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ABSTRACT: It is of great significance to sensitively and conveniently detect trace UO,*" ions in biological and environmental
samples due to severe health risks. However, such suitable sensors are still scarce. In this work, DNAzyme-based hydrogels modified
on Ag NP-grafted PAN nanorods array as flexible SERS biosensor have been developed for ultrasensitive UO,*" ion detection. They
were first formed by the substrate strand and enzyme strand comprising the main cleavage-reaction stem-loop complex. Then, a
UO,*" ions responsive smart hydrogel capsule was achieved by DNAzyme complex hybridized with DNA polyacrylamide chains.
Raman reporter RhB was introduced and intentionally trapped inside the hydrogel. In the absence of UO,** ions, a tiny Raman
signal was presented because RhB was trapped inside the hydrogel and far away from SERS substrates. Conversely, the responsive
hydrogel could be specifically attacked by UO,*" ions to release RhB, leading to a strong Raman signal. With the amplified signal
procedure, this flexible SERS biofilm accomplished sensitive and selective detection of UO,** ions with a wide linear range from 1
pM to 0.1 uM and a low detection limit of 0.838 pM. This result is nearly five orders below the EPA-defined maximum contaminant
level (180 nM). Furthermore, this biofilm gives full play to the advantages of a flexible biosensor. It can directly detect the aquatic
products (such as fish and kelp) polluted by UO,>" ions, demonstrating that this flexible SERS biofilm has promising potential for
applications in a rapid environmental safety inspection.

B INTRODUCTION cut into diverse sizes and shapes and also could be wrapped
onto curved surfaces for practical applications, which require
flexible, nonplanar, and conformal surfaces.'”"® However, most
flexible SERS substrates were disordered and rough materials,
only very few types have the capability to formulate sensitive
and uniform SERS signals.w’20 Besides, the combined
advantages of smart hydrogels and flexible SERS arrays

Stimuli-responsive smart hydrogels have undoubtedly become
an attractive prospect in terms of successful performance of
high degrees of mechanical flexibility, sensing capability, and
user-friendly simplicity.'~” Among all stimuli-responsive smart
hydrogels, DNA hydrogels are hybrid materials that utilize

DNA-grafted polymer as a scaffold and functional DNA as a o i
cross-linker for rapid response to specific analytes.*™'" For substrate for ultrasensitive sensing have never been reported.

example, visual sensitive detection of Cu®* Pb* and UO.2* As we all know, uranium is the main fuel in nuclear reactors.
was rep:)rted through DNAzyme cross—link,e d hy,dr ogels 1214 Due to its high radioactivity, toxicity, and bioavailability, the
Inspired by these brilliant works, we wondered whether DNA envifonmental pollutiorﬁl caused by inapp ro%ﬂie_igi disp (2)?1 of
hydrogels could be developed and applied as smart sensors for uranium compounds raises a lot of concerns. UO,™ ions

real contaminated samples detection

Surface-enhanced Raman scattering (SERS) is proposed as Received: December 17, 2019
the most powerful ultrasensitive technique because it can be Revised:  February 29, 2020
used to detect trace molecules even down to a single molecular Published: February 29, 2020
level.'>!° Contrast to traditional rigid SERS substrates, flexible

SERS substrates showed unexceptional advantages due to the
ability to conform to the underlying object. It could be easily
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Table 1. DNA Sequences Used for This Work

name sequences (5'-3')
Al acrydite-TCGTCTTTTAGTGG
A2 acrydite-ATCTCAAAATGTAG

substrate strand

CCACTAAAAGACGATACTCACTATrAGGAAGA

GATGGCTACATTTTGAGAT

enzyme strand

CCATCTCTTCAGTTCGGAAACGAACCTTCAGACATAGTG

are the most stable form of uranium in water and can also
cause terrible harm to organs such as the liver and kidney.”” It
is of great importance to developing SERS as a sensitive
method for rapid uranium contamination monitoring.26’27
However, the small Raman cross section of UO,>" often led to
a weak Raman signal.”® Methods of signal amplification are
urgently required. How to combine DNA hydrogels with SERS
flexible substrates to generate a signal amplification strategy is
also the key point we need to explore.

