
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Development of colorimetric lateral flow assays with gold nanostructures for Cystatin C
detection

Zhang, X., Fishlock, S., Sharpe, P., & McLaughlin, J. (2022). Development of colorimetric lateral flow assays
with gold nanostructures for Cystatin C detection. Sensors and Actuators Reports, 4, [100121].
https://doi.org/10.1016/j.snr.2022.100121

Link to publication record in Ulster University Research Portal

Published in:
Sensors and Actuators Reports

Publication Status:
Published (in print/issue): 01/11/2022

DOI:
10.1016/j.snr.2022.100121

Document Version
Publisher's PDF, also known as Version of record

General rights
Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy
The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 09/03/2023

https://doi.org/10.1016/j.snr.2022.100121
https://pure.ulster.ac.uk/en/publications/f2688ec5-566f-4581-9c02-ca70c68e2cae
https://doi.org/10.1016/j.snr.2022.100121


Sensors and Actuators Reports 4 (2022) 100121

Available online 13 September 2022
2666-0539/© 2022 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Development of colorimetric lateral flow assays with gold nanostructures 
for Cystatin C detection 

Xushuo Zhang a, Sam Fishlock a, Peter Sharpe b, James McLaughlin a,* 

a Nanotechnology and Integrated Bioengineering Centre (NIBEC), Ulster University, Jordanstown, BT37 0QB, UK 
b Clinical Biochemistry Laboratory, Southern Health and Social Care Trust, Portadown BT63 5QQ, UK   

A R T I C L E  I N F O   

Keywords: 
Gold nanostructures 
Cystatin C 
Renal biomarker 
Lateral flow assay 
Sensitivity 
Colorimetric 

A B S T R A C T   

Cystatin C (CysC) is a biomarker indicative of renal function, and its comorbidities, including heart failure. 
Generally, enzyme-linked immunosorbent assay (ELISA) can detect CysC in hours but requires skilled personnel, 
thorough reagent preparation, and a laboratory setting. Here, we report quantitative lateral flow immunoassays 
(LFIAs) with two gold nanostructures (AuNSs): gold nanoparticles (AuNPs) and gold nanorods (AnNRs). UV–Vis 
suggests 358 μg/ml mAbs in AuNPs conjugation and 45 μg/ml mAbs in AuNRs conjugation. With dynamic light 
scattering (DLS) measuring the hydrodynamic radius (Rh) of monoclonal antibodies (mAbs) – AuNSs conjugates, 
AuNPs conjugate maximum Rh is 125.9 ± 11.6 nm (1074 µg/ml conjugated mAbs). 895 µg/ml mAbs – AuNRs 
conjugate gives maximum Rh (55.9 ± 4.5 nm), but 45 µg/ml AuNRs conjugate displays optimum LFIAs per-
formance. Wash-step and bridged structures were introduced for a wider linear range of CysC quantification (up 
to 12.5 mg/L), with AuNPs’ limit of detection (LoD) as 0.42 mg/L (wash-step), 0.87 mg/L (bridged structure) and 
AuNRs LoD as 0.35 mg/L. AuNRs are therefore more sensitive than AuNPs however the test line signal intensity 
suggests AuNPs are visually stronger. Furthermore, with the drawbacks of the bridged structure’s complex 
fabrication and wash-step dipstick format’s multi-steps, conventional LFIAs with AuNPs (89.5 μg/ml mAbs) 
conjugate in 10 min turnaround time were developed (LoD: 1.04 mg/L). Intra- assay CV% and inter- assay CV% 
are 13.69% 21.75%, accordingly. Human samples were then tested to address the matrix effect, with an average 
recovery rate of 99.37 ± 2.23% and an average CV% of 2.81%.   

1. Introduction 

Cystatin C (CysC) is a biomarker indicating renal function and is 
closely related to heart failure due to cardiorenal syndrome. The car-
diorenal syndrome is a reciprocate impairment between the heart and 
kidney [1] starting from venous pressure rising and involving the 
renin-angiotensin-adulterine system. CysC is favoured in predicting a 
small reduction in glomerular filtration rate compared with creatinine, 
and this is certified by the recent reference looking into the prediction of 
long-term mortality [2]. Glomerular filtration rate (GFR) is an indicator 
of the overall index of renal function [3]. Since it is the amount of blood 
glomerulus filtering per minute, it is generally estimated by the con-
centrations of exogenous markers including CysC. With CysC also an 
indicator for acute kidney injury [4], ischaemic stroke [5], and carotid 
atherosclerosis [6], it is essential to monitor serum CysC levels between 
0.5 and 10 mg/L [7]. 

