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a b s t r a c t

DNA-functionalized gold nanoparticles are one of the most versatile bionanomaterials for biomedical

and clinical diagnosis. Herein, we discovered that the performance of DNAzyme cleaving the substrate

is highly related to its length. This intriguing phenomenon only appears at the interfaces of DNA-

functionalized gold nanoparticles. We systematically investigated the causes of this phenomenon. We

conjectured that the DNAzyme with extended nucleotides that do not match its substrate strand is vul-

nerable to non-specific adsorption, electrostatic repulsion, and steric hindrance. Based on our improved

understanding of this phenomenon, we have successfully developed a highly sensitive and specific am-

plifiable biosensor to detect human apurinic/apyrimidinic endonuclease 1.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Gold nanoparticles (AuNPs) have been applied as sensors [1],

diagnostic tools [2] and drug carriers [3] in many aspects of chem-

istry, biology and medicine. AuNPs could be stabilized by thio-

lates using the gold-sulfur (Au–S) bond [4]. Oligonucleotides, pep-

tides and polyethylene glycol (PEGs) are easily attached to AuNPs

in this way [5]. The terminal sulfhydryl modification (HS-) in the

single-stranded DNA (ssDNA) is widely used to connect ssDNA

with AuNPs to form DNA-functionalized AuNPs [3,6-8]. However,

other involute interactions between ssDNA and AuNPs also exist.

The interactions include non-specific adsorption [9], electrostatic

repulsion [10], hydrophobic interactions [11] and specific bond-

ing between the gold and chemical groups of purine and pyrim-

idine rings in DNA bases [12-15]. These interactions may affect

the hybridization performance of oligonucleotides on functional-

ized AuNPs.

Many studies have pay attention to the covalent and non-

covalent forces between ssDNA and AuNPs [16,17]. One category

studied the interactions between ssDNA and bare AuNPs [18]. An-

other category focused on the HS-ssDNA functionalized AuNPs and

studied the interactions between non-sulfhydryl bases in the HS-

ssDNA and AuNPs [12,19-21]. However, few works investigated the

interactions between HS-ssDNA functionalized AuNP and its cor-
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responding analytes, such as functional nucleic acids. The inter-

action between the analytes and HS-ssDNA functionalized AuNPs

may cause unexpected results when dealing with analytes holding

different structures, limiting the application of AuNPs.

DNAzyme is a functional nucleic acid with several practical ad-

vantages compared with protein enzymes or ribozymes, includ-

ing easy preparation, easy modification, high chemical and ther-

mal stability [22,23]. Thus, DNAzymes often work as attractive,

amenable and adaptable biocatalysts to amplify labels or reporter

units, arousing the growing interest in many biosensing events [24-

28].

In this work, we found that DNAzymes with various lengths

behaved differently to cleave the HS-ssDNA substrate labelled on

AuNPs. As DNAzymes with different lengths are widely utilized in

solutions (without AuNPs) as molecular-recognition elements for

various biosensing platforms [29,30], this phenomenon may im-

pede their applications if one wants to combine these platforms

with AuNPs. Thus, we systematically studied the effects of elec-

trostatic repulsion, non-specific adsorption and steric hindrance on

the DNAzyme as the analyte to react with the HS-ssDNA function-

alized AuNPs. The results improved our understanding of the dif-

ference in DNAzyme cleavage rate at the AuNPs interface compar-

ing with that in the solution. Furthermore, using the novel prop-

erty of the DNAzyme, we successfully developed a highly sensitive

and selective biosensor to detect human apurinic/apyrimidinic en-

donuclease 1 (APE1).

https://doi.org/10.1016/j.cclet.2021.09.039

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Table 1

Part of oligonucleotide sequences used in this work.

Name DNA sequence (5′-3′)

