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Cysteamine (CA) is a cystine depleting agent used in the treatment of cystinosis and many other diseases.
However, high dose of CA can be toxic and thus point-of-care-test devices measuring blood CA level can be highly
beneficial. Here, we report a highly sensitive, straightforward, and quantitative assay for the colorimetric and
spectroscopic determination of CA concentration using plasmonic nanoparticles. The principle is based on the
chemical etching-induced exchange of the surface ligands of plasmonic gold nanoparticles (AuNPs) upon the
addition of CA. Moreover, destabilized particles can aggregate to generate the plasmonic couplings that trigger
the redshift in the ultraviolet–visible (UV–vis) spectrum (the absorption band shifted from 526 to 732 nm) and
the solution color change (wine-red to blackish-blue). This plasmonic AuNPs sensor displays a clear red-to-blue
colorimetric transition in the presence of CA among various biothiols with high specificity and sensitivity within
a short time (<15 s). Furthermore, a lab-on-a-disc platform was applied to the analysis of blood samples donated
by healthy volunteers spiked with known amounts of the CA standard solution. This fully automated lab-on-adisc platform approach for naked eye detecting the CA concentration in human blood samples (20 μL) is high
ly simple and time-efficient (<6 min), and it would be potentially useful for the careful selection of CA doses in
the hospital industry.

1. Introduction
Cysteamine (CA) is an aminothiol, formed by the enzymatic cleavage
of panthetheine, a terminal metabolite in coenzyme A (CoA) degrada
tion, which acts as a vital source of taurine inside the body (Besouw
et al., 2013; Shu et al., 2015). It has demonstrated significant clinical
potential in rodent models with neurodegenerative disorders, human
neurological diseases, radiation sickness, and cancer (Fujisawa et al.,
2012). Furthermore, it is approved by the Food and Drug Administration
(FDA) for the treatment of ocular cystinosis, nonalcoholic steatohepa
titis, neuronal ceroid lipofuscinosis, Huntington’s disease, Parkinson’s
disease, and other neuropathologies involving pathogenic protein ag
gregation, oxidative stress, and mitochondrial dysfunction (Gallego-
Villar et al., 2017). Several long-term clinical trials have shown that CA
administration (as CA hydrochloride) stabilizes renal function, delays
glomerular deterioration, and improves linear growth (Thoene, 1995).
However, when CA is used in high doses, its oxidation in the presence of
transition metals generates reactive oxygen species, which cause
oxidative stress. In addition, high doses of CA diminish the activity of

glutathione peroxidase, which catalyzes the oxidation of glutathione to
glutathione disulfide (Jeitner and Lawrence, 2001). Thus, CA, a drug for
various diseases, can be toxic in high doses. Therefore, carefully
selecting the CA dose in pharmaceutical samples and monitoring the
concentration in human plasma are vital (Besouw et al., 2013). Thus,
there is a keen interest in developing analytical methods for the deter
mination of CA dose throughout CA therapy. To date, several methods
have been applied for CA determination, including gas chromatography,
electrophoresis, ion-exchange chromatography, and electrochemical
techniques (Hsiung et al., 1978; Jonas and Schneider, 1981; Kuśmierek
et al., 2005; Ojani et al., 2009; R R et al., 2019). Recent studies have
shown the direct electrochemical response of CA on different kinds of
electrodes (Keyvanfard et al., 2013). However, these methods usually
require complicated derivation procedures and/or high-resolution sep
aration steps (Shu et al., 2015). Among the different analytical methods,
colorimetric detection offers the easiest, cost-efficient, and time-efficient
point-of-care testing (POCT) system compared with those of the other
traditional methods (Zhang et al., 2018).
The centrifugal microfluidics have emerged as a ‘sample-to-answer’
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Fig. 1. Schematic representation of cyste
amine (CA) detection. (a) Etching-based ag
gregation
of
the
plasmonic
gold
nanoparticles (AuNPs), which changed the
wine-red color to bluish-black upon the
addition of CA. (b) Photographic image of
the lab-on-a-disc platform used to detect CA
in human blood samples. Schematic illustra
tion of the unit chamber for the blood (1),
plasma isolation (2), valve (3), and plas
monic AuNPs (4) in the disc. (c) Detection of
CA in blood using a lab-on-a-disc platform.
Change in the plasmonic AuNPs on adding
different concentrations of CA, evidenced by
the appearance of a bluish-black color. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article.)

