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ABSTRACT: We have developed a colorimetric sensing strategy employing gold nanoparticles and a paper-based analytical
platform for the diagnosis of tuberculosis (TB). By utilizing the surface plasmon resonance effect, we were able to monitor
changes in the color of a gold nanoparticle colloid based on the effects of single-stranded DNA probe molecules hybridizing with
targeted double-stranded TB DNA. The hybridization event changes the surface charge density of the nanoparticles, causing
them to aggregate to various degrees, which modifies the color of the solution in a manner that can be readily measured to
determine the concentration of the targeted DNA analyte. In order to adapt this TB diagnosis method to resource-limited
settings, we extended this label-free oligonucleotide and unmodified gold nanoparticle solution-based technique to a paper-based
system that can be measured using a smartphone to obtain rapid parallel colorimetric results with low reagent consumption and
without the need for sophisticated analytical equipment. In this study, we investigated various assay conditions, including the
denaturing temperature and time, different oligonucleotide probe sequences, as well as the ratio of single stranded probe and
double stranded target DNA. After optimizing these variables, we were able to achieve a detection limit of 1.95 X 107> ng/mL for
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TB DNA. Furthermore, multiple tests could be performed simultaneously with a 60 min turnaround time.
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T uberculosis (TB) is a lethal infectious disease caused by
the bacteria Mycobacterium tuberculosis. It typically affects
the lungs as pulmonary TB, but it can also cause severe
meningitis and extrapulmonary infections, such as disseminated
acute TB, as well as abdominal, spinal, and pericardial versions
of the illness."* In 2015, the World Health Organization
reported that there were approximately 10.4 million new cases
of TB in the world, and nearly 1.4 million people had died from
the disease that year." When TB occurs in combination with
other serious infections, such as HIV, it can complicate what are
otherwise effective forms of therapy.”*

For all of these reasons, it is important to develop new
methods of TB diagnosis in order to both prevent and treat this
illness. Ideally, the test should be sensitive, accurate, and built
on an analytical platform that is easy to use and cost-effective.
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Currently, doctors can diagnose TB in several ways, including
sputum smear microscopy,”/ immunological methods,”” rapid
molecular tests,'*™"* culture-based techniques,14 as well as with
the use of chest X-rays'” and CT scans.'® Among these
diagnostic methods, certain molecular tests stand out, such as
the polymerase chain reaction (PCR) and real-time PCR, which
feature both high sensitivity and accuracy of approximately 92—
95%. These techniques are also rapid, as the detection process
from sampling to result readout can be completed in just 2
h."*'” However, the cost for one PCR test is still not affordable
enough to serve as a broad screening method in developing
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countries, and the bulky equipment and power requirements
also limit the portability of the system. As a result, there is still a
need for a rapid, high sensitivity, and cost-effective TB test.

Researchers have developed versatile approaches to disease
diagnostics in resource-limited settings. Among the variety of
different sensing mechanisms, colorimetric assays based on
binary or quasi-quantitative results that can be seen with the
naked eye are particularly suitable strategies to pursue.'® At the
same time, as advances in nanotechnology have become more
widely available, researchers have been able to develop versatile
biochemical sensors based on the extraordinary optophysical
and chemical characteristics of these materials for more
sensitive, specific, and rapid analysis.'”* Among these
nanomaterials, gold nanoparticles have been widely adopted
as colorimetric sensors to provide alternative schemes to
conventional biochemical sensing. Gold nanoparticles are
relatively simple to synthesize and use for rapid analysis, as
they feature unique optoelectronic and chemical properties, as
well as excellent biocompatibility and stability.*"

One of the most important optical features of gold
nanoparticles is surface plasmon resonance, which is related
to the nanoparticle’s size, shape, composition, and interparticle
distance, in addition to the dielectric constant (i.e., refractive
index) of the solution.”> One way that colorimetric sensing
using gold nanoparticles can be achieved is by inducing
aggregation of the colloid.”> When the distance between nearby
gold nanoparticles decreases, the material’s surface plasmon
resonance red shifts, causing the color of the suspension to
change from wine red to blue.”* The color change of the AuNP
mixture provides a practical platform for absorption-based
colorimetric sensing of a target analyte that directly or
indirectly triggers AuNP aggregation or redispersion. Mirkin
and co-workers first established a DNA biosensor using gold
nanoparticles modified with polynucleotides and monitored
visible color changes in the nanoparticle solution based on the
concentration of the target molecule, which featured comple-
mentary base-pairing.”> The color change could be observed
using a UV—vis spectrophotometer or even by just the naked
eye. The surface of gold nanoparticles can also be modified with
different functionalities to provide highly sensitive and specific
detection of a wide range of targets, such as heavy metals, > ™%’
various chemical compounds,SO_32 DNA,*7% RNA,%’37
proteins,”® " and cells,""** constituting a major achievement
in bioanalytical technology.*

