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ABSTRACT: Concentration and uniform deposition of particles during droplet evaporation remain significant challenges in
analytical systems. This natural and appropriate design of the processing steps can effectively bridge the gap between the low-
concentration test substance and the accuracy of the test tool and therefore has attracted widespread academic and industrial
attention. However, conventional static evaporation faces two major challenges: limited concentration efficiency and nonuniform
particle deposition due to the coffee-ring effect. Here, we introduce a “dynamic enrichment” method based on a magnetically
actuated droplet manipulation platform, which fundamentally alters the traditional static concentration process. This approach
enables both superior enrichment and uniform particle distribution on superhydrophobic surfaces through controlled droplet
movement. We systematically investigated the enrichment behavior using model particles of varying densities and sizes under
different experimental conditions, including droplet volume and initial concentration. The method demonstrates consistent
performance across these diverse particle properties, achieving a higher concentration efliciency and more uniform deposition
compared to static enrichment. Through characterization and mechanistic statements, we show that this platform could potentially
serve as a foundation for developing sensitive analytical techniques, particularly considering that the working range of particle
properties aligns well with those of common biological and chemical analytes.

. INTRODUCTION In pursuit of advancing analyte detection at the droplet level,

In the realm of analytical chemistry, the effective concentration extensive research has been conducted with a focus on

i iti i i optimizing enrichment efficiency and uniformity.”™> The
and uniform deposition of particles from evaporating droplets P g y y.

presents two significant technical challenges, including substrate’s wettability plays a pivotal role in determining
insufficient enrichment efficiency and the well-documented droplet concentration efficiency.® On hydrophilic surfaces, the
“coffee-ring effect.”"”* These limitations are particularly evident polar groups exhibit a strong affinity for water, resulting in
in solid-phase detection methods, where conventional droplet droplets with smaller contact angles and expansive contact
evaporation patterns, especially for 10 uL droplets on lines. This facilitates the formation of a deposition pattern by

hydrophilic surfaces, typically result in both diluted and
nonuniform millimeter-scale diameter deposits. These phe-
nomena substantially undermine the reliability of sample
preparation, particularly in dealing with low-concentration
analytes. The inherent limitations of current concentration
methods necessitate additional processing steps, which not
only escalate costs but also demand laborious and specialized
handling. In light of these challenges, there emerges a pressing
need to augment both the enrichment efficiency and the
deposition uniformity of individual droplets.

dispersant molecules during evaporation, a pattern that
diminishes as the hydrophobicity increases. Conversely, on
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Figure 1. (a) Diagram of dynamic control and SEM image of superhydrophobic surfaces. (b) Optical image of the S cm X S cm magnetic-
superhydrophobic surface and dyed droplets with different volumes. (c) Contact angle and sliding angle of the superhydrophobic surface. (d) The
film fixed at a hollow glass substrate exhibits a concave shape under the applied force of cylindrical magnets. (e) Film with a S0 yL droplet on top
and located at the dent. (f) Diagram of the force analysis of the droplet on the deformed film. (g) Optical image of movement of droplets (20 L)
on the superhydrophobic surface driven by the magnet in a period of 500 ms.

nonwetting surfaces, the droplet’s three-phase contact line
(TCL) tends to retract during enrichment, yielding a smaller,
more desirable deposition pattern. The presence of micronano
structures can extend the Cassie state, reducing the area
fraction through additional air cavities and leading to
subspherical droplets with highly enriched patterns.” Theoret-
ically, contact angles approaching 180° could maximize
enrichment efficiency. However, Cassie—Wenzel transforma-
tions, triggered by an increase in concentration and decrease in
droplet volume, impose diffusion-related limitations. However,
the onset of Cassie—Wenzel transformations, driven by
increasing concentration and decreasing droplet volume,
presents a limitation due to diffusion constraints. Beyond
superhydrophobic surfaces, various approaches have been
explored to transcend concentration limits, including temper-
ature control,® electrowetting,7’9_12 and mechanical vibra-
tion."”'* Nonetheless, the uneven deposition caused by the
coffee-ring effect (CRE) remains a challenge. This effect,
characterized by ring-like depositions during liquid drying on a
solid surface, results from differential evaporation flux between
the TCL and the droplet’s apex, driving particles toward the
periphery."® Hydrophobicity has been shown to mitigate the
CRE. For instance, Cui et al. observed that the evaporation of
gel suspensions containing latex spheres on hydrophobic silica
column arrays led to homogeneous, ordered macroscopic
colloidal photonic crystals, attributed to the Wenzel state in
which the latex spheres form porous gel residuals at the
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edges.'* Electrowetting-induced substrate interactions and
internal circulations can also yield more concentrated analyte
residues.'® Surface acoustic vibrations have been effective in
suppressing the CRE.'®"” Mampallil et al. demonstrated that
acoustic control could alter ring-like self-assemblies into
homogeneous disc-like or concentrated spot-like residues.'®
Interactions at the base-particle'” " and particle—particle
levels”* have been leveraged for similar purposes. Additional
strategies, such as altering liquid properties,'®™"® humidity,'”*°
tilt angle utilization,”" and temperature modulation,”” have
been shown to be effective. Nevertheless, simultaneously
enhancing concentration limits and deposition uniformity
remains insufficiently addressed in current research.

