Published on 15 November 2019. Downloaded by University of Saskatchewan on 1/3/2020 3:41:09 AM.

Analyst

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/c9an02018g

Received 10th October 2019,
Accepted 14th November 2019

DOI: 10.1039/c9an02018g

Intramolecular photoinitiator induced atom
transfer radical polymerization for electrochemical
DNA detectiont
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Jinming Kong @ *®

A novel electrochemical biosensor was reported for the first time to achieve highly sensitive DNA detec-
tion based on photoinduced atom transfer radical polymerization (photoATRP). In this work, PNA was
applied as the capture probe to specifically recognize the target DNA (TDNA), and we utilized lung cancer
DNA as TDNA. The ATRP initiator was introduced to the electrode surface via phosphate-Zr‘”-carboxylate
chemistry. PhotoATRP was activated under blue light irradiation based on a photoinitiator 12959, which pro-
duced free radicals via homolytic cleavage. Subsequently, Cu®* was reduced to Cu* with the assistance of
the free radicals, and numerous electroactive probes were grafted onto the electrode surface. Under
optimal conditions, the limit of detection (LOD) of this method was 3.16 fM (S/N = 3, R? = 0.992), and the
linear range was from 10 fM to 1.0 nM. More importantly, the preparation process of this biosensor was
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1. Introduction

Quantitative detection of nucleic acid is of crucial importance
in many fields, including disease diagnosis, environmental
monitoring and forensic analysis.' > Therefore, a simple and
fast method is of great importance for nucleic acid detection.
Traditional detection strategies are the gold standard, such as
polymerase chain reaction (PCR),® polyacrylamide gel electro-
phoresis’ and blotting;® however, they are usually time con-
suming, high cost and complicated operation.

Atom transfer radical polymerization (ATRP) has been
receiving extensive attention due to the precisely controlled
molecular weight, narrow molecular weight distribution and
defined architecture in various fields.” Recently, electrochemi-
cally mediated ATRP (eATRP) is applied for biosensing. Hu
et al. reported a novel electrochemical DNA biosensor which
was based on surface-initiated eATRP, and it achieved ultra-
sensitive DNA detection.”® Subsequently, Sun and his co-
workers combined eATRP and DNA-templated silver nano-
particles (AgNPs) to realize dual amplification detection of
DNA." Simple operation and real-time monitoring of bio-
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simple and less laborious with a low background signal, suggesting good potential in practical applications.

molecules are the key points that need to be improved. eATRP
needs more labor, the background signal is high, and it will
take a long time if the samples are numerous.

Light is essential for the existence of mankind, and light-
induced reactions also attract extensive attention due to the
advantages of mild, affordable, easy operation and ubiquitous-
ness.’? Recently, photoinduced ATRP is widely applied in
materials and environmental science.”*™"> However, photoATRP
is rarely reported in the field of biomolecule detection.

Herein, a novel 12959-based photoATRP was reported for
the first time to achieve ultrasensitive DNA detection. In this
work, lung cancer DNA as target DNA (TDNA) was captured by
PNA, and the photoATRP initiator (a-bromophenylacetic acid,
BPAA) was linked to the electrode surface via phosphate-Zr**-
carboxylate. PhotoATRP was activated based on 12959 and Cu*"
under blue light irradiation. This method showed high sensi-
tivity, stability and specificity. More importantly, the operation
of this method was simple and the detection result in human
serum is also desired, indicating that this method possesses
certain practical potential in the future.

2. Experimental
2.1. Materials

6-Mercapto-1-hexanol (MCH), o-bromophenylacetic —acid
(BPAA),  2-hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-methyl-1-
propanone (photoinitiator, 12959), dimethyl sulfoxide (DMSO)
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and tris(2-dimethylaminoethyl)amine (MesTREN) were all
bought from Sigma-Aldrich (St Louis, MO). TE buffer (pH =
8.0), ferrocenylmethyl methacrylate (FMMA) and LiClO, were
purchased from Bide Pharmatech Ltd (Shanghai, China).
Potassium nitrate (KNO;), potassium bromide (KBr), potass-
ium hexacyanoferrate(n) (K4[Fe(CN)g]), potassium ferricyanide
(K3[Fe(CN)s]), copper(u) bromide (CuBr,) and human serum
were acquired from Yi-Ji Co., Ltd (Shanghai, China). All
reagents were of analytical grade, and ultrapure water (>18.25
MQ) used through the experiment was prepared from a
Millipore Milli-Q water purification system.

