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Abstract: Surface engineering of nanoparticles has been widely used in biosensing and assays, where
sensitivity was mainly limited by plasmonic colour change or electrochemical responses. Here, we
report a novel biomimetic sensing strategy involving protein-modified gold nanoparticles (AuNPs),
where the modulation strategy was inspired by gastropods in inhibition of coffee-ring effects in their
trail-followings. The so-called coffee-ring effect presents the molecular behaviour of AuNPs to a
macroscopic ring through aggregation, and thus greatly improves sensitivity. The assay relies upon
the different assembly patterns of AuNPs against analytes, resulting in the formation or suppression
of coffee-ring effects by the different surface engineering of AuNPs by proteins and peptides. The
mechanism of the coffee-ring formation process is examined through experimental characterizations
and computational simulations. A practical coffee-ring effect assay is developed for a proof-of-
concept target, amyloid β (1–42), which is a typical biomarker of Alzheimer’s disease. A novel
quasi-titrimetric protocol is constructed for quantitative determination of the target molecule. The
assay shows excellent selectivity and sensitivity for the amyloid β monomer, with a low detection
limit of 20 pM. Combined with a fluorescent staining technique, the assay is designed as a smart
sensor for amyloid β detection and fibrillation evaluation in rat cerebrospinal fluids, which is a
potential point-of-care test for Alzheimer’s disease. Connections between amyloid fibrillation and
different courses of brain ischaemia are also studied, with improved sensitivity, lower sample volumes
that are required, convenience for rapid detection, and point-of-care testing.
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1. Introduction

When a drop of a solution dries on a flat surface, a ring-like stain is deposited at
the original drop edge. This so-called coffee-ring effect is ubiquitous but has not been
thoroughly investigated [1]. This phenomenon is influenced by the particle shape [2] and
size [3] of particles in the solution, by their surface modification, and by their hydrophilic-
ity [4]. The coffee-ring effect involves a complex but robust dynamic ensemble and remains
a novel and exciting area for researchers [5,6] because it connects phenomena from the
nanoscale to the macroscale. The testing of the coffee-ring effect only requires a piece of
hydrophilic substrate (e.g., glass, wood, or paper) and a small droplet of solution. The
residue of the dried solution can be identified by the naked eye and requires no complicated
instrument. Thus, the coffee-ring effect is convenient to serve as a facile strategy in analyt-
ical chemistry for sensitive diagnostic applications [7,8], especially for high-throughput
detection in point-of-care platforms [9].

In nature, snails and slugs leave a trail-following from moving on a layer of costly
mucus. The silver trails were demonstrated to exhibit multiple functions, including the
release of water- or airborne pheromones for mate searching. Some snails prefer to move
over previously laid mucus trails to save energy and reduce production of their own
mucus [10]. For either function, the formation of the coffee-ring effect in trail-followings
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should be inhibited. Gastropods inhibit the coffee-ring effect in their mucus by secreting
mucins and other protein–carbohydrate complexes, which help to increase the affinities
between particles in mucus. The successful strategy of snails in inhibiting coffee-ring
effects have been long used by engineers, as well as painters in the painting of dedicated
patterns [6].

Learning from snails, we proposed a coffee-ring effect-based strategy to construct
a biomimetic optical sensor using gold nanoparticles (AuNPs), the most popular nano-
material, utilized across a wide range of scientific research fields, including serving as
the building blocks of biomimetic structures [11]. We designed the sensor through modu-
lating coffee-ring effects by surface engineering of AuNPs, where stronger AuNP-AuNP
interactions lead to the suppression of coffee-ring strains. Owing to their unique surface
plasmon resonance (SPR) properties, AuNPs display size- and distance-dependent optical
absorption [12] so that colorimetric assays are the most common use of AuNPs because
of their high sensitivity, ease of construction, and suitability for naked-eye detection [13].
However, the applications of SPR-based AuNP colorimetric assays is often limited. This is
because colour changes in colloidal AuNP solutions can be easily triggered by high ionic
strength, protein absorption, or desorption of functionalized molecules; these conditions
may therefore result in false-positive signals [14]. Moreover, an evident colour change
in colloidal AuNP solutions only occurs when the AuNPs aggregate at high levels. The
colour of the AuNP colorimetric assays typically shifts from red to blue (or purple) or
vice versa. This colour change, however, does not often offer a distinguishable contrast
by the naked human eye. Thus, there is a demand to improve AuNP colorimetric assays,
especially their sensitivity and robustness. A coffee-ring effect-based sensor utilizes the
tuneable aggregation properties of modified gold nanoparticles by surface engineering
in response of target molecules. In our work, the absorbance of the coffee-ring effect is a
more sensitive sensor than the absorbance of the solution. The well-dispersed AuNPs in a
droplet of colloidal AuNP solution dry to form a distinct ring-fashion stain, whereas the
remainder of the solution does not exhibit such a residue, even when the AuNPs slightly
aggregate without an obvious colour change. This coffee-ring-effect-based platform was
successfully applied for the sensitive and selective identification of the amyloid β (Aβ)
monomer, which is a well-known biomarker of Alzheimer’s disease [15]. A technique
to evaluate the fibrillation level of Aβ was further developed, using fluorescent staining.
A smart sensor that can simultaneously detect the concentration of Aβ and evaluate the
fibrillation level was developed. Furthermore, the delicate balance between the Aβ concen-
tration and its fibrillation level (in rat cerebrospinal fluids) on brain ischaemia was explored.
This coffee-ring-effect-based sensing technique using colloidal AuNPs appears promising
for potential analytical chemistry and diagnostic applications.

