
Chinese Chemical Letters 34 (2023) 107259

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

In situ fluorescence imaging of fungi via (1,3)-β-d-glucan aptamer and

tyramide signal amplification technology

Pengfei Zuo, Feng Gong, Yixia Yang, Xinghu Ji∗, Zhike He∗

College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072, China

a r t i c l e i n f o

Article history:

Received 10 November 2021

Revised 6 February 2022

Accepted 22 February 2022

Available online 25 February 2022

Keywords:

Fungi

(1,3)-β-d-glucan

Aptamer

Tyramide signal amplification

Fluorescence imaging

a b s t r a c t

Fungal infections are hazardous to human health that has drawn wide attention. In this work, a specific

and sensitive method combing the recognition of aptamer to (1,3)-β-d-glucan and tyramide signal ampli-

fication technology was proposed for the in situ fluorescence imaging of fungi. Fungi could be distinctly

observed by fluorescence microscope rapidly. This method provides morphology and diagnostic informa-

tion for identifying fungi. The combination of aptamer and tyramide signal amplification technology is a

promising tool for the detection of fungi, bacteria and even eukaryotic cell with the virtue of biomarkers.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fungal infections have aroused great concern due to their in-

creasing infection incidences and various types of pathogenic fungi

that threaten the human health [1]. Fungi are a class of microor-

ganisms that consist of a tough cell wall, a nucleus and complete

organelles. The cell wall of fungi is the main difference compared

with other cells, which comprises chitin, β-glucan, mannan, glyco-

protein and other polysaccharides and proteins. They act on main-

taining the normal growth and physiological functions of fungal

cells [2]. Thus, these biomolecules are potentially useful in iden-

tifying fungi.

As the diagnostic gold standards for many fungal infections,

culture-based methods possess high accuracy but low sensitiv-

ity and time-consuming procedures [3]. By contrast, fluorescence

imaging is a more rapid and simple technology than culture-based

methods. It could be applied in detecting biomolecules in living

cells [4,5]. Typically, optical brightener non-specifically binds to

polysaccharides of cell wall of fungi such as chitin and glucan. It

could emit strong blue fluorescence with the excitation of ultravi-

olet light that proves the existence of fungi [6]. However, cellulose

and other polysaccharides adhered to the human skin accidentally

disturb the diagnostic results. To handle this, fluorescent probes

specifically conjugating to the biomarkers of cell wall of fungi in-

stead of optical brightener are taken into account, which improve

the accuracy and specificity of fungi detection [7]. Recently, sev-

eral specific fluorescent probes have been developed for identifying
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fungi. Shao applied fluorescein-labeled chitinase binding to chitin

to diagnose fungal infections [8]. Baibek employed fluorescein con-

jugated antifungal polyene amphotericin B by binding to ergosterol,

a component that is specific to the fungal cell membrane, to iden-

tify microbial species in a co-culture of fungi and bacteria [9].

Glucans are water-insoluble structural cell wall components of

most fungi, plants and some bacteria. In the cell wall of fungi, the

primary constituent of glucans is (1,3)-β-d-glucan, which presents

the diagnostic criteria of invasive fungal infections. (1,3)-β-d-

glucan is a specific biomarker for fungi [10,11]. In the meanwhile,

aptamers are the artificial single-stranded DNA or RNA sequences

that fold into secondary and tertiary structures. They could bind

to certain targets with extremely high specificity such as small

molecules, proteins even single cells [12,13]. Compared with an-

tibodies, enzymes or other binding proteins, aptamers are more

stable, easily available and modifiable. Aptamers have been widely

applied in cell imaging, point-of-care diagnosis, precision medicine

and even tumor therapy [14–17]. And Low developed the (1,3)-β-

d-glucan aptamer for the detection of fungi [18]. Hence, the ap-

tamer specifically binding to (1,3)-β-d-glucan is potentially effi-

cient for identifying fungi.

For highly sensitive sensing of fungi, a signal amplification tech-

nology is introduced to combine with aptamers. Tyramide sig-

nal amplification technology (TSA) is a horseradish peroxidase

(HRP) mediated signal amplification method. It utilizes HRP to con-

vert a tyramide substrate into a reactive radical that covalently

tags neighboring proteins with the presence of hydrogen perox-

ide (H2O2) [19,20]. HRP is usually targeted to specific biomarkers

via conjugation to a protein or antibody for a signal amplification
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Fig. 1. (A) Procedure of preparation of aptamer-conjugated HRP. (B) Schematic il-

lustration of specific recognition of aptamer to (1,3)-β-d-glucan and tyramide signal

amplification technology for the identification of fungi.

