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Biosensors for point-of-care testing of critical illnesses are urgently needed, especially in many
areas of poor healthcare infrastructure. Polydiacetylene-based sensors are ideal because of their
unique colorimetric properties where blue to red color shifts can be observed with the naked eye. In
this work, a colorimetric biosensor capable of simple, rapid magnetic separation is optimized, using
horse IgG as a model antibody, to obtain higher sensitivity. Composed of a unique combination of
polydiacetylene and superparamagnetic iron oxide, the biosensor is fabricated at varying ratios of
polydiacetylene to demonstrate optimization of color responsiveness. At increasing polydiacetylene
ratios, improved color responsiveness and aqueous dispersion are observed, but the magnetic separation efﬁciency
starts tobysuffer.
The optimal
color response
is obtained at
wt% polydiacetylene.
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In addition, a 50 times
improved
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detection
limit
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0.01
mg/mL
horse
IgG
IP: 129.97.58.73 On: Sun, 21 Dec 2014 23:14:43 is achieved, a relevant biomarker concentration
for diagnosing
sepsis.
This platform
provides a promising colorimetric
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biosensor for point-of-care use.
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1. INTRODUCTION
Biosensors capable of satisfying the demands of point-ofcare testing (POCT) applications are becoming urgently
needed for the diagnosis of critical illnesses, such as
tuberculosis,1 HIV,2 and sepsis.3 The demand for these
sensors is strong in typical clinical settings,4 but are crucial in areas of poor healthcare infrastructure, a widespread
issue in many developing nations.5 Colorimetric biosensors, especially those based on polydiacetylene (PDA),
have garnered increasing attention as a biosensor platform
because of their ability of displaying a sharp blue to red
color transition in response to receptor-ligand interactions.
Previous examples include calixarene-protein,6 antibodyantigen,7 and glycolipid-bacteria8 binding, demonstrating
the versatility and potential wide-ranging uses of PDAbased sensors.
Existing PDA-based sensors utilize either thin-ﬁlm
structures requiring solid supports such as glass,9
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sol–gels10 and cellulose,11 or solution-based liposome
structures.12 13 For biosensor applications, solution-based
structures offer several advantages over solid-state structures, including increased surface area for detection,14
increased probability of sensor-analyte interaction and
preservation of native analyte form and function.15
However, existing solution-based approaches are impractical for POCT applications because they can only use puriﬁed, single target samples and liposome separation is not
possible without specialized laboratory equipment.
A recent advancement in solution-based PDA sensors
demonstrated successful colorimetric detection after
immobilizing PDA on silica microbeads.14 This system
is extremely useful for ﬂow cytometry applications, but
inherently requires extensive sample preparation, complex
laboratory equipment, and specialized technical training
for operation and data analysis, conﬂicting with POCT
prerequisites. To address these issues, a colorimetric,
superparamagnetic biosensor16 for biomarker detection is
optimized for enhanced sensitivity in this work, combining
the beneﬁts of PDA-based sensing and the simple, rapid
1533-4880/2015/15/2628/006
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magnetic separation of captured targets requiring only a
common magnet. The biosensor is surface functionalized
with antibodies to study its colorimetric properties. The
amount of PDA added to the biosensor determines the
degree of color change as well as the ease of magnetic
separation of the particles. This work demonstrates optimization of the biosensor in regards to these two competing parameters which provides a magnetically separable
biosensor with color change visible to the naked eye.

