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ARTICLE INFO ABSTRACT

Keywords: The need for a continuous, real-time monitoring of specific diseases represents an unmet scientific need.
Paper-based Evidently, cancer is one of the most important diseases where it is crucial to increase the rates of patient survival
Colorimetric and monitor disease prognosis. Herein, a novel type of immunoassay was developed for detection of cancer
SI_’Ot test biomarkers, using alpha-fetoprotein (AFP) and mucin-16 (MUC16) as model analytes. Using gold nanoparticle
?::::rsor (AuNP) bioconjugates as a signal production tool, relevant antibody (Ab)-conjugated AuNPs were prepared on
Biomarker the nitrocellulose (NC) membrane. To construct a spot-like point-of-care (POC) immunoassay, cysteamine
Alpha-fetoprotein conjugated AuNPs (AuNP-Cys) were immobilized on the NC membrane and antibodies were conjugated to the
Mucin-16 nanoparticle on the detection pad, following a treatment with the samples that contains AFP or MUC16 which

are well-known protein biomarkers for liver and ovarian cancer. By using the change in the colorimetric
properties of AuNPs, detection of tumor markers was achieved by using a smartphone image and color analysis
software at the final stage. Image J application was used for the evaluation of color changes depending on the
biomarker concentration in buffer or spiked synthetic serum samples. The linear range was found as 0.1 ng/mL-
100 ng/mL for AFP and 0.1-10 ng/mL for MUC16. Limit-of-detection (LOD) was calculated as 1.054 ng/mL and
0.413 ng/mL for AFP and MUCI16, respectively. Interferent molecules, Her2, Immunoglobulin G (IgG) and bo-
vine serum albumin (BSA) were tested on the system. Furthermore, synthetic serum samples spiked with selected
analyte molecule were applied on the system and measured successfully.

1. Introduction

In the age of information, healthcare technology has recently been
shifting from centralized medical laboratories to point-of-care (POC)
diagnostic devices with the development of micro and nano technology,
cloud computing, advances in signal processing and microelectronics.
The need for a continuous, real-time monitoring of a specific health
condition drives the motivation to reduce the gap between the avail-
ability of healthcare facilities and the demand especially in developing
countries due to inadequate healthcare budgets [1,2]. The next gen-
eration POC platforms focuses on the development of affordable, sen-
sitive and specific, user-friendly, rapid and robust, equipment-free, and
deliverable to those in need, namely ‘ASSURRED’ technologies to be
enabled in diagnostic analysis and other clinical applications [3].
Compared to laboratory-based analyses, POC gives rapid and accurate
results without being costly. Accordingly, it is a preferable alternative
especially in resource-limited areas to reduce disease morbidity and
mortality and consequently, to improve the overall quality of life [4].

Even though there are a number of POC systems developed in the
last decade, most of them has either not been commercialized or widely
established in the market due to the lack of integration and automation
of the designs [5]. Both to automate and integrate the POC diagnostics
to medical world, smartphone technology emerges as the most obvious
choice. According to statistics, the number of smartphone users is
predicted to grow from 2.1 billion in 2016 to around 2.87 billion in
2020 [6]. Smartphones are fully equipped with high-resolution cam-
eras, powerful processors, wireless connectivity, real-time analysis
abilities, secure data management, and cloud computing [7]. Most of
these properties have become useable in healthcare through the ap-
plications, or “apps” that can analyze the signal out-comes acting as an
interface or the sensor itself [8,9]. There emerges a term ‘mobile health
(mHealth)’ referring to the relationship and data sharing between pa-
tients and doctors which transformed into sending and sharing calls,
text messages and personal information via websites and/or applica-
tions [10,11]. mHealth aims to provide an immediate resource for
clinical decision by the healthcare professionals, prescription
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information and other medical treatments for a better personalized
healthcare [12,13]. Thus, at this rate of usage and with so many ben-
eficial properties, smartphones are the prominent alternative to com-
plicated and expensive laboratory devices which requires more time
and effort to provide reliable results.