In this study, we investigated a colorimetric sensing strategy
using the surface plasmon resonance of gold nanoparticles for
TB diagnosis. Fluorescent label-free, single-stranded oligonu-
cleotide sequences (ssDNA) that targeted double-stranded M.
tuberculosis DNA (dsDNA, 1S6110insertion sequence) were
combined in solution with gold nanoparticles. The adsorption
of these ssDNA sequences to the gold changes the surface
charge density of the nanoparticles, resulting in aggregation of
the colloid and affecting the surface plasmon resonance, which
manifests as a distinct color change that can be measured using
a spectrophotometer. When target TB dsDNA is combined
with the probe ssDNA, subsequent hybridization affects the
zeta potential of the nanoparticles, and thus by spectroscopi-
cally monitoring the degree of color change in the solution, we
are able to detect the presence of TB causing bacteria. The size
of the AuNPs used in this study was 13 nm in diameter based
on the low radiative losses of these materials and the easily
overcome surface charge repulsion between neighboring
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AuNPs to enable aggregation in low concentration solutions
of analyte.

To further advance this method of TB diagnosis for resource-
limited settings, we incorporated the oligonucleotide sequences
and gold nanoparticles into a paper-based (i.e., cellulose) device
that could be easily disseminated and used throughout the
developing world. Paper devices have been developed for
biomedical sensing and analysis in resource limited settings due
to their cost effectiveness, disposability, simple fabrication, low
sample volume requirements, wettability, and ease of storage
and transport.**”*® In this study, we spotted the gold
nanoparticle-ssDNA/dsDNA colloid onto the paper device
and then determined the blue/red ratio of each testing spot
from the RGB values of a smartphone image, which we
correlated with the different degrees of gold nanoparticle
aggregation as a function of the increased concentration of the
TB target sequences. The use of a smartphone for sample
detection enabled us to achieve rapid on-site quantitative and
parallel analysis, in addition to providing simple means of data
storage via cloud computing, thus requiring minimal equip-
ment.”” Additionally, only microliters of TB sample were
required for the paper test, which is another advantage
compared to solution-based methods with shorter response
time.

To achieve a low detection limit, we optimized different
variables, such as heating temperature, denaturing time, the
ratio of ssDNA and TB dsDNA, and different ssDNA probes
sequences and length. Additionally, we confirmed the
practicability and sensitivity of our gold nanoparticle diagnostic
system by testing a real TB patient and comparing the results
with established methods of staining and gel electrophoresis of
the clinically extracted sample. Therefore, with just a
smartphone, from this paper TB test we were able to rapidly
measure parallel colorimetric results, eliminating the need for
expensive reagents or sophisticated analytical instruments,
which suggests this sensitive diagnostic test could have practical
value around the world.

B EXPERIMENTAL SECTION

Reagents and Materials. All reagents, including methanol (99%),
2-propanol (99%), ethanol (99%), and trisodium citrate (>99%), were
purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
stated. Hydrogen tetrachloroaurate (III) trihydrate (HAuCl,-3H,0,
99%) was purchased from Acros Organics (Geel, Belgium).
Oligonucleotides were synthesized and purified by Bio Basic Inc.
(Ontario, Canada). Ultrapure water (18.2 mQ-cm) was used
throughout the experiments, which was filtered through a Milli-Q
system (Millipore, Milford, MA). The QlAamp DNA Mini Kit, Q
solution, RNase, and HotStar Taq DNA Polymerase materials were
purchased from Qiagen (Hilden, Germany). A High Pure Viral
Nucleic Acid Kit was purchased from Roche Applied Science
(Mannheim, Germany). AxyPrep Maxi Plasmid Kit was purchased
from Axygen Biosciences (Union City, CA). Agarose I and tris-borate-
EDTA (TBE) buffer were purchased from Amresco (Solon, OH).
Novel Juice was purchased from GeneDirex Inc. (Las Vegas City, NV).
Whatman grade 3MM cellulose chromatography paper was purchased
from GE Healthcare (Little Chalfont, UK).