Presently, the measurement of CysC level is conducted by ELISA, 

turbidimetric, and nephelometric immunoassays [8]. Nephelometric 
and turbidimetric approaches, as standards for CysC measurements, 
demand professionally analytical instruments and processing units [9]. 
These methods, including ELISA, are time-consuming [8,10] and require 
specialized technicians [11]. As a result, rapid assays at point-of-care 
LFIAs are developed to streamline patient care by providing diagnostic 
and detection values within a short turnaround time. Our work, in this 
regard, develops a colorimetric LFIAs biosensor for CysC levels inter-
pretation in 10 min. Though fluorescent dye is deployed in LFIA 
development for CysC detection [12], it relies on extra excitation sour-
ces compared to colorimetric assays [13,14]. Recent developments in 
AuNSs synthesis, such as gold nanoparticles (AuNPs) and nanorods 
(AuNR) geometries, promise significant varieties in assay formats due to 
their plasmonic resonant traits [15]. 

Nanostructures have been widely used in disease prognosis. Specif-
ically, the Au nano-pyramid has been used in the detection of S-100β, a 
traumatic brain injury biomarker in blood plasma, whereby the paper- 
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based LFIAs enabled the rapid detection among traumatic brain injury 
patients [16]. Similarly, gold nanoshells were deployed in 
thyroid-stimulating hormone (TSH) quantitative LFIAs [17]. With the 
advanced decoration of the nanostructures, their sensitivity in the 
detection of infectious diseases p24 (HIV-1 capsid), Escherichia coli, and 
SARS-CoV-2 [18] and agricultural food safety by monitoring furazoli-
done [19] was improved compared with traditional AuNPs. The com-
bination of nanostructures Au-Ag cubit nanocages was introduced for 
human prostate-specific antigen detection [20]. Specifically, for CysC 
detection, a dual-signal readout with colorimetric and fluorescent sig-
nals for CysC detection was found to enhance the detection sensitivity of 
real human serum samples compared with conventional LFIAs [13]. To 
synthesize the Au-Ag nanocages, silica templates with dendritic sup-
porting silica layers with an average diameter of 270 nm and pore width 
of 40 nm, AuNPs with an average diameter of 12 nm capping by oleyl-
amine were implanted via thiol and metal affinity force. Subsequently, 
the nanostructure was filled by a silica matrix until a smooth layer of 30 
nm silica shell formed. This layer prevented the potential agglomeration 
between AuNPs and quantum dots, which later immobilized as a dense 
layer outside the 30 nm shell. After the ultimate bilayer encapsulation 
by the organosilica, the dual model is formed for CysC colorimetric and 
fluorescence detection. The linear range of the fluorescence mode is up 
to 0.01563 mg/L, with the LoD as 0.24 × 10− 3 mg/L, this is far lower 
than the CysC level in healthy individuals [3,21]. Plus, the costly and 
complex structures are another drawback of these nanostructures [22]. 
Additionally, such a multi-stage process may be uncontrollable, might 
be resulting in the non-specific binding of proteins on metals and the 
irreproducibility from batch to batch [15]. Moreover, the additional 
drawback of fluorescence and quantum dots is the relatively compli-
cated quantification system setups, since lasers and laser diodes are 
required to excite fluorophores and quantum dots, and dichroic or 
emission filters are needed to block the unnecessary light [23]. While 
fluorescence had been used in heart-type fatty acid binding protein 
(H-FABP) detection with decorated quantum dots at the test line 
changing from green to red in presence of the analyte [24]. With the 
wide application of LFIAs in the detection of Salmonella typhimurium 
[25], exosomes as non-invasive cancer biomarkers [26], SARS-CoV-2 
[27,28], inflammatory biomarker C - reactive protein [29], bacteria 
[30], and acute myocardial infarction’s biomarker cardiac troponins 
[31], paper-based point-of-care demonstrates the applicability in as-
pects of daily life and healthcare. Whilst the conjugation of mAbs with 
AuNSs is ubiquitous [32] and widely used in recent SARS-CoV-2 
detection [27,28], we aim to address the optimized mAbs and AuNS 
conjugation and developed LFIAs for clinical range CysC detection in 
this work. 