Smartphones have been widely used in biosensing assays, as de-
tectors, data processors, and even signal inducers with small additional
devices [14-17]. Many biological molecules such as enzymes [18,19],
cells [20,21], nucleic acids [22,23], antigen—antibodies [24,25], and
microorganisms [2,26] can be tested using smartphones. High-quality
camera lenses on smartphones play a crucial role and are adapted ex-
tensively for optical biosensor designs. By using the cameras as a ‘smart
detector’, complementary metal oxide semiconductor (CMOS) image
sensors as a ‘smart recorder’ and specific applications (apps) as ‘smart
readout’, almost all the optical-based testing methods such as imaging,
absorbance, reflectance, fluorescence, surface plasmon resonance
(SPR), localized surface plasmon resonance (LSPR), bio-chemilumi-
nescence and electrochemiluminescence can be integrated with smart-
phone technology [27]. Yet, majority of the recent literature on optical
smartphone biosensing focuses on the POC platforms that use colori-
metric or fluorescence-based measurement principles due to simplicity
of the designs and the analysis [24,28-30]. Colorimetric assays measure
the changes in the absorbance or reflectance intensity of conjugates,
whereas, fluorescence-based assays detect the light emitted from the
target sample upon radiative excitation [31,32]. Color intensity-based
smartphone sensing platforms mostly involve an evaluation of color
changes as the final result in an assay which is either based on immune
complex formation or a specific chemical reaction. CMOS image sensors
collects the optical signal, uses an algorithm, via apps, to process the
images captured by the CMOS detector [33]. As a result, one can simply
observe the testing outcomes on the screen of the smartphone.

The current literature in the context of smartphone-based biomarker
detection leads in lateral flow assays [34], microarray chips [25], uwell-
based methods [35-37] and electrochemical techniques [38]. A few
studies show that a more practical approach is possible using spot-like
modules on paper for the analysis [10,39,40]. Herein, we developed a
novel spot-like paper-based assay using AuNP bioconjugates as color
provider and commercially available cancer biomarkers as the analyte
of interest. AuNPs are conjugated with Cys molecules using gold-thiol
affinity and immobilized on the NC membrane. After the immobiliza-
tion of the anti-AFP or anti-MUC16 antibodies on the surface via glu-
taraldehyde (GA), different concentrations of AFP or MUC16 solutions
are added to the spots on the NC membrane and the color change on the
AuNP surface is analyzed using smartphone images via Image J soft-
ware. The proposed design is given in Scheme 1. The range of analysis
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and the linear range for this method is found as 0.1 ng/mL-1.0 ug/mL
and 0.1-100 ng/mL, respectively for AFP analysis. The same analytical
values were calculated as 0.1-50 ng/mL and 0.1-10 ng/mL for MUC16,
respectively. It is also shown that this method can be used in the ex-
istence of interferant molecules and this platform is successfully mea-
suring AFP and MUC16 in serum samples which previously spiked with
known concentrations of the analyte.

2. Material and methods
2.1. Materials

Bovine serum albumin (BSA), cysteamine hydrochloride (=%97.0),
glutaraldehyde (Grade II, 25%) anti-AFP and anti-MUC16 Antibodies
(Prestige Antibodies) and AFP, MUC16 and Her2 Antigens (Prestige
Antigens) were pur-chased from, Sigma-Aldrich (St Louis, USA).
Nitrocellulose (NC) membrane was obtained from mdi Membrane
Technologies (Ambala Cantt 133 006, India). 40 nm Standard Gold
Nanoparticles were obtained from Cytodiagnostics (Ontario, Canada).
All other chemicals were rea-gent grade.

