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Enhanced functional DNA biosensor for distance-
based read-by-eye quantification of various
analytes based on starch-hydrolysis-adjusted
wettability change in paper devicest

Yijing Chen, Lang Zhang,{ Jinkun Huang,} Zihao Deng, Yali Yuan, 2™ Jianmei Zou,
Jinfang Nie* and Yun Zhang (®*

Low-cost, equipment-free and quantitative detection of a wide range of analytes of interest at home and in
the field holds the potential to revolutionize disease diagnosis, environmental pollution monitoring, and
food safety analysis. Herein, we describe a functional DNA biosensor for the first time that integrates
analyte-directed assembly of enzyme-coated microbead probes for robust yet efficient signal
amplification with a simple quantitative detection motif of distance measurement on portable paper
devices based on starch-hydrolysis-adjusted wettability change of paper. Its utility is well demonstrated
with highly sensitive and specific detection of model analytes ranging from adenosine (an important
small biomolecule; 1.6 uM detection limit) to interferon-vy (a protein marker; 0.3 nM detection limit) and
Pb?* (a highly toxic metal ion; 0.5 M detection limit) by simply using an inexpensive, ubiquitous ruler.
The developed general method with the distance-measuring readout should be easily tailored for the
portable, read-by-eye, quantitative detection of many other types of analytical targets by taking
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Introduction

DNA has been known as a very special and vital class of bio-
logical polymers for the storage and propagation of genetic
information. Since the early 1990s, however, certain DNA
molecules have been unexpectedly found to show catalytic
activity (called DNAzymes) like protein enzymes* and/or binding
affinity to target molecules (called aptamers).> The DNAzymes,
aptamers and their combination (called aptazymes) are now
collectively called functional DNA and can be selected by means
of a process known as in vitro selection® or systematic evolution
of ligands by exponential enrichment (SELEX).** In comparison
with the most-widely applied recognition biomolecules such as
antibodies, these functional DNA molecules can offer a great
number of competitive advantages including simpler produc-
tion with better reproducibility, higher chemical stability, lower
cost, easier storage, and an especially wider range of recogniz-
able targets.®” As a result, extensive efforts have been devoted to
the development of functional DNA sensors for various analyt-
ical applications in medical diagnosis, environmental analysis,
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advantage of their specific functional DNA partners like aptamers and DNAzymes.

and food safety testing.*** The functional DNA biosensors
typically transduce the recognition chemistry using electro-
chemical, absorbance, and fluorescence readers.”** They have
been proven to allow for highly sensitive and specific detection
of toxic ions (e.g., Hg®" and UO,>"),**** small molecules such as
aflatoxin B1 (ref. 16) and adenosine 5'-triphosphate,’” micro-
RNA,"® protein biomarkers like thrombin,™ cancer cells,** and
bacteria such as Escherichia coli** and Fusarium proliferatum.”
Nevertheless, most of these measurements may suffer from the
requirements of expensive yet bulky analytical instruments that
can only be operated by well-trained personnel to obtain final
results, which make these useful biosensors difficult to be
accessed in less-industrialized areas, in field-based analysis, in
emergency situations, or in-home healthcare services.

The reports of emerging paper microfluidics are a positive
step towards developing promising alternative analytical
devices for use in such resource-limited environments because
of its many attractive properties.”*>* The paper-based devices
are extremely cheap, easy to create/store, portable and dispos-
able, typically consume several microliters of reagent or sample
per assay, and can function just via capillary-action-driven fluid
flow.”**” Paper microfluidics has its genesis in the lateral flow
test strip technique, the most representative example of which
is the home pregnancy test kit that was commercially available
as early as 1988. In 2007, the Whitesides' group patterned
hydrophobic materials into hydrophilic paper body to upgrade
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the basic lateral flow design for providing more functionality.*®
This family of portable assay platforms is now known as
microfluidic paper-based analytical devices (UPADs).>*?°
Recently, a few of colorimetric functional DNA sensors have
been successfully established using lateral flow strips®*** or
uPADs.***¢ Such biosensors enabled rapid qualitative and/or
semi-quantitative naked-eye analysis of exosomes,* cortisol,**
Helicobacter pylori,>® platelet-derived growth factor,>® pan
malaria and P. falciparum species*® or multiple cancer cells.*®
Nevertheless, quantitative measurements are necessary in many
cases, such as disease stage diagnosis, therapeutic efficacy
monitoring, etc. Alternatively, some efforts have been dedicated
to designing wPAD-based functional DNA sensing systems for
direct quantification of analytes of interest including K'*
Pb***® Hg?"* adenosine*** and cocaine®*** by just using
a timer, a blood glucose meter, a digital multimeter, or even
a ruler. In particular, the distance-based detection strategies
with the ruler have been well-recognized to be capable of
achieving the ultimate economic goal of quantifying targets
without the use of any electronic readers for applications
especially in resource-poor settings in either the developing
world or developed countries.**™°