Thiolated peptide nucleic acid (PNA), target DNA (TDNA),
single base mismatched DNA (SBM), three base mismatched
DNA (TBM) and control DNA (CDNA) were all purchased from
Panagene Inc. (South Korea). The sequences of PNA, TDNA,
SBM, TBM and CDNA are listed in Table 1, and the mis-
matched bases are underlined.

30% H,0, and 98% H,SO, (1:3 in volume) were used to
freshly prepare piranha solution for chemically pretreating the
Au electrode. TE buffer was employed to dilute PNA, TDNA,
SBM, TBM and CDNA. 5.0 mM MCH (dissolved in 70%
ethanol) was used to displace the non-specifically adsorbed
PNA on the Au electrode surface. 5.0 mM ZrOCl, and 1.0 mM
BPAA were respectively dissolved in 10% and 15% ethanol. The
photoATRP cocktail was freshly prepared by adding 1 mL of
20 mM FMMA, 1 mL CuBr,, 1 mL Me,TREN, 1 mL 12959 and
1 mL DMSO into 5 mL of 0.1 kBr.

2.2 Apparatus

Cyclic voltammetry (CV) and square wave voltammetry (SWV) were
performed on a CHI 660 electrochemical workstation, and a satu-
rated calomel electrode (SCE), a Au electrode (2 mm in diameter)
and a platinum wire constituted this traditional three-electrode
system of the electrochemical workstation. Electrochemical impe-
dance spectroscopy (EIS) was carried out on an Autolab/
PGSTAT302N potentiostat/galvanostat (Eco Chemie, Netherlands).
The light was emitted by a 470 nm blue light which consisted of
20 LEDs, and the intensity was 4.0 mW cm™> (LIU470A,
Thorlabs). Atomic force microscopy (AFM) was conducted on a
Dimension Icon, and the scan size was 2 pm (Bruker Nano Inc.,
USA). The static water contact angle (WCA) was measured on a
droplet shape analyzer DSA100 (KRUSS, Germany).

2.3 Preparation of the electrochemical biosensor

The Au electrode needed to be pretreated, according to the pre-
vious literature."®” After that, 5 uL of 0.5 yM PNA was

Table 1 The sequences of PNA, TDNA, SBM, TBM and CDNA

Name Sequences

PNA 5'-SH-(CH,)1-(Olinker);-GAAGGGAGGAATGGTGTCAGG-
GGCG-3'

TDNA 5-CGCCCCTGACACCATTCCTCCCTTC-3'

SBM 5-CGCCCCTAACACCATTCCTCCCTTC-3'

TBM 5-CGCCCATGACACTATTCCTCGCTTC-3'

CDNA 5-TATTATCCGTCAGTGGAAAGGACCG-3'
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dropped on the electrode surface at 37 °C for 90 min, and sub-
sequently the electrode was washed with TE buffer. The modi-
fied electrode was immersed in 400 pL of 5 mM MCH at 37 °C
for 30 min. The electrode was rinsed with 70% ethanol and
ultrapure water. Afterwards, 5 pL TDNA was dropped onto the
electrode surface at 37 °C for 90 min. After being washed with
TE buffer, the electrode was immersed in 400 pL of 5 mM
ZrOCl, at 37 °C for 15 min and washed with 10% ethanol and
ultrapure water. Then, the electrode was incubated in 400 pL
of 1 mM BPAA at 37 °C for 30 min and washed with 15%
ethanol and ultrapure water.