Instrumentation. PCR amplification was performed using an
Applied Biosystems 2720 Thermal Cycler (Life Technologies,
Carlsbad, CA). Transmission electron microscopy (TEM, H7500,
Hitachi High-Technologies, Tokyo, Japan) was used to verify the size
and morphology of the gold nanoparticles. A UV—vis spectropho-
tometer (Cintra 10e, GBC, Victoria, Australia) was used to obtain the
extinction spectra of the gold nanoparticle colloid to determine the
solution concentration and dispersion/aggregation characteristics.
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Colorimetric results of the paper-based TB test were recorded using a
smartphone (iPhone, Apple, CA) under artificial white light without
flash and a USB digital microscope (UPG650, Upmost, Taiwan). All
data points feature the average and standard deviation of S replicate
measurements.

Fabrication of the Paper TB Diagnostic Platform. The paper-
based devices were made on cellulose paper using a printer (Xerox
8570, Fuji, Japan) and solid wax to print circular 3-mm-diameter
hydrophobic barriers on the surface of the paper, which was then
heated to 160 °C for 2 min to help the wax penetrate the cellulose
fibers to form the testing spots.

After color development, 200 ;L of the sample solution was spotted
at the center of the hydrophilic circles. A Kimwipe was fixed beneath
the paper device using tape to help the device dry more rapidly. When
the spotted solution had completely dried, an image of the device was
taken using a smartphone under artificial white light without a flash.
The RGB values of the image were analyzed using Image] software
(National Institutes of Health, Bethesda, MD).

Preparation of TB Negative and TB dsDNA Sequences.
Institutional Review Board Approval. Human disc tissue samples
used in this work were approved and issued by the institutional review
board of Chang Gung Memorial Hospital, Taoyuan, Taiwan.

TB Negative dsDNA Sequence. As a control, we collected disc
tissue samples that were TB negative from patients who had received
spinal surgery at Chang Gung Memorial Hospital. The harvested
tissues were cut and placed into a tube with 180 xL Buffer ATL and 20
uL Proteinase K (600 mAU/ml) from the QlAamp DNA Mini Kit. TB
negative DNA was then extracted using the High Pure Viral Nucleic
Acid Kit according to the manufacturer’s instructions. The extracted
DNA was stored at —80 °C until further use.

TB dsDNA Sequence. The Department of Laboratory Medicine at
Chang Gung Memorial Hospital provided the E. coli strain TOP10,
which had been transformed by the pCR2-TOPO plasmid with the
123 bp IS6110 fragment (i.e., the target TB dsDNA sequence). The
bacterial strain was streaked on an LB plate and subcultured in LB
medium supplemented with 50 L of 20 mg/mL ampicillin at 37 °C
overnight. The plasmid DNA was extracted from the culture pellet
using the AxyPrep Maxi Plasmid Kit, followed by 1S6110 PCR to
confirm the presence of the 123 bp fragment. The IS6110 primer
sequences were 5-CCTGCGAGCGTAGGCGTCGG-3' and §'-
CTCGTCCAGCGCCGCTTCGG-3'. 10 uL of DNA template was
used in a 50 yL reaction mixture made from the HotStar Taq DNA
Polymerase materials, which contained 0.6 uL of 25 yM primer, 4 uL
of 2.5 mM dNTP, S uL of 5X Q-solution, 5 uL of 10X buffer, 0.25 uL
of 5 U/uL HotStar Taq, and 24.55 uL of RNase-free H,0. PCR
amplification was performed with the following temperature cycling
conditions: initial denaturation at 94 °C for 15 min, 35 cycles of 94 °C
for 1 min, 68 °C for 1 min, 72 °C for 1 min, and a final extension of 72
°C for 10 min. The amplified products were analyzed by gel
electrophoresis in 2% agarose prepared in TBE buffer. Finally, Novel
Juice was added to the samples, mixed and then loaded on the gel and
visualized on a UV transilluminator.