2.2. Instruments

Mini thermal shaker (Biosan TS-100C Thermo Shaker) and micro-
liter centrifuge (Hettich) were used for the AuNP-Cys conjugation
procedure. For the characterization of the particles, size and zeta po-
tential measurements were carried out with dynamic light scattering
(DLS) (Malvern Zetasizer, NanoZS Model, Malvern Instruments Ltd.,
UK) method. For the colorimetric analysis, all photographs were taken
during the sunlight using an Apple iPhone 7 without any flashlight. All
photographs were analyzed using the Image J software, using the
weighted color intensity values. For the UV-Vis absorbance measure-
ments, Thermo Fisher Scientific NanoDrop ONE device was used.

2.3. AuNP-Cys conjugation

AuNP-Cys conjugation was performed according to a previously
reported method [41]. Briefly, 5.0 uL of 1.0 pg/mL Cys was added to
2.0 mL AuNP solution from the stock. The solution was incubated at
1000 rpm, 25°C for 2h. After the incubation, the solution was cen-
trifuged at 3000 rpm, 4 °C for 20 min. Unreacted cysteamine was then
dis-carded as the supernatant and the pellet was washed with sodium
phosphate buffer (10 mM, pH 7.4) two times. Final supernatant was
discarded, and the volume was completed to 300pL with sodium
phosphate buffer (10 mM, pH 7.4).

~{ i % ‘B& Blockage
T ColorCode: 77717 ciutaratdenyae j

|Y Antibody
< / Calibration w/
colorimetric
measurements

Smartphone sensing
and Color analysis

Analyte
Application

v §888)

Scheme 1. Schematic illustration of the proposed spot-like POC testing design.
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2.4. Design of the NC membrane

In this work, a paper-based colorimetric method was developed
using smartphone sensing as illustrated in Scheme 1. The protocol in-
volves the following steps: a) spotting the AuNP-Cys solution on NC
membrane; b) Ab immobilization using amine chemistry; c) blocking
step; and d) reaction with antigens. The spots on the NC membrane are
prepared freshly for every experiment. First of all, the membrane was
pretreated with 10 mg/mL BSA solution to facilitate the formation of a
circular shape as a ‘spot-like’ platform. It has been observed that,
without the pretreatment, the movement of the AuNP-Cys particles
were not limited and they spread on the whole membrane, without
forming any particular shape. 2.0 L of AuNP-Cys conjugates were
dropped on the pretreated NC membrane and dried for 30 min at am-
bient conditions. After the formation of the spots, 1.0 pL of 20 ug/mL
antibodies, either anti-AFP or anti-MUC16, were immobilized on the
surface using 1.0 uL 1.0% GA as a crosslinker. The antibody amount
immobilized on the surface was determined according to the similar
work previously conducted by Hosu et al. [10]. The spots were allowed
to react for 30 min at ambient conditions. Unreacted components were
discarded by washing the spots thoroughly with 10 mM sodium phos-
phate buffer and allowed to dry. The membrane was then blocked with
1.0 mg/mL BSA solution to eliminate the effect of nonspecific adsorp-
tion and allowed to dry again. Finally, 10 pL of different concentrations
of relevant analyte solutions were dropped on the spots and incubated
for another 30 minat ambient conditions. Unbound molecules were
removed by washing with 10 mM sodium phosphate buffer again and
allowed to dry for the color analysis. Additional control experiments,
antibody immobilization confirmation, incubation time optimization
and stability control of the proposed platform, were conducted fol-
lowing the same experimental steps.

2.5. Smartphone-based colorimetric analysis

Images were taken in a well-lit room during the day, with-out any
external light source or flash, with an Apple iPhone 7 device. After each
step of the analysis, AuNP-Cys spots, AuNP-Cys/Ab spots and AuNP-
Cys/Ab/Analyte spots, photographs of the NC membrane were captured
and analyzed using Image J software. The spots were cut individually
for analysis using the software's image editing tools and the histogram
of the colors on that particular spot was acquired. Experimental steps
for the image analysis are presented in Scheme 2. For the clarity and
simplicity of the experiment, weighted color intensity values were used
for the analysis.