Probe-1 HS-(T)14CACTAT/rA/GGAAGAGAT-FAM

Probe-2 BHQ-CACTAT/rA/GGAAGAGAT-FAM

DNAzyme-0 ATCTCTTCTCCGAGCCGGTCGAAATAGTG

DNAzyme-1 TAGAACCGAATTTGTGATCTCTTCTCCGAGCCGGTCGAAATAGTG

DNAzyme-2(5′T6) TTTTTTATCTCTTCTCCGAGCCGGTCGAAATAGTG

DNAzyme-3(5′T16) TTTTTTTTTTTTTTTTATCTCTTCTCCGAGCCGGTCGAAATAGTG

DNAzyme-4(3′biotin) ATCTCTTCTCCGAGCCGGTCGAAATAGTG-biotin

DNAzyme-5(5′biotin) biotin-ATCTCTTCTCCGAGCCGGTCGAAATAGTG

We used 8–17E DNAzyme as the model DNAzyme, which could

cleave a substrate strand in the presence of the cofactor Mn2+

[31]. The substrate strand (marked as probe-1, see the sequence

in Table 1) is a DNA-RNA chimeric sequence composed of an RNA

nucleotide flanked by two DNA domains. These two DNA domains

(green in Table 1) are binding regions of two arms of the DNAzyme

and contain 6 and 9 nucleotides (nt), respectively. The probe-1

was conjugated to AuNP through its 5′-HS. AuNP would quench

the 3′-carboxyfluorescein (FAM) fluorophore in probe-1 after the

conjugation. We also added a 14-nt poly-thymine spacer in probe-

1 to enhance its accessibility to the DNAzyme. After constructing

the HS-ssDNA-functionalized AuNPs, TEM was used to character-

ize the bare and functionalized AuNPs (Figs. S1A and B in Sup-

porting information). Both the bare and functionalized AuNPs were

uniformly distributed in the solution with an average diameter of

20 nm. The absorption peak at 260 nm of DNA and redshifted char-

acteristic peaks after functionalizing AuNPs with DNA proved that

the substrate was successfully conjugated (Fig. S1C in Supporting

information).

When reacting with the functionalized AuNPs, which were con-

jugated with hundreds of probe-1 strands, the DNAzyme could

cleave a probe-1 strand, releasing two short fragments. Then, the

DNAzyme would dissociate from the fragments to hybridize and

cleave another probe-1 strand. When the FAM-labelled fragment

departs from the surface of the AuNP, the fluorescent signal would

be recovered. Therefore, the fluorescent signal will continue to in-

crease during the DNAzyme cleavage, and the rate of fluorescence

increase could reflect the cleavage rate of the DNAzyme.

As previously reported [31], the original 8–17E DNAzyme

(marked as DNAzyme-0, see the sequence in Table 1) worked

well to generate fluorescent signals using the above principle. In

DNAzyme-0, the arms (the green part in the DNAzyme in Fig. 1

and Table 1) perfectly match probe-1. We added 16 extended bases

that do not match probe-1 (the black part in the DNAzyme in

Fig. 1 and Table 1) to the 5′-end of DNAzyme-0 to form DNAzyme-

1 (see the sequence in Table 1). To our surprise, the fluorescent

signal generated by DNAzyme-1 cleavage was significantly lower

than that by DNAzyme-0.

To avoid the potential second structure forming in the

longer DNAzyme with extended bases, we designed another two

DNAzymes by adding 6 or 16 thymines at the 5′-end of DNAzyme-

0 to obtain DNAzyme-2(5′T6) and DNAzyme-3(5′T16) (Fig. 2A). The
fluorescent signals generated by DNAzyme-2 and -3 cleavage with

AuNPs were also much lower than DNAyzme-0 (Fig. 2B). And the

DNAzyme-3 with a longer 5′ length had a lower reaction rate.

To exclude the influence of AuNPs, we added a small molecule

quencher (BHQ-1) at the 5′-end of the DNAzyme substrate strand

to form probe-2 (see the sequence in Table 1). In the intact probe-

2, FAM is quenched by BHQ-1. After DNAzyme cleavage, FAM and

BHQ-1 will depart from each other to release the fluorescent sig-

nal. As shown in Fig. 2C, the fluorescent signal generated by all the

DNAzymes was similar when they reacted with probe-2 without

Fig. 1. (A) Schematic illustration of the phenomenon of the length-regulated

DNAzyme reaction rate difference. (B) The fluorescence responses of the DNAzyme-

0 and DNAzyme-1 to probes on AuNPs. The biosensor without any DNAzyme was

used as the blank.

AuNPs. These results indicated that the length-regulated DNAzyme

reaction rate difference might result from the interactions between

HS-ssDNA functionalized AuNPs and DNAzymes.

Toward this difference, we first suspected that it was caused

by electrostatic repulsion. Due to the polyanionic characteristic of

the phosphate backbone, DNA is usually negatively charged [18].

AuNPs also tend to be negatively charged with the anion lig-

ands around the surface of AuNPs [32]. Therefore, to achieve suc-

cessful hybridization with probe-1, the DNAzyme must overcome

electrostatic repulsion forces between the DNAzyme and function-

alized AuNPs. The salt is often used to screen the charge re-

pulsion [33]. In the above experiment, NaCl in the solution was

200 mmol/L. As the salt concentration gradually increased, the

relative cleavage rates of DNAzymes-2 and -3 also gradually rise,

and the relative cleavage rate of DNAzyme-2–5′T6 reaches the

platform at 400 mmol/L (Fig. 2D and Fig. S2A in Supporting in-

formation). These results indicated that NaCl helped the longer

DNAzymes overcome electrostatic repulsion forces. However, the

cleavage rates of DNAzyme-2 and -3 only recovered to 58% and

44% of the cleavage rate of DNAzyme-0, even with 500 mmol/L

NaCl (Fig. 2D and Fig. S2A). Therefore, electrostatic repulsion was

not the only interaction between the DNAzyme and AuNPs.