Hook effects commonly exist in LFIA development [33]. The hook 
effect is a factor leading to false-negative diagnostics results. It describes 
a higher concentration analyte giving out an identical signal to a low 
concentration analyte. Research back in 1947 [34] firstly discovered 
high concentration analyte leading to low diagnostics signals. Besides 
saturation of antibody binding at the test line, research in 2004 suggests 
the competition binding between free sample analyte and bounded 
sample analyte leads to the hook effect [35]. Specifically, if the free 
analyte travels up to bind the immobilized antibodies on the test line, 
then the bounded analyte (analyte captured by detector antibody con-
jugated on the AuNSs surface) could not bind thus leading to the 
de-coloration of the test line. Research also found that diluted samples 
could give out stronger diagnostics signals compared with undiluted 
samples [36]. To avoid the hook effects, bridged structures [37] and 
controlled conjugate release methods [38] were introduced to enable 
the washing step, which washed off the free analyte at the test line 
before the release of the AuNSs. 

2. Material and methods 

2.1. AuNSs antibody complex conjugation 

AuNPs were obtained from Abcam (Gold-carboxyl nanoparticles, 
Abcam) as a 40 nm AuNPs conjugation kit (40 nm, 40 OD, ab269942). 
Detector mAbs (10–7887, Fitzgerald) from 5 µg/ml to 1611 µg/ml were 
conjugated to the AuNPs following the kit’s conjugation instructions. 
Specifically, diluting antibodies in 10 mM MES to have the ideal con-
centration of antibody solutions ready to be conjugated, then adding the 
20 µl solution into 10 µl 100 mM MES. With additional 50 µl GNPs in to 
have the total volume of 80 µl, 20 µl 1 mM EDC were added into 80 µl 
mixtures to have a total volume of 100 µl. Incubate this 100 µl on a roller 
for 20 min while rotating. After incubation, adding 1 ml of 1×TBS pH 
8.0, 0.05% Tween 20. Mix well and centrifuge down at 7000 RPM for 10 
min. Discard the supernatant and tap the pellets, then adding 90 µl of 
1×TBS pH 8.0, 0.05% Tween 20, 0.5% BSA to obtain OD 20 GNPs. 
Conjugation was completed at optical density (OD) 20 AuNPs and this 
100 μl was further diluted into 400 μl OD 5 with conjugate diluent 1x 
TBS pH 8.0 with 0.05% Tween 20 and 0.5% BSA. 

AuNRs conjugation was conducted from PEG carboxyl particle co-
valent conjugation (PEG Carboxyl gold nanorods 55 nm × 15 nm, OD 50 
in water, nanoComposix). Similarly, detector mAbs (10–7887, Fitzger-
ald) in concentrations from 5 µg/ml to 1432 µg/ml were conjugated to 
the AuNRs following the conjugation kit’s manual, conjugation details 
are summarised in the supporting information. OD 15 was achieved and 
dilution into OD 5 with the addition of 0.01× PBS and 0.5% PEG 20,000 
kDa, pH 7.4. 

2.2. UV-vis spectra of mAbs conjugated AuNSs 

UV-vis absorbance spectra of AuNPs and AuNRs were recorded via 
the spectrometer LAMBDA™ 365 (PerkinElmer, UK). Specifically, mAbs 
– AuNPs conjugates were measured at wavelengths between 480 nm and 
580 nm, and 750 nm to 880 nm for AuNRs. Quartz cuvettes with a path 
length of 0.1 cm and inside width of 1 cm were used in the process of 
measurements. 

2.3. Dynamic light scattering (DLS) hydrodynamic size measurement 

DLS of mAbs conjugated AuNSs’ analysis was carried out with 
Zetasizer Nano ZS (Malvern Panalytical Ltd, UK). Size measurements are 
based on light scattered by the particles inside the cuvette. The atten-
uator was automatically adjusted during the time of the measurements 
to give out the proper kilo-counts per second (kcps). The diluted sample 
should reach at least 10 kcps and sample concentrations should be a 
minimum of 30% excess scattering over the solvent. If solvent acquires 
110 kcps, sample concentration is demanded to reach 110 kcps × 1.30, 
143 kcps. mAbs conjugated AuNSs were diluted in 10 mM NaCl with a 
1:100 dilution factor, with a cell temperature set as 22 ◦C and appro-
priate equilibration time. Equilibration time is the time needed to reach 
the set temperature. There is also a delay when the cell area temperature 
has reached the requested temperature, as this delay tries to make sure 
the cuvette liquid temperature is equilibrated with the cell area tem-
perature. Ensuring the temperature equilibrated inside the cell allows 
the sample to be measured under Brownian motion instead of thermal 
motion. The duration of measurement was set to ‘1 run’ with each run 
duration lasting for 360 s, with 3 measurements for each sample. 