[21]. TSA technology has been widely used in immunohistochem-

istry, fluorescence in situ hybridization, ELISA, and proteomic pro-

filing of cells for a higher sensitivity and accuracy [22–26].

In this work, taking advantage of aptamers specifically recogniz-

ing (1,3)-β-d-glucan and TSA technology, we developed a specific

and sensitive method for the in situ fluorescence imaging of fungi

(Fig. 1). The yeast from baking ingredients was selected as the

model of fungi. As shown in Fig. 1A, HRP was firstly modified with

dibenzocyclooctyne (DBCO). HRP-DBCO was then conjugated with

aptamer modified with azide at the 5′ end quickly and gently via

click chemistry [27]. One end of aptamer modified with HRP was

successfully assembled. And then aptamer-conjugated HRP bound

to the cell wall of yeast through the specific recognition of ap-

tamer to (1,3)-β-d-glucan. With the addition of biotinyl tyramide

and hydrogen peroxide, HRP could catalyze biotinyl tyramide into

biotinyl radical that tags neighboring proteins with biotin in a few

minutes [28]. Multiple Cy3-conjugated streptavidin were capable

of binding to yeast with a fluorescence signal simplification, which

was depicted in Fig. 1B. By the red fluorescence signal of multi-

ple Cy3, the existence and characteristic shape of fungi could be

observed by the fluorescence microscope with the excitation of

546nm. Based on the high specificity of aptamer and signal am-

plification of TSA technology, a specific and sensitive in situ fluo-

rescence imaging method was constructed to detect fungi with the

morphology information.

To verify the successful ligation of HRP with aptamer via click

reaction, UV–vis absorption spectra and zeta potentials were in-

vestigated. As shown in Fig. S1 (Supporting information), the UV

absorption spectrum of aptamer-conjugated HRP contained two

peaks at 259nm and 404nm, which represent the characteristic

UV absorption peak of aptamer at 258nm and HRP at 403nm. This

indicated the conjugation of aptamer and HRP. As Shown in Fig.

S2 (Supporting information), the zeta potential of HRP (−4.79 eV)

increased to −3.71 eV after the modification of DBCO. The zeta

potential of aptamer-conjugated HRP (−21.8 eV) was larger than

that of N3-aptamer (−29.4 eV) and smaller than that of HRP-DBCO

(−3.71 eV). These results also confirmed the successful ligation of

aptamer and HRP through click chemistry.

Meanwhile, yeast was incubated with aptamer-conjugated HRP

and centrifuged several times to remove the uncombined aptamer-

conjugated HRP. 3,3′,5,5′-Tetramethylbenzidine (TMB) liquid sub-

strate was then respectively added into yeast-HRP, supernatant of

Fig. 2. Fluorescence microscope images of yeast incubated with biotin-aptamer at

room temperature for different times (0.5 h, 1 h, 1.5 h, 2 h and 2.5 h). DAPI was at

365nm excitation. Cy3 was at 546nm excitation (Scale bar: 20 μm).

centrifugation and only yeast to demonstrate the combination of

aptamer-conjugated HRP with yeast. As shown in Fig. S3 (Support-

ing information), it was obvious that the color of supernatant grad-

ually changed from deep yellow to transparent (washing times: 1–

4 times), implying that free aptamer-conjugated HRP was removed.

The color of yeast-HRP turned from colorless to navy blue proving

the catalytic ability and existence of HRP, while the yeast with-

out incubation with aptamer-conjugated HRP remained colorless.

Above results revealed that aptamer-conjugated HRP successfully

bound to the yeast.

In order to visualize the fungi accurately, the incubation time of

yeast with aptamer was taken into account. The yeast was conju-

gated with biotin-aptamer for different times (0.5 h, 1 h, 1.5 h, 2 h

and 2.5 h). As shown in Fig. 2, nucleus labeled with 4′,6-diamidino-

2-phenylindole (DAPI) functionalizing as location of yeast emitted

blue fluorescence with the excitation of 365nm. With the increase

of labeling time (0.5–2h), most fungi were labeled with Cy3 and

emitted red fluorescence. Finally, 2 h was chosen as the optimized

incubation time.