2. Materials and Methods
2.1. Synthesis of Gelsolin-Modified AuNPs (Gel-AuNPs)

AuNPs of 20 nm average diameter were fabricated as previously reported. Gel-AuNPs
were fabricated via a one-pot modification method. Briefly, 10 mM gelsolin was added to
5.0 mL of a colloidal AuNP solution and stored at room temperature with gentle stirring
for 5 h. Then, bovine serum albumin (BSA) was used to block the nonspecific binding sites
of the AuNPs. The obtained modified nanoparticles were separated with centrifugation
(5000 rpm) and were washed three times using ultrapure water.

2.2. Design of the Coffee-Ring-Effect-Based Assays

Glass slides were carefully washed with aqua regia, alcohol, and ultrapure water. For
the Aβ monomer determination, droplets of the Gel-AuNPs were dropped onto a glass slide
with a microinjector (10 mL, Eppendorf, Hamburg, Germany). The glass slide was then
stored in steady air under ambient conditions until the liquid was completely evaporated.
The humidity was controlled below 30%. Then, the deposit on the slides were dipped into
ultrapure water to remove any precipitated salt crystals before observation by naked eye,
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by a portable sensing platform with a smartphone, and by optical microscopy. For the Aβ

fibrillation analysis, the glass slide was dipped into a 10 mM thioflavin T (ThT) solution for
the fluorescent staining of the Aβ fibrils.

2.3. Animal Experiments

All procedures involving animals were conducted with the approval of the Animal
Ethics Committee in Fudan University, China. Male SD rats (200–250 g) were purchased
from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China), and acclimatized
for a week. In detail, the SD rats were randomly divided into three groups. The rats
were anaesthetized with chloral hydrate (300 mg/kg, i.p.) and additional injections were
performed as needed to maintain anaesthesia. Surgeries were carried out to introduce
intraluminal sutures into the external carotid artery (ECA) to induce brain ischaemia. After
the surgery, the rats were placed in a warm incubator whilst recovering from the anaesthesia.
For the long-term ischaemia group (n = 5), the cerebrospinal fluid was collected after 30 days.
For the short-term ischaemia group (n = 5), the cerebrospinal fluid was collected after 3 days.
The remaining rats (normal group, n = 5) were housed without any further treatment. The
rats were then anaesthetized with ether, their cerebrospinal fluid was collected and the Aβ

concentration, and fibrillation analyses was carried out before sacrifice.

3. Results
3.1. Design of the Coffee-Ring-Effect-Based Sensing Platform

The coffee-ring effect is dependent on the size and the shape of the particle, as well as
the stickiness of the surfactant functionalization. Therefore, we assumed that the coffee-ring
effect would be eliminated when the AuNPs aggregated. We used negatively charged
AuNPs to verify our assumption. Different volumes of NaCl or HCl solutions were added
into the AuNP solution to induce aggregation. Then, droplets of well-dispersed AuNPs
and AuNPs at different aggregation levels were deposited onto a glass slide. Subsequently,
the drops were allowed to evaporate, and the dried suspensions’ deposits were studied.
The coffee-ring effect was not observed when the AuNPs underwent slight aggregation.

For well-dispersed AuNPs, the coffee-ring effect was driven by capillary fluid flow
during the evaporation process. However, when the AuNPs began to aggregate, anisotropic
structures of the AuNPs such as dimers and chains of AuNPs emerged in the solution as
the attraction force between the AuNPs become stronger. This anisotropy and stronger
affinity between the AuNPs prevented the capillary fluid flow within the solution bulk and
at the air–fluid interface. At higher aggregation levels, highly densified AuNPs assembled
into micrometre-sized plaques. These dense plaques were too heavy to be carried away by
the capillary fluid flow [16]. Thus, these phenomena prevented the coffee-ring effect.

