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a b s t r a c t

A wavelength-dependent three-dimensional (3D) superlocalization imaging method on gold nanois-

lands (GNIs) chip was developed as a supersensitive single-molecule thyroid-stimulating hormone (TSH)

nanobiosensor. Scattered and fluorescent signals from gold nanoislands on the substrate and quantum

dots (QDs) nanoprobes were simultaneously isolated and acquired within an evanescent field layer gen-

erated by total internal reflection (TIR) of incident light using a dual-view device. The 3D TIR fluores-

cence images of TSH-bound QDs on the GNIs were obtained using z-axis optical sectioning at 10nm

intervals before/after immunoreaction to identify the optimal conditions for detection. The localized cen-

troid position of QD nanoprobes and GNI were distinguished at a subdiffraction limit resolution using 3D

Gaussian fitting to the point spread function. The QD TSH nanobiosensor using wavelength-dependent 3D

TIR fluorescence-based single-molecule localization microscopy (3D TIRF-SLM) imaging technique showed

an excellent detection limit of 90 yoctomoles (∼54 molecules) and a wide linear dynamic range of

1.14 zmol/L−100pmol/L for TSH. The detection sensitivity was about 4.4× 109 times higher than con-

ventional enzyme-linked immunosorbent assay and could successfully quantify TSH in human serum. The

wavelength-dependent 3D TIRF-SLM technique may emerge as a reliable platform for ultrahigh-sensitive

nanobiosensors at the single-molecule level and early diagnosis with quantification of disease-related

ultra-trace biomolecules.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Single-molecule nanobiosensors are powerful tools for observ-

ing interactions between individual molecules and the unique

properties of molecular populations with high specificity and ac-

curacy. Therefore, many researchers have focused on developing

sensors with improved sensitivity and accuracy. Optical single-

molecule immunosensors have some distinct advantages, like their

ability to detect trace amounts of disease-related biomarkers and

quantify them over a wide dynamic range [1]. Single-molecule op-

tical immunosensors use labeled and unlabeled assays based on

various platforms to achieve high sensitivity, selectivity, and lo-

calization [2,3]. However, the optical-based single-molecule im-

munosensors are limited by light diffraction and can only discrim-

inate immunocomplexes from non-immunocomplex molecules at
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nanometer and spatiotemporal resolutions. We addressed this lim-

itation by combining ultrahigh-resolution imaging and ultrasen-

sitive optical immunosensors to measure molecular interactions

and characterized antigen-antibody binding at the single-molecule

level. A super-resolution imaging-based ultrasensitive optical im-

munosensor is required to overcome the diffraction limit of light

[1–5].

Single-molecule localization microscopy (SLM) can be scaled

for use beyond a diffraction-limited spatial resolution of about

200nm. SLM can be used to analyze individual molecules with

improved three-dimensional (3D) resolution and for quantitative

measurements [6] like counting molecules [7], estimating stoichio-

metric variables [8], characterizing spatial distributions [9], and

localizing with high-precision [10]. Recently, Kang and coworkers

used 3D superlocalization-based immunoassay techniques to ac-

curately quantify biomolecules by localizing limited nanoscale re-

gions in the lateral and axial directions [11,12]. However, these

techniques are limited by their inability to remove noise from the
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dark-field microscopy light source [11] and the substrate’s back-

ground (i.e., the scattering signal of gold nanospots) [12].

We developed a supersensitive single-molecule thyroid-

stimulating hormone (TSH) nanobiosensor using a total internal

reflection (TIR) fluorescence-based wavelength-dependent super-

localization of quantum dot (QD) nanoprobe on gold nanoisland

chips using 3D screening to identify optimum detection conditions

and antigen-antibody molecular interactions (Fig. S1 in Supporting

information). For the 3D screening, superlocalization images taken

simultaneously with gold nanoisland (GNI) and QD at 10nm

z-spacing using a dual-view device in the optical path were re-

constructed with a 3D Gaussian least-squares criterion algorithm

to fit the point spread function and determine the locations of

individual molecules at subdiffraction limit resolution (please

see “Experiment procedures” section in Supporting information).