Preparation of Gold Nanoparticles. Briefly, a 25 mL solution
containing 38.8 mM trisodium citrate was added to 250 mL of a
boiling 1 mM HAuCl, solution.”' After continuously heating and
stirring for 15 min, the color of the colloid changed from light yellow
to wine red, indicating the formation of gold nanoparticles. We then
cooled the gold nanoparticle colloid to room temperature. TEM
analysis confirmed that the synthesized nanoparticles had a diameter of
13 + 1 nm. The concentration of the colloid was estimated according
to the Beer—Lambert law from the absorption spectrum.

Evaluation of the ssDNA Probe. We designed different ssDNA
probes to determine which was the most effective for TB diagnosis. All
the probes are listed in Table 1. Briefly, ssDNA sensing probes and TB
dsDNA sequences were mixed at a ratio of 1:2 (26 uL of 0.13 nM
ssDNA and 87 uL of 0.26 nM target TB dsDNA). The solution was
then heated at 95 °C for 180 s in a dry bath. After heating, the mixture
was then annealed at 50 °C for 2 min in an incubator and then allowed
to rest at room temperature to cool down. 887 uL of the gold
nanoparticle colloid (0.5 nM) was then added to this solution, rested

1347

Table 1. Sequences of the Probe ssDNA for TB Analysis

primer

name sequence

RF1S 5’-CCG AAG CGG CGC TGG-3'

RF20 5’-CCG AAG CGG CGC TGG ACG AG-3'
F15S10 5’-GCC GCT TCG GAC CAC-3’

F20S10 5’-GCC GCT TCG GAC CAC CAG CA-3’
RMU 5-GGACCCGTCCCAAGCGGATG-3’
E20 5’-CCG ACG CCT ACG CTC GCA GG-3’
LMR 5'-CCTAACCGGCTGTGGGTAGC-3’

F25 5’-GTG GTC CGA AGC GGC GCT GGA CGA G-3’
F30

5’-TGC TGG TGG TCC GAA GCG GCG CTG GAC GAG-
3

for 30 min, and mixed with 0.1 M NaCl solution to induce the
aggregation-dependent color change. Finally, the solution was
measured using either a UV—vis spectrophotometer or our paper-
based detection system.

Determining the Optimal Denaturing Temperature, Time,
and Ratio of the Target TB dsDNA Sequences for Hybrid-
ization with the Gold Nanoparticles. 26 uL of 0.13 nM ssDNA
probe RF1S (Table 1) was mixed with 87 uL of the 0.26 nM target TB
dsDNA solution (corresponding to a ratio of 1:2), and then incubated
in a dry bath. We tested various denaturing temperatures (85 °C, 90
°C, and 95 °C for 180 s), times (30, 60, 120, 180, 240, 360, or 600 s at
95 °C), and ratios of the ssDNA sensing probe to the targeted TB
dsDNA sequence (1:5, 1:3, 1:2, 1:1, 2:1, 3:1, and S:1 at 95 °C for 180
s). After heating, the samples were annealed at 50 °C for 2 min in the
incubator, and then cooled to room temperature. 887 uL of the gold
nanoparticle colloid (0.5 nM) was then added to these solutions,
rested for 30 min, and then mixed with 0.1 M NaCl solution to induce
the color change. Finally, the solution was measured using a UV—vis
spectrophotometer or our paper-based detection system. To collect
quantitative results, for the solution-based experiments we plotted the
610 nm/520 nm absorption ratio from the spectrophotometric data,
and for the paper-based device, we determined the blue to red ratio
(B/R) from the red-green-blue (RGB) values of the ima§es taken of
the paper tests using a smartphone and Image] software. s

Paper-Based Colorimetric Diagnosis of TB. For the paper-
based test, we used the optimized parameters (i, the denaturing
temperature and time, ssDNA to dsDNA ratio, and ssDNA sequence)
that we determined in the prior experiments. To test a clinical sample,
we used a confirmed TB dsDNA sequence provided by the
Department of Laboratory Medicine at Chang Gung Memorial
Hospital, which had been amplified using PCR. ssDNA sensing
probes and TB negative or TB dsDNA sequences (IS6110 sequence,
123 bp fragment) were mixed together (26 uL of 0.13 nM ssDNA and
87 uL of dsDNA). The solution was then heated at 95 °C for 180 s in
a dry bath. After heating, the mixture was then annealed at 50 °C for 2
min in an incubator and then allowed to rest at room temperature to
cool down. 887 uL of the gold nanoparticle colloid (0.5 nM) was then
added to this solution, rested for 30 min, and mixed with 0.1 M NaCl
solution to induce the aggregation-dependent color change. Finally,
the solution was measured via a UV—vis spectrophotometer or our
paper-based detection system.