Another possible interaction between the DNAzyme and AuNPs

may be non-specific adsorption. Adsorption of the DNA bases on

AuNPs could even inactivate the hybridization function of the DNA

[34]. With extended nucleotides, the DNAzyme could be easier to
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Fig. 2. (A) Schematic illustration of the three DNAzymes. (B) The fluorescence responses of the DNAzyme-2 and DNAzyme-3 to substrates on AuNPs. (C) The fluorescence

responses of the DNAzyme-2 and DNAzyme-3 to substrates in solution. (D) The relative rates of fluorescence increase of the DNAzyme-2 and DNAzyme-3 with different

NaCl concentrations. (E) The relative rates of fluorescence increase of the DNAzyme-2 and DNAzyme-3 with different treatment. The relative rate means the ratio of the

fluorescence increase rate of each variant DNAzyme to DNAzyme-0 under the same conditions. The fluorescence responses of DNAzyme-0 under different conditions can be

found in Fig. S2 (Supporting information). Error bars show the standard deviation of three experiments in all the figures.

be adsorbed by AuNPs. Thus, the longer DNAzyme cannot readily

hybridize with probe-1 on AuNPs, resulting in a low cleavage rate.

To confirm this hypothesis, we adopted a small-molecule blocking

agent, 6-mercapto-1-hexanol (MCH), to block the adsorption site

on AuNPs. As previously reported, an MCH monolayer on AuNPs

could prevent the contact between the DNA bases and AuNPs

[21,35,36]. Therefore, MCH treatment before adding the DNAzyme

could minimize the influence of non-specific adsorption. The re-

sults showed that the relative cleavage rate of DNAzyme-2 and

-3 increased about 2.61 and 3.27 times after MCH treatment (un-

der MCH treatment v.s. without any treatment in Fig. 2D). We also

tried to use NaCl treatment and MCH treatment at the same time.

The cleavage rate of DNAzyme-2 and -3 increased about 4.1 and

4.8 times after MCH treatment (under MCH and NaCl treatment

vs. without any treatment in Fig. 2E and Fig. S2B in Supporting

information). At the same time, the relative cleavage rates of the

DNAzyme-2 and -3 recovered to 86% and 61% under MCH and

500 mmol/L NaCl treatment.

HS-ssDNA functionalized AuNPs own a relatively high charge

and create an electrostatic exclusion zone (Fig. S3 in Supporting

information). The extended bases on the longer DNAzyme make

them harder to get into the zone than DNAzyme-0. Even if a part

of the longer DNAzyme gets into the exclusion zone by chance,

non-specific adsorption will prevent them from generating fluo-

rescent signals. For DNAzyme-0, the hybridization energy with the

substrate strand is more significant than the adsorption energy

with AuNPs. And DNAzyme-0 prefers to bind with the substrate.

For the longer DNAzyme, the extended mismatched bases provide

more adsorption sites and make the adsorption energy more sig-

nificant than the hybridization energy. Thus, only a tiny part of

longer DNAzymes could bind with the substrate strands and could

not produce enough cleavage.

We also probed the steric effect by chemically modifying

DNAzyme-0 with a biotin molecule at the 3′-end and 5′-end to

form DNAzyme-4(3′biotin) and DNAzyme-5(5′biotin) (Fig. S4 in

Supporting information). This biotin modification has little influ-

ence on the cleavage rate. Furthermore, a sizeable streptavidin (SA)

was introduced through the strong streptavidin-biotin interaction

to increase the steric hindrance. As shown in Fig. S4, DNAzyme-

4(3′biotin) activity decreased more than a half compared with

DNAzyme-0, and DNAzyme-5(5′biotin) activity did not change. As

3′-biotin is close to the surface of AuNPs and 5′-biotin is not, the

results suggesting the steric hindrance on the surface of AuNPs will

also affect the performance of DNAzyme. Thus, as the extended

bases may cause more steric hindrance, the cleavage rate of longer

DNAzyme may be affected. The influence of the probe density on

AuNPs was also discussed in Fig. S5 (Supporting information).

The above results indicate that the length-regulated DNAzyme

reaction rate difference is probably caused by electrostatic repul-

sion, non-specific adsorption and steric hindrance simultaneously.

Once increasing the number of extended mismatched bases, non-

specific adsorption, electrostatic repulsion and steric hindrance will

dominate the interactions between the DNAzyme and HS-ssDNA

functionalized AuNPs and prevent DNAzyme from working. Further

verification and universality of the phenomenon were discussed in

Figs. S6 and S7 (Supporting information), respectively.
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Fig. 3. Schematic illustration of rational design of the biosensor for APE1 detection.