Based on these promising results, we further expanded this strategy to the develop-
ment of a sensitive optical sensing system (Figure 1). A selective biosensor for the Aβ

monomer was designed based on the visualization of the coffee-ring effect. Gelsolin, a
secretory protein that selectively binds to Aβ by a recognition behaviour similar to that
between an antibody and antigen, was immobilized onto AuNPs via a one-pot method
(Gel-AuNPs, see Methods). The advantage of the modifying protein gelsolin is reflected
in two aspects. First, the involvement of gelsolin was largely inspired by the gastropods
in the inhibition of coffee-ring effects in their trail-followings, where sticky proteins play
essential roles. Gelsolin with an isoelectric point of 6.1 was negatively charged in work-
ing buffer, such that the interactions between gelsolin were dominated by electrostatic
repulsions. In the presence of amyloid beta, however, strong affinity occurred between
gelsolin and amyloid peptides, by forming sticky protein–peptide complexes. Second,
gelsolin was known to exhibit selective affinity to amyloid beta peptides, which is essential
to the construction of selective assay for amyloid beta in rat brain. Transmission electron
microscopy (TEM) was used to validate the successful fabrication of Gel-AuNPs (Figure S4).
It was demonstrated that after gelsolin modification, the morphology of AuNPs did not
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change much. High-resolution (HR) TEM images showed very clear Au (111) lattices with
a distance of 0.3 nm.
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Figure 1. Design of the coffee-ring effect based optical sensor. (a) Schematic illustration for the
recognition of gelsolin-functionalized AuNPs (Gel-AuNPs) and the Aβ monomer. (b) UV-vis ab-
sorption spectra and images (inset) of Gel-AuNPs in the presence and absence of the Aβ monomer.
(c) Schematic representation of the coffee-ring effect of the AuNPs and its prevention by aggregation.

In our previous work, gelsolin was shown to selectively bind to Aβ monomers at more
than one recognition site [17,18]. Gel-AuNPs were observed to aggregate with each other
in the presence of Aβ monomers. The aggregation of Gel-AuNPs in the presence of Aβ

resulted in the suppression of the coffee-ring effect when the solution was deposited onto a
glass substrate. The level of suppression of the coffee-ring effect was very sensitive to the
aggregation level. In the absence of Aβ, the dried Gel-AuNP droplet left a well-defined
ring. However, in the presence of Aβ, there was no ring shape after the droplet was dried.
At this concentration, the addition of Aβ did not result in an obvious colour change. The
Gel-AuNPs showed excellent specificity for the Aβ monomer against other competing
agonists, including Aβ oligomers, Aβ fibrils, nucleic acids, amino acids, and proteins. This
protocol can be viewed as a qualitative analytical method of the Aβ monomer.

Quantification is essential in analytical chemistry and diagnostic detection. The con-
centration of Aβ in brain tissues has been correlated with Alzheimer’s disease. Several
groups reported relatively low concentrations of the Aβ monomer in the cerebrospinal
fluids of Alzheimer’s disease patients [19]. Thus, a quantitative analysis of Aβ is neces-
sary [20–23]. Researchers have utilized the coffee-ring effect to construct assays, e.g., Wong
and coworkers have suggested a chromatography-like behaviour of the coffee-ring effect
and proposed its application in separations and fluorescent detections; Chen and coworkers
developed a method for detecting DNA using a hybridization-induced suppression of
the coffee-ring effect [24]. However, these techniques were not capable of performing
quantitative analyses. Indeed, to the best of our knowledge, an accurate, quantitative
analysis of the coffee-ring effect has never been achieved. In this work, a novel quantitative
method was proposed to overcome the limitations associated with coffee-ring-effect-based
sensor (Figure 2).

A quasi-titrimetric method was introduced for the quantification. The critical con-
centration (ccrit) is the minimum concentration of Aβ that can suppress the formation of a
coffee-ring of Gel-AuNPs. The critical concentration of this system can be adjusted by vary-
ing the concentration of Gel-AuNPs and by the degree of gelsolin modification. The ccrit
can be determined using an external reference. The quantitative analysis was performed by
the following quasi-titrimetric protocol. First, different volumes of Gel-AuNPs (Vi) were
dropped onto glass slide substrates. Then, Aβ aliquots of volume V0 and concentration c0,
were fused with each drop of Gel-AuNPs. Finally, the droplets were slowly evaporated and
the deposit residue of each droplet was observed. This method was used to determine the
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minimum volume of Gel-AuNPs (Vm) for a constant quantity of Aβ before the coffee-ring
effect was suppressed.
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Figure 2. Quantification using the coffee-ring-effect-based optical sensor. (a) Images of the solutions
and dried deposits on a glass slide of the Gel-AuNPs with various levels of aggregation induced
by different concentrations of Aβ (from 0.1 nM to 5 µM). (b) Schematic illustration of the protocol
using for the quantitative Aβ detection with Gel-AuNPs. (c) Determining the minimum volume of
Gel-AuNPs (Vm) before the coffee-ring effect is suppressed. (d) Linear plot of the coffee-ring effect
optical sensor versus different concentrations of Aβ. (e) Selectivity of the coffee-ring effect assay
against various competing compounds. The concentration of Aβ monomer was 100 nM, while Aβ

oligomer and fibril was 5 µM, nucleic acids and BSA were 10 µM, and amino acids were 100 µM
in concentration.