B RESULTS AND DISCUSSION

We synthesized the unmodified gold nanoparticles using the
citrate reduction method and determined that the peak
absorbance wavelength was centered at 520 nm. The color of
the colloid solution was visibly red.*” When we added NaCl to
the colloid, the dissociative ions shielding the negatively
charged surface of the gold nanoparticles caused the solution
to change in color from red to blue as the nanoparticles became
more aggregated.”’

In a previous study, ssDNA was shown to attach to gold
nanoparticle surfaces via hydrophobic interactions, exposing the
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Scheme 1. Schematic Illustration of the Proposed TB Diagnostic Method
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Figure 1. Effects of heating temperature and denaturing time on DNA hybridization for the solution- and paper-based diagnostic platforms. The
colorimetric results of TB diagnosis in (A) solution and on (B) paper were tested at 85, 90, and 95 °C heating temperatures for 180 s. Different
denaturing times ranging from 30 to 600 s at 95 °C were also tested in (C) solution and on (D) paper. The ssDNA sensing probes (RF15) and TB
target dsDNA sequences were mixed at a ratio of 1:2. After annealing at 50 °C for 2 min, the AuNP colloid (0.5 nM) was then added to these
solutions, rested for 30 min, and mixed with 0.1 M NaCl to induce the aggregation-dependent color change for colorimetric measurement.

negatively charged phosphate groups of the DNA backbone,
thus enhancing the nanoparticles’ resistance to the ion shielding
effect.”’ However, we hypothesized that the addition of the
complementary target dsDNA would result in hybridization
with the ssDNA probe molecules, causing the formation of a
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stable double-helix structure that prevents the exposure of
negatively charged phosphate groups. As a result, the zeta
potential on the gold nanoparticle surfaces and the electrostatic
repulsion between adjacent nanoparticles should decrease,

causing the materials to aggregate more after the addition of
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Figure 2. Different ratios of ssDNA probe to target dSDNA sequences for the solution- and paper-based diagnostic platforms. The colorimetric
results of TB diagnosis in (A) solution and on (B) paper for ssDNA to dsDNA ratios of 1:S, 1:3, 1:2, 1:1, 2:1, 3:1, and S:1. The different ratios of
ssDNA sensing probes (RF15) and TB target dsDNA sequences were mixed and then heated at 95 °C for 180 s in a dry bath.

NaCl, and thus the extent of color change in the colloid can be
used to calculate the amount of TB dsDNA present in solution.

A schematic illustration of the proposed TB diagnosis system
is shown in Scheme 1. For all of the experiments, we mixed
dsDNA with the detection probe ssDNA sequences, followed
by the addition of the gold nanoparticle colloid. If the dsDNA
consists of the 1S6110 TB target sequence (extracted from a
clinical sample), then the ssDNA should hybridize with these
strands and the solution color should turn bluer after the
addition of NaCl. On the other hand, if the IS6110 TB target
sequence is absent from the solution (i.e., TB negative), then
the color of the mixture will remain red even after the addition
of NaCl.

Effects of Heating Temperature and Denaturing Time
on the TB Sensing Platform. Heating temperature and
denaturing time are two important factors for increasing the
sensitivity and efficiency of DNA biosensors. The heating
temperature controls the dissociation of hydrogen bonds
between base pairs in the dsDNA sequence, thus converting
the material into the single stranded state. Cooling the solution
then allows the strands to rehybridize, in this case potentially
with the ssDNA probe sequences.