2.4. LF assembling and LFIAs 

The conjugate pad was pre-treated with 10 mM PBS, 5% sucrose, and 
1% BSA, 0.5% Tween-20 via Biodot’s Airjet and the printing speed was 
10 µl/cm. Similarly, the sample pad was pre-printed via Biodot’s Airjet 
with 0.25 M tris-aminomethane (Sigma-Aldrich), 0.1% BSA, 0.1% 
Tween 20, and 0.1% sodium azide [39]. The printing speed remained 10 
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µl/cm. After pre-treatment, the conjugate pad and sample pad were 
dried at 37 ◦C (with less than 1% humidity) for at least 2 h before use. 
Then, the conjugate pad was printed with AuNSs via Biodot’s Airjet with 
a printing speed of 10 µl/cm. The AuNSs printed conjugate pads were 
dried for 2 h at 37 ◦C (with less than 1% humidity). 

Nitrocellulose (NC) membranes CN 95 were used, and printing was 
via the Biodot’s syringe pumps. Both the control line antibody goat anti- 
mouse IgG1 (Fitzgerald, 20R-IG003-FIT) and capture antibody (Fitz-
gerald, 10–7886) were in 1 mg/ml concentrations, with a printing speed 
of 1 µl/cm and 0.5 cm gap between the test line and the control line. 
Then the NC membrane was dried under 37 ◦C and less than 1% hu-
midity for at least 2 h before use. 

The bridged structure was assembled with blank NC membranes 
being immobilized on top of a polystyrene backing card. The NC 
membrane containing the control and test lines was placed above the 
blank NC membrane on the backing card. A 3 mm gap was designed to 
keep away from the blank NC membrane. The absorbent pad was then 
adhered on top of the backing card, above the NC membrane containing 
test and control lines. A pre-treated sample pad was placed on top of the 
3 mm gap on the backing card. Meanwhile, the buffer pad was placed at 
the end of the backing card with 2 mm overlapping with the blank NC 
membrane. Finally, 2 untreated sample pads were placed on top of the 
blank NC membrane, with a conjugate pad containing sprayed AuNSs 
being placed on top of the two untreated sample pads. See Fig. 1(a) 
below. LFIA tests were conducted with 0.5 µl CysC (0.1 mg/L – 12.5 mg/ 
L) on the pre-treated sample pad and then 59.5 µl running buffer on the 
buffer pad. CysC used is CysC protein (30R-3194-FIT, Fitzgerald, USA) 
dissolved in PBS medium upon purchase. Test strips were scanned after 
10 min (t = 10 min). Here, standard LFIA strips assembly was followed 
as in Fig. 1b. To address the intra- and inter- assay comparison and 
matrix effect, the LFIAs with 2.5 μl sample volume, AuNSs on the pre- 
treated conjugate pad, and 60 μl running buffer were conducted 
without the involvement of wash step in between. Lyophilized CysC 
protein (30R-AC035-FIT, Fitzgerald, USA) was spiked in the PBS me-
dium. Human serum samples were provided by Southern Health and 
Social Care Trust with CysC concentrations validated from Roche Cobas 
modular system. 

Standard dipstick assay format is shown in Fig. 2(a), with a sum 
volume of CysC, AuNSs conjugate, and running buffer as 60 µl, and all 
are added simultaneously. Fig. 2b shows the diagram of having a wash- 
step before adding mAbs conjugated AuNSs. The washing step usually 
mitigates false-negative results in point-of-care assays [40]. Addition-
ally, running buffer used in the LFIA are two types with different 

percentage of BSA: 10 mM PBS + 0.1% Tween + 1% BSA or 10 mM PBS 
+ 0.1% Tween + 2% BSA. 

2.5. Lumos reader for LFIA strips results in interpretation 

The Lumos Benchtop Reader (Lumos Diagnostics, CA, USA) was used 
for LFIA color intensity reading and interpretation. An LFIA strip can be 
scanned as an image with the lines’ intensity projected above the image, 
see Fig. 3. After loading the sample and applying running buffer, the 
strips were read after 10 min. Quantitation of the test and control lines 
was performed via red light illumination, with a 3-ms exposure. Peaks of 
control and test lines were centered at 600 pixels and 750 pixels 
respectively with 30 pixels tolerance. The background was set on two 
sides of the peaks. On the left: 450 pixels – 500 pixels, on the right: 850 
pixels – 900 pixels. The heights of the peaks were then recorded, cor-
responding to each CysC concentration. 

