image,
shown with a blue line, was given in Figure 1F, demonstrating a
smooth SiO2 surface. As can be seen in the 3D AFM image of
the α-Exotoxin A functionalized surface (Figure 1E) and in the
corresponding line proﬁle (Figure 1G), the surface roughness
was increased apparently and the Rq value was calculated as
1.24 nm. The α-Exotoxin A molecules were uniformly bound to
the SiO2 surface, as also observed in the previously published
protein immobilization studies.48,49
The contact angle measurements also veriﬁed the surface
functionalization. As can be seen from the images (Figure 1H
and I), a dramatic increase in the contact angle was observed.
The contact angles of the bare and the α-Exotoxin A conjugated
surfaces were calculated as 9.7 ± 1.1° and 31 ± 3.5°,
respectively.
Biofunctionalization of the THPMP Coated Microtoroids with α-GFP Molecules. In order to demonstrate surface
coverage and conjugation uniformity of the THPMP functionalized microtoroids visually, α-GFP-GFP antibody−antigen pair

was utilized. First, α-GFP molecules were covalently attached to
the THPMP modiﬁed microtoroid surface. Then, the α-GFP
functionalized microtoroid was incubated in the GFP having
ﬁltered 1× PBS solution to verify antibody−antigen interactions on the surface engineered microtoroid. As a negative
control, the confocal images of a bare microtoroid were
gathered and the corresponding ﬂuorescence intensities were
compared with intensities obtained from confocal images of an
anti-GFP functionalized and GFP conjugated microtoroid. In
diﬀerential interference contrast (DIC), anti-GFP, and GFP
channels, Figure 2A−C and D−F show the images of the bare
and the anti-GFP functionalized microtoroids, respectively.
The calculated intensities of each channel were given in
Figure 2G. For the red (anti-GFP) channel, the intensity of the
functionalized microtoroid was ∼11-fold higher than the
background signal obtained from the bare microtoroid surface,
due to the signal arising from the anti-GFP molecules attached
covalently to the microtoroid surface. The distribution of the
ﬂuorescence intensity showed a signiﬁcant and uniform surface
coverage of antibodies. As compared to the bare microtoroid
data, ∼5-fold higher signal was obtained from the GFP
molecules bound to their antibodies. As a result, the confocal
studies showed the antibody−antigen binding capacity of the
suggested microtoroid surface modiﬁcation approach.
Optical Characterization of the Microresonator. A
simpliﬁed illustration of the biosensing setup used for the
experiments was given in Figure 3A. For optical biosensing
measurements, a tunable laser at the telecommunication band
(1550 nm) was used likewise in the previous studies.22,36 Also,
a detailed information about the biosensing setup was given
under the Methods section. Figure 3B shows the photograph of
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DOI: 10.1021/acssensors.7b00775
ACS Sens. 2018, 3, 352−359

Article

ACS Sensors

Figure 3. Optical biosensing setup and the WGM modes. (A) Simpliﬁed illustration of the biosensing setup. The complete biosensing setup is
shown in the Supporting Information (Figure S2). (B) Photograph of the biosensing module with the cameras providing top and side views of the
biosensing module. The photograph shows a microtoroid batch, (C) trapped inside a microaquarium (200 μL), formed with hand-spotting. The inlet
and outlet ﬂow rates were kept as 25 μL/min during all measurements using individual syringe pumps.22,36 (D) Total transmission spectra of the
WGM modes under coupling, measured in air. (E) A closer scan of a WGM mode (blue circles) measured in air with its Lorentzian ﬁt (red line).
The Q-factor was calculated as 1.68 × 106.

the results obtained in our previous studies,35,36 as providing a
suitable platform for selective Exotoxin A detection in complex
media.
Detecting Exotoxin A in the Diluted Artiﬁcial Sputum.
To demonstrate the potential of α-Exotoxin A conjugated
microtoroids in selective Exotoxin A detection, we immersed
the functionalized microtoroid in the diluted artiﬁcial sputum
medium and introduced Exotoxin A molecules, in a controlled
manner. To avoid any refractive index change during the optical
measurements, 10% v/v artiﬁcial sputum in 1× PBS was used as
the microaquarium and the syringe buﬀer.
As given in Figure 5A and B, interacting α-Exotoxin A and
Exotoxin A molecules caused signiﬁcant WGM shifts of ∼21.79
pm (red data) and ∼20.04 pm (blue data). The time at which
the Exotoxin A infusion was started (∼0.65 min) was indicated
by an arrow. The WGM shifts reached to a plateau at ∼5 min.
From the concentration calculations according to the described
formula within the text, the LOD value was obtained as 2.45
nM (Figure 5B, blue data). As can be concluded from Figure 5,
the α-Exotoxin A conjugated microtoroid surfaces showed
resistance to any nonspeciﬁc interactions in the diluted artiﬁcial
sputum while providing selective and sensitive Exotoxin A
detections.