3. Results and discussion

Development of a simple, low-cost, practical and user-friendly de-
tection platforms for biomarkers is of great importance for both POC
diagnostics and mHealth area. This study proves that there are simple
alternatives to the systems in the literature which are rather complex
and requires external devices for the analysis.

The hydrodynamic particle sizes of AuNP-Cys conjugates were es-
timated via DLS method and ¢ potential measurements were conducted
and the results were presented in Table 1. According to size measure-
ments, AuNPs presented a size of 31.53 + 8.84 nm, close as given in
manufacturer's instructions. After the conjugation, particle size in-
creased to 38.01 + 11.08 nm and confirmed a successful bonding of
the Cys group onto AuNP surface. Additionally, the low polydispersity
index (PDI) illustrates the homogeneity of the particles in the solution.
Furthermore, § potential measurements were also confirmatory for the
conjugation. Prior to Cys conjugation, surface potential of the AuNPs
were measured as —33.2mV, afterwards increasing to —28.6mV,
confirming the increase of positively charged amine groups on the
surface.

It is well known that nanosized metal particles exhibit strong
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absorption bands in the visible region of the spectrum. Specifically,
AuNPs has a wine-red coloring due to the Mie absorption by their
surface plasmon resonance peaks at 520 nm [42]. The size and shape of
the nanoparticles affect this absorption peak. An increase in size leads
to a red-shift to the longer wavelengths in absorbance due to the
electric dipole-dipole interactions between the neighboring particles
[43]. As the interparticle distance between AuNPs decreases (i.e. anti-
body or analyte conjugation) to less than the average particle diameter,
the color of the solution starts to shift blue [44]. Fig. 1A represents the
calibration curve obtained for AFP detection with the proposed method.
Different concentrations of analytes in the range of 0.01 ng/mL -
1.0 ug/mL were dropped onto the AuNP-Cys/Anti-AFP modified spots
on the NC membrane and the results were monitored by capturing the
images of the spots. Each spot was cropped separately and processed
using an image analysis application. Using the difference in color in-
tensity values between AuNP-Cys/Anti-AFP and AuNP-Cys/Anti-AFP/
AFP modified spots, a good linear correlation was observed in a broad
range between 0.1 and 100 ng/mL. Similarly, for the MUC16 analysis,
MUC16 solutions in between the range 0.1-100 ng/mL were applied to
the AuNP-Cys/Anti-MUC16 modified spots on the membrane. Using the
same analytical values, a good linear range of 0.1-10 ng/mL was ob-
tained (Fig. 1B).

Experimental conditions were verified in terms of antibody im-
mobilization, incubation time and sensor stability. A control experi-
ment was conducted to confirm the successful immobilization of the
antibody on the surface. For these experiments anti-AFP antibody so-
lution and AFP analyte solution was used. After the immobilization of
the AuNP-Cys on the surface, spots were prepared using the same
amount of buffer solution instead of antibody solution to conduct a
comparison experiment if there is a difference in the signal change with
the antibody immobilization. As shown in Fig. 2A, when the analyte
solutions were added on the spots (100 and 500 ng/mL AFP solutions),
the signal difference was decreased more than 50% when no antibodies
were immobilized on the AuNP-Cys modified spots on NC membrane.
The results were confirming a successful immobilization of the anti-
bodies on the surface. Antibodies were immobilized on the AuNP-Cys
modified spots, rather than performing the conjugation in solution
phase, to better observe and follow the changes on the modification of
the surface. Additionally, when covalently bound on the surface, or-
ientation of the antibody is known to provide the best recognition
conditions [45,46].

Incubation time was optimized using the same principle for pre-
paring the spots, changing the time for reaction. After dropping the
samples on the NC membrane for each step, AuNP-Cys, AuNP-Cys/Ab
and AuNP-Cys/Ab/An, reactions were monitored by capturing the
images of the colors for 15, 30, 45, 60 min intervals and the results were
presented in Fig. 2B. The color intensity of the images measured with
the Image J software represents the reflected light, which is the visible
light, from the spots under the ambient lighting conditions in red,
green, blue (RGB) space [47]. The results indicated that at the 30 min
threshold of incubation, the reflected light intensity is at the maximum,
meaning that the absorbed light intensity is at the minimum. The ab-
sorbance values of AuNPs decrease with the conjugation and incubation
time [48,49]. Thus, the experimental results confirmed that the optimal
incubation time for the maximum absorbance values is 30 min.