The concentration c0 of Aβ used in the titration was calculated as follows:

c0 =
ccrit(Vm + V0)

V0
(1)

The sensitivity of the coffee-ring-effect-based optical sensor was very high. The limit
of detection (LOD) for Aβ was as low as 20 pM, which is remarkably lower than that of the
Gel-AuNP-based colorimetric channel (0.5 nM) in this work (see Supporting Information).
Various compounds, including Aβ oligomers, Aβ fibrils, proteins, nucleic acids and amino
acids, were tested to verify the selectivity of the assay. None of the above-mentioned
compounds showed similar suppression of the coffee-ring effect and would not affect
the quantitative determination of Aβ monomer in artificial cerebrospinal fluids (aCSF)
(Figure 2e). We performed a comparison analysis of the coffee-ring effect assay with
conventional AuNP colorimetric methods in Table S1. It can be concluded that the coffee-
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ring-based assay required a much lower volume of the sample and remarkably higher
sensitivity than the conventional colorimetric method. For selectivity and measurement
time, they showed comparative performance. But it should be noted that the conventional
colorimetric method showed better reproducibility than the coffee-ring effect assay, which
should be improved in the future.

3.2. Mechanism of the Coffee-Ring Effect of AuNPs

We next examined the mechanism responsible for the sensitivity of the coffee-ring
effect to aggregation. We hypothesized that three major factors contributed to the sensitivity
of the coffee-ring-effect-based sensor. The first is associated with the nature of the coffee-
ring effect. During the evaporation process, AuNPs are highly concentrated at the edge
of the drop. Nonvisible nanoparticles are visualized at a macroscopic scale. Generally,
the area of the coffee ring occupies approximately 8% of the total area of the droplet. The
high concentration of AuNPs in this very small area largely enhances the sensitivity for
indicating the aggregation level of the nanoparticles. Second, AuNPs aggregate into chain-
like assemblies [25], which play an essential role in the suppression of the coffee-ring effect.
The formation of chain-like assemblies drives AuNPs to anisotropic structures with much
stronger interparticle affinity. The existence of anisotropic structures in solution significantly
resists the radial outward flow, the driving force and source of the coffee-ring effect [26]. It
has been demonstrated that a small quantity of anisotropic chain-like assemblies of AuNPs
can readily damage the coffee-ring. Moreover, as the liquid droplet volume decreases,
the concentration of the detected molecule increases, i.e., the non-volatile Aβ monomer
is largely enriched before the coffee-ring pattern begins to emerge. The enrichment of the
detected molecules can be two orders of magnitude or higher in the coffee-ring-effect-based
optical sensors, and thus contributes towards the improved sensitivity.

Transition electron microscopy (TEM) and scanning electron microscopy (SEM) (Figure 3)
were used to examine the aggregation mechanism. The well-dispersed AuNPs deposited
more densely at the edge than those in the centre. No obvious aggregation was observed in
both areas. At low aggregation levels, the AuNPs aggregated into chain-like structures. As
shown in Figure 3b, branched chain structures of AuNPs were found at the edge and at the
centre of the deposit. Furthermore, at high aggregation levels, large plaques of highly dense
AuNPs were observed throughout the deposit. We further utilized Monte Carlo simulations to
support our proposed mechanism (see Supplementary Information). The deposition process
of colloidal AuNPs can be divided into two stages. In the first stage, i.e., the edge deposition
process (EDP), the AuNPs predominantly deposited at the edge of the droplet. In the second
stage, i.e., the planar deposition process (PDP), the liquid phase became very thin such that
the deposition occurred along the entire air–liquid interface. The formation of the coffee ring
is determined by the stage that dominated during the drying process.

3.3. Animal Models and Real Sample Detection

In Figure 4, various detection methods are listed for observing the coffee-ring effect.
One can check the nanoparticle deposition from the reflected light on the surface of the
substrates with the naked eye. A miniature microscope in combination with a smartphone
was utilized to enhance the sensitivity and convenience of observation of the coffee-ring
effect. The data were recorded by the smartphone as images and uploaded to cloud
terminals [27]. This system can be used as a portable device for point-of-care diagnostics.
Together with fluorescent microscopy, we can further utilize thioflavin T (ThT) dye to stain
the AuNP depositions to evaluate the fibrillation level of the Aβ, which was found to be an
essential factor in diagnosing Alzheimer’s disease. ThT is known as a fluorescent dye that
can specifically bind to Aβ fibrils15. The quantum yield of ThT molecules is increased after
binding to the β-sheet sites of Aβ fibrils. The “turn-on” effect of ThT offers a fluorescent
channel to selectively detect Aβ fibrils. The concentration of Aβ monomers is obtained
from coffee-ring channel in the bright field, while the one of Aβ fibril is calculated from the
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fluorescent channel in the dark field of fluorescent microscopy. The Aβ fibrillation level is
further estimated from the obtained Aβ fibril and monomer concentrations.
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Figure 4. Detection modes of coffee-ring effect optical sensors using AuNPs. (a) Primary detection
by the naked eye. (b) Portable detection platform for point-of-care applications using a smartphone.
(c) Fluorescent staining with ThT and the application to evaluate the Aβ fibrillation levels using
fluorescent microscopy. (d) Results of the Aβ monomer, fibril concentrations, and fibrillation levels in
long-term and short-term brain ischaemia in comparison with normal rats.
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Aβ has been shown to be associated with Alzheimer’s disease. The Aβ biomarker is
complex and includes various forms, such as monomers, oligomers, and mature fibrils [28].
Neuritic plaques consisting of aggregated Aβ in postmortem examinations are the most
important marker for identifying Alzheimer’s disease. Soluble Aβ oligomers, which
have high neural toxicity, are thought to be the main cause of neurologic damage in the
development of Alzheimer’s disease [29]. A correlation between the concentration of Aβ