analysis systems for broad applications such as molecular diagnostics
(Cho et al., 2007; Kim et al., 2014; Kong et al., 2016; Nguyen et al.,
2019), immunoassays (Lee et al. 2009, 2011, 2015), food analysis
(Phonchai et al., 2016; Xu et al., 2013), and environmental monitoring
(Hwang et al., 2013). Centrifugal force generated by spinning a
disc-shaped device is utilized to pump liquid samples for automated
biochemical analysis in lab-on-a-disc systems (Gorkin et al., 2010;
Miyazaki et al., 2020; Strohmeier et al., 2015). Among many unit op
erations developed for lab-on-a-disc system, a robust valving system is
particularly important for a fully automated fluidic control. For
example, optical actuation of sacrificial materials, such as ferrowax,
wax, hydrogels, and plastic film, were utilized as active valving mech
anisms (Gorkin et al., 2010; Kong et al., 2016; Miyazaki et al., 2020;
Nguyen et al., 2019; Park et al., 2007; Strohmeier et al., 2015). More
recently, a temperature-stable, individually addressable diaphragm
valves enabled robust and reversible valve actuation (Kim et al., 2016),
which offers an ideal platform for a POCT device through the integration
with sample preparation module and detection. The optical detection is
the most common and robust strategies used in POCT assays (Lee et al.
2009, 2011; Michael et al., 2020; Phonchai et al., 2016; Xu et al., 2013)
and integration with smart nanomaterials would provide significant
enhancements in sensitivity or specificity.
Recently, plasmonic colorimetric sensors functioning in the “non
aggregation” mode, which rely on the etching or the growth of nano
particles, have been highly recognized (Zhang et al., 2018). Etching is
similar to the art of reducing gold nanoparticles (AuNPs) into final
sculptures, removing AuI as a byproduct (Wang et al., 2019). This
changes the shape, size, and dielectric environment of the nanoparticles
(Kumar et al. 2014, 2019). Further, nanoscale changes in the surface
morphology affect the near- and far-field optical properties of AuNPs, as
the local surface plasmon resonance (LSPR) is completely dependent on
the dimension of the AuNPs(Kumar et al., 2017), causing a change in the
color of the nanoparticles (Kumar et al. 2013, 2014, 2017, 2019; Wang
et al., 2019; Zhang et al., 2018). Based on this colorimetric assay, AuNPs
can detect analytes in the nanomolar range (Shichibu et al., 2007). For
thiol-induced etching, it is found to be extremely useful in the precisely
controlled synthesis of metal nanoparticles of several to hundreds of
atoms; thus, it has gained the interest of scientific researchers and
technological innovators (Chen et al., 2014; Guo et al., 2012; Jin et al.,
2010; Shichibu et al., 2007; Yu et al., 2013; Zheng et al., 2012), owing to
its fascinating application in many areas, such as biosensing, bio
imaging, and catalysis (Li et al. 2014a, 2014b; Su et al., 2013).
Furthermore, CA has been attracting increasing interest for its