Herein, we respond to this challenge by initially describing
the proof-of-concept of a new functional DNA biosensor for
equipment-free, read-by-eye quantification of adenosine, inter-
feron-y and Pb®" ion as three types of model analytical targets.
This sensor integrates enzyme-coated microbeads for efficient
signal amplification with distance measurement on uPADSs
based on starch-hydrolysis-adjusted wettability change of paper
body for portable quantitative readout. Its working principle is
illustrated in Fig. 1. For each type of analyte, super-
paramagnetic microbead (SPM) is covalently modified with
a terminally biotinylated DNA strand for anchoring an analyte-
specific aptamer or DNAzyme. After the functional DNA probe
recognizes the analyte in a sample, the biotin is thus exposed to
capture a streptavidin-labeled SiO, microbead that is loaded
with lots of glucoamylase tags (via Dbiotin-streptavidin
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Fig. 1 Schematic working principle of the developed functional DNA
biosensors that use SPMs A, B and C loaded with aptamers or DNA-
zymes and enzyme-coated SiO, microbeads for read-by-eye
distance-measuring quantification of adenosine, interferon-y, and
Pb2* (as three model analytes) based on starch-hydrolysis-adjusted
wettability change in strip-like pPADs, respectively.
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interaction). The glucoamylase is then adopted to further
catalyze the hydrolysis of starch polymer with low solubility to
produce glucose molecules with high solubility. After adding
the reaction mixture onto a strip-like pPAD fabricated by laser
cutting,” the unhydrolyzed starch polymer can enhance the
hydrophobicity of the paper body to inversely adjust flowing
distance of a colored reagent (red ink) pre-loaded in the paper
device. In other words, the ink's flowing distance is positively
proportional to the target concentration in the sample. The
results show that our method requires only a ubiquitous, cheap
ruler and the ability to see the color to sensitively, selectively
quantify the level of the chosen model analytes in artificial
buffer samples as well as real complex samples (e.g., undiluted
human serum, tap water, pond water, etc.). To the best of our
knowledge, this may be the first report of applying the simple
distance-measuring quantitative detection motif on the basis of
the starch-hydrolysis-adjusted wettability change in nPADs to
design general, equipment-free functional DNA biosensors.