This method was applied to both standard and real human blood

samples (i.e., serum), and its applicability was verified through

comparison with the conventional enzyme-linked immunosorbent

assay (ELISA) method.

Hyperspectral image (HSI), scanning electron microscopy (SEM),

and atomic force microscopy (AFM) were used to confirm the pres-

ence or absence of TSH antigen-antibody molecular interactions on

the GNI. In the HSI data, the intrinsic scattering color of the GNI

array was orange, and the resonance scattering peak was around

601nm (Fig. S2a in Supporting information). Compared with the

extinction spectrum of only GNI, the resonance scattering peak of

GNI was redshift (∼639nm, white color) after the sandwich im-

munoreaction of TSH-QD (11 fmol/L) (Fig. S2b in Supporting infor-

mation). In the SEM data, white spots were observed on the GNI

after the reaction that occurred on a clean GNI before the TSH re-

action (Figs. S3a and c in Supporting information). The sequence

immunoassays for GNI were GNI, DSP linker, protein A/G, primary

antibody, TSH antigen, biotinylated antibody, and streptavidin-QD.

The average height of a 300nm GNI was approximately 14.5 nm

and 0.6 nm for DSP. Protein A/G consisted of 5 nm for protein A

and 1.4 nm for protein G. We used 14.5 nm for the primary anti-

body, 4.0–6.5 nm for the TSH antigen, 14.5 nm for the second an-

tibody, and 20nm QD. Therefore, the theoretical total height of

the sandwich immunoreaction to GNI was about >79.6 nm [13].

However, the experimental AFM data differed from the theoretical

height value since 20nm QD nanoprobes can be placed in random

axial and lateral locations on a GNI within a limited area (Figs.

S3b and d in Supporting information). Moreover, organic linkers

used for the immunoreaction are flexible and inconsistently ori-

ented along the vertical z-axis [14,15]. These results demonstrate

successful TSH antigen-antibody reaction on the GNI substrate.

We confirmed the presence or absence of non-specific binding

and cross-reaction using the fluorescence signal after immunore-

action with (a) a positive control using 100pmol/L of the target

molecule (TSH), (b) the absent target molecule, and (c) a negative

control using T3 antigen (Fig. S4 in Supporting information). Here,

in the TSH antigen-antibody reaction in Fig. S4a, a fluorescence sig-

nal was detected; however, no fluorescence signal was detected

when the antibody was absent or when the non-corresponding

antigen T3 was reacted. This result shows that the fluorescence

signal detected by the TSH nanobiosensor chip can ignore non-

specific binding or cross-reaction.

The wavelength-dependent 3D TIR fluorescence-based single-

molecule localization microscopy (3D TIRF-SLM) system simulta-

neously provided signals from QDs (nanoprobes) and the GNI

on a single screen for two-dimensional (2D) localization of TSH

molecules on the GNI (Figs. 1a and b). The raw images col-

lected through the 3D TIRF-SLM system were reconstructed into

3D images using the least cubic algorithm (within the supple-

mentary information). The target TSH molecules immunoreacted

onto the GNI could be superlocalized by calculating the x-, y-

Fig. 1. (a) Raw TIRF images of five individual QD nanoprobes on GNIs after the TSH

sandwich immunoreaction. (b) Reconstructed wavelength-dependent 2D superlocal-

ization and x, y coordinates of QD nanoprobes on GNIs. (c) On a TSH biochip, recon-

structed wavelength-dependent 3D TIRF-SLM images of QD nanoprobes (green) and

GNIs (red). The theoretical axial distance difference between GNI and QD is about

>79.6 nm. The numbers in parentheses indicate the coordinates of the nanoprobe

after fixing the GNI to the coordinates of (0, 0). The concentration of standard TSH

is 1.3 fmol/L. Scare bar=100nm.

and z-direction distances between the 300nm GNI and the 20nm

QD (Fig. 1c). Fig. 1a shows raw, 2D TIRF images from five sam-

ple cases. Fig. 1b shows the 2D localization images computed by

2D Gaussian fitting of the exact centroids of QD nanoprobes and

GNIs of the five sample cases. Fig. 1c shows the 3D reconstruc-

tion of the five sample cases. The superlocalization results of pre-

reaction TIRF-SLM images showed no central pre-reaction changes

(dc =�x=�y=�z=0). After the reaction of representative sam-

ple “i,” the relative coordinates of the QDs along the x, y, and z di-

rections of the 3D superlocalized TIRF-SLM image were �x=26.9,

�y=48.7 and �z=69.5 nm (Fig. 1c(i)). The relative coordinates of

x, y, z, and the center differences distance (dc) of GNI and QD for

the five samples are shown in Table S1 (Supporting information).