Our mechanistic model suggests that the effects of electrostatic

repulsion, non-specific adsorption and steric hindrance on different

analytes shall be considered when designing functionalized AuNPs-

based biosensors or functional devices. Here, we demonstrate that

our improved understanding of the interactions between AuNPs

and the analyte could be used to design the biosensor for APE1

detection rationally.

APE1 plays a critical role in the base excision repair (BER) path-

way of DNA lesions to maintain genome stability [37,38]. It is also

involved in regulating cellular responses to oxidative stress con-

ditions [39]. Abnormal expression/localization of APE1 has been

found in tumour cells [40]. APE1 specifically incises the phospho-

diester immediately 5′ to the apurinic/apyrimidinic site (AP site)

in the double-stranded DNA (dsDNA) and generates a short DNA

strand [41,42].

As shown in Fig. 3, the dsDNA substrate of APE1 was formed

by P1 and P2. P1 consists of three regions. At P1’s 5′-end is the

poly-T region composed of 14 T bases (black in Fig. 3). In the mid-

dle of P1, there is the dsDNA region (yellow) to hybridize with P2.

The DNAzyme region is set at the 3′-end of P1 (green). The AP site

is designed between the dsDNA region and the DNAzyme region.

P2 can hybridize with P1’s dsDNA region to form a structure with

two bases protruding from the AP site. As we previously reported

[43], APE1 has the best activity on the substrate with this struc-

ture. The P1/P2 duplex is vulnerable to non-specific adsorption,

electrostatic repulsion and steric hindrance of the functionalized

AuNPs due to the long poly-T and the rigid dsDNA region, resulting

in a slow cleavage rate of the DNAzyme in P1/P2. In the presence

of APE1, APE1 will digest the AP site and release the free DNAzyme

(DNAzyme-0). The free DNAzyme could cleave the substrate strand

on AuNPs to generate fluorescent signals. Thus, the rate of fluo-

rescence increase reflects the amount of APE1. Agarose gel elec-

trophoresis was carried out to verify the hybridization between P1

and P2 and the hydrolysis behaviour of APE1 to the P1/P2. In addi-

tion, agarose gel electrophoresis also confirmed our biosensor de-

sign with AuNPs for APE1 detection. A detailed discussion could be

found in Fig. S8 (Supporting information).

Figs. 4A and B showed that the biosensor could rapidly re-

spond to APE1 at different concentrations with a linear range from

0.0002 U/mL to 5 U/mL and the detection limit of the method

was 0.0002 U/mL. It is more sensitive than most of the methods

for APE1 detection. Our biosensor’s high sensitivity could be at-

tributed to the background suppression based on non-specific ad-

sorption, electrostatic repulsion and steric hindrance without APE1

and the signal amplification of the functionalized AuNPs with free

DNAzyme. Fig. 4C summarizes the selectivity of the biosensor for

APE1 against other possibly coexisting nucleases. APE1 aroused a

Fig. 4. (A) The fluorescence responses of the biosensor with APE1concentrations

from 0 to 5 U/mL. (B) The linear relationship between the rate of fluorescence in-

crease and the APE1 concentration. (C) The selectivity of the biosensor with to APE1

over other enzymes. The biosensor without any enzyme was used as the blank. (D)

The linear relationship between the rate of fluorescence increase and the Hela cell

number.

strong fluorescence response, and other enzymes with the same

concentration as APE1 only generate a neglectable fluorescent sig-

nal. We further applied the proposed biosensor to measure en-

dogenous APE1 in human cervical cancer cell lysates (HeLa cells).

The cell lysate was obtained from about 106 HeLa cells/50 μL. We

diluted the cell lysate with different folds to test the APE1 in the

sample. We found that the fluorescence increase rate was highly

related to the dilution fold (Fig. S9 in Supporting information), and

it exhibited a linear correlation with the dilute fold from 4 × 105

to 4 × 104 (corresponding to 1 to 10 cells in the reaction system

with 20 μL, Fig. 4D). Thus, the method can be used to detect APE1

in biological samples with a single-cell level.

HS-ssDNA functionalized AuNP is frequently used to assemble

various DNA nanosensors or nanodevices. However, the interaction

of the analyte with AuNPs has often been overlooked. In this work,

we systematically probed the effects of non-specific adsorption,

electrostatic repulsion, and steric hindrance on the DNA analyte

by monitoring the cleavage rates of the DNAzymes with different

lengths. The results revealed critical roles of non-specific adsorp-

tion, electrostatic repulsion, and steric hindrance, which should

be carefully evaluated for designing and modulating AuNPs-based

biosensors or functional devices. We also successfully adopted

these findings to rationalize the design of amplifiable biosensors

for biomarker detection. The designing and validating of the APE1

detection biosensor suggest that the improved understanding of

the interaction between the analyte and HS-ssDNA functionalized

AuNPs may promote the development of biosensors and nanode-

vices in the future.
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