To determine the optimum conditions, we tested three
different heating temperatures (85, 90, and 95 °C) for
denaturing dsDNA (both TB negative and positive sequences)
in the presence of the probe ssDNA, in solution or on paper
(Figure 1A,B). Subsequent addition of the gold nanoparticles to
the DNA solution followed by NaCl resulted in the
colorimetric change from red to purple. Our results showed
that the largest color variation resulted from the 95 °C heating
temperature (Figure S1). Lowering the heating temperature
produced similar absorption results for both the TB negative
dsDNA control and the targeted TB dsDNA, but that would
lower the sensitivity of the platform. We did not test
temperatures greater than 95 °C due to the probability that
such conditions may damage the DNA during the denaturing
process. Our heating temperature results matched other
dsDNA denaturation tests, which have shown that a temper-
ature range of 92—98 °C can effectively separate dsDNA into
ssDNA while leaving the DNA structure intact.””

We noted that the paper-based method required a much
lower sample volume and was faster to measure with a
smartphone compared to the solution-based technique, which
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was limited by the sample requirements and operation speed of
the spectrophotometer. Additionally, it was difficult to
distinguish the spectrophotometric absorption results at 610
nm for the solution-based method. Overall, we found that the
paper-based sensing platform had a greater ability to distinguish
the clinical samples (Figures 1 and S1A).

In addition, we also tested the denaturing time from 30 to
600 s in order to identify the optimal condition for dissociation
of dsDNA hydrogen bonding to produce ssDNA (Figure 1C—
D). The results showed that 180 s denaturing time resulted in
the statistically largest color change after the TB ssDNA
rehybridized with the ssDNA sensing probes. A shorter
denaturing time may result in insufficient dissociation of the
targeted TB dsDNA into ssDNA. Alternatively, longer
denaturing times may cause the TB dsDNA to completely
denature into ssDNA, resulting in an excess amount of ssDNA
absorbing on the gold nanoparticles and protecting them from
aggregation even after the addition of the salt solution. In fact,
we observed lower B/R values for the gold nanoparticle spots
on the paper device for longer heating times (Figure S2). As a
result, for all subsequent experiments, we used a DNA
denaturing temperature and time of 95 °C and 180 s for the
detection of TB in this study.

Effect of the Ratio of the Probe ssDNA to the
Targeted dsDNA Sequences. In order to obtain a low
limit of detection and proper DNA hybridization for the TB
sensing platform, it was necessary to determine the ideal ratio
of the sensing ssDNA probe sequence to the targeted TB
dsDNA. In this sensing platform, we wanted the hybridization
of the ssDNA probe sequence to the denatured dsDNA
sequence to result in the lowest amount of ssDNA probe
molecules to remain suspended in solution, as these materials
will attach to gold nanoparticles in order to avoid aggregation
after the addition of salt, which will raise the detection limit of
the targeted dsDNA sequence. However, if we are able to
minimize the amount of ssDNA that remains after the
hybridization reaction, the color change will be more
significant, increasing the sensitivity and lowering the detection
limit. To determine the ideal value, we tested various ratios of
ssDNA to dsDNA, including 1:5, 1:3, 1:2, 1:1, 2:1, 3:1, and 5:1
(Figures 2 and S3).

The results showed that when the concentration of the
ssDNA probe sequence was equal to or higher than the
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Figure 3. Effect of different oligonucleotide lengths, targeting the IS6110 sequence position, and different oligonucleotide configurations of probe
ssDNA sequences for the solution- and paper-based diagnostic platforms. The colorimetric results of the TB diagnosis in (A) solution and on (B)
paper for different length oligonucleotide probes, including 15, 20, 25, 30, and 35 mer (named RF1S, RF20, F2S, F30, and F3S, respectively). We
also tested different targeting IS6110 sequence positions and oligonucleotide mixtures for the probe ssDNA sequence in (C) solution and on (D)
paper. The Roman numerals I-VI represent the sequences of RF15, RF20, F15510, F205S10, RF20/RMU, and RF20/E20/RMU/LMR, respectively.

targeted dsDNA sequence, the color variance of the gold
nanoparticle colloid in both solution and on paper was
relatively random, and the samples featuring the TB negative
control and TB sequences could not be distinguished. We
attributed this result to the remaining ssDNA after rehybridiza-
tion becoming attached to the gold nanoparticle surfaces,
preventing aggregation even after the salt solution had been
added. In addition, the excess ssDNA probes may create more
dimer and hairpin structures during DNA hybridization, which
may disrupt the gold nanoparticle colorimetric results.