The prepared electrode was immersed in the photoATRP
cocktail, followed by blue light irradiation at room tempera-
ture. After the photoATRP, the electrode was respectively
rinsed with DMSO and ultrapure water to remove the adsorbed
monomer.

The PNA/MCH/TDNA/Zr**/BPAA/FMMA-modified electrode
was detected with SWV, and the potential range of SWV was
from 0 V to 0.6 V.

3. Results and discussion
3.1 The mechanism of photoATRP in this DNA biosensor

The construction process of this electrochemical DNA bio-
sensor and mechanism of photoATRP are illustrated in
Scheme 1. In this biosensor, PNA was applied as the capture
probe of tDNA due to the neutral backbone without phosphate.
Then, the ATRP initiator (BPAA) was linked to the Au electrode
surface via coordination of Zr*" with the phosphate of TDNA
and carboxylate of BPAA. Under light irradiation, photoATRP
was activated.

The photoATRP can be classified into two photochemical
processes.'®'® One is the photoredox process, and the other is
the intramolecular process. In this work, the intramolecular
process was applied to initiate this polymerization reaction
based on the photoinitiator 12959. Under light irradiation, an
electron of the ground state of 12959 was excited from the
highest occupied molecular orbital (HOMO) into a higher
lying orbital via absorbing a photon. In the light of Kasha’s
rule, no matter which higher lying orbital was occupied, a
single excited state of 12959 would be generated due to the fast
thermal relaxation. The single excited state of 12959 would
produce two free radicals (R’, benzoyl and a-substituted alkyl
radicals) via homolytic cleavage.>® The R’ could readily reduce
Cu™ Br/L to Cu'/L, and photoATRP was activated (L is the
ligand of the copper atom). In the initiation of polymerization,
Cu'/L snatched the bromine atom of the ATRP initiator
(BPAA), while Cu®" Br/L and a primary radical (P,’) were gener-
ated. The regenerated Cu**Br/L was again reduced to Cu*/L. At
the same time, P," attacked the carbon-carbon double bond of
methyl methacrylate contained in FMMA, and the polymer
chain continuously grew.

In this intramolecular process, it is noted that benzoyl and
a-substituted alkyl radicals produced by 12959 might attack the
ATRP monomer. However, the formed R, could also reduce

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 The illustration of electrochemical DNA biosensor construction and mechanism of photoATRP.

the Cu®*" Br/L to Cu'/L. The excessive free radicals would
promote the polymerization.>®

3.2 Characterization of the electrode surface

Atomic force microscopy (AFM) analysis was applied to visual-
ize the electrode surface and quantitatively measure the
surface height and roughness (R,) before and after the
photoATRP on the gold chip. As shown in Fig. 1A, the surface
height and R, of the PNA/MCH/tDNA/Zr"*/BPAA-modified gold
chip were respectively 27.6 nM and 2.97 nM. After the
photoATRP, the surface height and R, respectively increased to
35.1 nM and 3.91 nM (Fig. 1B). The increased surface height
and R, indicated that photoATRP successfully occurred on the

5 »
Height Sensor

400.0 nm

gold chip, and the material on the surface of the gold chip
became dense after photoATRP which suggested the formation
of polymeric chains.

The water contact angle (WCA) was measured to investigate
the hydrophilicity and hydrophobicity of the modified material
on the gold electrode surface. If the material is hydrophobic,
the angle is more than 90°; if the angle is less than 90°, the
material is hydrophilic. The better the hydrophilicity of the
material, the smaller the water contact angle. As shown in
Fig. S1,T the angle of the bare electrode was 99.3° due to the
hydrophobicity of the Au electrode (Fig, S1at). After PNA was
immobilized on the electrode surface, the angle decreased to
65.3° (Fig. S1bt). The hydrophilic group (hydroxyl) of MCH led