Herein, TSA technology was introduced to increase the accuracy

and sensitivity of fluorescence imaging. With aptamer-conjugated

HRP recognizing (1,3)-β-d-glucan of yeast, biotinyl tyramide could

be catalyzed into biotinyl radical by HRP that tags neighboring pro-
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Fig. 3. Fluorescence microscope images of yeast incubated with aptamer-

conjugated HRP for 2h with TSA technology (Scale bar: 20 μm).

teins on the cell wall with biotin in the presence of hydrogen per-

oxide. Then, multiple Cy3-conjugated streptavidin bound to yeast

through high affinity for biotin with fluorescence signal amplifica-

tion. As shown in Fig. 3, with the location of yeast by DAPI, more

bright and intense red fluorescence of Cy3 could be observed. The

fluorescence microscope images of 2 h described the shape of yeast

preferably and confirmed the success of fluorescence signal ampli-

fication with less background interference. As a comparison, ap-

tamer conjugated with Cy3 in Fig. 2 without signal amplification

could not fully provide the morphology and diagnostic information

for identifying fungi. Moreover, even incubated for only 0.5 h (Fig.

S4 in Supporting information), the shape of yeast was clearly im-

aged, while in Fig. 2 almost no red fluorescence could be observed

of 0.5 h. With TSA technology, the incubation time could be greatly

reduced for an effective imaging.

To gain further insight into the specificity of aptamer to (1,3)-

β-d-glucan, a random DNA sequence was used to replace (1,3)-β-

d-glucan aptamer and the result was depicted in Fig. S5 (Support-

ing information). Different from (1,3)-β-d-glucan aptamer, almost

no red fluorescence could be observed with the addition of Cy3-

conjugated streptavidin in the field of fluorescence microscope, in-

dicating the specific interaction of aptamer with (1,3)-β-d-glucan.

Meanwhile, Escherichia coli, a typical symbol of bacteria, was se-

lected as the control group. As shown in Fig. S6 (Supporting infor-

mation), E. coli was incubated with DAPI for location. With the ad-

dition of Cy3-conjugated streptavidin, alomost no red fluorescence

could be observed. This demonstrated that bacteria was not be

recognized by (1,3)-β-d-glucan aptamer. Fungi could be detected

with (1,3)-β-d-glucan aptamer specifically even in the presence

of bacteria. Fluorescence spectrum was also carried out to prove

the specificity. As shown in Fig. S7 (Supporting information), the

fluorescence of 6-carboxyfluorescein-aptamer (FAM-aptamer) was

quenched in the presence of graphene oxide (GO), as GO could ad-

sorb dye-labeled aptamer via hydrophobic and π-π stacking in-

teractions [29,30]. The fluorescence of FAM-aptamer was recovered

with the addition of β-d-glucan, while in the presence of man-

nan, laminarin, glucose or d-trehalose dihydrate, the fluorescence

of FAM-aptamer was not recovered. This further demonstrated the

specificity of aptamer to (1,3)-β-d-glucan.

To evaluate the reliability and applicability of this proposed

fluorescence signal amplification method for the detection of

fungi, cultured candida albicans and saccharomyces cerevisiae were

tested. As depicted in Fig. 4, the ellipsoidal shapes of candida albi-

cans and saccharomyces cerevisiae could be significantly observed

by fluorescence microscope, indicating a great potential of the pro-

posed method for identifying fungi. The morphology and diagnos-

tic information of fungi were distinctly expressed by TSA technol-

ogy. Compared with other reported methods for fungi detection,

the combination of (1,3)-β-d-glucan aptamer and TSA technology

possesses high specificity and sensitivity. (Table S2 in Supporting

information). Thus, this method proved to be an effectively univer-

sal method for the detection of fungi.

Fig. 4. Fluorescence microscope images of candida albicans and saccharomyces

cerevisiae incubated with aptamer-conjugated HRP for 2h with TSA technology

(Scale bar: 20 μm).

In conclusion, this work demonstrated a specific and sensitive

in situ fluorescence imaging method for the detection of fungi. The

accurate and specific detection was attributed to the recognition

of aptamer to (1,3)-β-d-glucan. And with the advantageous of TSA

technology, fluorescence signal could be amplified greatly which

accelerates the procedure of observation and detection of fungi. By

the application of this method, the combination of aptamer and

TSA technology is a promising tool for the detection of fungi, bac-

teria and even eukaryotic cell with the virtue of biomarkers.
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