Sensor stability was monitored over the course of five days, using
the AuNP-Cys/Ab modified surface in different conditions. This surface
was chosen for its potential commercial application because this would
be the step where it would be appropriate to procure the spot-test
system as in commercial pregnancy test kits where only analyte is ap-
plied afterwards. The tests were kept in both room temperature and 4 °C
to observe the stability of the system in different conditions. As can be
seen in the results presented in Fig. 2C, after the 4th day, the con-
sistency and integrity of the designed platform decayed and a higher
reflectance (i.e. lower absorbance) values were obtained. As explained
in previously, the absorption band of AuNPs shifts to longer
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Scheme 2. Analysis steps for the colorimetric measurements of the smartphone images via Image J software.

Table 1
Results of DLS and zeta potential measurements performed to characterize
AuNP-Cys conjugates.

Size (nm) + SD PDI 7 Potential (mV) + SD
AuNP 31.53 ¥ 8.84 0.158 —33.2F841
AuNP-Cys 38.01 ¥ 11.08 0.106 —28.6 ¥ 9.69

+ SD values were obtained from three independent measurements of freshly
prepared samples.
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Fig. 1. Calibration curve from a smartphone-based detection of color intensity
differences for A) AFP and B) MUC16 [error bars show = S.D].

wavelengths with size and incubation time, thus, it can be concluded
that the proposed sensing platform was stable over the course of 4 days.

Various analytical parameters for the experiment were calculated to
determine the performance of the designed platform for detecting
biomarkers successfully and presented in Table 2. The repeatability of
the experiment was deter-mined with ten spots at 25 ng/mL con-
centration as it is the middle point of the linear range. Repeatability
( = S.D.) was calculated as 0.044 and 0.215 for AFP and MUC16, re-
spectively. Coefficient of variation (CV) was calculated as 0.549% and
2.697% for AFP and MUCI6, respectively, using the (( = S.D./
Average)*100) formula. Additionally, with the ((3.3* * S.D.)/Slope)
formula, LOD values were calculated. For AFP, LOD was calculated as
1.054 ng/mL and for MUC16 it was obtained as 0.413 ng/mL. The
literature cut-off value for AFP is reported as 20 ng/mL [50], thus,
designed platform was considered remarkable in determining a low
value of protein levels in buffer solutions. As for the MUC16, which is
the synonym for CA125; a well-known ovarian cancer biomarker, the
literature cut-off value is reported as 35 U/mL [51]. As we used a
commercially available antigen solutions for the experiments, which
has a main stock concentration values in mg/mlL, there is no available
literature which can be compared to our experimental results.

The selectivity of the proposed platform was tested with possible
interfering molecules selected. After the immobilization of antibodies
on the surface, different interferant molecules at the same concentra-
tion rate was dropped on the spots. For anti-AFP antibodies on the
surface, 25ng/mL Her2, MUC16, IgG and BSA solutions were used as
interfering molecules. As for the anti-MUC16 antibodies, 1.0 ng/mL
Her2, AFP, IgG and BSA solutions were selected as interferants. Her2,
AFP and MUC16 were selected as they are some other protein bio-
markers for a different cancer and IgG and BSA were selected for their
possibility of availability in biological matrices. Relative response sig-
nals were calculated with respect to the response for AFP and MUC16 as
100%. As shown in Fig. 3A and B, the proposed colorimetric platform
did not respond significantly to the other interferants, indicating a high
selectivity for AFP and MUC16, respectively.