3. Results and discussion 

3.1. Optimal mAbs concentration for AuNSs’ conjugation 

Detection of CysC was achieved by conjugating the AuNSs with mAbs 
selective to CysC. UV-vis had been denoted as an efficient method to 
appraise biomolecule – AuNSs’ conjugates [42]. We synthesized the 
mAbs – AuNPs conjugates with chosen mAb concentrations of 45, 89.5, 
100, 358, and 895 µg/ml. Fig. 4(a) records the UV-vis spectra of OD 10 
AuNPs in a 0.1 cm path length cuvette and indicates a 3 nm redshift with 
the increase of mAbs concentration (45 µg/ml to 895 µg/ml), with the 
maximum absorbance shifts from 527 nm to 530 nm, Fig. 4(a). We, 
therefore, performed LFIAs with multiple concentrations of mAbs – 
AuNPs to detect CysC in concentrations of 0.5, 0.8, 1, 2.5, 4, and 5 mg/L. 
The 358 µg/ml mAbs – AuNPs conjugate shows a greater extent of signal 
intensities among all five concentrations mAbs – AuNPs conjugates, 
Fig. 4(b). Accordingly, UV-vis’s spectra of AuNRs’ conjugates undergo a 
5–10 nm redshift from 812 nm to 819.5 ± 2.5 nm (Fig. 4c). mAbs 
concentrations 45, 133.3, 179, 537 and 895 µg/ml were conjugated with 
AuNRs (OD 15), and CysC concentrations 0.1, 0.25, 0.5, 0.8, 1, 2.5, 4 
and 5 mg/L were evaluated via LFIAs (Fig. 4d). Five mAbs – AuNRs OD 
15 conjugates illustrate similar signal intensities, as results of LFIAs 
performance of these mAbs – AuNRs’ conjugates are evenly distributed 
in Fig. 4(d). 

358 µg/ml mAbs – AuNPs conjugate produces the maximum absor-
bance among five mAbs – AuNPs’ conjugates and this conjugate also 

Fig. 1. Assembly of LFIA strips. (a) Bridged structure with sample pad residing on the 3-mm gap; (b) Conventional LFIA consists of a sample pad, conjugate pad, NC 
membrane, and absorbent pad. 
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shows the optimal LFIAs performance among all (Fig. 4(a) (b)). 
Notwithstanding, 537 µg/ml mAbs bound AuNRs’ conjugate exerts a 
maximum absorbance (Fig. 4(c)), but the idealized LFIAs performance 
was reached with binding mAbs’ concentration at 45 µg/ml, Fig. 4(d). 

It is challenging to determine the optimum mAbs concentration with 
UV-vis spectra only. Thus, DLS was deployed to evaluate the conjugation 
of AuNSs and biomolecules. DLS had been proved as an effective and 
appropriate method for investigating the conjugation reaction of AuNPs 
[43]. Rh of AuNPs increases from 80.2 n ± 1.0 nm (25 µg/ml mAbs) and 
peaks at 125.9 ± 11.6 nm (mAbs concentration 1074 µg/ml), Fig. 5(a). 
The excessive addition of the mAbs after 1074 µg/ml indicates the 
agglomeration (mAbs concentrations 1253, 1432, and 1611 µg/ml. This 
is following research suggesting that less mAbs binding still guarantees 
the LFIAs performance [44]. However, LFIAs sensitivity in the detection 

of CysC with AuNPs peaks when mAbs concentration is 358 µg/ml, Fig. 5 
(b). This is following the results of UV-vis, Fig. 4(a) (b). Meanwhile, DLS 
analyses were carried out for hydrodynamic radius measurements of 
AuNRs [45]. Rh of mAbs – AuNRs increases from 36.3 nm ± 3.0 nm (15 
µg/ml mAbs) and peaks at 55.9 ± 4.5 nm (895 µg/ml mAbs), Fig. 5(c), 
with Fig. 5(d) shows optimum colorimetric signal intensity with AuNRs 
as 0.49 at a mAbs concentration of 45 µg/ml. 

The maximum Rh is inequivalent to optimum LFIAs sensitivity. As 
maximum Rh of AuNPs conjugate is 125.9 ± 11.6 nm (1074 µg/ml 
conjugated mAbs) but LFIAs sensitivity peaks when conjugated mAbs 
concentration is 358 µg/ml. This is in accordance with the results from 
Fig. 4(a) (b), which are AuNPs UV-vis spectra and LFIAs. Similarly, 895 
µg/ml mAbs – AuNRs conjugate has maximum Rh as 55.9 ± 4.5 nm, 
Fig. 5(c), but Fig. 5(d) shows 45 µg/ml AuNRs conjugate displaying 
optimal assay line intensity in detecting 0.5 mg/L CysC. This is also in 
accordance with the research findings stating the optimized antibody 
amount for LFIAs can be smaller than the amount generating the 
maximum particle Rh [44]. 

