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Poly(ADP-ribose) polymerase-1 (PARP-1) plays an important role in DNA repair and apoptosis. The 

enzyme has been regarded as the biomarker for many diseases including cancer. Therefore, simple, 

sensitive and rapid detection of PARP-1 is of great significance for early diagnosis and medical 

treatment. Electrochemistry-based biosensors have attracted much attention due to their low cost, 

simple operation, rapid response and high sensitivity. In this work, we summarized the electrochemical 

strategies for determining PARP-1 activity and screening the potential inhibitors. 
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1. INTRODUCTION 

Poly(ADP-ribose) polymerase-1 (PARP-1) is a multifunctional enzyme for protein 

modification, which exists in eukaryotic cells and plays an important role in DNA repair and apoptosis 

[1-3]. The enzyme is believed to be the biomarker and target for diagnosis and treatment of lung, 

breast, ovarian and other cancers [4-7]. Therefore, simple, sensitive and rapid detection of PARP-1 is 

of great significance for early diagnosis of cancers and discovery of novel anti-cancer drugs.  

PARP-1 could be activated when interacting with the damaged DNA. The activated PARP-1 

can cleave β-nicotinamide adenine dinucleotide (NAD+) to produce adenosine diphosphate (ADP) 

ribose and nicotinamide. During the enzymatic reaction, ADP-ribose is covalently linked to the 

receptor proteins such as histone, transcription factor and PARP-1 itself, thus achieving the 

ribosylation of proteins. The numerous ADP-ribose units can be polymerized into linear or branched 
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poly(ADP-ribose) (PAR) polymers, in which PAR-ribose units less than 200 in length are located in 

the linear region of the polymer and those with a length of 20-50 are located in the branching domain 

(Fig. 1) [8]. The resulting polymers change the size and charge of receptor proteins, thereby initiating 

the regulation and repair of DNA lesion. NAD+ or its analogue is commonly used as the substrate for 

PARP-1 assay and inhibitor screening. High performance liquid chromatography and immune array 

often require anti-PAR antibody to detect the formation of PAR polymers [9, 10]. The methods are 

time-consuming and expensive and/or need complex derivatization processes. Recently, colorimetry, 

fluorescence, electrochemistry, photoelectrochemistry, QCM and ATR-FTIR attenuated total reflection 

spectrometry have been widely reported for the assays of PARP-1 [11-23]. For instance, NAD+ can be 

adsorbed on the nanoparticle surface to prevent the salt-induced aggregation of AuNPs. PARylation 

led to the cleavage of NAD+ molecules, thus promoting the salt-induced aggregation and color change 

of AuNPs and allowing for the detection of PARP-1 [18]. In addition, the dispersed hemin-graphene 

nanocomposites can catalyze the chromogenic reaction of tetramethylbenzidine by hydrogen peroxide. 

The salt (NaCl) can trigger the aggregation of hemin-graphene nanocomposites, thus depressing their 

peroxidase-like activity. The resulting PAR polymers can be adsorbed on the surface of hemin-

graphene nanocomposites to protect their aggregation and facilitate colorimetric detection of PARP-1 

[15]. The fluorescence of cationic conjugated polymer can be quenched by MnO2 nanosheets; Wu and 

co-workers found that the PAR polymers can be adsorbed on the surface of positively charged MnO2 

nanosheets, thus leading to the release and follow-up fluorescent recovery of PFP [13]. Recently, 

Wei’s group reported a spectral-resolved single-particle biosensor for PARP-1 assay using dark-field 

microscopy (DFM) (Fig. 2). AuNPs with a size of 50 nm (Au50) were modified with DNA duplexes as 

the scattering probes. The produced Au50-dsDNA@PAR allowed for the adsorption of the positively 

charged AuNPs (8 nm). The resulting Au50-dsDNA@PAR@Au8 exhibited a remarkable red shift, 

which is accompanied by the color change. Among these techniques, electrochemical biosensors have 

attracted much attention due to their low cost, simple operation, rapid response and high sensitivity 

[24]. In this work, we summarized the electrochemical strategies for determining PARP-1 activity and 

screening the potential inhibitors. 
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Figure 1. Schematic illustration of the catalyzed reaction by PARP-1 and the interaction between 

boronic acid derivates and ADP-ribose units. Reprinted with permission from reference [8]. 

Copyright 2021 Elsevier. 
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Figure 2. Schematic diagram for SPD and imaging of PARP-1 under DFM; (A) synthesis process of 

Au50-dsDNA@PAR; (B) assembly of Au50-dsDNA@PAR and Au8; (C) diagram of single-

particle assay for PARP-1 activity by using DFM. Reprinted with permission from reference 

[19]. Copyright 2020 American Chemical Society. 