monomers and Alzheimer’s disease has been suggested by a number of studies. However,
some researchers believe that Aβ has physiological activities such as serving as a protector
against oxidative stress. Overall, the physiological functions of Aβ in normal brain tissues
and the development of Alzheimer’s disease are not well understood.

Alzheimer’s disease is associated with many other conditions, including diabetes [30],
severe brain injury [31], brain ischaemia [32], uraemia, and hepatitis [33]. In most cases,
the association between these diseases and Alzheimer’s disease is unclear. For example, in
brain ischaemia, the mechanism by which ischaemia induces Alzheimer’s disease and the
role of Aβ in the process have yet to be elucidated. These areas are of significant importance
for revealing the pathogenesis of Alzheimer’s disease and for developing a potential cure
for Alzheimer’s disease.

To study the association between brain ischaemic injury [34] and Alzheimer’s dis-
ease, surgeries were carried out using Sprague Dawley (SD) rat models. Long-term and
short-term ischaemia were induced in SD rats. The Aβ monomer concentrations, fibril
concentrations, and fibrillation levels of the cerebrospinal fluids were determined by the
smart coffee-ring-effect-based optical platform (Figure 4c). The concentration of the Aβ

monomer markedly increased in short-term brain ischaemia but decreased from this level
in long-term ischaemia. However, the Aβ fibril concentration slightly increased in short-
term brain ischaemia and then rapidly increased as the brain ischaemia progressed. Thus,
we suggest that the Aβ fibrillation level in cerebrospinal fluids is a significant factor in
long-term brain ischaemia. We further assume that Aβ may play a protective role against
the development of brain ischaemia. We postulate that during the primary stages of brain
ischaemia, the Aβ concentration increases. Then, this Aβ may start to aggregate when it
reaches high concentrations, and the Aβ oligomers and fibrils that are formed accelerate
the aggregation process. During the final stage, Aβ exists predominantly in oligomer and
fibril forms, and the low concentration of the Aβ monomer is restored. These findings may
help researchers understand the role of Aβ monomers and fibrils in brain tissues and the
connection between brain ischaemia and Alzheimer’s disease.

4. Conclusions

The potential use of the coffee-ring effect in optical sensors has long been underesti-
mated. Coffee-ring-effect-based optical sensors exhibit better sensitivity and more rapid
throughout than conventional aggregation-induced colorimetric detection methods. The
sensitivity of the coffee-ring-effect-based assay is improved by two to three orders of
magnitude than conventional AuNP colorimetric methods. The assays also offer several
additional advantages, including the extremely low sample volumes that are required,
ultrahigh throughput, portability and point-of-care use, and compatibility with cloud
computing. In this work, we not only offer a smart sensor for simultaneous Aβ monomer
quantitation and evaluation of Aβ fibrillation level in cerebrospinal fluids, but also in-
troduce a general sensing strategy appropriate for various analytical applications. As
colloidal AuNP-based colorimetric sensors have become a well-studied field in the past
decade, coffee-ring-effect-based optical sensors seem to be promising candidates to replace
conventional noble-metal nanoparticle-based SPR colorimetric probes.
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Figure S3: Kinetics curve (a), selectivity (b), titration curve (c) and linear range of colorimetric sensor
of Gel-AuNP for Aβ. Figure S4: TEM image (left) and HR-TEM image (right) of Gelsolin-modified
AuNPs. Table S1: Comparison of coffee-ring effect assay with conventional colorimetric method
using AuNPs.

Author Contributions: C.W. and L.L.; methodology, J.L. and J.Z.; analysis, Z.-B.Q.; project adminis-
tration and supervision. C.W. and L.L. contributed equally. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (22004058)
and Science & Technology Commission of Shanghai Municipality (No. 23141900900).

Institutional Review Board Statement: The animal study protocols were approved by ethic com-
mittee of School of Pharmacy, Fudan University. Ethical approval number: 2023-04-YH-QZB-71.
Approval date: 25 April 2023.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the restriction of the college.