Height Sensor 400.0 nm

Fig. 1 AFM 2D images of PNA/MCH/TDNA/Zr**/BPAA-modified (A) and PNA/MCH/TDNA/Zr**/BPAA/FMMA-modified gold chips.
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to the decrease of angle (54.6°, Fig. Sict). The angle further
decreased (50.9°, Fig. S1dt) after TDNA was added to the elec-
trode surface. This result was because the backbone of TDNA
contained a hydrophilic group (phosphate), and this result
also demonstrated the successful hybridization between PNA
and tDNA. The angle increased (61.1°, Fig. Slef) after Zr** was
linked to the electrode surface. This result was ascribed to the
coordination between Zr'" and phosphate which resulted in
the deterioration of hydrophilicity. The hydrophobic group
(phenyl) caused the further deterioration of hydrophilicity
after BPAA was attached to the electrode surface (66.8°,
Fig. S1ff). After photoATRP, numerous FMMA were introduced
to the electrode surface and the angle decreased (57.9°,
Fig. S1gt) which was because methyl methacrylate is more
hydrophilic than phenyl. This result also suggested that the
PphotoATRP was successful on the electrode surface.

3.3 Electrochemical characterization of the biosensor

SWV was applied to assess the feasibility of this electro-
chemical DNA biosensor on the basis of control experiments
in 1.0 M LiClO,, and the potential range was from 0 V to 0.6 V.
As shown in Fig. 24, if all reagents were present, an apparent
oxidation was observed at a potential of 0.3 V, and this poten-
tial value was in the oxidation potential range of ferrocene
(Fig. 2A, a). No obvious peak was observed if PNA was absent
from the biosensor which was because TDNA was not recog-
nized by PNA and the ATRP initiator was disabled to introduce
to the electrode surface, indicating that PNA was used as the
capture probe of TDNA which was the primary premise of this
biosensor (Fig. 2A, b). Likewise, if TDNA was not added to the
biosensor, no peak was seen which was observed from the
curve c of Fig. 2A. If BPAA was not present in this biosensor,
no peak was observed (Fig. 24, d). This result was because the
ATRP initiator was indispensable to photoATRP. If Cu** was
absent, no peak was seen (Fig. 24, e); especially, the radicals
produced by 12959 might also attack the ATRP monomer.
However, the polymer chains formed in the photoATRP cock-
tail were independent of the electrochemical detection signal.
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It is worth noting that a weak peak was observed when 12959
was absent from the biosensor (Fig. 2A, f). This result was pre-
sumably because less Cu'/L was produced from Cu®*'Br/L
under blue light irradiation."*?" No peak was seen if light was
absent, indicating that the light was essential for polymeriz-
ation (Fig. 24, g). A series of control experiments demonstrated
that this method was feasible.

CV was applied to characterize the modification method of
FMMA at different scan rates in 1.0 LiClO,, and the potential
range was from 0 V to 0.6 V. As shown in Fig. 2B, the anode
and cathode current respectively presented a good linear

relationship with different scan rates (10 mV s™*, 25 mV s/,

50 mV s~%, 75 mV s™', 100 mV s, 150 mV s~ ', 250 mV s 7,
500 mV s ', 750 mV s™', and 1000 mV s™'). This result
suggested that FMMA was immobilized on the electrode via a
strong force rather than adsorption and this redox was a
surface controlled process not a diffusion process.