Conversely, when the ssDNA to dsDNA ratio was less than
1:2 (ie, 1:3 and 1:5), the color variance of the gold
nanoparticle colloid was limited both in solution and on
paper for both the TB negative control and the TB sequences.
We attributed this outcome to the fact that the initial amount of
the ssDNA probe sequence was too low after hybridization to
attach to the gold nanoparticle surfaces, causing no significant
difference in the surface charge density of the nanoparticles for
either the TB negative control or TB target sequences.
Therefore, we determined that a ratio of 1:2 for the ssDNA
to dsDNA created the most contrast in the colorimetric results
with lower error bars for all the tests (Figure 2a). This ratio also
matched the DNA sensing results in another DNA sensing
platform.>> For subsequent tests in this study, we set the
concentration of the targeted TB dsDNA to half of the
detection limit and used a corresponding 1:2 ratio of probe
ssDNA to targeted dsDNA.

Effect of Different ssDNA Probe Sequences and
Length. Several TB DNA sequences, such as IS6110 and

1350

16S rDNA, have been demonstrated as effective detection
targets from extracted sputum and tissue samples.”*>> In this
study, we chose the IS6110 dsDNA sequence of M. tuberculosis
as the target for disease recognition in order to more easily
compare our detection results to others. We studied 9 different
variations of the complementary sequence (ie. the probe
ssDNA), featuring different oligonucleotide lengths and
configurations to examine the effects on the colorimetric
sensing platform. All the probe ssDNA sequences that we
studied are listed in Table 1, and the resulting TB diagnosis
color variation in both solution and on paper are shown in
Figure 3. Our results demonstrate that the 5'-CCG AAG CGG
CGC TGG-3' (TB RF15) sequence, which had been used in all
of the previous experiments, possessed the best specificity and
selectivity for the TB target dsDNA sequence of all those
studied. The outcome of this experiment appears to have been
mainly affected by the length of the sensing oligonucleotide
probes. In theory, longer oligonucleotides consisting of more
bases should have higher sensitivity and specificity sensing
results.”® However, longer oligonucleotide probes not only have
slow hybridization kinetics, but they can also form coil or
hairpin structures rather than completely exposing their bases
in solution, preventing efficient hybridization.”” In this study,
we tested different lengths of oligonucleotide probes, including
15, 20, 25, 30, and 35mer. Our results showed that the 15mer
oligonucleotide probe had the highest specificity and selectivity
compared to longer and different mixtures of sequences
(Figures S4 and SS). We did not test shorter oligonucleotide
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probes because we believe this could sacrifice the specificity of
the reaction.

In addition, compared to the F15510 ssDNA sensing probe,
the RF15 ssDNA probe has the same length (15 mer) but
possesses better performance. This result can be attributed to
the lower hairpin melting temperature of the RF1S probe (T,, =
35.1, 36.2, 21.7 °C) compared to F15510 (T,, = 51.1 °C). In
this study, we used 50 °C for DNA hybridization. Therefore,
the F15510 probe was able to form the hairpin conformation
more easily, which makes it less able to hybridize with the
target TB dsDNA sequences.