Experimental
Materials and apparatus

All of the used oligonucleotides were synthesized from Takara
Biotechnology Co., Ltd. (Dalian, China). Their thermodynamic
parameters were calculated by using the bioinformatics soft-
ware (http://www.bioinfo.rpi.edu/applications/). Their
sequences (from 5’ to 3') are as follows: biotinylated capture
DNA strand for adenosine, biotin-CCC AGG TCA GTG GAG-
(CH,)s-NH,; adenosine aptamer, CAC TGA CCT GGG GGA GTA
TTG CGG AGG AAG GT (the sequence for adenosine binding is
italic);>* biotinylated capture DNA strand for interferon-y, NH,-
(CH,)6-A1,-AAC ACA ACC AAC C-biotin; interferon-y aptamer,
TGG GGT TGG TTG TGT TGG GTG TTG TGT;>* biotinylated
capture DNA strand for Pb**, NH,-(CH,)s-A3-AAT CAT CTC TGA
AGT AGC GCC GCC GTA GTG-biotin (the sequence of DNAzyme
is italic); substrate strand, AAA CAC TrA GGA AGA GAT GAT T
(the italic “rA” represents adenosine ribonucleotide).>
Streptavidin (from Streptomyces avidinii, >17 U mg™") and
glutaraldehyde were purchased from Sigma-Aldrich. Adenosine,
cytidine, uridine, and thymidine were products of Jiehui
Biotechnology Co., Ltd. Recombinant human interferon-y,
human serum albumin, human IgG, glucose oxidase, glucoa-
mylase (>20 U mg ), bovine serum albumin, lysine, and poly-
ethylene glycol (molecular weight range 7000-9000) were
provided by Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China). Soluble starch was obtained from Xilong
Chemical Co., Ltd. (Shanghai, China). Amine-coated super-
paramagnetic microbeads (SPMs, 1 pm in average diameter)
and amine-coated SiO, microbeads (0.2 pm in average diam-
eter) were from Tianjin BaseLine Chrom Tech Research Centre
(Tianjin, China). All other chemicals of analytical grade were
used as received. Human serum was collected from healthy
volunteers. Real water samples include commercially-available
drinking water (a product of Hangzhou Wahaha Co., Ltd.,
Hangzhou, China), tap water obtained from our lab, and pond
water collected from a pond on our campus. All of these real
water samples were filtrated with polycarbonate nanoporous
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membranes (Whatman, 0.2 pM in average pore size) before
analysis. Unless specially stated, ultrapure water (with a resis-
tivity of ~18.2 MQ cm) was used to prepare stock solutions and
buffer. The deionized water instrument was gained from
Chengdu Yuechun Technology Co., Ltd. (Chengdu, China). The
used buffers include: 10 mM phosphate-buffered saline (PBS,
pPH 6 or 7.4) that contains 100 mM NaCl and 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
(pH 7.4) containing 50 mM NaCl and 5 mM MgCl,.
Quantitative filter paper (thickness ~195 pm, ash <0.009%,
pore size 1-3 pM, basis weight of ~100 g m™~?) was purchased
from Hangzhou Xinhua Paper Industry Co., Ltd. (Hangzhou,
China). The filter paper was chosen herein as one example of
practice for fabricating paper devices, but other types of paper
substrates such as chromatography paper are also suitable. A
mini-type CO, laser machine (XB-3020) was a product of Shan-
dong Xinbang Laser Equipment Co., Ltd. (Shandong, China).

Preparation of functional DNA-SPM conjugates

In brief, biotinylated capture DNA strands and aptamer or
substrate strands in PBS (pH 7.4, 0.5 uM each) were mixed,
heated to 90 °C, incubated for 10 min, and finally allowed to
cool down slowly to room temperature (~2 h). Duplex DNA
strands could be formed through hybridization reactions.
Meanwhile, 1 mL of a 1 mg mL~" SPM suspension in PBS (pH
7.4) was incubated with 5 mL of a glutaraldehyde solution (5%,
w/v) in PBS (pH 7.4) for 3 h at room temperature. The resultant
aldehyde-modified SPMs were isolated magnetically and
washed with the buffer (3 times), and then dispersed in 1 mL of
the 0.5 uM duplex DNA solution above. The mixture was incu-
bated under continuous gentle stirring at 4 °C overnight.
Moreover, 1 mL of a 0.1 M lysine solution was further utilized to
block residuary aldehyde on SPMs, followed by magnetic
segregation and thorough washings. The as-prepared DNA-SPM
bioconjugates for the assays of adenosine, interferon-y, and
Pb>" were re-suspended in 1 mL of PBS, HEPES, and HEPES
buffers (pH 7.4, containing 1.5% (w/v) polyethylene glycol),
respectively, and stored at 4 °C for further use.

Preparation of glucoamylase-SiO,-streptavidin conjugates

Briefly, 1 mL of a 1 mg mL ™" SiO, microbead suspension in PBS
(pH 7.4) was mixed with 5 mL of a glutaraldehyde solution (5%,
w/v) in PBS (pH 7.4). Three hours later, excess glutaraldehyde
was removed from the mixture by centrifuging and washing
these microbeads 3 times with water, followed by re-dispersion
in 5 mL of PBS buffer (pH 7.4). Then, 1 mL of a streptavidin
solution (1 mg mL™") and 1 mL of a 10 mg mL ™" glucoamylase
solution were added into the suspension of aldehyde-activated
microbeads and were incubated under continuous gentle stir-
ring at 4 °C overnight. After centrifugal separation and washing,
the resultant biofunctionalized SiO, microbeads were re-
suspended in 6 mL of a solution of bovine serum albumin
(10 mg mL ™", containing 1.5% (w/v) polyethylene glycol) in PBS
buffer (pH 6) and finally stored at 4 °C in a refrigerator.