This clearly depicts 3D superlocalization of random nanoprobe

(e.g., 20 nm QD) distribution by TSH antigen-antibody immunore-

activity in a confined area (e.g., 300nm GNI).

Sensitive measures of trace amounts of serum TSH are used

for thyroid testing, with increased TSH levels generally represent-

ing diminished thyroid hormone production. Depending on ur-

gency of diagnosis, the ultra-sensitivity to serum TSH should be

measured [16,17]. We compared a commercially available ELISA

kit and 3D TIRF-SLM using quantitative calibration curves and in-

creasing TSH concentrations vs. absorption and fluorescence sig-

nals (Fig. 2). The 3D fluorescence intensity plot indicated that

the fluorescence intensity decreased with decreasing TSH con-

centrations (Fig. 2c). The 3D TIRF-SLM method was very sensi-

tive and featured a wide linear dynamic range of 1.14 zmol/L

and 100pmol/L (correlation coefficient, R2 =0.996) under 473nm

laser illumination (Fig. 2a). In addition, the TSH limit of detec-

tion (LOD) was 90 yoctomole, ∼4.4× 109 times lower than the

LOD of 0.4 pmol/L obtained by conventional ELISA (3–200pmol/L,

R2 =0.993) (Fig. 2b), and 4× 103 times lower than the previ-

ously reported TIRF detection method with a wide dynamic range

(360 zmol/L−36pmol/L) [18]. The sensitivity of the 3D TIRF-SLM

method surpasses other TSH detection methods such as surface-

enhanced Raman spectroscopy-lateral flow immunoassay (SERS-

LFIA) [19], lab-on-a-chip (LOC) [20], 1,1′-oxalyldiimidazole chemilu-
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Fig. 2. (a) Quantitative calibration curves of standard TSH over a wide dynamic

range of 1.14 zmol/L to 100pmol/L by 3D TIRF-SLM. (b) Standard calibration curve

and ELISA images (inner) of the TSH sandwich reaction obtained using a commer-

cially available ELISA kit. (c) TIRF raw images of target TSH molecules in samples

as a function of concentration following a sandwich immunoreaction and RFI val-

ues in 3D plots as a function. (d) Paired t-test for TSH validation of 3D TIRF-SLM

method compared with the ELISA method. Comparing t-test values to the t-table, t

values less than 3.747 in the t-table at the 98% confidence level (Table S2 in Sup-

porting information). c(i)−c(v) represents 11.4 pmol/L, 11.4 fmol/L, 11.4 amol/L, 11.4

zmol/L, and 1.14 zmol/L, respectively; Scare bar=1 μm (inner=100nm); LOD, limit

of detection; a.u.= arbitrary unit; RFI, relative fluorescence intensity.

minescence (ODI-CL) [21], lateral flow [22], ODI-chemiluminescent

enzyme immune assay (CLEIA) [23], and LFIA [24]. The details of

several TSH detection methods, including detection limits and dy-

namic linear ranges, are summarized in Table 1.

Our novel method was additionally verified by comparing var-

ious TSH concentrations (i.e., 10, 29, 50, 57, and 100pmol/L) with

the ELISA method. The difference between the two methods was

determined using paired Student’s t-test. "Difference" in Fig. 2d

represents the difference (|d̄|) between two results obtained from

standard samples. The calculated difference means (|d̄|) and stan-

dard deviation (Sd) of the five differences were 1.12 and 2.06, re-

spectively. The value of tcalculated (tcal) was calculated according to

the formula:

tcal =

⎛

⎜
⎝

∣
∣
∣d̄

∣
∣
∣

sd

⎞

⎟
⎠(n)

1/2 = 1.08

where |d̄| is the absolute value of the average difference. Here, the

tcal (1.08) < ttable (3.747) with 98% confidence and 4 degrees of

freedom. Therefore, the two methods were significantly different

the 98% confidence level. These results indicate the feasibility of

3D TIRF-SLM for detecting and quantifying TSH (Fig. 2).