application potential in thiol-induced etching, stabilizing through
ligand-exchange showing significant promise for sensing applications
and for tailoring the shape of plasmonic particles (Qu et al., 2015).
In this paper, we report a plasmonic colorimetric sensor on a lab-ona-disc platform for the ultrasensitive detection of CA in a very short time
(<6 min), with an ultrawide detection range, using a low volume (20 μL)
of human blood samples. This method is based on the ligand exchange
and chemical etching of AuNPs, resulting in a color change that allows
the selective and quantitative spectrophotometric determination of CA
(Fig. 1a). This plasmonic assay has a linear dynamic range for the
detection of CA (12 pM–12 mM) and a high specificity among various
biothiols. Furthermore, this method was fully integrated on a lab-on-adisc platform so that rapid plasma separation from 20 μL of human
blood, followed by CA detection, could be completely automated
(Fig. 1b and c). This entire process uses a table-top, custom-designed
centrifuge system containing reversible diaphragm valves integrated on
a disc, where the assay can be performed on-site immediately after blood
collection. To the best of our knowledge, this is the first POCT system
based on a lab-on-a-disc for the detection of the CA levels in human
blood.
2. Experimental section
2.1. Synthesis of plasmonic AuNPs
Monodispersed plasmonic AuNPs were synthesized according to Lee
and Meisel’s standard procedure using a simple citrate reduction
method (Lee and Meisel, 1982). An aqueous solution of 1 mM tetra
chloroauric (III) acid trihydrate (HAuCl4⋅3H2O) was prepared in 50 mL
of deionized (DI) water and boiled with gentle stirring at 100 ◦ C. Af
terward, 5 mL of 38.8 mM trisodium citrate (Na3C6H5O7) was added
with continuous stirring and boiling. Upon adding trisodium citrate, the
yellowish solution slowly turned black, lavender, and finally, wine-red.
It was continuously boiled for 30 min and subsequently allowed to cool
to remove the extra precipitate, which was filtered using a 0.22 mm
Millipore syringe filter. The solution was characterized by transmission
electron microscopy (TEM), dynamic light scattering (DLS), and ultra
violet–visible (UV–vis) analyses. The solution was stored at 4 ◦ C for
further analysis (Mura et al., 2015).
2.2. CA detection using plasmonic AuNPs
The sensitivity of the plasmonic AuNPs was determined using
2
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Fig. 2. Characterization of plasmonic
AuNPs. (a) (i) Wine-red color of the plas
monic AuNPs changed to (ii) bluish-black
after the addition of CA. (b) Size of the
plasmonic AuNPs using TEM: (i) plasmonic
AuNPs (core diameter = 20 nm), (ii) aggre
gated form after the addition of CA (core
diameter = X) (Y data points, n = Y). (c)
Representative UV–vis absorbance of plas
monic AuNPs before and after the addition of
CA at 25 ◦ C, one peak at 526 nm (red)
whereas with two peaks at 526 nm and 732
nm (blue), respectively. (d) Hydrodynamic
size of the plasmonic AuNPs before and after
the addition of CA at 25 ◦ C, measured by
DLS. Data represent mean ± SD and n = 5
independent chemical reactions. (For inter
pretation of the references to color in this
figure legend, the reader is referred to the
Web version of this article.)

different concentrations of CA. First, CA stock solutions of 1 mM were
prepared at room temperature (RT) in DI, and the chemical etching re
action and ligand exchange reaction was initiated by mixing the serially
diluted CA with the plasmonic AuNPs solution at a volume ratio of
1:100 at 25 ◦ C. CA solutions of different concentrations were added to
100 μL of 54 nM plasmonic AuNPs. After 15 s of incubation, the color of
the solution was monitored, and the sample was loaded onto 96-well
plates to record the UV–vis absorption spectra (Tecan Infinite M200
PRO). The maximum absorption wavelength for the plasmonic AuNPs
was monitored at 526 nm, and a new absorption band was observed at
732 nm, attributed to chemical etching.

overnight. The TEM grid was loaded onto the sample holder in an
electron microscope and operated at 200 kV (JEM-2100 Electron Mi
croscope, JEOL).

2.3. Nanoparticle tracking analysis (NTA) of plasmonic AuNPs

2.7. Off-disc analysis of CA-spiked human blood

The number of plasmonic AuNPs and their size distribution were
measured using NTA. The plasmonic AuNPs were diluted in filtered DI
(0.6 mL) and loaded into the sample chamber of a nanoparticle tracking
analyzer (Malvern Analytical NanoSight N500, Malvern, UK) with a
405-nm laser. The video (30 s) was recorded by adjusting the camera
level to 12 with a detection threshold of 7. The number of particle tracks
was analyzed using the NTA 3.1 software (Nanosight).

Human blood (100 μL) was spiked with different concentrations of
CA for 30 min and diluted 10 times in phosphate-buffered saline (PBS).
Subsequently, it was centrifuged at 2500 rpm for 15 min to isolate the
plasma. Thereafter, 1 μL of the plasma was reacted with 100 μL of 54 nM
plasmonic AuNPs. The color change from wine-red to bluish-black was
clearly observed with the naked eye.

2.6. Collection of clinical samples
Peripheral blood samples from healthy volunteers were collected
after obtaining signed informed consent from the participants. Vacu
tainer tubes (BD vacutainer) coated with ethylenediaminetetraacetic
(EDTA) acid were used to collect blood in advance to prevent coagula
tion. The collected blood was processed within 1 h for further analysis.