In this work, we designed and synthesized the DNA
hydrogels coating to SERS substrate as a flexible biosensor
for UO,*" ion detection. The large-scale flexible films of highly
ordered PAN nanorods arrays, which are decorated with high-
density Ag-NPs as sub-10 nm gaps, offered great SERS activity
and flexibility. It is worth mentioning that this kind of flexible
large-scale (2.5 X 2.5 cm?) PAN nanorod arrays can be
prepared in 20 minutes by using the Si-template.'” Then, DNA
hydrogels containing a specific response to UO,>" ion were
modified under SERS films as a biosensor.””** There are two
signal amplification processes in our sensing principle. First,
two kinds of DNA grafted on the polyacrylamide chain
hybridized with the DNAzyme substrate sequence prolonged
at both ends. Inside, hydrogel cross-linkers were grafted by
substrate and enzyme strands and scaffolds were formed by
polyacrylamide chains. Raman reporter RhB were trapped
inside a 3D network of the DNA hydrogel. Once UO,** ions
triggered the cleavage of the substrate strand from the enzyme
strand, Raman reporter RhB were released from the DNA
hydrogel encapsulated because the cleavage reaction decreases
the cross-linking density and destabilizes the hydrogel
structure. This is the first signal amplification.”’ Then, the
RhB molecules were captured by polyacrylonitrile (PAN)
arrays and Raman signals were amplified again. Based on this
principle, this DNA hydrogel flexible biosensor has an excellent
performance with the limit of detection (LOD) of 8.38 x 107"
M for UO,*" ions. The hydrogel responded specifically to
UO,*" ions over 15 other metal ions, which represented
excellent selectivity. Because flexible PAN films are easy to
curve or roll under any other surface for practical SERS-based
applications,”>** very interestingly, this flexible SERS biofilm
was driven to wipe and detect aquatic products (like fish and
kelp) contaminated by UO,*" ions directly. A comparison of
calibration curves proved that our DNA hydrogel flexible
biofilm has promising potential as a reliable platform for the
sensitive SERS detection of toxic pollutants in the environ-
ment.

B EXPERIMENTAL SECTION

Materials and Reagents. All DNA probes were purchased from
Takara Biotechnology Company Ltd. (Dalian, China). Also, the DNA
sequences used for this work are listed in Table 1. Uranyl(VI) acetate
was purchased from ICM. p-Aminothiophenol (PATP, 98%), NaCl
(299%), and rhodamine B (RhB) were obtained from Aladdin-
Reagent Co., Ltd. (Shanghai, China). Other reagents were of

analytical grade and used without further purification. Ultrapure
water with a conductivity of 18 MQ-cm™" was used in all experiments.

Preparation of UO,?* lon Responsive Hydrogel and SERS
Biofilms. First, enzyme strand, substrate strand, and strands Al and
A2 grafted polyacrylamide chains (PAl and PA2, respectively) were
mixed at concentrations of 100 gM: 50 uM: 100 uM: 100 uM. The
0.1 mM Raman reporter RhB was encapsulated in the formed
hydrogel. All mixtures were revolved alternately and violently and
then incubated at 65 °C for 1 min and 3 times. After that, a
homogeneous hydrogel was formed and slowly cooled to room
temperature. Buffer solution in this procedure was the MES buffer
containing 250 mM NaCl (50 mM, pH 5.5).

Methods for large-area flexible Ag-NPs@PAN films with highly
ordered nanorod arrays were performed following our previous
work.'? Freshly prepared hydrogels were spun into flexible Ag-NPs@
PAN films and the DNA hydrogel SERS test biofilms were obtained.

Detection of UO,** lons by DNA Hydrogel SERS Test
Biofilms. Different concentrations of UO,*" ions were dropped on
the DNA hydrogel SERS test biofilms and allowed to incubate at 25
°C for 2 h. They were then detected by a Raman microscope
equipped spectrum with a 532 nm laser. The laser power and
acquisition time were 0.4 mW and 10 s, respectively.

Prepared Aquatic Products (Fish and Kelps) and Detected
by SERS Test Biofilms. To simulate the detection in real
contaminated samples, clean fish and kelps were contaminated with
different concentrations of uranyl ions (1077, 107%, 107 M),
respectively. The contaminated samples were obtained by dropping
200 uL of UO,*" ion solutions directly on the circled position in
Figure S; the procedure was repeated three times. After drying for 3
min, the samples were wiped with SERS test biofilm and detected by
Raman spectrometer.

B RESULTS AND DISCUSSION

The highly ordered arrays flexible polyacrylonitrile (PAN)
nanorod SERS substrates were prepared according to our
previous work.'” As shown in Figure S1, high-quality PAN
nanorods were obtained as a template by nanoimprinting
technology.

After decorated Ag-NPs under PAN films (Figures 1 and
S2), the Ag-NPs@PAN-nanorod arrays could be efficiently
regulated. The good flexibility of the film is shown in Figure 1a,

Figure 1. (a) Photograph of flexible films: (b) FE-SEM image of Ag-
NPs@PAN-nanorod arrays and (c) enlarged view of (b) and (d) side
view of (c).
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Scheme 1. Working Principle of the DNA Hydrogel-Based SERS Biofilms”

DNA hydrogel

SERS
detection

goee

e
o
i

" gifz

Signal off
ER— e~

LA AA DNAbsed yirogels comamnrett
modified on Ag NPs-grafted UO.2+ions Y
Ag-NP@PAN nanorod PAN array 2
array film &
&
()
Signal '
ignal on ﬁ &R @
@ ? ol "i
. Dissolution of the hydrogel
SERS detection and releasing of RhB
T n § * °
Enzyme Strand Crosslinker strand U0, RhB

PA1 PA2

containing cleavage site

“Other 15 interfering ions (Pb**, Th*, Ag*, Mg**, Ca**, Ba’*, Mn®*, Fe**, Fe**, Co?*, Ni**, Cu**, Zn**, Cd**, Hg’*) were also detected using the

DNA hydrogel SERS test biofilm.