 

 

2. ELETROCHEMICAL METHODS FOR PARP-1 DETECTION 

Both the linear and branched PAR polymers contain large numbers of negatively charged 

phosphate groups, which facilitated the electrostatic interaction on the sensing interface or with 

electroactive molecules. For this view, many electrochemical strategies have been developed for 

PARP-1 detection. For instance, Xu and co-workers designed an electrochemical biosensor for the 

assay of PARP-1 and evaluating the inhibition efficiency based on the enzyme-initiated self-
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polymerization glycosylation reaction [25]. As shown in Fig. 3, the DNA probe modified on electrode 

surface with the G-quadruplex structure can bind and activate PARP-1, thus catalyzing the production 

of negatively charged PAR polymers from NAD+. The resulting PAR polymers facilitated the 

accumulation of positively charged hexaammineruthenium(III) chloride (RuHex) to produce a strong 

electrochemical signal. The linear range for PARP-1 detection was 0.01 ~ 1 U/mL with a detection 

limit of 3 mU/mL (Table 1). After that, they developed a label-free electrochemical biosensor for 

PARP-1 detection based on the electrostatic interaction between negatively charged PAR polymer and 

positively charged aminated mesoporous silica films (NH2-MSFs) [26]. The PAR product adsorbed on 

the surface of NH2-MSFs prevented [Fe(CN)6]
3−/4− from approaching to the ITO electrode. As a result, 

the electrochemical signal was weakened. The linear range for PARP-1 detection is 0.01 ~ 1.2 U/mL. 

The detection limit was found to be 5 mU/mL. The method can be applied to evaluate PARP-1 

inhibitor and determine PARP-1 in serums and tumor cell lysates. Liu et al. reported that the double-

stranded DNA (dsDNA) can bind to PARP-1 and catalyze the formation of PAR polymer [27]. The 

activity of PARP-1 can be determined by electrostatic deposition of positively charged polyaniline on 

its surface. By measuring the reduction peak of deposited polyaniline, PARP-1 has been determined in 

the linear range of 0.005 ~ 1 U/mL with a detection limit of 2 mU/mL.  

 

 
 

Figure 3. Schematic illustration of a stable and reusable electrochemical biosensor for poly(ADP-

ribose) polymerase and its inhibitor based on enzyme-initiated auto-PARylation. Reprinted 

with permission from reference [25]. Copyright 2016 American Chemical Society. 

 

The organic reaction is not only affected by its own structure, activity and reaction conditions, 

but also closely related to the external environment such as the host-guest effect. For this 

consideration, Zhou et al. reported an electrochemical method for PARP-1 assay through the host-

guest reaction [28]. In this work, β-cyclodextrin was immobilized onto the electrode surface for the 

attachment of trans azobenzene-labeled dsDNA. PARP-1 could catalyze the hydrolysis of NAD+ to 

synthesize PAR polymers. Then, MoO4
2- was captured by the surface-rich PO4

3- groups, thus 

generating a strong electrochemical signal. This strategy shows no non-specific adsorption and at the 

same time improved the detection sensitivity. After UV irradiation, azobenzene changed from trans to 

cis configuration and then released from the electrode. The linear range for PARP-1 analysis was 0.01 

~ 1 U/mL, and the detection limit was 8 mU/mL. Wang and co-workers proposed a specific and 
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efficient electrochemical method for PARP-1 assay using different peptide templates and copper 

nanoparticles (CuNPs) arrays [29]. Peptide containing guanidine groups was used as the reducing 

agent for the preparation of CuNPs. Moreover, the guanidine groups on the surface of CuNPs bound 

with phosphate groups of PAR polymers. PARP-1 has been successfully determined by measuring the 

oxidation signal of CuNPs. 

 

Table 1. Analytical performances of various methods for PARP-1 detection. 

Method Signal reportor Linear range  Detection limit Ref. 