Acknowledgments: The authors acknowledge the technical support from Guoyue Shi in East China
Normal University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Deegan, R.D.; Bakajin, O.; Dupont, T.F.; Huber, G.; Nagel, S.R.; Witten, T.A. Capillary Flow as the Cause of Ring Stains from Dried

Liquid Drops. Nature 1997, 389, 827–829. [CrossRef]
2. Yunker, P.J.; Still, T.; Lohr, M.A.; Yodh, A.G. Suppression of the Coffee-Ring Effect by Shape-Dependent Capillary Interactions.

Nature 2011, 476, 308–311. [CrossRef] [PubMed]
3. Wong, T.S.; Chen, T.H.; Shen, X.; Ho, C.M. Nanochromatography Driven by the Coffee Ring Effect. Anal. Chem. 2011, 83,

1871–1873. [CrossRef] [PubMed]
4. Anyfantakis, M.; Baigl, D. Dynamic Photocontrol of the Coffee-Ring Effect with Optically Tunable Particle Stickiness. Angew.

Chem. Int. Ed. 2014, 53, 14077–14081. [CrossRef] [PubMed]
5. Choi, S.S.; Stassi, S.S.; Pisano, A.P.A.P.; Zohdi, T.I.T.I. Coffee-Ring Effect-Based Three Dimensional Patterning of Mi-

cro/Nanoparticle Assembly with a Single Droplet. Langmuir 2010, 26, 11690–11698. [CrossRef] [PubMed]
6. Soltman, D.; Subramanian, V. Inkjet-Printed Line Morphologies and Temperature Control of the Coffee Ring Effect. Langmuir

2008, 24, 2224–2231. [CrossRef] [PubMed]
7. Hussain, A.; Sun, D.-W.; Pu, H. SERS Detection of Urea and Ammonium Sulfate Adulterants in Milk with Coffee Ring Effect.

Food Addit. Contam. Part A 2019, 36, 851–862. [CrossRef]
8. Yukird, J.; Kaminsky, C.J.; Chailapakul, O.; Rodthongkum, N.; Vachet, R.W. Enhanced and Selective MALDI-MS Detection of

Peptides via the Nanomaterial-Dependent Coffee Ring Effect. J. Am. Soc. Mass Spectrom. 2021, 32, 1780–1788. [CrossRef]
9. Huang, C.; Wang, J.; Lv, X.; Liu, L.; Liang, L.; Hu, W.; Luo, C.; Wang, F.; Yuan, Q. Redefining Molecular Amphipathicity in

Reversing the “Coffee-Ring Effect”: Implications for Single Base Mutation Detection. Langmuir 2018, 34, 6777–6783. [CrossRef]
10. Ng, T.P.T.; Saltin, S.H.; Davies, M.S.; Johannesson, K.; Stafford, R.; Williams, G.A. Snails and Their Trails: The Multiple Functions

of Trail-Following in Gastropods. Biol. Rev. 2013, 88, 683–700. [CrossRef]
11. Qu, A.; Sun, M.; Xu, L.; Hao, C.; Wu, X.; Xu, C.; Kotov, N.A.; Kuang, H. Quantitative Zeptomolar Imaging of MiRNA Cancer

Markers with Nanoparticle Assemblies. Proc. Natl. Acad. Sci. USA 2019, 116, 3391–3400. [CrossRef] [PubMed]
12. Mahmoud, M.A.; El-Sayed, M.A. Time Dependence and Signs of the Shift of the Surface Plasmon Resonance Frequency in

Nanocages Elucidate the Nanocatalysis Mechanism in Hollow Nanoparticles. Nano Lett. 2011, 11, 946–953. [CrossRef] [PubMed]
13. Qi, Y.-X.; Qu, Z.; Wang, Q.-X.; Zhang, M.; Shi, G. Nanomolar Sensitive Colorimetric Assay for Mn2+ Using Cysteic Acid-Capped

Silver Nanoparticles and Theoretical Investigation of Its Sensing Mechanism. Anal. Chim. Acta 2017, 980, 65–71. [CrossRef]
[PubMed]

14. Gür, F.N.; Schwarz, F.W.; Ye, J.; Diez, S.; Schmidt, T.L. Toward Self-Assembled Plasmonic Devices: High-Yield Arrangement of
Gold Nanoparticles on DNA Origami Templates. ACS Nano 2016, 10, 5374–5382. [CrossRef] [PubMed]

15. Arosio, P.; Cukalevski, R.; Frohm, B.; Knowles, T.P.J.; Linse, S. Quantification of the Concentration of Aβ42 Propagons during the
Lag Phase by an Amyloid Chain Reaction Assay. J. Am. Chem. Soc. 2014, 136, 219–225. [CrossRef] [PubMed]