Finally, to determine the biological matrix applicability, synthetic
serum samples spiked with AFP or MUC16 solutions at different con-
centrations were applied to spots which were modified with AuNP-Cys/
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Fig. 2. Optimization of experimental conditions; A) Antibody immobilization
confirmation experiments conducted by using the same amount of buffer so-
lution instead of antibody solution [Ab+: presence of antibodies, Ab-: absence
of antibodies] B) Optimization of incubation time for the experiment, using the
RGB color intensity (weighted) values from Image J software and C) The sta-
bility of the proposed spot-test system in different conditions [error bars
show = S.D]. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Anti-AFP or AuNP-Cys/Anti-MUC16 on NC membrane and the color
intensity differences in test spots were analyzed by Image J software. It
has been reported that both AFP and MUC16 levels are measured in
serum samples in clinical practice [52,53]. As presented in Table 3, the
amount of AFP in synthetic serum samples which were spiked with 10
and 25ng/mL AFP solutions were measured as 10.045 and 23.980 ng/
mL, respectively, with a high recovery rate. Similarly, the MUC16 levels
in the serum samples spiked with 1.0 and 5.0 ng/mL MUC16 solutions
were detected as 0.94 and 4.86 ng/mL. All relative standard deviation
(RSD) values were under 5%. These results were clearly supporting the
potential use of the proposed method for POC detection of protein
biomarkers for cancer.
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Table 2
Analytical characteristics for the developed colorimetric smartphone sensing
platform.

Analytical Parameters Values
AFP MUC16
Linear Range (ng/mL) 0.1-100 0.1-10
Slope 0.137 0.830
Intercept 4.008 2.251
+ S.D. of intercept 0.262 0.272
+ S.D. of slope 0.005 0.058
Correlation coefficient 0.988 0.981
Limit of detection (LOD; ng/mL) 1.054 0.413
Reproducibility ( = S.D.) 0.044 0.215
Coefficient of variation 0.549% 2.697%
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Fig. 3. Effect of various interfering molecules such as MUC16, AFP, Her2, IgG,
BSA. The response signals were obtained with color intensity (weighted) values
with respect to the signals corresponding to relevant antibody on the surface.
[All experiments were the same as mentioned before, error bars show = S.D].

Table 3
Sample application results using the spiked synthetic serum samples measured
with the smartphone sensing platform.

AFP

Spiked AFP (ng/mL) Measured AFP (ng/mL) Recovery (%) RSD

10 10.04 100.45 3.17
25 23.98 95.92 1.59
MUC16

Spiked MUC16 (ng/mL) Measured MUC16 (ng/mL) Recovery (%) RSD

1.0 0.94 94.18 0.23
5.0 4.86 97.29 4.12
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4. Conclusions

In conclusion, we present a novel, simple, rapid, sensitive and
specific platform that can be potentially used for the analysis of protein
biomarkers for various diseases. In this study, AFP and MUC16 bio-
markers, which are the known markers of hepatocellular carcinoma
(liver cancer) and ovarian cancer, respectively, were selected as model
analytes as POC cancer diagnostics are in parallel with an unmet need
all over the world. The proposed biosensing system was successfully
used for the analysis of AFP and MUC16 in synthetic serum samples.
Furthermore, potential interfering molecules were tested on the system
and it has been shown that the proposed method enables a specific
analysis of the desired analytes.

The most important drawback of the lateral flow immunoassays,
which is the so-called rival platform for this study, is cross-reactivity
and the uncontrollable capillary force of the membrane [54]. Ad-
ditionally, lateral flow assays require the combination of many different
membranes in the correct form and the construction process require the
consideration of many different parameters [55]. Cross-reactivity is
avoided by dropping the analyte solution only on the spots that con-
tains the relevant antibody and the unwanted capillary action is pre-
vented by the circle-like nature of the designed spots. With the devel-
opment of a spot-like assay on a single NC membrane without any
further modifications, a simpler and more practical approach is pro-
posed [10]. All presented data holds great potential for the further work
using low-cost, spot-like systems on paper utilizing smartphone-sensing
technology for different molecules of interest.
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