the biosensing module (squared in the Figure 3A). The module
has two cameras providing side and top views which enables a
more precise way to arrange the positions of the tapered ﬁber
and the microtoroid for an improved coupling. The
microtoroid batch is trapped inside a microaquarium between
the stage and a glass slide (squared in the Figure 3B and
illustrated in Figure 3C). Also, an inlet and an outlet syringe
were added to the system to provide target ﬂow. The stage was
also placed on the closed-loop piezo controller. Figure 3D and
E show total WGM modes and an individual WGM mode (blue
circles) with its Lorentzian ﬁt (red line), under air coupling. In
the air, the Q-factor was calculated as 1.68 × 106, according to a
previously reported approximation.50 The Q-factors of the
functionalized microtoroids were obtained to be on the order of
105, in buﬀer.
Baselines in the Diluted Artiﬁcial Sputum. The
photograph of the prepared artiﬁcial sputum is given as an
inset in Figure 4A. Due to undesired adsorption of the
ingredients in the diluted artiﬁcial sputum, signiﬁcant WGM
shifts from the bare microtoroids were obtained (Figure 4A).
After 3 min, the resulted WGM shift obtained from the 3
experiments was 8.49 ± 0.83 pm. On the other hand, during 3
min, no signiﬁcant responses were obtained from the αExotoxin A functionalized microtoroids in the diluted artiﬁcial
sputum (Figure 4B). It is worthy here to note that, sudden
changes in data, such as increases or decreases, result in large
standard deviations, as we reported previously.22 According to
the results, for the bare microtoroids, the WGM shifts tended
to increase dramatically while the functionalized ones showing a
signiﬁcant resistance in the diluted artiﬁcial sputum medium.
This considerable reduction in the WGM shift, occurring due
to resistance behavior of the THPMP coating, agrees well with

■

CONCLUSION
In our previous studies, we demonstrated bioconjugability of
the protein resistant THPMP coating for proteins,35 singlestranded DNA molecules,22,35 and Interleukin-2 antibodies36 to
observe DNA hybridizations or perform selective biodetections
via microtoroids. We also showed how the THPMP coated
microtoroid surface in principle form a biointerface that can
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Figure 4. Resistance of the THPMP coated microtoroid surface to the
artiﬁcial sputum medium. (A) Responses of bare (red circles) and αExotoxin A functionalized (blue squares) microtoroids in 200 μL, 10%
v/v artiﬁcial sputum having 1× PBS at RT. Both experiments were
repeated 3 times with diﬀerent microtoroid batches using a 1550 nm
tunable laser. Also, each data point was recorded with 100 ms sweep
delay and each 3 data points were represented as one mean value with
its standard deviation. Inset: Photograph of the sterilized artiﬁcial
sputum medium. (B) α-Exotoxin A functionalized microtoroids in the
diluted artiﬁcial sputum have no signiﬁcant responses.

Figure 5. Selective Exotoxin A detection in the complex media.
Responses of 2 diﬀerent α-Exotoxin A conjugated microtoroid batches
to Exotoxin A infusions with respect to (A) time (min) and (B)
concentration, C Exo A (M). Each experiment was taken in 200 μL
diluted artiﬁcial sputum with 25 μL/min infusion/withdrawal ﬂow
rate, at RT. Each data was shown with triangles (as a mean data) in
diﬀerent colors (blue and red), with their error bars. The syringe
concentration of Exotoxin A was 500 ng/mL in 10% v/v artiﬁcial
sputum in 1× PBS. Both infusions were started at ∼0.65 min. Also,
each data frame was recorded with 100 ms sweep delay.

possess protein resistance characteristics in the complex media,
while providing highly selective biodetection simultaneously.36
In this work, we suggested a practical and important
realization of this novel biofunctionalization strategy, in terms
of detection of Exotoxin A molecules in the diluted artiﬁcial
sputum medium, with high selectivity and high sensitivity. The
early detection of Exotoxin A from P. aeruginosa is quite critical
and vital for the early diagnosis of the bacterial infection.
Considering that our approach provides a substantial selectivity
in the complex media, the suggested Si or SiO2 biosensor
surface chemistry has a great potential in point-of-care testing
and lab-on-a-chip applications for the detection of various
bacterial virulence factors. Thanks to the facile surface
chemistry, a signiﬁcant resistance in the diluted artiﬁcial
sputum and selective biodetection of the exotoxin A were
obtained on the microtoroid surface in a simultaneous manner.
In summary, for early detection of the P. aeruginosa in the CF
patients, we believe that our biosensing approach suggests an
alternative way for Exotoxin A detection with high selectivity,
due to availability in the artiﬁcial sputum, which mimics the CF
lung environment.
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