2.8. Lab-on-a-disc fabrication

2.4. DLS analysis of the plasmonic AuNPs

Three-dimensional CAD software was used for the disc design con
taining two polycarbonate (PC) plates as the body and top. According to
the design, the PC plate was milled using a computer numerically
controlled (CNC) milling machine (Promill Smart 3530, Protek). To
minimize nonspecific reaction, the surfaces of the structure was coated
with 1% pluronic (PEO-PPO-PEO- block copolymer) solution. After
washing and drying, top and body were laminated by using pressuresensitive, double-sided adhesives (DFM 200 clear 150 POLY H-9 V-95;
FLEXcon, Spencer, MA, USA). A microfluidic channel was generated on
the double sided adhesives using a cutting plotter (CE3000-60, Graph
tec). After assembly, the channels between the top and body are blocked

The surface charge and hydrodynamic size distribution of the plas
monic AuNPs were characterized using a Nano ZA-90 Zetasizer (Malvern
Instruments, Worcestershire, UK) after the reaction with CA. The sample
was diluted with DI in a 1:10 ratio, and a 1 mL sample was loaded into a
cuvette for measurement.
2.5. TEM analysis
The plasmonic AuNP solution (3 μL), before and after the treatment
with CA, was placed on the 200-mesh copper TEM grid and dried
3
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Fig. 3. Reaction of the plasmonic AuNPs with
different CA concentrations. (a) Representative
photograph of the plasmonic AuNPs after 15 sec of
the reaction with different concentrations of CA (12
pM, 0.12 nM, 1.2 nM, 12 nM, 0.12 μM, 1.2 μM, 12
μM, 0.12 mM, 1.2 mM and 12 mM) at 25 ◦ C. (b)
Redshift of the UV–vis absorbance spectra of the
plasmonic AuNPs on increasing the concentration of
CA from 0 pM (line 1) to 12 mM (line 11) at 25 ◦ C.
(c) Absorbance value obtained at a wavelength of
732 nm on increasing the CA concentration (x-axis is
plotted in logarithmic scale). Data represent mean
± SD and n = 5 independent chemical reactions.

by the elastomer based valve.

passed into disc (chamber 4 in Fig. 1b) containing plasmonic AuNPs,
where the color change in the reaction could be clearly observed with
the naked eye.

2.9. Analysis of the CA-spiked human blood using the lab-on-a-disc
platform

3. Results and discussion

To perform CA analysis on the disc, 20 μL portions of human blood
spiked with different concentrations of CA were loaded onto the disc
(chamber 1 in Fig. 1b). The disc was rotated at 3600 rpm for 5 min to
separate the plasma. The separated plasma (chamber 2 in Fig. 1b) was

3.1. Characterization of the plasmonic AuNPs
As shown in Fig. 2a, CA undergoes a strong reaction with the

Fig. 4. Reaction of the plasmonic AuNPs with CA at
different pH values and with thiolated amino acids.
(a) Absorbance value of the plasmonic AuNPs after
reacting with CA at different pH values (3–11) at
25 ◦ C. Data represent mean ± SD and n = 5 inde
pendent chemical reactions. (b) Absorbance value of
the plasmonic AuNPs at 732 nm after reacting with
different thiolated amino acids. The thiol group
present in CA reacts with the plasmonic AuNPs,
causing a red shift. Data represent mean ± SD and n
= 3 independent chemical reactions. (c) Absorbance
value obtained at a wavelength of 732 nm on
increasing the CA concentration (x axis is in loga
rithmic scale) in the plasma sample separated from
CA spiked human blood at 25 ◦ C. Data represent
mean ± SD and n = 3 independent chemical re
actions. (For interpretation of the references to color
in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 5. Detection of the CA in human blood. (a) Reaction of the plasmonic AuNPs with different concentrations of CA in the human blood samples using a lab-on-adisc platform at 25 ◦ C after 6 min. (b) Absorbance value increases at 732 nm on increasing the CA concentration in the blood at 25 ◦ C after 6 min. Data represent
mean ± SD and n = 3 independent chemical reactions.

plasmonic AuNPs, which results in visible color changes. First, the
morphology of the plasmonic AuNPs was characterized by TEM to be
spherical (Fig. 2b). The maximum absorption band and size of the
plasmonic AuNPs were characterized using spectroscopy and DLS,
respectively. The results showed that the maximum absorption wave
length was 526 nm and the hydrodynamic diameter of the plasmonic
AuNPs was 44.2 ± 4.5 nm (Fig. 2c and d). The surface zeta potential of
the plasmonic AuNPs was − 27.6 mV, owing to the adsorption of nega
tively charged citrate anions on the surface of the nanoparticles. This
anion layer acted as a stabilizer during the nanoparticle formation (Park
and Shumaker-Parry, 2014).