EIS was usually used to monitor the construction process of
this electrochemical biosensor via a novel strategy in 5.0 mM
[Fe(CN)s**~ in 0.1 M KNO;, and the frequency range was
from 0.1 Hz to 100 kHz. The diameter of the semicircle rep-
resents the charge transfer resistance (R.;) in Nyquist plots. As
shown in Fig. 2C, the bare electrode showed a smallest R.. due
to the fast charge transfer between the electrode surface and
the solution (~190 Q, Fig. 2Ca). After PNA was immobilized
onto the electrode surface, the R, increased to ~231 Q which
was because a self-assembled molecular layer of PNA hindered
the charge transfer to a certain extent (Fig. 2Cb). The R.
further increased after MCH was added onto the surface due
to the denser self-assembled molecular layer (~579 €,
Fig. 2Cc). These results suggested that PNA and MCH were suc-
cessfully immobilized onto the electrode surface via Au-S
bonds. After TDNA was added into the electrode surface,
R increased to ~951 Q due to the repulsion caused by the
negative charge of the phosphate backbone of TDNA and
[Fe(CN)s]**", indicating successful formation of PNA/DNA
heteroduplexes (Fig. 2Cd). When Zr*" was added into this bio-
sensor, R, continuously increased (~1725 Q, Fig. 2Ce). This
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Fig. 2 (A) The SWVs of the PNA/MCH/TDNA/Zr**/BPAA/FMMA-modified electrode (a) and in the absence of PNA (b), TDNA (c), BPAA (d), Cu®* (e),
12959 (f) or light (g). Inset: the SWVs of b—g. (B) CVs of FMMA on the electrode surface at different scan rates in 1.0 M LiClO,4 (10 mV s™%, 25 mV s,
50 mV st 75 mV s7%, 100 mV s7%, 150 mV s, 250 mV s, 500 mV s7%, 750 mV s7%, and 1000 mV s72). Inset: the linear relationship between oxi-
dation currents and reduction currents and scan rates. (C) The EIS of the bare electrode (a), PNA-modified electrode (b), PNA/MCH-modified elec-
trode (c), PNA/MCH/TDNA-modified electrode (d), PNA/MCH/TDNA/Zr**-modified electrode (e), PNA/MCH/TDNA/Zr**/BPAA-modified electrode
(f), and PNA/MCH/TDNA/Zr**/BPAA/FMMA-modified electrode (g). Inset: the SWVs of a—f.
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result might be because the electrostatic attraction between
Zr*" and [Fe(CN)g]>™*~ led to the attachment of [Fe(CN)e]> 7/~
to PNA/DNA heteroduplexes, and previously attached [Fe
(CN)6]>™*~ and the [Fe(CN)s]*"*~ in solution would generate
electrostatic repulsion which caused the increase of R.. After
the ATRP initiator was added into the electrode surface, R
increased to ~2884 Q (Fig. 2Cf). The R, dramatically increased
after photoATRP, indicating that photoATRP was successful on
the electrode surface (~9176 Q, Fig. 2Cg). Moreover, these
results also implied the successful construction process of this
biosensor.

3.4 Optimization of conditions

To achieve the best analytical performance, the condition
optimization of photoATRP based on 12959 is necessary for
this analytical method. Firstly, the amount of 12959 was opti-
mized. As shown in Fig. 3A, the current signal increased with
the increase of 12959 concentration before 0.2 mM 12959 due
to the increase of R™ (benzoyl and a-substituted alkyl radicals)
produced by 12959. After that, the current decreased. This was
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because the superabundant R’(benzoyl and a-substituted alkyl
radicals) disturbed the photoATRP on the electrode surface.
Thus, 0.2 mM was used as the optimal concentration of 12959.

As shown in Fig. 3B, the current rapidly increased with the
increase of Cu®" before 0.1 mM Cu®’, followed by a slow
increase of current. 0.1 mM was selected as the optimal con-
centration of Cu®". The light time was an essential condition
of this analytical method. As shown in Fig. 3C, the current
signal increased with the increase of light time. 2 h was used
as the optimal time in this method.

3.5 The analytical performance

SWV was applied to assess the analytical performance of this
biosensor in 1.0 LiClO,, and the potential was from 0 V to 0.6
V. Under optimal conditions, different concentrations of TDNA
were detected from 1 nM to 0.01 pM. As shown in Fig. 4A, the
oxidation current of FMMA increased with the increase of
TDNA concentrations. From the calibration plots in Fig. 4B,
the logarithm of different TDNA concentrations and the
current signal showed a good linear relationship, and the
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(A) SWVs of the prepared electrodes towards different TDNA concentrations (1.0 nM, 0.1 nM, 10 pM, 1.0 pM, 0.1 pM, and 10 fM). (B) The cali-

bration plots between the current of FMMA and the logarithm of TDNA concentrations.
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Table 2 Comparison of this strategy with other strategies for ultra-
sensitive DNA detection