2. EXPERIMENTAL DETAILS
2.1. Materials
10,12-Pentacosadiynoic acid (PCDA) was purchased from
Alfa Aesar and puriﬁed with 0.45 m polytetraﬂuoroethylene membrane ﬁlter before use. (S-N -(5-AminoScheme 1. Schematic illustration of the PCDA/SPION biosensor syn1-carboxypentyl)iminodiacetic acid, cis-9-octadecenoic
thesis and operation.
acid, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), 1-hydroxy-2,5-pyrrolidinedione (NHS), hydroxyfraction of Lys-PCDA in each wt% sample, via two-step
2,5-dioxopyrrolidine-3-sulfonicacid sodium salt (sulfoEDC/sulfo-NHS conjugation in PBS buffer. Unreacted
NHS), and 2-aminoethanol purchased from Sigma Aldrich
sulfo-NHS was blocked with 2-aminoethanol. Fabrication
(Canada), NaCl, FeCl2 , and Fe2 (SO4 3 purchased from
was completed with irradiation at 254 nm in 3 bursts of
Fisher Scientiﬁc (Canada), and N ,N -diethylethanamine
1 mJ/cm2 .
(TEA), NH4 OH, HCl, CHCl3 , tetrahydrofuran (THF), and
ethanol purchased from EMD Millipore were used as
2.4. Antibody Assay
received. All solvents used were HPLC grade. Horse IgG
Equal aliquots of each wt% sample of Lys-PCDA/SPIONs
and rabbit anti-horse IgG antibodies were purchased from
wereto:
incubated
withof4Waterloo
mL of 0, 0.01, 0.1, 0.5, and
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with sterile
1
mg/mL
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IgG
in
PBS
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On:pHSun, 21 Dec 2014 23:14:43 buffer and mixed at room
PBS buffer (0.1 M sodium phosphate,
0.15 M NaCl,
temperature
with gentle orbital shaking until marked color
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7.2) using Amicon Ultra-15 10 K centrifugal ﬁlter units Scientific
changes were observed (6 hours).
from EMD Millipore before use. Transmission electron
The synthesis paths of the functionalized core–shell
microscopy (TEM) images were obtained using a Philips
PCDA/SPION
biosensor are shown in Scheme 1.
CM10 microscope.
2.2. Synthesis of Hydrophobic SPIONs and
Amphiphilic PCDA
Oleic acid-coated SPIONs (OA-SPIONs) were synthesized
similar to a previously described coprecipitation method,17
using excess oleic acid to achieve a hydrophobic coating. Amphiphilic PDA (Lys-PCDA) were synthesized via
EDC/NHS conjugation chemistry, reacting NHS-activated
PCDA in THF with a 1.2 molar excess of (S-N (5-amino-1-carboxypentyl)iminodiacetic acid in Milli-Q
water adjusted to ∼ pH 9 with TEA.
2.3. Biosensor Fabrication
Functionalized amphiphilic PDA-coated SPION sensors
(Lys-PCDA/SPIONs) were fabricated at various weight
percentages (wt%) of Lys-PCDA ranging from 60–95 wt%
while keeping constant the amount of OA-SPIONs using
the concept of nanoprecipitation. Brieﬂy, Lys-PCDA and
OA-SPIONs were mixed in THF and added dropwise
to Milli-Q water at 12 mL/h under mechanical stirring, stirred for 20 minutes, then washed using magnetic separation. Sensors were functionalized with equal
amounts of anti-horse IgG antibody according to the molar
J. Nanosci. Nanotechnol. 15, 2628–2633, 2015

2.5. Characterization
The antibody assay was monitored at set time intervals
for the appearance of color change and photographed at
each interval in a controlled white-surfaced digital photo
box with identical lighting and camera settings. UV-visible
absorption measurements were recorded at the end of the
antibody incubation with a Biotek Epoch spectrophotometer using Greiner Bio-One UV-Star 96-well microplates.
Lys-PCDA/SPIONs were washed 3 times with PBS buffer
before spectroscopic analysis to remove any interference
effects from the horse IgG solution. Spectra with a wavelength range of 400 to 700 nm, in 10 nm increments, were
recorded. The color transition was quantiﬁed as a colorimetric response (CR %), using the following:7
CR % =

PB 0 − PB1 
× 100%
PB0

where PB = Ablue /Ablue + Ared , A was the UV-visible
absorbance value of the particle’s “blue” state at 650 nm or
the “red” state at 540 nm, and PB0 and PB1 were the respective colorimetric ratios of the particles before and after the
assay.
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The images obtained for the antibody assay were
cropped to 200 × 200 pixels squares and then the color
was measured for each image using the Hue, Saturation
and Value (HSV) model in MathWorks© MATLAB® . The
saturation component were found to correspond closely to
the visually observed color change and hence this component was used to quantify the degree of color change
observed. Each of the saturation values was normalized by
subtracting the initial values and also any decrease in saturation observed after washing of the particles. The analysis
was conducted for all time points and maximum saturation
change is reported here.