Plasmonic AuNPs (100 μL, 54 nM) with different pH values ranging from
3 to 11 were reacted with CA (1 μL, 10 mM). A nonsignificant change in
the absorption intensity at 732 nm was observed throughout the phys
iological pH range of 5–9, which confirmed its suitability and efficiency
for sensing CA in real samples (Fig. 4a, Supplementary Fig. 3). However,
the absorbance intensity was high under low pH conditions (<5 pH),
compared to that under high pH conditions (>9 pH); this was attributed
to the high H2O2 production amount under the acidic conditions (3–5
pH), which is important for thiyl radical generation and has an impact
on the etching process (Szychowski et al., 2018). Thus, it was established
that plasmonic AuNPs exhibit good reliability in a physiological pH
range (Satnami et al., 2015).

3.2. Plasmonic AuNPs reaction with different concentrations of CA

3.4. Effect of other biologically relevant acid molecules on the plasmonic
assay

The reaction between the plasmonic AuNPs and CA led to colori
metric sensing, changing from wine-red to blackish-blue with the shift in
the SPR band from 526 to 732 nm (Fig. 2a and c). A color change was
observed upon adding 1 μL of the CA solution (12 pM–12 mM) to the
plasmonic AuNPs (100 μL, 54 nM). As shown in Fig. 3a, the intensity of
the blue color increased with the CA concentration, whereas no color
change was observed in the control experiment. To determine the effect
of CA on the plasmonic AuNPs, the reaction was characterized using a
spectrometer; upon addition of CA, the intensity of the plasmon band at
526 nm significantly decreased, and a new band at 732 nm was
observed, which is attributed to aggregation-induced plasmon coupling
(Fig. 3b). The absorbance bands at 526 and 732 nm are related to the
extent of the dispersed and aggregated states of the plasmonic AuNPs,
respectively. CA acts in dual role on AuNP surface; causing the etching
leading to the nanostructure changes (Dreier and Ackerson, 2015; Shu
et al., 2015; Szychowski et al., 2018; Wang et al., 2005) and acting as
stabilizing agent through ligand exchange that is also supported from
earlier reports (Stobiecka et al. 2010a, 2010b; Stobiecka and Hepel,
2010). Based on these results, we used this strategy for various con
centrations of CA. As shown in Supplementary Fig. 3c, the absorbance
increased linearly with the CA concentration over the range of 12 pM to
12 mM. Next, the increase in the size of the plasmonic AuNPs in solution,
due to aggregation, was analyzed using TEM, DLS, and NTA (Fig. 2b and
d, Supplementary Fig. 2). After the addition of CA, the zeta potential,
which is a measure of the surface charge, increased (− 27.6 to − 6 mV),
indicating the successful etching of the ligand.

Next, we examined the effect of the reaction between CA and the
plasmonic AuNPs in the presence of other biologically relevant mole
cules. For this study, we selected a variety of biomolecules, including
alanine, cysteine, arginine, lysine, glutathione, serine, methionine, and
tryptophan. For each case, 100 μL of the 54 nM plasmonic AuNP probe
was mixed with various biomolecules (1 μL, 10 mM), and the reaction
mixture was maintained at 25 ◦ C for 10 min. The UV–vis absorbance at
732 nm before and after the addition of the biomolecules was recorded,
as shown in Fig. 4b. The figure shows little changes in the absorbance at
732 nm for all the other biologically relevant molecules. The high
selectivity for CA over alanine, cysteine, arginine, lysine, glutathione,
serine, methionine, and tryptophan is particularly interesting (Supple
mentary Fig. 4).
3.5. Application in human blood samples
Conventionally, the CA level is determined after taking a dose as a
medicine in the cases of cystinosis and other diseases. CA, in doses >0.5
mM, exerts toxic effects, such as nausea, abdominal pain, headache,
asthenia, anorexia, dyspepsia, and torpor, which cause adverse effects in
the body. Therefore, it is highly important to maintain the CA level in
the human body. To detect CA in fresh human blood samples, a series of
reactions for different concentrations of CA was examined. First, the
human blood samples were spiked with CA (12 pM–12 mM), and after
isolating the plasma, it subsequently reacted with the plasmonic AuNPs
probe. For each case, 100 μL of the 54 nM plasmonic AuNPs probe was
mixed with 1 μL of the plasma separated from CA-spiked human blood,
and the reaction mixture was maintained at 25 ◦ C for 15 s. As shown in
Fig. 4c, the change in the absorbance at 732 nm was recorded using a
spectrophotometer, where the absorbance increased linearly with
increasing concentration of CA in the human blood over the range of 12