This journal is © The Royal Society of Chemistry 2020
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Fabrication of strip-like pnPADs via laser cutting

The used strip-like pPADs were fabricated with a laser cutting
method.* In brief, each device mainly, sequentially consists of
a circular region a (4.6 mm in diameter) for reaction mixture
addition, a circular region b (3.5 mm in diameter) for colored
reagent (red ink) immobilization, and a 2 mm X 25 mm rect-
angular region c for distance-measuring readout (as depicted in
Fig. 1). The pattern and size (as black lines on a white back-
ground) were designed using CorelDrawX6 on a PC. After
a piece of filter paper was placed at the working platform in the
laser machine, the laser with a spot size of ~0.3 mm cut the
paper according to the designed pattern at the applied current
of 4 mA, cutting rate of 20 mm s~ ', and laser power of 40 W. The
patterned paper devices could be produced one by one from the
main paper substrate every short period of time less than 10 s.
For each pPAD, ~0.5 pL of red ink was added onto its region
b and then allowed to air dry at room temperature (~25 °C).
After that, the two regions b and c were sandwiched with two
pieces of transparent adhesive tape. Each freshly prepared
WPAD was singly loaded in a vacuum-packed storage bag and
finally stored in a dark place until used.

Analytical procedures for adenosine detection

In a typical assay, 10 pL of an artificial sample in PBS (pH 7.4) or
analyte-spiked undiluted human serum, 10 pL of SPMs immo-
bilized with the adenosine-specific aptamer, and 10 pL of
a biofunctionalized SiO, microbead suspension were mixed and
incubated at room temperature (~25 °C) for 1 h. The complex
product was separated magnetically and rinsed with PBS (pH 6)
for three times, followed by reacting with 100 pL of a 0.5 wt%
starch solution in PBS (pH 6) for 40 min. Then, 5 uL aliquot of
the final reaction mixture was dropped onto the circular region
a of a pPAD; the liquid would flow into the circular region b via
capillary action. As a result, the red ink sediment in the region
b would be redissolved and in turn, would flow in the rectan-
gular region c. After the flowing of the colored reagent stopped
(within in 1 min), its flowing distance (FD) was then measured
with a ruler. The FD value is positively proportional to the level
of adenosine target in the sample. The corresponding signal of
FD change (AFD) was defined as AFD = FD,genosine — FDblank, il
which FDagenosine and FDy a0 Were the FD values measured for
an adenosine sample and a blank PBS sample, respectively.
Specificity experiments were also performed in the same
manner but using cytidine, uridine or thymidine instead of
adenosine.

Analytical procedures for interferon-y detection

Except for the SPMs coated with interferon-y-specific aptamer,
the interferon-y assay was conducted according to the same
procedures for the adenosine analysis at room temperature
(~25 °C). The measured FD signals positively relied on the
tested protein levels in artificial samples in HEPES buffer or
analyte-spiked undiluted human serum samples. The AFD
value for each interferon-y sample was defined as AFD =
FDinterferon-y - FDblanka in which FDinterferon—Y and FDpjank were
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the FD values measured for an interferon-y sample and a blank
buffer sample, respectively. Specificity experiments were con-
ducted in the same manner but using human serum albumin,
human IgG or glucose oxidase instead of interferon-y.

Analytical procedures for Pb>*detection

Except for the SPMs functionalized with Pb>*-specific DNAzyme,
the ion analysis was performed through the same procedures
for the adenosine detection at room temperature (~25 °C). The
measured FD signals were positively proportional to the tested
Pb>" levels in artificial samples in HEPES buffer or analyte-
spiked real water samples (i.e., drinking water, tap water, and
pond water). The AFD value for each Pb>" sample was defined as
AFD = FDpp2 — FDplank, in which FDppe+ and FDpjank Were the FD
values measured for a Pb>* sample and a blank buffer sample,
respectively. Specificity experiments were carried out in the
same manner but using K*, Na*, Ag®, Ni**, Co*, Cu**, Hg*",
ca**, cd**, cr**, AI** or Fe*' instead of Pb*".

Results and discussion

As aforementioned, external electronic readers are typically
required for most of the current functional DNA sensors to
perform quantitative analysis. Herein, we describe a new func-
tional DNA sensor in which the equipment-free distance
readout in the strip-like pPADs is simply adopted to quantify the
level of three types of model analytes (as depicted in Fig. 1). In
addition, the method combines SPMs loaded with aptamer or
DNAzyme for highly specific target recognition (binding) with
enzymatic reactions based on enzyme-immobilized SiO,
microbeads for highly efficient signal amplification. Each paper
device consists of a bare circular region a (for the addition of the
final reaction mixture containing unhydrolyzed starch poly-
mer), a circular region b deposited with red ink, and a rectan-
gular measurement region c. As the level of starch polymer with
low solubility can adjust the paper's hydrophobicity of the
region a, the volume of the reaction mixture solution which will
flow into the region b (to redissolve the red ink sediment) and
region ¢ (where red staining can be produced) can be adjusted
subsequently. The flowing (staining) distance (FD) of the red ink
in the region c positively relies on the starch level that is posi-
tively related to the target concentration in the sample. The red
ink is chosen as the reporting reagent for color development in
the paper device because it is quite cheap and commercially
available in daily life.

