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a b s t r a c t

Microarray technology has been widely applied in biomedical research. The key to microarray study is to

develop efficient immobilization method. In this study, we designed a new reversible microarray immo-

bilization method based on thiol-quinone reaction. A quinone-functionalized slide was fabricated through

H2O2 treatment of dopamine-coated slides. Various thiol-containing molecules can be anchored onto the

quinone-functionalized slides via thioether linker, which could be cleaved under H2O2 treatment to re-

generate quinone groups on the surface. The highly versatile approach can be widely used for immobi-

lization of various thiol-containing molecules.

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

Medica, Chinese Academy of Medical Sciences.

Microarray technology allows thousands of biological samples

to be screened on a planar surface rapidly and simultaneously. It

features a number of prominent advantages, such as paralleliza-

tion, miniaturization and automation. Through the development

of peptides [1], proteins and so on, microarray strategy has been

widely utilized to anchor DNAs [2], small molecules [3], peptides

[4,5] and proteins [6–10] for many biological applications including

protein functional annotation, inhibitor development, biomarker

discovery and disease diagnosis [11,12].

The success of microarray fabrication process heavily depends

on biomolecule immobilization. Researchers have spent tremen-

dous efforts in developing various efficient immobilization ap-

proaches for microarray fabrication. The immobilization strate-

gies can be broadly classified into two major types in terms of

noncovalent and covalent immobilization. Seminal examples of

noncovalent immobilization methods include the polyhistidine-

nickel nitrilotriacetate acid complex and the biotin-avidin inter-

actions [8,13]. On the other hand, numerous chemoselective re-

actions have been developed for covalent microarray immobiliza-

tion such as click chemistry, thiol-ene chemistry, Diels-Alder reac-
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tion and Staudinger ligation [14–17,21]. Recently we have also de-

veloped two robust immobilization methods based on biocompat-

ible reactions, i.e., cysteine/2-cyanobenzothiazole [18], and trans-

cyclooctene/tetrazine [19,20]. The first approach provides a conve-

nient tool for immobilization of peptides with N-terminal cysteine

residue. The latter immobilization method is extremely fast, and it

can immobilize proteins within a short time.

Despite these advancements, there is still a lack of reversible

immobilization methods, which can dramatically save the time and

costs during the microarray fabrication process [6]. This creates

an urgent need to develop novel reversible immobilization meth-

ods for further expansion of the microarray field. Recently, Trilla

et al. [21] has introduced an elegant and reversible immobiliza-

tion method based on the interaction between biarsenical dye and

tetracysteine motif. The method allows direct detection of the im-

mobilization process by monitoring fluorescence enhancement of

the biarsenical dye. It can also be used to immobilize proteins

directly from cellular lysates. Nevertheless, the method requires

multi-step synthesis of biarsenic dyes, which might restrict its

wide usage in biomedical applications.

In this study, we developed a new and facile reversible immobi-

lization method based on the reaction between thiol and quinone.

Our method takes advantage of a commercially available molecule
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Fig. 1. HPLC analysis of the reaction between quinone and thiol in PBS buffer (pH

7.4). (A) l-Dopa only (10 mmol/L); (B) l-Dopa was reacted with H2O2; (C) GSH (10

mmol/L) was reacted with quinone and formed GS-catechol; (D) GS-catechol was

reacted with H2O2 and quinone was regenerated.

named l-3,4-dihydroxyphenylalanine (l-Dopa). l-Dopa has been

found in mussel food proteins (Mfps), and it makes Mfps wet ad-

hesive by forming various physical and chemical crosslinking with

solid surface [22,23]. Due to its unique property, l-Dopa has been

widely used to design materials for different applications including

biosensing, drug delivery and biomedical adhesives [24,25]. In ad-

dition, l-dopamine can be oxidized into reactive quinone species,

which might induce neurotoxicity and cause Parkinson’s disease

[26–29].