(@) - (b) (c)
40000 I “©

oo I 35000 . = I
~ ~30000 = % v =
3 3
S 25000 :gzs
= I Z20000 i
2 0 2 :
2 I £ 15000 21 I

. 10000 1

5000 s .
0
50uM 100 M 150 4M 10mM 1mM 0.1 mM 0.01 mM 0.001 mM

100:100 100:50 50:50

e

(e)

50000
40000+
; 30000

20000 4

Intensity (a. u.)

10000

80 100 120

Time (min)

40 60

140

lntensity (cps)

Figure 2. Optimization of assay conditions: (a) effect of substrate and enzyme strand ratio; (b) concentration of DNA hydrogel; (c) concentration
of Raman reporter RhB; (d) corresponding Raman intensities of 1650 cm™" were collected at 20 min intervals in the presence of UO,*" ions at
different concentrations; and (e) reaction time of DNA hydrogel between UO,*" ions at concentration of 10~° M.

and we also could recognize the highly ordered arrays from top
and side views (Figure 1b—d). The XRD experiment showed
the situation of Ag (Figure S3). Also, the SERS activity of Ag-
NPs@PAN-nanorod arrays was evaluated by probe 4-ATP.
Then, the calculated EF data of 1.98 X 107 showed high
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sensitivity toward our flexible substrates (see Supporting

Information Figure S4 and page S$4).

Working Principle of DNA Hydrogel-Based SERS
Platform. As shown in Scheme 1 and Figure S5 in the
Supporting Information, linear DNA polyacrylamide conju-
gates (PA1 and PA2) were formed by two short DNA strands
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Figure 3. (a) SERS responses of RhB collected from DNA hydrogel SERS biofilm with increasing concentrations of UO,*" ions from 107'* to 10~
M. (b) Inset provided the dynamic range of DNA hydrogel SERS biofilm for UO,*" ion detection.

(Al and A2) copolymerized with acrylamide, respectively.
Two ends of DNAzyme sequence containing specific response
of UO,*" were hybridized with Al and A2 respectively. It was
first formed by the substrate strand and the enzyme strand
constituted the main cleavage reaction stem-loop complex,™
and then hybridized with DNA polyacrylamide chains to
achieve a DNA hydrogel capsule. In the absence of UO,*" ions,
an enormous amount of Raman reporter RhB were tapped into
the DNA hydrogel capsule. Weak Raman peaks (1650 cm™)
belonging to RhB appeared due to long distance from the
SERS substrate’s surface, resulting in the “off” status. After
triggering of the cleavage reaction by UO,*" ions, the enzyme
strand of the stem-loop complex began to break from the
substrate strand, inducing the dissociation of the double-strand
structure. Then, the hydrogel’s cross-linking ratio was gradually
decreased, which led to the breakdown of the whole hydrogel
capsule and the leakage of the reporter molecule RhB to the
SERS substrate directly, switching to the “on” status with a
strong Raman signal. During this signal amplification process,
an only small amount of UO,** ions induced the leaking of a
large amount of RhB. Because UO,’" ions attacking the
original stem-loop complex could separate and bind to another
preformed stem-loop complex to light up another cycle of
cleavage reaction, by utilizing of the DNA gel to transform and
amplify Raman signal, the weak signal from Raman scattering
cross section of UO,>" ions can be solved and ultrasensitive
detection can be achieved.”

Optimization of Assay Conditions. To develop the
SERS platform with high sensitivity, several parameters, such as
the optimization of the cross-linker density of hydrogel, the
concentration of DNA hydrogel, and the incubation time of
UO," ion detection, the concentration of Raman reporter RhB
was also investigated carefully. First, the effect of substrate and
enzyme strand ratio and concentration of DNA hydrogel on
the sensitive response of UO,*" ions by SERS method is shown
in Figure 2ab. It was proved that the best ratio for the
substrate strand and enzyme strand was 1:2 under the
concentration of 100 uM. Also, from the blank signal, at
these concentrations, the DNA hydrogel was formed and
remained stable enough to lock the Raman reporter RhB
tightly inside. Then, the kinetics of the hydrogel decom-
position upon activation by different concentrations of UO,**
ions indicated that 120 min was the optimum time when the
Raman intensity was the strongest (Figure 2c,d). The last
factor to be considered was the concentration of Raman
reporter RhB. As shown in Supporting Information Figure S2,
with the increase in concentration, it was easier to perform
fluorescent interfering, which led to a decrease in Raman
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intensity. As a result, the best concentration of RhB was fixed
at 0.1 mM.