16. Weon, B.M.; Je, J.H. Capillary Force Repels Coffee-Ring Effect. Phys. Rev. E Stat. Nonlinear Soft Matter Phys. 2010, 82, 015305.
[CrossRef]

https://www.mdpi.com/article/10.3390/biomimetics8080581/s1
https://www.mdpi.com/article/10.3390/biomimetics8080581/s1
https://doi.org/10.1038/39827
https://doi.org/10.1038/nature10344
https://www.ncbi.nlm.nih.gov/pubmed/21850105
https://doi.org/10.1021/ac102963x
https://www.ncbi.nlm.nih.gov/pubmed/21288015
https://doi.org/10.1002/anie.201406903
https://www.ncbi.nlm.nih.gov/pubmed/25288180
https://doi.org/10.1021/la101110t
https://www.ncbi.nlm.nih.gov/pubmed/20527912
https://doi.org/10.1021/la7026847
https://www.ncbi.nlm.nih.gov/pubmed/18197714
https://doi.org/10.1080/19440049.2019.1591643
https://doi.org/10.1021/jasms.1c00132
https://doi.org/10.1021/acs.langmuir.8b01248
https://doi.org/10.1111/brv.12023
https://doi.org/10.1073/pnas.1810764116
https://www.ncbi.nlm.nih.gov/pubmed/30808736
https://doi.org/10.1021/nl103265s
https://www.ncbi.nlm.nih.gov/pubmed/21302928
https://doi.org/10.1016/j.aca.2017.05.018
https://www.ncbi.nlm.nih.gov/pubmed/28622805
https://doi.org/10.1021/acsnano.6b01537
https://www.ncbi.nlm.nih.gov/pubmed/27159647
https://doi.org/10.1021/ja408765u
https://www.ncbi.nlm.nih.gov/pubmed/24313551
https://doi.org/10.1103/PhysRevE.82.015305


Biomimetics 2023, 8, 581 10 of 10

17. Ray, I.; Chauhan, A.; Wegiel, J.; Chauhan, V.P.S. Gelsolin Inhibits the Fibrillization of Amyloid Beta-Protein, and Also Defibrillizes
Its Preformed Fibrils. Brain Res. 2000, 853, 344–351. [CrossRef]

18. Yu, Y.; Zhang, L.; Li, C.; Sun, X.; Tang, D.; Shi, G. A Method for Evaluating the Level of Soluble β-Amyloid(1–40/1–42) in Alzheimer’s
Disease Based on the Binding of Gelsolin to β-Amyloid Peptides. Angew. Chem. Int. Ed. 2014, 53, 12832–12835. [CrossRef]

19. Xia, N.; Liu, L.; Harrington, M.G.; Wang, J.; Zhou, F. Regenerable and Simultaneous Surface Plasmon Resonance Detection of
Aβ(1–40) and Aβ(1–42) Peptides in Cerebrospinal Fluids with Signal Amplification by Streptavidin Conjugated to an n-Terminus-
Specific Antibody. Anal. Chem. 2010, 82, 10151–10157. [CrossRef]

20. Alies, B.; Eury, H.; Essassi, E.M.; Pratviel, G.; Hureau, C.; Faller, P. Concept for Simultaneous and Specific in Situ Monitoring of
Amyloid Oligomers and Fibrils via Förster Resonance Energy Transfer. Anal. Chem. 2014, 86, 11877–11882. [CrossRef]

21. Tsukakoshi, K.; Abe, K.; Sode, K.; Ikebukuro, K. Selection of DNA Aptamers That Recognize Alpha-Synuclein Oligomers Using a
Competitive Screening Method. Anal. Chem. 2012, 84, 5542–5547. [CrossRef] [PubMed]

22. Wang, H.Y.; Ying, Y.L.; Li, Y.; Kraatz, H.B.; Long, Y.T. Nanopore Analysis of β-Amyloid Peptide Aggregation Transition Induced
by Small Molecules. Anal. Chem. 2011, 83, 1746–1752. [CrossRef]

23. Cui, M.; Ono, M.; Watanabe, H.; Kimura, H.; Liu, B.; Saji, H. Smart Near-Infrared Fluorescence Probes with Donor-Acceptor
Structure for in Vivo Detection of Beta-Amyloid Deposits. J. Am. Chem. Soc. 2014, 136, 3388–3394. [CrossRef] [PubMed]

24. Li, Y.; Zhao, Z.; Lam, M.L.; Liu, W.; Yeung, P.P.; Chieng, C.C.; Chen, T.H. Hybridization-Induced Suppression of Coffee Ring
Effect for Nucleic Acid Detection. Sens. Actuators B Chem. 2015, 206, 56–64. [CrossRef]

25. Han, X.; Liu, Y.; Yin, Y. Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains. Nano Lett. 2014,
14, 2466–2470. [CrossRef] [PubMed]