Method Linear range LOD Ref.
Fluorescence 2 nM to 150 nM 1.6 nM 22
Fluorescence 0.5 nM to 50 nM 0.20 nM 23
Fluorescence 0.1 nM to 10 nM 98.2 pM 24
Fluorescence 0 to 100 fM 50 fM 25
Electrochemistry 100 nM to 10 fM 10 fM 26

PCR 16 fM to 1.6 nM 4.3 fM 27
Electrochemistry 10 fM to 1.0 nM. 3.16 fM This work

linear regression equation was I (pA) = 1.502 log[TDNA/pM] +
4.346 (R* = 0.992) with a linear range from 10 fM to 1.0 nM. The
LOD was calculated to be 3.16 fM (S/N = 3). As summarized in
Table 2, the LOD of this method was lower than that of many
other methods. This was because polymerization would intro-
duce numerous electroactive probes which led to the dramatic
improvement of sensitivity. The operation of this method was
very easy and environment friendly to some extent.

3.6 The stability and repeatability of the biosensor

The prepared electrodes, that is, PNA/MCH/TDNA/Zr*"/BPAA/
FMMA-modified electrodes, were stored at 4 °C and the moist-
ure was saturated.”® The storage time was about two weeks.
The recovery of the current signal was 91.4%. This result indi-
cated that the stability of this biosensor was satisfactory.

Six intra-assays and inter-assays were respectively conducted
to evaluate the repeatability of this biosensor. The RSD was
respectively 3.6% and 4.9%. This result suggested that the
repeatability of this method was appropriate.

3.7 Specificity and practical application

The specificity of this biosensor was assessed via applying
SWV to detect SBM, TBM and CDNA, and the potential range
of SWV was from 0 V to 0.6 V in LiCl0,.>°*° The concen-
trations of all those DNA were 1.0 pM. The current signal of
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TDNA was compared with that of SBM, TBM and CDNA, under
the same experimental conditions. As shown in Fig. 5A, the
recoveries of SBM and TBM were respectively 33.7% and
19.7%, while the current signal of CDNA was close to the back-
ground signal. These results were because the mismatched
bases caused unfavorable hybridization between PNA and DNA
due to the high specificity of PNA. Therefore, the number of
phosphates of DNA decreased which directly led to the
reduction of the ATRP initiator, and the final current signal
dramatically decreased. These results indicated that this
photoATRP guaranteed a desired specificity of this biosensor.

10% normal human serum (NHS) was utilized to simulate
the human environment for evaluating the practical appli-
cation of this method.*"** The TDNA was diluted to 1.0 pM,
0.1 pM and 0.01 pM with 10% NHS, and the current signal
was respectively compared with that of 1 pM TDNA, 0.1 pM
TDNA and 0.01 pM TDNA diluted with TE buffer. As shown in
Fig. 5B, the recovery of the current signal was 96.4%, 95.6%,
and 94.1%. This result demonstrated that this method showed
a satisfactory practical application.

4. Conclusions

To sum up, a novel electrochemical DNA biosensor was
reported via 12959-based photoATRP. Free radicals were pro-
duced via homolytic cleavage of 12959 with the help of light,
and the free radicals reduced Cu®>" to Cu’. PhotoATRP was
started to graft numerous electroactive probes onto the elec-
trode surface. The LOD of this method was 3.16 fM (R* = 0.992),
and thus this method achieved high sensitivity for lung cancer
DNA. The specificity and stability of this method were both sat-
isfactory, and the detection result in normal human serum was
also desired. Different DNA sequences can be detected via
designing PNA sequences, and this strategy might be activated
under sunlight. Therefore, this photoATRP showed significant
potential in the field of biomolecule detection.

5
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Fig. 5 (A) SWV response of 1.0 pM TDNA, 1.0 pM SBM, 1.0 pM TBM and 1.0 pM CDNA. (B) SWV response of 1.0 pM, 0.1 pM and 0.01 pM in TE buffer

and 10% NHS.
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