The key concept of our method is the transition of the target
detection into the read-by-eye measurement of the FD value of
red ink. Thus, the starch level-dependant ink flowing in the
strip-like pPAD was first investigated. Fig. 2 shows the images of
the ink's FD results obtained from several starch solutions with
different levels. Obviously, in the absence of starch (i.e., 0 wt%
in the solution), a long ink staining (with an FD value up to
~13.8 mm) was observed in the region ¢ in the used paper
device (Fig. 2a), directly indicating the excellent (original)
hydrophilicity of the paper body in its region a. As expected, on
the other hand, a relatively shorter ink staining (with an FD
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Fig. 2 Flowing distance (FD) results of the colored reagent obtained
from different solutions in the strip-like pPADs. The scale bar is 3.5
mm.

value of ~11.3 mm) was obtained from the 0.12 wt% starch
solution (Fig. 2b). This phenomenon might be explained in that
the starch with low solubility could enhance the hydrophobicity
of the region a in the corresponding uPAD by physically block-
ing the paper's porous microstructures. As a result, only
a partial solution could flow into the region b to dissolve
a partial amount of red ink sediment for creating relatively
shorter staining in the region c via the capillary action. More-
over, higher starch levels led to shorter ink staining results. For
example, two FD values of ~9.3 (Fig. 2¢) and 4.5 (Fig. 2d) mm
were produced from 0.25 and 0.5 wt% starch solutions,
respectively. The ink's FD values were inversely yet linearly
associated with the starch levels in a proper range, though too
high a starch level could totally block the paper's porous
microstructures resulting in no ink flowing in the paper devices
(Fig. S1 in ESIT). However, after a 10 ug mL™ ' glucoamylase
solution was incubated with the 0.5 wt% starch solution, a long
ink staining with a large FD value of ~13 mm was interestedly
realized in the involved pPAD (Fig. 2e), presumably due to the
fact that the starch of low solubility had been hydrolyzed by the
enzyme to small molecule glucose with high solubility which
hardly changed the paper's original wettability. In other words,
it should be expected to adopt the FD value to indirectly
measure the concentration of glucoamylase probe capable of
adjusting the starch level. Moreover, it was also experimentally
found that the encapsulation of the pPADs with transparent
adhesive tape benefited stable (repeatable) ink flowing in the
paper body (Fig. S2 in ESIT).

After demonstrating the starch-controlled ink flowing in the
WPADs that could be adjusted by the glucoamylase, the feasi-
bility of the proposed DNA biosensor with aptamer-loaded
SPMs was studied for a small molecule model analyte, i.e.,
adenosine, a vital cofactor in many biological processes such as
kidney function.>

Assays of a 50 M adenosine sample and a blank sample
(PBS buffer without the analyte) were performed according to
the schematic procedures shown in Fig. 1, compared with
a background starch solution (control). The FD values on the
red ink-loaded pPADs used were measured. Fig. 3A displays that
no significative differences are observed in small FD values
obtained from the PBS buffer (~4.7) and the control (~4.5),
while the FD measured for the adenosine is as large as ~10.8.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Flowing distance (FD) results obtained from a starch solution

(0.5 wt%), a blank sample (PBS buffer without the analyte), 50 uM
adenosine, and three other sorts of small molecules (100 uM each). (B)
Calibration curve that describes the relationships between the FD
change (AFD = FD,genosine — FDblank) @nd the logarithm values of the
adenosine concentrations (logladenosine]) in the buffer samples. The
linear regression equation is y = 2.7651x + 1.8551 (R = 0.9914). Each
error bar represents a standard deviation across three replicate
experiments.