In this work, we delved into the ultraenrichment of colloidal
particles to decode the complex interplay between interfaces,
particles, and evaporation dynamics, with the dual objectives of
achieving enhanced concentration efficiency and uniform
distribution. Our work centers on the development of a
droplet manipulation platform incorporating a superhydro-
phobic (SH) substrate, thereby facilitating dynamic enrich-
ment within evaporating microdroplets. This platform induces
controlled, periodic back-and-forth motion of the droplets.
The synergistic effect of the substrate’s superhydrophobic
nature and the orchestrated movement effectively prevent
premature particle adherence to the substrate, thus postponing
the Cassie—Wenzel transition compared to static deposition
methods. Our investigation encompassed model particles with
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Figure 2. (a) Diagram of dynamic enrichment of droplets containing nanoparticles. (b) Time-lapsed optical images showing the droplet volume
variation during the static and dynamic enrichment process. (c) Statistics of static and dynamic droplet diameters in the two types of concentration
processes. (d) Diagram of the comparison between the dynamic and static enrichment modes. (e) Optical image of deposition pattern of droplet
with different particle size and initial volume for static and dynamic enrichment. (f) Corresponding numerical statistics of diameter of the

deposition patterns.

varied densities (polystyrene beads, copper nanoparticles, and
gold nanoparticles) and sizes, focusing on their concentrations
and drying behaviors on the platform. We conducted a
thorough examination and documentation of these behaviors,
drawing comparisons to static concentration processes on
substrates with different wettability profiles. A notable
contribution of our study is the introduction of the “cutoff
volume” concept, a pivotal factor in the dynamic concentration
process that inversely relates to particle size and ultimately
dictates the size of the final deposition pattern. It revealed that
our platform not only challenges but also transcends the
conventional concentration limits associated with super-
hydrophobic surfaces while maintaining deposition uniformity.
The demonstrated working range of particle properties
suggests potential applications for the enrichment of various
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colloidal systems, which is promising in generating uniform
and efficient concentration patterns, especially for analytes
present in low concentrations.

2. EXPERIMENTAL SECTION

2.1. Materials. The PDMS precursors (Sylgard 184) and
curing agent were obtained from Dow Corning. The
commercial hydrophobic silica nanoparticles with an average
size of ~40 nm was purchased from Alfa Aesar, to prepare the
superhydrophobic coating suspension. Cyclohexane (Damao
Chemical Reagent Factory, Tianjin, China) was introduced to
dissolve the mixture of PDMS with the silica nanoparticle
suspension for surface modification of the PDMS film.
Carbonyl iron particles (CIP) were purchased from Sigma-
Aldrich to prepare the magnetically functionalized PDMS film.

https://doi.org/10.1021/acsomega.4c10019
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For the nanoparticles with different densities, the gold
nanoparticles (AuNPs) with density of 1.3E + 10 mL™"' and
diameter of ~40 + 10 nm, 140 + 10, and 200 + 10 nm were
purchased from Nanoseedz Ltd., Hong Kong. Copper
nanoparticles (99.9%) were purchased from Aladdin Chemical
Reagent Co., China. The carboxylate-modified polystyrene
microspheres (1 um, red, 2% solids) were purchased from
FluoSpheres.

2.2. Preparation of the Magnetic and Superhydro-
phobic Film. To start with, a CIP/PDMS composite film was
spin-coated (900 rpm for 20 s) onto a clean glass substrate
with dimension of S cm X S cm. A curing process under 150
°C was then carried out for 20 min to ensure complete
solidification of the film. Followed with that the super-
hydrophobic coating was formed onto the substrate by an air
brush with constant pressure supply through the nozzle of 0.3
mm with a distance of 10 cm between the brush and the
substrate. The homogeneous mixture was prepared with 0.4 g
of hydrophobic silica nanoparticles, 0.1 g of PDMS, 0.01 g of
curing agent, and 20 mL of cyclohexane. The above mixture
was stirred magnetically at about 400 rpm for 60 min before
use. A final curing process (80 °C for 1 h) was performed to
conclude the fabrication process and realize the super-
hydrophobic surface for further experiment.