Clinical Test Using the Optimized Parameters. In order
to verify the capability of the gold nanoparticle paper TB
diagnostic platform in a resource limited setting, we compared
the colorimetric sensing results fora clinical sample of the
IS6110 target dsDNA sequence using the optimized parameters
in both solution (Figure 4A) and on paper (Figure 4B). The
target dsDNA sequences were extracted from a TB patient by
spinal surgery at Chang Gung Memorial Hospital, whose
diagnosis had been confirmed with a tissue culture following
PCR amplification of the IS6110 specific segment. We also
confirmed the purity of the IS6110 dsDNA sequence using gel
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Figure 4. Sensitivity test results of the optimized parameters of the
solution- and paper-based TB diagnostic platforms. The colorimetric
results of TB diagnosis in (A) solution and on (B) paper were
measured for the TB negative sample and different concentrations of
the IS6110 target dsDNA sequences from 1.95 X 107+ ng/mL to 1.95
X 10? ng/mL. As a result, the detection limit was 1.95 X 1072 ng/mlL,
with a linear dynamic range from 1.95 X 1072 to 1.95 X 10! ng/mL (n
=3).
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electrophoresis, and then tested the material using our solution-
and paper-based platforms with different concentrations of the
TB dsDNA and TB negative sequences (ie., the blank) to
confirm this sensing platform for clinical diagnosis. We
calculate the limit of detection of the paper devices using the
equation: LOD = yy + 3SDyju in which y,, is the average
signal intensity of the TB negative sample and SDyy, is the
standard deviation of the TB negative measurements. In this
study, we determined that the detection limit of the paper-
based colorimetric sensing platform was 1.95 X 107 ng/mL
(S/N = 3), which based on the equation featured a linear
dynamic range from 1.95 X 1072 to 1.95 X 10" ng/mL (Figure
4). These results demonstrate that this colorimetric assay
combining gold nanoparticles, ssDNA, a simple paper test strip,
and a smartphone can be used for the diagnosis of TB in a
highly sensitive and specific manner, which could potentially be
used around the world, particularly in developing regions.

B CONCLUSIONS

TB diagnosis remains a great challenge due to the fact that the
majority of newly infected cases are in developing countries.
Hence, a rapid, simple, low-cost, and accurate on-site detection
platform for TB diagnosis is needed to achieve early detection
for better infection control and treatment. In this work, we
studied a colorimetric sensing strategy utilizing the surface
plasmon resonance effect of gold nanoparticles, in which the
color of the nanoparticle colloid changes under different
aggregation states in the presence of targeted M. tuberculosis
dsDNA sequences for TB molecular diagnosis.

In order to further extend the capability of TB diagnosis in
resource-limited settings, we adapted this method to a simple
paper-based platform—the colorimetric results of which can be
measured using only a smartphone to obtain rapid parallel
readouts with low reagent consumption and without the need
for sophisticated analytical equipment.”® After optimization, we
determined our platform has a detection limit for TB dsDNA
sequences of 1.95 X 107* ng/mL, with a linear dynamic range
of 1.95 X 1072 to 1.95 X 10* ng/mL. A comparison of different
TB detection platforms showed that the sensitivity of the
proposed platform is comparable with other detection methods
(Table S1).**7* We also note that compared to traditional
clinical molecular diagnostics that require several hours to
complete, the turnaround time for this paper-based sensing
platform can be effectively completed in 1 h after DNA
extraction.

The low color variance of the paper testing results is mainly
caused by the use of low concentration clinical samples and low
sample volumes to better simulate point-of-care testing. As a
result, the amount of solution used in these images was much
less (200 uL) compared to colorimetric tests performed in a
cuvette and measured via UV absorbance (>1 mL). However,
the colors and the color change of the experimental results can
be enhanced by image processing, and this process can be
readily automated with a smartphone app for clinical use.

We expect that hundreds of these test results could be
analyzed in parallel via an app or cloud computing, with the
results being transmitted into the database of a clinical center
for disease management and long-term post-therapy monitor-
ing. We have also successfully used the paper-based sensing
platform on DNA extracted from infected tissue obtained
during surgical operation at a medical center for preliminary TB
confirmation. In this study, the target TB dsDNA samples used
in each test were individually obtained from the medical center.

DOI: 10.1021/acssensors.7b00450
ACS Sens. 2017, 2, 1345-1354


http://pubs.acs.org/doi/suppl/10.1021/acssensors.7b00450/suppl_file/se7b00450_si_001.pdf
http://dx.doi.org/10.1021/acssensors.7b00450

ACS Sensors

In addition, none of the clinical dsDNA samples were
pretreated prior to the colorimetric tests. Therefore, the
amount of salt in each dsDNA solution could dramatically
affect the AuNP-based colorimetric results (especially due to
the low sample volume and low concentration used in the
experimental setup). Proper desalting processes can be adopted
to minimize the variance of the samples.

We anticipate that other signal amplification methods, such
as biobarcodes or multiple signaling tags, could be further
incorporated to lower the detection limit.”*** We believe the
proposed platform possesses the potential for affordable,
sensitive, specific, user-friendly, rapid, and equipment-free
diagnostic applications, and anticipate it could be readily
translated to the detection of other diseases as well.
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