Colorimetry NAD-protected gold 

nanoparticles 

0.43-1.74 nM 0.32 nM [18] 

Colorimetry CTAB-coated GNRs 0.05–1.0 U 0.006 U [17] 

Colorimetry hemin-graphene nanocomposites 0.05–1.0 U 0.003 U [15] 

Fluorescence  CCP and scGFP 1-45 nM 1 nM [21] 

Fluorescence CCP and MnO2 nanosheets 0.024-1.2 nM 0.003 nM [13] 

Fluorescence TOTO-1 0.02–1.5 U 0.02 U [14] 

PEC CCP 0.01-2 U 0.007 U [30] 

QCM CTAB-coated GNRs 0.06-1.2 nM 0.04 nM [20] 

Electrochemistry FcBA 0.1-50 U 0.1 U [8] 

Electrochemistry Positively charged [Ru(NH3)6]
3+ 0.01-1 U 0.003 U [25] 

Electrochemistry Polyaniline deposition 0.005-1.0 U 0.002 U [27] 

Electrochemistry Artificial nanochannels  0.05-1.5 U 0.006 U [22] 

Electrochemistry Mesoporous silica films 0.01-1.2 U 0.005 U [26] 

Electrochemistry PMo12O40
3- 0.01-1.0 U 0.008 U [28] 

 

 

The PAR polymers contain both numerous phosphate groups and cis-diol moieties in the ribose 

units. Phenylboronic acid and its derivatives can form five or six membered borate ester compounds 

with cis-diol derivatives. Such an interaction is often used for the separation and purification of diol-

containing biomolecules [31-35]. We found that ferrocenylboronic acid (FcBA) and 

mercaptophenylboronic acid (PBA) could bind to cis-diol moieties in the ADP-ribose units to form 

borate ester compounds (Fig. 4) [8]. Once PARP-1 was captured by the dsDNA-modified magnetic 

beads (MBs), auto-PARylation was initiated and the PAR polymers consisting of abundant ribose units 

were covalently bound to FcBA or MPBA molecules. The sequestration of FcBA or MPBA by the 

PAR-covered MBs resulted in the decrease of electrochemical signal or the prevention of MPA-

triggered AuNPs aggregation. The oxidation current and adsorption intensity are related to the 

concentration and activity of PARP-1. The linear range of both electrochemical and colorimetric 

method was found to be 0.1 ~ 50 U. 
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Figure 4. Schematic illustration of magnetic-based electrochemical and colorimetric strategies for 

PARP-1 detection by sequestrating FcBA or MPBA. Reprinted with permission from reference 

[8]. Copyright 2021 Elsevier. 

 

 
 

Figure 5. Schematic representation of the sensing process of amplified QCM biosensor based on 

GNRs. Reprinted with permission from reference [20]. Copyright 2019 American Chemical 

Society. 

 

Moreover, Yang et al. developed a quartz microbalance method to determine PARP-1 activity 

by the signal amplification of gold nanorods (GNRs) [20]. As shown in Fig. 5, PARP-1 was activated 

by the dsDNA to hydrolyze NAD+ and form the hyperbranched PAR polymers. Although quartz 

microbalance is sensitive to mass, it is still not enough to detect PAR polymer effectively. However, 

the sensitivity has been improved by the binding of GNRs. The linear range of this method is 0.06 ~ 3 

nM, and the detection limit is 0.04 nM. 
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As an alternate electrochemical technology, photoelectrochemical (PEC) biosensors, 

integrating the merits of biological and optical assays, have been widely concerned in the field of 

biosensing [36]. The background signal of PEC biosensors is low due to the separation of excitation 

source and detection signal. For this consideration, Liu’s group developed the first PEC biosensor for 

PARP-1 detection [30]. In this work, the positively charged poly[9,9-bis(6’-N,N,N-

trimethylammonium)hexyl]fluorenylene phenylene (PFP) with good PEC property was captured by the 

PAR polymer through the electrostatic interaction. The photocurrent changed linearly with the increase 

of PARP-1 concentration in the range of 0.01 ~ 2 U. The detection limit was found to be 0.007 U. 

 

 
Figure 6. Mechanistic model of PARP1-dependent PARylation derived by time-resolved ATR-FTIR 

spectroscopy. Reprinted with permission from reference [11]. Copyright 2020 Nature. 

 

 

4. CONCLUSION 

 

In summary, the work summarized the electrochemical methods for PARP-1 detection. After 

binding to the DNA probe on the electrode surface, PARP-1 can be activated to generate the PAR 

polymers in PARP-1 itself. Based on the electrostatic interaction or the boronate ester covalent bond, 

the resulting PAR polymers can be monitored by different electrochemical techniques. The developed 

methods are sensitive and interesting. However, the dissociation and inactivation of PARP1 after 

PARylation should be investigated for the design and application of novel PARP-1 biosensors since 

the dissociation of auto-modified PARP1 from DNA was monitored by ATR-FTIR spectroscopy (Fig. 
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6). Moreover, electrochemical technique may provide a platform to monitor the enzymatic process and 

reveal the mechanism of PARP1-dependent PARylation. 
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