In our approach, we first fabricated dopamine-functionalized

slides through standard procedure (Scheme 1). A quinone-

functionalized slide was subsequently obtained through H2O2 oxi-

dation process. Various thiol-containing molecules can be linked to

the quinone-functionalized slides via thioether linker, which could

be cleaved under H2O2 treatment to regenerate the quinone group

on the slide surface, thus enabling microarray immobilization in a

reversible manner.

To establish the method, we first carried out detailed HPLC

study on the model reaction between glutathione (GSH) and

quinone. Hydrogen peroxide was added to a solution of l-Dopa in

PBS buffer (pH 7.4), and the reaction was analysed by HPLC and

MS. As shown in Fig. 1, the peak of l-Dopa decreased when H2O2

reacted with l-Dopa. A new peak corresponding to quinone prod-

uct appeared (Fig. 1B and Fig. S4 in Supporting information). Sub-

sequently GSH was added to the quinone solution. The quinone

peak disappeared while a new peak with retention time of 11 min

appeared (Fig. 1C and Fig. S6 in Supporting information). The new

peak corresponds to the quinone-thiol adduct (GS-catechol). After

H2O2 was added for the second time, the GS-catechol peak disap-

peared and the quinone peak appeared again (Fig. 1D and Fig. S8

in Supporting information), indicating the thioether linkage is la-

bile when treated with H2O2. These results together proved that

the reaction between thiol and quinone is reversible through H2O2

treatment.

Encouraged by these results, we next explored whether this re-

versible reaction could be applied to microarray immobilization

study. Briefly, NHS functionalized slide was prepared following pre-

vious procedure [12]. The slide was then incubated with a l-Dopa

solution in NaHCO3 buffer (pH 8). After washing away the excess

reagent, the l-Dopa functionalized slide was treated with H2O2 to

produce quinone slides. Next, a cysteine-containing small molecule

FITC-SH was used as a model compound for immobilization study.

As shown in Figs. 2A and B, the fluorescence intensity gradually

Fig. 2. Time-dependent (A, B) and concentration-dependent (C, D) experiments of

quinone slide reacted with FITC-SH. For A and B, the slides were incubated with

FITC-SH (20 μmol/L) for 5, 10, 30, 60, 120 and 180 min respectively. For C and D,

the slides were incubated with various concentrations of FITC-SH (1, 5, 20, 50 and

100 μmol/L) for 3 h.

Fig. 3. (A) Reversible microarray immobilization of thiol-containing molecules on

the quinone slides. The quinone slides were treated with FITC-SH, H2O2, RhoB-SH

and H2O2 sequentially. (B) Relative fluorescent intensity of the immobilization ex-

periment at each step.

increased as the immobilization time increased. Around 2 h, the

fluorescence intensity plateaued, indicating that the reaction was

completed on the glass surface. On the other hand, concentration-

dependent experiments indicated that the slide started to saturate

around 20 μmol/L (Figs. 2C and D). For the negative control exper-

iment, the quinone slide was incubated with FITC–NH2 (Fig. S14

in Supporting information). No fluorescence was observed under

the same condition, indicating that no reaction occurred between

amine and quinone at PBS (pH 7.4). These results also demon-

strated that the reaction between qunione and thiol is highly

chemoselective and efficient.

We next investigated whether the thiol-quinone reaction could

be used to immobilize molecules in a reversible manner. Two com-

pounds, FITC-SH (Figs. S10 and S11 in Supporting information) and

RhoB-SH (Figs. S12 and S13 in Supporting information), were syn-

thesized and used for the reversible array immobilization experi-

ment. FITC-SH was first spotted onto the quinone slide and incu-

bated for 2 h. After washing with PBS buffer, the slide was scanned

at FITC channel. As shown in Fig. 3A, bright green fluorescence

could be observed, indicating successful immobilization of FITC-SH.