Sensitive and Selective Detection of UO,?* lons
Using the DNA Hydrogel-Based SERS Platform. With
optimal conditions at hand, the next goal was to investigate the
sensitive and selective DNA hydrogel SERS platform for the
application. In Figure 3, different concentrations of UO,*" ions
were detected, which indicated that the intensity of the Raman
signals enhanced with the increasing concentrations (1 pM—
0.1 uM) of UO,* ions. The corresponding linear relationship
between the logarithm of UO,*" ions and Raman intensity at
1650 cm ™" is shown in Figure 3b. The regression equation was
y = —5.43 log ¢ + 70.8 (where y is the Raman peak intensity of
Liranyl ions/ Totank 3t 1650 cm™ and ¢ is the concentration of
UO,™ ions) with a correlation coefficient square of 0.9972.
The estimated limit of detection (LOD) was 0.838 pM, which
was estimated by

the process listed in Supporting Information page S
Also, the error bar was calculated from each concentration of
UO,™ ion tested three times. The whole calculation process is
presented in the Supporting Information. Compared with
other reports that focused on the detection of UO,*" ions
(Table S1), this DNA hydrogel SERS platform showed higher
sensitivity and a wider linear range, which illustrated that it
would have a wider application in UO,*" ion sensing.

Taking advantage of the high specific responsive UO,*" ions
DNA cross-linked hydrogel, high selectivity against other
cations was displayed. In the presence of high concentrations
of other 15 kinds of interfering metal ions (Pb**, Th*', Ag",
Mg2+, Ca2+) Ba2+, Mn2+, Fez+) Fe3+, C02+, Ni2+, Cu2+, Zn2+,
Cd?**, Hg*") at two different concentrations (10 and 100 M),
very weak Raman intensities were observed (Figure 4).
Relatively, the concentrations of UO,*" ions were only 1 and
10 nM, which could show an obvious Raman intensity. The
results confirmed the superior fidelity of the DNA hydrogel
flexible SERS biofilm in selective detection of UO,** ions. The
good performance of the DNA hydrogel SERS platform may
be due to the following reasons: (1) this DNA hydrogel switch
controlled by UO,*" ion-specific cleavage reaction can release
large amount of RhB to obviously amplify the Raman signal
and (2) the highly ordered morphological features of the Ag-
NPs@PAN-nanorod array biofilms as sensitive and uniform
SERS substrates further ensured the ultrasensitive performance
for UO,*" ion detection.

Application of the DNA Hydrogel SERS Biofilm for
Real Aquatic Products (Fish and Kelps) Contaminated
by UO,?* lon Detection. To monitor the reliability of the
proposed DNA hydrogel-based SERS flexible biofilm, recovery

36-39
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Figure 4. Selective UO,>" ion detection experiments by using DNA
hydrogel SERS biofilms. Other comparison metal ions were listed on
the x-axis and their corresponding RhB 1650 cm™ band intensities
were shown on the y-axis. Different concentrations were shown by
different color bars.

experiments were carried by dipping various concentrations of
UO,*" ions into the flesh of the fish’s clean surface. Also,
similar experiments also implemented on kelp as samples. All
the Raman peaks of RhB are clearly shown in Figure S, which
demonstrated that the DNA hydrogel SERS biofilm had
advantages in sample collection and potential for analytical
application in real samples.

B CONCLUSIONS

A novel responsive DNA hydrogel SERS flexible biofilm was
proposed for the ultrasensitive detection of UO,*" ions via
DNAzyme cleavage amplification strategy. In the beginning,
the Raman reporter RhB were deliberately trapped inside the
DNA hydrogel cross-linked structure with the “oft” status. The
presence of UO,>" ions, which initiated the DNAzyme’s
activity to cleave the substrate strand, caused the substrate
strand to break and the enzyme strand to dissociate. Then, the
DNA hydrogel structure was destroyed, leaking a large amount
of RhB to produce a strong Raman signal (“on”). Moreover,
the free released UO,>" ions can specifically cleave another
substrate strand and lead to new DNAzyme cleave-reaction,
inducing the next cycle and amplifying the Raman signal of
RhB. The continuous signal amplification made this platform
ultrasensitive to UO,*" ion detection and achieve the limit of
detection (LOD) of as low as 0.838 pM. This elaborate design
could circumvent the problem of the small Raman cross

section of UO,*" ions. The application of DNA hydrogel SERS
biofilm in real aquatic sample detection showed excellent
potential for in-field monitoring of UO,** ion contamination in

the field.
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