26. Nguyen, T.K.; Lam, S.J.; Ho, K.K.K.; Kumar, N.; Qiao, G.G.; Egan, S.; Boyer, C.; Wong, E.H.H. Rational Design of Single-Chain
Polymeric Nanoparticles That Kill Planktonic and Biofilm Bacteria. ACS Infect. Dis. 2017, 3, 237–248. [CrossRef] [PubMed]

27. Chen, G.H.; Chen, W.Y.; Yen, Y.C.; Wang, C.W.; Chang, H.T.; Chen, C.F. Detection of Mercury(II) Ions Using Colorimetric Gold
Nanoparticles on Paper-Based Analytical Devices. Anal. Chem. 2014, 86, 6843–6849. [CrossRef]

28. Zhang, X.; Tian, Y.; Li, Z.; Tian, X.; Sun, H.; Liu, H.; Moore, A.; Ran, C. Design and synthesis of curcumin analogues for in vivo
fluorescence imaging and inhibiting copper-induced cross-linking of amyloid beta species in Alzheimer's disease. J. Am. Chem.
Soc. 2013, 135, 16397–16409. [CrossRef]

29. Cassagnes, L.E.; Hervé, V.; Nepveu, F.; Hureau, C.; Faller, P.; Collin, F. The Catalytically Active Copper-Amyloid-Beta State:
Coordination Site Responsible for Reactive Oxygen Species Production. Angew. Chem. Int. Ed. 2013, 52, 11110–11113. [CrossRef]

30. Arvanitakis, Z.; Wilson, R.S.; Bienias, J.L.; Evans, D.A.; Bennett, D.A. Diabetes Mellitus and Risk of Alzheimer Disease and
Decline in Cognitive Function. Arch. Neurol. 2004, 61, 661–666. [CrossRef]

31. Mayeux, R.; Ottman, R.; Maestre, G.; Ngai, C.; Tang, M.X.; Ginsberg, H.; Chun, M.; Tycko, B.; Shelanski, M. Synergistic Effects
of Traumatic Head Injury and Apolipoprotein-Epsilon4 in Patients with Alzheimer’s Disease. Neurology 1995, 45, 555–557.
[CrossRef] [PubMed]

32. Kalaria, R.N. The Role of Cerebral Ischemia in Alzheimer’s Disease. Neurobiol. Aging 2000, 21, 321–330. [CrossRef] [PubMed]
33. Barbaro, G.; Di Lorenzo, G.; Ribersani, M.; Soldini, M.; Giancaspro, G.; Bellomo, G.; Belloni, G.; Grisorio, B.; Barbarini, G. Serum

Ferritin and Hepatic Glutathione Concentrations in Chronic Hepatitis C Patients Related to the Hepatitis C Virus Genotype. J.
Hepatol. 1999, 30, 774–782. [CrossRef] [PubMed]

34. Liu, K.; Yu, P.; Lin, Y.; Wang, Y.; Ohsaka, T.; Mao, L. Online Electrochemical Monitoring of Dynamic Change of Hippocampal
Ascorbate: Toward a Platform for in Vivo Evaluation of Antioxidant Neuroprotective Efficiency against Cerebral Ischemia Injury.
Anal. Chem. 2013, 85, 9947–9954. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0006-8993(99)02315-X
https://doi.org/10.1002/anie.201405001
https://doi.org/10.1021/ac102257m
https://doi.org/10.1021/ac503509g
https://doi.org/10.1021/ac300330g
https://www.ncbi.nlm.nih.gov/pubmed/22697251
https://doi.org/10.1021/ac1029874
https://doi.org/10.1021/ja4052922
https://www.ncbi.nlm.nih.gov/pubmed/24555862
https://doi.org/10.1016/j.snb.2014.09.006
https://doi.org/10.1021/nl500144k
https://www.ncbi.nlm.nih.gov/pubmed/24712540
https://doi.org/10.1021/acsinfecdis.6b00203
https://www.ncbi.nlm.nih.gov/pubmed/28135798
https://doi.org/10.1021/ac5008688
https://doi.org/10.1021/ja405239v
https://doi.org/10.1002/anie.201305372
https://doi.org/10.1001/archneur.61.5.661
https://doi.org/10.1212/WNL.45.3.555
https://www.ncbi.nlm.nih.gov/pubmed/7898715
https://doi.org/10.1016/S0197-4580(00)00125-1
https://www.ncbi.nlm.nih.gov/pubmed/10867217
https://doi.org/10.1016/S0168-8278(99)80128-7
https://www.ncbi.nlm.nih.gov/pubmed/10365801
https://doi.org/10.1021/ac402620c

	Introduction 
	Materials and Methods 
	Synthesis of Gelsolin-Modified AuNPs (Gel-AuNPs) 
	Design of the Coffee-Ring-Effect-Based Assays 
	Animal Experiments 

	Results 
	Design of the Coffee-Ring-Effect-Based Sensing Platform 
	Mechanism of the Coffee-Ring Effect of AuNPs 
	Animal Models and Real Sample Detection 

	Conclusions 
	References