To confirm the applicability of using this method with hu-

man serum samples, standard TSH samples were spiked into two

Table 1

Comparison of dynamic linear ranges and LODs using various TSH detection meth-

ods.

Methoda Linear dynamic range (mol/L) LODb (mol/L) Ref.

SERS-LFIA − 143× 10–9 [19]

EC 4.56× 10–14−9.12× 10–11 2.28× 10–14 [16]

LOC 314.60× 10–12 10.87× 10–12 [20]

ODI-CL 0.21−102.96× 10–12 0.06× 10–12 [21]

Lateral flow 0.10−171.60× 10–12 0.10× 10–12 [22]

ODI CLEIA 0.07−68.64× 10–9 0.03× 10–9 [23]

LFIA 1.43−28.60× 10–12 0.11× 10–12 [24]

TIRFM 360× 10–18−36× 10–9 360× 10–21 [18]

ELISA 3− 200× 10–12 0.4× 10–12 This work

3D TIRF-SLM 1.14× 10–21−100× 10–12 90× 10–24 This work

a Abbreviations: SERS, surface-enhanced Raman spectroscopy; EC, electrochem-

ical; LOC, lab-on-a-chip; ODI-CL, 1,1′-oxalyldiimidazole chemiluminescence; ODI

CLEIA, 1,1′-oxalyldiimidazole chemiluminescent enzyme immune assay; LFIA, lat-

eral flow immunoassay; TIRFM, total internal reflection fluorescence microscopy;

ELISA, enzyme-linked immunosorbent assay; 3D TIRF-SLM, three-dimensional TIRF

microscopy based on superlocalization microscopy.
b LOD, limit of detection (S/N=3).

healthy human serum (human type AB male) samples with dif-

ferent concentrations (i.e., 5 pmol/L and 10pmol/L). The concen-

tration of spiked TSH in human serum sample was determined

by the 3D TIRF-SLM and ELSIA at 8.17pmol/L and 8.50pmol/L, re-

spectively (Fig. 3). Thus, the wavelength-dependent 3D TIRF-SLM

method can analyze various disease-related biomarkers in human

serum samples with high sensitivity and reliability at the single-

molecule level.

We developed a wavelength-dependent 3D TIRF-SLM method

for single TSH molecule detection and quantification with a wide

dynamic linear range on a QD nanobiosensor chip. The superlocal-

ization of the nanoscale region to the GNI and TSH-bound QDs was

coordinated by 3D Gaussian fitting at the single-molecule level.

The biomolecule’s axial height was selectively measured using the

z-axis cross-section of the QD nanoprobe. GNI intensity and indi-

vidual antigen-antibody interactions and binding were confirmed

by calculating the central location distribution region. The quan-

titative immunoassay of TSH molecules had a wide dynamic lin-

ear range of 1.14 zmol/L to 100pmol/L (R2 =0.996) and a LOD of

90 yoctomole (∼54 molecules). In addition, a t-test compared the

method developed using the ELISA kit with healthy human serum

samples showed 98% significance, proving its successful applica-

tion. Therefore, the 3D TIRF-SLM method overcomes the limitations

Fig. 3. (a) Raw TIRF images obtained using the 3D TIRF-SLM method after im-

munoreaction with healthy human serum (left) and serum samples spiked with

5pmol/L and 10pmol/L standard TSH (middle and right). (b) Table comparing the

quantification of TSH spiked serum samples using 3D TIRF-SLM and ELISA methods

based on the calibration curves in Figs. 2a and b. a Mean ± SD (mean ± standard

deviation, n=3).
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of detection sensitivity and selectivity of the existing single biosen-

sor methods by combining the excellent photostability, high sensi-

tivity, and superlocalization of QD nanoprobes on GNIs and a 3D

super-resolution imaging method within an evanescent field layer.

This method may emerge as a reliable platform with the ability

to directly detect various disease-associated biomarkers in human

biological samples at the single-molecule level by altering the an-

tibody in the target molecule.
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