3.2. The tradeoff between detection limit and detection range 

Hook effects are universally observed in colorimetric LFIAs devel-
opment [46]. Fig. 4(d) shows the hook effects of CysC detected with the 
AuNRs. With CysC concentration increasing from 2.5 to 5 mg/L, a 
decrease is observed with the test line signal intensities mildly dropping 
from 0.991 to 0.907. With hook effects of CysC immunoassay being 
reported [47,48], these challenges the quantifications of CysC as a 
higher concentration of the analyte might correspond to an acceptable 
value thus failing to alarm the patients of the early renal malfunction. 
Notwithstanding, AuNPs’ test line signal intensities of 2.5 mg/L, 4 mg/L, 
and 5 mg/L CysC are visually identical, Fig. 6(a). The same trend was 
observed in AuNRs conjugates, with 2.5 mg/L, 4 mg/L, and 5 mg/L 
analytes CysC having assay line signal intensities of 0.25, 0.26, and 0.26, 
respectively. To obtain a wider detection range while maintaining the 
clinical detection limit, a step-wash before the release of AuNSs was 

Fig. 2. (a) Conventional LFIA with sum volume of analyte (CysC), AuNSs, and running buffer as 60 µl (dipstick format); (b) LFIAs with wash-step: CysC being added 
in followed by a wash step before adding mAbs conjugated AuNSs [41] (dipstick format); (c) Conventional LFIAs mechanism, with mAbs conjugated AuNPs being 
immobilized on the pre-treated conjugate pad and capture Ab and control line Ab being immobilized on the NC membrane separately. After CysC was added to the 
sample pad, the running buffer was added to the sample pad and it would flush the CysC bound mAbs AuNPs conjugates to the test line and control line region. The 
test line capture Ab would capture the compound thus indicating a red-colored line. Control line Ab would bind the detector mAbs conjugated on AuNPs with the 
absence of CysC. 

Fig. 3. (a) An example of a scanned LFIA strip via Lumos reader. (b) mAbs 
conjugated AuNPs in the detection of 5 mg/L CysC with CN 95 NC membrane. 
Sample volume: 10 µl, with 5 µl OD 5 AuNPs conjugate and 45 µl running buffer 
(10 mM PBS + 0.1% Tween + 1% BSA). 
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Fig. 4. (a) UV-vis spectra of multiple mAbs – AuNPs (OD 10) measured in a 0.1 cm path length cuvette, with concentrations of mAbs conjugated with AuNPs between 
45 µg/ml and 895 µg/ml; (b) LFIA of AuNPs (OD 10) with CysC concentration from 0.1 mg/L to 5 mg/L; (c) AuNRs mAbs conjugates (OD 15) UV-vis spectra measured 
in a 0.1 cm path length cuvette, with mAbs concentrations ranging from 45 to 895 µg/ml; (d) LFIAs of correspondent AuNRs conjugates (OD 15), CysC: 0.1–5 mg/L. 

Fig. 5. (a) mAbs conjugated AuNPs’ hydrodynamic diameters with increase of mAbs’ concentration; (b) LFIAs of AuNPs conjugates in OD 10 with CysC concen-
tration as 2 mg/L; (c) hydrodynamic size of mAbs AuNRs conjugates in different bound mAbs concentrations; (d) LFIAs of AuNRs conjugates in OD 15, with CysC as 
0.5 mg/L. 
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Fig. 6. (a) AuNPs in 358 µg/ml mAbs for CysC detection from 0.1 to 5 mg/L, with dipstick assay format; (b) AuNPs in step-wash format for detection of CysC from 
0.05 to 12.5 mg/L; (c) AuNRs in 45 µg/ml mAbs plots of colorimetric signal intensity against CysC concentrations in the dipstick LFIAs format, CysC concentration: 
0.1– 5 mg/L; (d) AuNRs with a wash step in between the analyte and release of mAbs bounded AuNSs conjugates [37], CysC concetration: 0.05– 12.5 mg/L. All assay 
format: dipstick with running buffer components: 10 mM PBS + 0.1% Tween + 1% BSA. 

Fig. 7. (a) AuNPs and AuNRs conjugates’ colorimetric test lines signal intensities, CysC concentration: 0.1– 12.5 mg/L, sample dilution in 1: 50; (b) AuNRs conjugate 
with standard LFIAs dipstick format, with sample diluted in 1: 10 ratio. 2.5 µl sample volume with 5 µl OD 5 and 52.5 µl running buffer (10 mM PBS + 0.1% Tween +
1% BSA). 
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conducted, with detection ranges up to 12.5 mg/L CysC, Fig. 6(b) and 
(d). Fig. 6(b) (d) utilize the 1% BSA in running buffer whilst 2% BSA 
running buffer generates non-specific binding in mAbs – AuNRs LFIAs, 
summarised in the supporting information Fig. S1. The wash step en-
ables the wash-off of the unbound analyte CysC molecules from the test 
line, freeing up the space for mAbs – AuNSs conjugate to bind analyte 
immobilized by capture antibody at the test line region. 