After treatment with H2O2, the slide was washed and scanned at

the same channel. No fluorescence signal was observed, indicat-

ing that the FITC-SH molecule was cleaved from the slide. Subse-

quently RhoB-SH was spotted on the reused slides and incubated

for 2 h. After washing with PBS buffer, the slides were scanned
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Fig. 4. (A) Structure of Sumo-1 protein. A cysteine residue (Cys-101) was intro-

duced on the C-terminus through site directed mutagenesis method; (B) SDS page

analysis of Sumo-1 protein (5, 10, 20 and 40 μmol/L, from left to right). (C) Fluo-

rescent gel analysis of Cy3-labeled Sumo-1 protein (5, 10, 20 and 40 μmol/L, from

left to right). (D) Microarray immobilization of Cy3-labelled Sumo-1. The protein

concentrations are 5, 10, 25, 50, 100 and 250 μmol/L respectively. Subsequently

the slides were treated with H2O2. (E) Plot of fluorescence intensity with in-

creasing concentrations of Sumo-1. (F) Peptides were immobilized onto microarray

for bromodomain interaction study. Kac-acetylation, Kprop-propionylation, K-non-

acylation.

Scheme 1. Schematic representation of the reversible microarray immobilization

approach based on thiol and quinone reaction.

through red channel. Bright red fluorescence could be observed,

demonstrating that RhoB-SH was efficiently linked to the glass

slide. After treating with H2O2, the red fluorescence disappeared,

signifying RhoB-SH was removed from the slides (Figs. 3A and B).

These experiments proved that the immobilization method is re-

versible, which could potentially provide a useful and economic

tool in the microarray field.

After proving that the method is suitable for immobilization

of small molecules, we next investigated whether this strategy

could be used for macromolecule immobilization, e.g., proteins.

As a proof-of-concept experiment, we select Sumo1 protein in

our model study. Sumo1 protein plays versatile roles in regulating

important cellular processes such as transcription regulation and

apoptosis [30]. We first mutate the C-terminal residue of Sumo1

(Val- to Cys-) to facilitate immobilization process (Fig. 4A). Subse-

quently we expressed, purified and fluorescently labelled the pro-

tein. After confirming mutated Sumo1 was successfully labelled by

fluorescent dye (Figs. 4B and C), we spotted various concentrations

of Sumo1 onto the quinone-modified slides. The protein was then

incubated with the slide for 2 h. After washing with 0.5% PBST,

the slide was scanned using a fluorescence scanner. As shown in

Figs. 4D and E, the fluorescence intensity increased when the con-

centration of Sumo1 increased. The slides started to get saturated

at 50 μmol/L of Sumo1. The result demonstrated that the quinone

slide is capable of immobilizing macromolecules. In addition, the

Sumo1 protein can be removed from the slide after treating with

H2O2 (Fig. 4D). Also, we utilized Sumo1 protein without mutation

as control (Fig. S15 in Supporting information), from the result, it

shows that the protein without mutation cannot be immobilized

on the quinone slide.

Furthermore, we also synthesized three histone-derived pep-

tides with different acylations and investigated their interactions

with bromodomains. Bromodomains have emerged as attractive

therapeutic targets for treating cancers [31]. As shown in Fig. 4F,

the peptides with propionylation and acetylation were able to in-

teract with bromodomains, whereas the peptide without acylation

showed no binding. The experimental results also prove that the

immobilization strategy can be used to fabricate peptide microar-

rays to investigate peptide/protein interactions.

In summary, we have successfully developed a reversible cova-

lent microarray immobilization strategy based on the thiol-quinone

reaction. The approach is highly versatile and can be used for im-

mobilizing thiol-containing molecules, e.g., small molecules, pep-

tides and proteins. It is noted that not every protein contains thiol

residues in the sequence. However, this problem could be solved

by protein engineering methods including site directed mutagen-

esis. Moreover, our slide can be reused and does not require the

synthesis of building blocks, making it highly economical and con-

venient. On account of the above-mentioned prominent character-

istics, it is envisioned that this reversible and versatile immobiliza-

tion approach will add new and useful tools for microarray-based

studies in the future.
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