3.3. pH dependence of the plasmonic assay
The working pH range for CA detection is crucial in real applications.
We examined the effect of the solution pH on the CA etching process of
plasmonic AuNPs. It is known that the pH of a nanoparticle plays a vital
role in its stability and sensing mechanism (Yadav et al., 2018).
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solution was connected through the microchannel to the plasmonic
AuNP solution contained in the chamber, where mixing occurred after
opening the connecting valve. As shown in Fig. 5a, the color change was
observed with the naked eye, and the intensity of the blue color
increased with increasing the concentration of CA. The absorbance at
732 nm increases with increasing the concentration of CA over the range
of 120 pM to 12 mM. The limit of detection (LOD), 3 times the standard
deviation of the mean of plasma-only sample, was estimated 20 pM
(Fig. 5b). The sensitivity of this method was much higher than previ
ously reported methods for CA sensors (Table 1). This fully integrated
POCT device could detect the CA levels time-efficiently by optimizing
the interval between the blood collection and transfer to the
laboratories.
Supplementary data related to this article can be found at https://do
i.org/10.1016/j.bios.2021.113584.

Table 1
Comparison of the CA detection performances of different methods.
Detection Method

Time
requirement

Sample

Limit of
detection

Reference

Electrochemical

>1 h

Water

1.4 ×
10− 7 M

Electrochemical

>1 h

Electrochemical

>48 h

Electrochemical

>1 h

Electrochemical

>3 h

Fluorescence

17 min

3 × 10−
M
7.97 ×
10− 5 M
9 × 10−
M
6 × 10−
M
1 × 10−
M

Fluorescent

>6 h

Fluorescent

1 h 20 min

Fluorescent

>30 min
>1 h

Phosphate
buffer
Phosphate
buffer
Phosphate
buffer
Phosphate
buffer
Plasma/
tissue
matrix
Bovine
serum
albumin
BrittonRobinson
buffer
Phosphate
buffer
Plasma

Ensafi and
Karimi-Maleh
(2010)
Taherkhani
et al. (2012)
Ojani et al.
(2009)
Keyvanfard
et al. (2013)
Karimi-Maleh
et al. (2013)
Ogony et al.
(2006)

>1 h

Plasma

<6 min

Blood

1 × 10− 7
M
2.0 ×
10− 11 M

Capillary
electrophoresis/
UV–vis
absorption
HPLC/UV–vis
absorption
Colorimetric

7

8
8
5

1.5 ×
10− 7 M

Shu et al.
(2015)

6.68 ×
10− 8 M

Ma et al. (2020)

3.5 ×
10− 7 M
8 × 10−
M

7

4. Conclusions
In this study, a CA detection method was developed using a plas
monic switch on a fully integrated lab-on-a-disc platform. This method is
simple and highly sensitive, and it allows the rapid quantitative mea
surement of the CA concentration. Upon treatment with CA, the plas
monic AuNPs displayed a selective colorimetric shift from blue to red,
attributed to the chemical etching-induced exchange of the surface
ligand, which destabilized the particles to generate the plasmonic
switch. We demonstrated that the lab-on-a-disc system can be used for
the rapid measurement of CA in fresh human blood samples. In the
future, we expect that our plasmonic assay integrated with a lab-on-adisc platform will find widespread application in various fields,
because of its fast, simple, and cost-effective analyses.

Mu et al.
(2021)
Kubalczyk and
Bald (2008)
Kuśmierek
et al. (2005)
Present work

pM to 12 mM. The limit of detection (LOD), 3 times the standard devi
ation of the mean of plasma-only sample, 24 pM.
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