To certify the test line intestines of mAbs – AuNPs conjugates and 
mAbs – AuNRs conjugates, analyte CysC were diluted 50-fold in PBS, 
with test line intensities of mAbs – AuNPs conjugates (black line) and 
mAbs – AuNRs conjugates (red line) shown in Fig. 7(a). With the general 
signal intensity values of AuNPs conjugates above AuNRs conjugates, 
Fig. 7(a) suggests AuNP conjugates have a more intensified line signal 
compared with AuNRs conjugates. However, AuNRs conjugates are 
more sensitive in the detection of CysC as mAbs needed to reach the 
clinical range of CysC detection is 45 µg/ml for AuNRs, Figs. 4(b) 5(d) 6 
(d). AuNRs sensitivity in the detection of CysC is better than AuNPs 
potentially due to the redshift towards the long wavelength so that the 
extinction coefficient of AuNRs increases [49]. However, because the 
maximum absorbance of AuNRs is in the near-infrared region (>700 
nm), which increases the difficulty for visual reading out thus leading to 
the visual signal test line intensities weaker than AuNPs’ [50]. Besides 
having stronger and more flexible near-infrared region absorption, the 
anisotropic AuNRs have better sensitivity than AuNPs potentially due to 
their larger surface area [51]. Though both AuNRs and AuNPs become 
unstable with the increasing concentration of salt, AuNRs’ two different 
longitudinal and transverse resonance plasmon absorption bands [52] 
provide the potential for application in biosensing [53]. AuNRs are not 
only more sensitive in the detection of biomolecules, with C-reactive 
protein as an example [50], but they are also more sensitive to the local 
environment [54] in the detection of heavy metals [55]. 

To enable the wash-step with single solution adding instead of multi- 
step solution addition, the bridged structure is introduced to realize the 
delayed release of the mAbs – AuNSs conjugates. Buffer from the buffer 
pad would encounter the hindrance of the intermediate pad before 
reaching the mAbs – AuNSs conjugates on top of the intermediate pad. 
This would facilitate the controlled release of the mAbs – AuNSs after the 
sample reaches the test line region. Wash-step with three stages of re-
agents addition could be alleviated by bridged structure with only one 
procedure of fluid addition. With the application of the bridged structure 
in Fig. 8, mAbs – AuNPs conjugate could detect CysC within its clinical 
range with a sample dilution factor of 1:1.5 in PBS. Nevertheless, AuNRs 
conjugates in Fig. 7(b) can linearly detect CysC with samples diluted in 
PBS with a 1:10 dilution factor. With sample dilution, the linear detec-
tion range is extended (Fig. 7(b)) compared with Fig. 6(c), whilst 
keeping the sample volume as 2.5 μl, which is easy to pipette. Due to the 

multi-wash step of dipstick assay format and complicated LF compo-
nents assembling of the bridged structure, the complete LFIAs in the 
conventional structure were assembled with a results turnaround time of 
10 min. 2.5 μl sample volume is required with no wash step involved. 
Comparison is shown via AuNPs with wash-step and 0.5 μl CysC (Fig. 6 
(b)), AuNPs bridged-structure (Fig. 8), and conventional LFIAs structure 
with 2.5 μl sample volume (Fig. 9). 

The detection limit of this study is calculated by LoD (limit of 
detection) = mean blank + 3 × σ blank[56,57]. Sigmoidal curve fitting 
with the dose-response function was selected, Fig. 6(a) (b) showing 
AuNPs conventional and step-wash dipstick assay have the LoD as 0.1 
and 0.42 mg/L separately, see supporting information Tables S1, S2. 
Similarly, Fig. 6(c) (d) shows AuNRs conventional and step-wash LFIA in 
dipstick format with LoD as 0.08 mg/L and 0.35 mg/L, respectively, see 
supporting information Tables S3, S4. Nevertheless, AuNRs in 10-fold 
sample dilution have the LoD of 0.49 mg/L, see supporting informa-
tion Table S5, with the bridged structure having the LoD of 0.87 mg/L, 
see supporting information Table S6. The summary of LFIAs LoD and 
correspondent R2 can be found in the supporting information Table S9. 