Such a dramatically increased red ink's FD proved that after the
adenosine targets had been captured by their aptamers, the
recognition events could be further traced by the SiO,
microbeads immobilized with lots of glucoamylases that
subsequently catalyzed the hydrolysis of starch molecules
capable of enhancing the hydrophobicity of the paper devices.
Moreover, the detection specificity of the sensor was also tested
by carrying out the analysis of the other three types of small
molecules belonging to the nucleosides family, i.e., 100 pM
cytidine, thymidine, and uridine. The corresponding FD results
were also provided in Fig. 3A. As clearly shown in Fig. 3A,
although their concentrations were far higher than the adeno-
sine level, all of the FD values obtained from the three non-
specific small molecules are only around 4.8, which is quite
similar to that recorded from the blank buffer (~4.7). This
comparison study confirmed that only the adenosine target
could be recognized and bound specifically by its aptamer on
the SPM to trigger the glucoamylase-catalyzed starch hydrolysis.

Then, our new biosensor was used to detect a series of buffer
samples containing varying adenosine levels under the opti-
mized experimental conditions for assessing its equipment-free
analytical performance (Fig. S3-S5 in ESI}). As presented in
Fig. 3B that the AFD value (FDagenosine — FDplank) increased as
the analyte level increased. Fig. 3B further showed that the AFD
value was linear in a detection range of 1.7-62.5 uM adenosine,
realizing a limit of detection (LOD) of ~1.6 uM (30). It should be
noteworthy that this LOD was achieved just with simple
distance readout in paper microfluidics but was comparable to
or even lower than that obtained using some recent instru-
mental methods with fluorescence, electrochemistry, surface
plasmon resonance, surface-enhanced Raman scattering, elec-
tromagnetic piezoelectric acoustic platform, and absorbance or
distance measurements (Table S1 in ESIf). The satisfactory
sensitivity was mainly attributed to the use of enzyme-coated
microbead probes for significantly amplifying the signal per
each adenosine-aptamer binding event. Moreover, its analytical
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repeatability was proved with the small relative standard devi-
ations (RSDs) of ~3.1 and 4.4% (n = 5) obtained from the assays
of 1.7 and 15 pM adenosine samples, respectively (Fig. S6 and S7
in ESIT). In addition, to verify the sensor's accuracy for the
adenosine detection, several undiluted human serum samples
spiked with fixed analyte levels were assayed according to the
general procedures. The calculated recovery results were from
97.26 to 101.07% (Table S2 in ESIf), which indicated excellent
practicality of the developed approach. In particular, the data
proved that the aptamer still kept its specific molecular recog-
nition capability to the adenosine even in the real serum. The
SPM platform could additionally minimize undesirable effects
that possibly existed in such a complex matrix.

Next, to further evaluate the versatility of this distance-
measuring- based functional DNA sensor, interferon-y was
assayed as a protein analyte using SPMs immobilized with its
corresponding aptamer under the optimal experimental
conditions (Fig. S5 and S8 in ESI{). Abnormal interferon-y levels
are clinically associated with many pathogen-caused responses
of the human immune system as well as infectious diseases.*®
The sensor's specificity for the interferon-y analysis was studied
by assaying human serum albumin, human IgG, glucose
oxidase, and blank HEPES buffer (negative control). It is obvi-
ously presented in Fig. 4A that only the interferon-y target gave
a large FD value of ~11.5, while all of the other non-specific
proteins (10 uM) gave small signals (~4.7) quite similar to
that obtained from the control buffer sample (~4.6). A set of
interferon-y samples (in HEPES buffer containing 0-64 nM
analyte) were analyzed. The calculated AFD results (FDincerferon-y
— FDpjank) Which were positively proportional to the analyte
level were displayed in Fig. 4B. This figure illustrates a linear
relationship of the AFD value and the interferon-y concentra-
tion in a range from 0.5 to 32 nM. The LOD was estimated to be
as low as ~0.3 nM (3¢), thus making our instrument-free
approach one of the most sensitive interferon-y methods in
comparison with many other typical instrumental techniques
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Fig. 4 (A) Flowing distance (FD) results obtained from a blank sample

(HEPES buffer without the analyte), 30 nM interferon-vy, and three other
sorts of proteins (10 uM each). (B) Calibration curve that describes the
relationships between the FD change (AFD = FDinterferon-y — FDbiank) @and
the logarithm values of the interferon-y concentrations (loglinterferon-+yl)
in the buffer samples. The linear regression equation is y = 2.7406x +
2.6643 (R = 0.9961). Each error bar represents a standard deviation across
three replicate experiments.
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(Table S3 in ESIt). Furthermore, the RSDs obtained from the
analysis of 0.5 and 32 nM interferon-y samples were ~2.7 and
4.6% (n = 5), respectively, suggesting good detection stability of
the uPADs used (Fig. S9 and S10 in ESI}). These results of the
adenosine and interferon-y assays clearly proved that our
equipment-free functional DNA sensor should be highly appli-
cable to the aptamer's diversity for realizing sensitive, specific,
and reliable detection of small molecules or macromolecules
like proteins of interest.