3. RESULTS AND DISCUSSION
3.1. Characterization of Sensor Fabrication
The objective of this work was to fabricate a colorimetric, magnetically separable sensor capable of demonstrating an optimized color response, by varying the ratio of
amphiphilic PDA to hydrophobic SPIONs during sensor
fabrication. The size of SPIONs determines their superparamagnetic properties and hence TEM was used to characterize the particles after modiﬁcation with Lys-PCDA.
Figure 1. Characterization of Lys-PCDA/SPION sensors: (a) TransmisFigure 1(a) shows that the particle sizes are in the range
sion electron microscope (TEM) image of Lys-PCDA/SPION (b) Phoof 6–14 nm with an average size of about 10 nm. Since
tographs of varying PDA wt% sensors. (c) Absorption spectra in PBS.
these are below 20 nm, the superparamagnetic proper(d) Absorption spectra post-ethanol. (e) Colorimetric response of sensors
ties of the SPIONs are maintained. Normalized absorpto ethanol.
by Publishing
Technology
to: University of Waterloo
tion spectra and visualDelivered
comparisons
of the sensors
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IP: 129.97.58.73
On: Sun, higher
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2014 23:14:43
the presence of ethanol are shown
in Figures 1(b)–(e)
PDA wt%, in comparison to the increasingly clear
Copyright: American Scientific Publishers
and clearly demonstrate the effects of increasing the
solutions at 60–70 wt% PDA (Fig. 1(b)). During wash
amount of PDA, which are three-fold. First, increasing the
steps of biosensor fabrication, the lower wt% sensor paramount of PDA results in distinct increases in the initicles were observed to preferentially ﬂoat at the surface
tial blue color, as well as a greater color response when
of the aqueous solutions. This prevented efﬁcient magperturbed with ethanol (Figs. 1(b)–(d)), which has been
netic separation and retention of the Lys-PCDA/SPIONs,
previously reported to swell PDA surfaces and affect a
resulting in the loss of sensor particles (not shown). Howtransition to the “red” state.18 For example, sensors comever, very high wt% was also observed to be undesirable,
posed of 95 wt% PDA demonstrated a 23.054% colorimetspeciﬁcally at 95 and 90 wt% PDA. During wash steps,
ric response compared to a 0.678% response from 60 wt%
these sensors required longer separation times, and a small
PDA sensors (Fig. 1(e)).
fraction of these sensor particles were observed in wash
Second, increasing the amount of PDA assists in shieldrun-off, particularly the 95 wt% Lys-PCDA/SPIONs. It is
ing the UV-visible absorption interference caused by the
highly suspected that the thicker non-magnetic PDA coatblack SPION cores, up to 90 wt% PDA, indicated by
ings reduced the net saturation magnetization (deﬁned as
the absorbance values between 400–600 nm. Previous
the magnetic moment per mass or volume of a material) of
free-ﬂoating PDA vesicles have demonstrated decreasthe SPION cores by increasing the mass per particle withing absorption values from ∼ 590 nm to 400 nm.19
out contributing to the magnetic properties, which led to
In comparison, the Lys-PCDA/SPIONs do not display this
lower magnetic separability. It has been previously shown
trend. At lower PDA wt%, especially noticeable among
that magnetic separation of SPIONs is dependent upon the
60–75 wt%, the PDA surface coating is not thick enough
concentration and aggregation of the magnetic material in
to reduce absorption by the SPION core. However, it is
the net system.20 21 Thus, increasing the amount of nonimportant to note that this interference does not affect the
magnetic material between SPIONs, such as found in the
“red” state reading at 540 nm if enough PDA is used durhigh wt% PDA sensors, would also be expected to intering fabrication, indicated by the marked peaks at 540 nm
fere with the transient aggregation of neighboring SPIONs
among the 75–95 wt% PDA sensors (Fig. 1(d)).
that allows their separation to occur. This observation coinThird, increasing the amount of PDA greatly improves
cides with a previous study which found that increasing the
the aqueous dispersion of the Lys-PCDA/SPION sensors.
amount of non-magnetic material in relation to the amount
This is visually demonstrated by the denser solutions at
of hydrophobic SPIONs present in the system resulted in
2630
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decreasing net saturation magnetization,17 which would be
expected to reduce their separability.