Notably, Fig. 4(b) suggests the 89.5 μg/ml mAbs in AuNPs binding 
has a linear increase in detection of CysC. Thus, the comparison of 89.5 
μg/ml and 358 μg/ml AuNPs’ mAbs binding concentrations in the 
detection of CysC in PBS is evaluated, Fig. 9(b). The LoD of 89.5 µg/ml 
AuNPs conjugates is 1.04 mg/L, see supporting information in Table S7. 
LoD of 358 µg/ml mAbs – AuNPs is 0.95 mg/L, see supporting infor-
mation in Table S8. In this regard, higher mAbs binding concentration 
will avail the detection limit. But with normal CysC value stays between 
0.57 and 1.03 mg/L for females, and from 0.70 to 1.10 mg/L for males 
[3], 89.5 µg/ml mAbs binding concentration is favoured. Additionally, 
serum CysC level for stage 1 and 2 chronic kidney disease is 1.34 mg/L, 
above the reference level of 1.09 mg/L [21]. The linear range for the 
89.5 µg/ml AuNPs is 3.69 to 6.37 mg/L with 358 µg/ml AuNPs’ linear 
range between 3.93 and 6.10 mg/L correspondently. The calculation is 
conducted according to linear range calculation in the sigmoidal curve 
[58,59]. This further suggests that 89.5 µg/ml mAbs concentration for 
AuNPs conjugation is favoured for quantification of the CysC level, other 
than 358 µg/ml as a wider linear range is provided by 89.5 µg/ml 
AuNPs. 

To address the reproducibility of the LFIAs, we performed the intra- 
and inter- assay comparison. 3 batches of CysC lyophilized powder being 
spiked in PBS were performed with AuNPs’ mAbs concentration at 89.5 
µg/ml, Fig. 9(a). Intra- assay comparisons were addressed via the coef-
ficient of variation (CV%) by averaging the CV% of duplicate reportable 
results from the individual assay. Meanwhile, inter- assay comparison is 
averaging the CV% of 3 batches’ duplicate reportable results [60], with 
intra- assay CV% as 13.69% and inter- assay CV% as 21.75% 

Fig. 8. (a) The bridged structure for LFIAs with AuNPs conjugate, CysC: 0.1– 12.5 mg/L; (b) Correspondent colorimetric line intensities plotting against CysC 
concentrations. 
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accordingly. We have also tested human samples with known CysC 
values provided by the local Health and Social Care trust. The matrix 
effect is still a critical issue in biosensor development [61], as the 
complexity of the matrix containing multiple nonspecific proteins and 
other components would hinder the recognition of the target protein 
[62]. Here, with the 36-fold dilution of the human serum sample in the 
PBS medium, the matrix effect was evaluated via recovery rate, see 
Table. 1. Matrix effect had been addressed in the previous work 
accordingly. The magnetic nanoparticles increased tropomyosin detec-
tion performance by mitigating the matrix effect [63]. Similarly, the 
up-converting phosphors having little background influence caused by 
complex matrices make it a candidate for sample detection in various 
matrices [64]. 

4. Conclusion 

We developed the LFIAs by contrasting two AuNSs conjugates: 
AuNPs and AuNRs conjugates and report the use of AuNPs and AuNRs 
conjugates in CysC clinical level evaluation. Both AuNRs and AuNPs 
reveal their potential in colorimetric LFIAs in the detection of CysC. 
Even with test line signal intensities of AuNPs generally greater than 
AuNRs’ (Fig. 7(a)), AuNRs conjugates are more sensitive as a smaller 
amount of mAbs (45 µg/ml) is required to detect CysC within its clinical 
range with a lower LoD than AuNPs. With wash-step in between the 
analyte and release of the conjugates, together with the bridged struc-
ture LFIAs, the detection range was extended. Due to the longer turn-
around time of the wash-step LFIAs and the complex assembling of 
bridged structure LFIAs, the conventional LFIAs format is assembled 
with AuNPs’ mAbs binding concentration at 89.5 µg/ml. This suffices 
the detection requirements of CysC in both PBS medium and serum. 
Collectively, this work (1) develops colorimetric LFIAs for CysC detec-
tion within its clinical range, reducing the workload of healthcare pro-
fessionals and increasing home-based disease monitoring; (2) reduces 

the excessive amounts of mAbs used in the conjugation process and 
guides the future LFIAs development, (3) optimized the detection range 
whilst maintaining the detection sensitivity, which is a trade-off 
commonly existing in the LFIAs development and evaluated the 
human serum samples CysC with results turnaround time shortened as 
10 min. Future work will be focusing on the application of developed 
LFIAs for CysC in clinical use through a preliminary clinical trial with 
human serum. Multianalytes with other cardio and renal biomarkers 
would increase the precision of disease detection and could be a po-
tential diagnostic reference for healthcare professionals. 
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