Apart from the aptamer, DNAzyme was also used to design
(extend) the biosensor with distance-measuring readout devel-
oped herein to detect Pb>* ions (that belong to the highest
toxicity class of heavy metal pollutants®) using SPMs coated
with Pb*"-specific DNAzymes. The working principle of the
DNAzyme sensor was also depicted in Fig. 1. The related main
experimental conditions had been optimized (Fig. S5 and S11 in
ESIY). The feasibility and specificity results were summarized in
Fig. 5A. One can find from Fig. 5A that, for either a blank sample
(HEPES buffer without the analyte), or 1 mM K, Na*, Ag*, Ni**,
Co>', cu®*, Hg*', Ca**, cd*', Cr**, AI** and Fe*", the recorded
small FD values that could not be clearly distinguished from
each other were about 4.6. On the contrast, the detection of
50 nM Pb*" led to a large FD up to ~11, indirectly reflecting that
only in this case efficient glucoamylase-catalyzed starch hydro-
lysis occurred successfully after the target ions had been
specifically recognized by their DNAzymes functionalized on the
SPMs. Then, our biosensor was utilized to analyze a series of
Pb>" samples in the buffer. The results of AFD (FDpp,2 — FDpjani)
were shown in Fig. 5B, from which a linear detection range of
0.75-50 nM Pb>" was determined. The LOD for the analyte ion
was estimated to be ~0.5 nM (30); it was about 100 times lower
than the maximum level (~48 nM) of Pb>" in drinking water
permitted by the U.S. Environmental Protection Agency.**
Compared with some recently-reported representative fluores-
cent, electrochemical, colorimetric or distance-measuring
methods, this new approach achieved comparable or even
better detection sensitivity (Table S4 in ESIT). Moreover, both of
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Fig. 5 (A) Flowing distance (FD) results obtained from a blank sample

(HEPES buffer without the analyte), 50 nM Pb?*, and twelve other sorts of
metal ions (1 mM each). (B) Calibration curve that describes the relation-
ships between the FD change (AFD = FDpp>+ — FDpjani) and the logarithm
values of the Pb?* concentrations (log[Pb?*]) in the buffer samples. The
linear regression equation is y = 2.7252x + 2.3799 (R = 0.9973). Each error
bar represents a standard deviation across three replicate experiments.
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3 and 12 nM Pb*" samples were assayed five times in parallel
and the calculated RSDs were ~1.9 and 2.7% (n = 5), respec-
tively (Fig. S12 and S13 in ESIt). Additionally, the recovery
results for Pb** obtained from several commercially-available
drinking water samples, tap water samples, and pond water
samples were between 98.5-101.6%, 97.1-104.2%, and 95.4-
109.6%, respectively (Table S5 in ESIT). The data confirmed that
our method possessed good detection repeatability as well as
accuracy.

Conclusions

We have developed an equipment-free functional DNA sensor
with a simple quantitative detection motif of distance
measurement based on starch-hydrolysis-adjusted wettability
change in pPADs. The SiO, microbead-enhanced enzymatic
reactions were adopted for highly efficient signal amplification.
The results demonstrate that only a ubiquitous ruler is required
to realize the low-cost, read-by-eye detection of trace levels of
three model targets, namely the adenosine (~1.6 uM LOD),
interferon-y (~0.3 nM LOD), and Pb>* (~0.5 nM LOD). With the
diversity of available functional DNAs like aptamers and DNA-
zymes, our general strategy can be easily tailored to achieve
simple quantification of many other targets of interest ranging
from ions to small molecules and macromolecules. It thus
holds great potential as a sustainable technique to especially
facilitate novel paradigms of personalized medical diagnosis,
environmental monitoring in the field and food safety evalua-
tion at home. Although, in its current state, the instrument-free
biosensor designed is not yet available for practical point-of-
care testing uses, it can be further simplified through more
professional engineering in terms of reaction format and data
analysis, on which some research work is now underway in our

group.
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