sensors showed no reliable trends (not shown). This was
expected after sensor fabrication, as the 60–75 wt% sensors did not appear as blue as previously described PDAbased sensors. In comparison, 85–95 wt% sensors all
3.2. Optimization of Colorimetric Sensing
showed the appearance of peaks at 540 nm, supporting
Using Antibody-Antigen Assay
the visual observations. Of interesting note is that the
To demonstrate the colorimetric response of biomolecule
90–95 wt% sensors showed the largest peaks at 540 nm
detection, each sensor composition was exposed to varyamong the color response compositions despite the loss
ing concentrations of horse IgG solution. As shown in
of some of the sensor particles during the wash steps.
Figure 2, the sensors composed of 85–95 wt% PDA
The 85–95 wt% PDA sensors demonstrated a colorimetdemonstrated the most noticeable color transitions in all
ric response to increasing concentrations of horse IgG.
four concentrations tested (0.01, 0.1, 0.5, and 1 mg/mL),
Of signiﬁcant note is the marked difference between 0
making a visible transition towards the red state and
and 0.01 mg/mL and between 0.01 mg/mL and the larger
appearing as the purple color phase after 6 hours. Simconcentrations. In this work, 0.01 mg/mL was speciﬁcally
ilar to previous visual observations when tested against
chosen to demonstrate the potential applicability of the
ethanol, increasing the wt% of PDA in the sensor resulted
Lys-PCDA/SPION sensor for biomarker-based diagnosis
in a greater color response to biomolecule detection. Howof critical illnesses such as sepsis. Serum concentrations
ever, after washing the sensors for spectrophotometry analgreater than 0.01 mg/mL of C-reactive protein (CRP),
ysis, 90 and 95 wt% sensors showed reductions in sensor
a commonly used biomarker for diagnosing sepsis22 and
particle retention, with 95 wt% sensors exhibiting less
several other illnesses,23 are indicative of sepsis.24 The
retention than 90 wt%. This is consistent with earlier
85–95
wt% sensors all demonstrated different colorimetric
observations noted above and indicates that utilizing too
responses when incubated with 0.01 mg/mL, compared to
much PDA can result in suboptimal magnetic separability.
the higher concentrations of target analyte. Quantitatively,
The absorption spectra are shown in Figure 3 and highthe 85 wt% PDA sensor demonstrated a 2.01% and 1.70%
light the signiﬁcance of PDA concentrations used in the
colorimetric response at 0.5 and 0.1 mg/mL when norsensor fabrication to achieving optimal performance. Specmalized against the colorimetric response at 0.01 mg/mL,
tra for 60–65 wt% appeared very similar to the controls
whileto:
theUniversity
higher wt%
showed 1.48% and 1.42%
in PBS (Fig. 1(c)), indicating
that
not
enough
PDA
was
Delivered by Publishing Technology
ofsensors
Waterloo
(for
90
wt%
at
0.5
and
0.1
mg/mL), and 1.37% and
present to produce a color response
while
the
70–75
wt%
IP: 129.97.58.73 On: Sun, 21 Dec 2014 23:14:43
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Figure 2. Photographs of Lys-PCDA/SPION sensors of varying PDA wt%, in: (a) 1 mg/mL horse IgG. (b) 0.5 mg/mL horse IgG. (c) 0.1 mg/mL
horse IgG. (d) 0.01 mg/mL horse IgG.
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Figure 3. Absorption spectra of Lys-PCDA/SPION sensors of 80–95 wt% PDA, normalized to 650 nm, in increasing horse IgG concentrations: (a)
95 wt% PDA. (b) 90 wt% PDA. (c) 85 wt% PDA. (d) 80 wt% PDA.

Delivered by Publishing Technology to: University of Waterloo
IP: 129.97.58.73 On: Sun, 21 Dec 2014 23:14:43
1.27% (for 95 wt% at 0.5 and 0.1Copyright:
mg/mL) colorimetric
response Publishers
to 1.0 mg/mL IgG are shown in Figure 4(b),
American Scientific
responses.
In addition to the absorption spectra, the HSV color
model was used to quantify the color in the pictures for
each of the time points and IgG concentrations and the
normalized saturation change was plotted (Fig. 4(a)). The
sensor with 90 wt% PDA demonstrated the maximum
change in saturation for most of the IgG concentrations
and so, it was determined to be the optimal biosensor
composition. The kinetics of the 90 wt% PDA sensor in

with the normalized saturation change following a sigmoidal curve. The initial lag phase is likely due to a minimum amount of antibodies needed to interact with the
antibody receptors on the surface of the biosensor to initiate the color change process in the PDA layer. More
than 50% of the change occurred within 3 hours while the
color change leveled off after 4 hours. Thus, an incubation
time of at least 4 hours is recommended for maximum
detection.

Figure 4. Normalized change in saturation using the HSV model: (a) IgG concentration dependent response of the biosensors with varying amounts
of PDA (wt%) (b) kinetics of the optimal biosensor formulation (90 wt% PDA) when exposed to 1 mg/mL IgG.
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An optimal magnetically separable biosensor would provide maximum color change with minimal particle loss
during the washing steps. Thus, colorimetric response
alone is not sufﬁcient to determine the optimal formulation. Based on the results, the optimal ratio of Lys-PCDA
to hydrophobic SPIONs to use during sensor fabrication is
90 wt% to achieve highest sensor performance. At PDA
ratios below 80 wt%, the sensors demonstrate weak colorimetric sensing properties, likely a result of insufﬁcient
amounts of PDA in the system. At lower ratios below
65 wt%, the insufﬁcient amount of Lys-PCDA hinders both
the colorimetric sensing and magnetic separability properties. While high ratio of 95 wt% PDA demonstrate greater
visual color responsiveness, complete magnetic retention
was not observed and the reduction in sensor particles
resulted in lower than expected measurable colorimetric
responses and normalized saturation changes.
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