2.3. Characterization and Measurements. The SEM
images were captured by scanning electron microscopy (SEM,
Sigma FE-SEM, Zeiss Corporation, Germany). All samples
were coated with 30 nm platinum before the observation. The
contact angle and sliding angle of different substrates were
measured with a digital microscope (OSA100S-T, Ningbo NB
Scientific Instruments Co. Ltd., Zhejiang, China) at room
temperature. All suspensions of nanoparticles were ultra-
sonicated (power of 300 W and duration of 3 min) to ensure
homogeneity before loading to the substrate.

3. RESULTS AND DISCUSSIONS

3.1. Dynamic Enrichment Based on Superhydropho-
bic and Magnetic Platform. Figure 1a illustrates a schematic
diagram of droplet manipulation utilizing a magnetic field to
induce localized deformation in a superhydrophobic film. The
setup includes a permanent NdFeB cylindrical magnet, 4 mm
in diameter with a surface flux of 200 mT, positioned beneath a
magnetic and flexible superhydrophobic film measuring 5 cm X
S cm (shown in Figure 1b). This film, uniformly coated with
silica nanoparticles, achieves a superhydrophobic state with a
contact angle of 167° and a sliding angle of 2°, as depicted in
Figure lc. Optical images (Figure 1d,e) demonstrate that a
localized indentation is created by the magnetic force from the
permanent magnet, facilitating precise droplet positioning. The
concavity on the surface, resulting from the magnetic
components integrated into the film, is detailed in the
preparation process (Figure S1). Figure S2 presents the
composite gel of carbonyl iron particles (CIP) and PDMS,
with CIPs averaging 500 nm to 3 ym in diameter, as evidenced
in the SEM images. When a 50 uL droplet is placed on the
film, the resultant depression angle, 6, is approximately 12.4°.
This angle emerges from the combined effects of droplet
gravity and the magnetic force exerted by the external magnetic
field, substantially exceeding the roll-off angle of the prepared
superhydrophobic film. Figure 1f outlines the fundamental
working mechanism for droplet manipulation during evapo-
ration, primarily influenced by the film’s minimal roll-off angle
and the droplet’s gravity. Since the concave angle surpasses the
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sliding angle, the droplet maintains mobility over an extended
period, propelled by a programmable magnet. By employing a
permanent magnet attached to an external mechanical arm, the
droplet’s movement can be precisely controlled, enabling a
back-and-forth motion in sync with the underlying magnet
(Figure 1g). Additionally, the motion’s periodicity is well-
defined, as established in our prior research.”® The cessation of
droplet movement during the concentration process is
contingent upon alterations in the droplet’s gravity and surface
adhesion.”*

We denote the evaporation process of liquid droplets based
on the above principle as “dynamic concentration” (Figure 2a).
This is contrasted with the “static concentration” process,
conducted on identically prepared superhydrophobic surfaces
for comparison purposes, as shown in Figure 2b. The key
distinction lies in the movement of the droplets: in dynamic
concentration, the droplets are subjected to a controlled,
periodic motion, whereas in static concentration, the droplets
remain stationary throughout the process. This difference is
pivotal, as evidenced by the photographs capturing various
stages of both static and dynamic concentration processes.”” It
is evident that for droplets of equal initial concentration and
volume (50 uL), the dynamic concentration technique results
in significantly smaller deposition patterns with a notably more
uniform distribution of particles. Statistical analysis (Figure 2c)
demonstrates that dynamic concentration patterns occupy
merely 16% of the area produced by the static concentration
upon complete solvent evaporation. This dramatic improve-
ment in pattern size reduction and uniformity stems from the
dynamic approach’s effectiveness in preventing particle pinning
and accumulation typically induced by capillary-flow and
gravitational forces in static conditions. Both processes initially
follow the Cassie—Baxter state, where the droplets maintain a
constant contact angle, before transitioning to the Wenzel state
as they collapse into the rough surface structure.”””’ The
subsequent phase involves a constant contact line with further
solvent evaporation leading to a decreasing contact angle while
maintaining a fixed diameter. The dynamic concentration
method distinctively minimizes contact line binding at the
droplet edge, a common limitation in static concentration due
to particle accumulation near the periphery, as illustrated in
Figure 2d. Throughout these processes, it is important to note
that the “diameter” measurements discussed encompass two
distinct aspects: the diameter of the liquid droplet during the
evaporation process and the diameter of the resultant particle
deposition pattern after complete evaporation. The final
deposition pattern forms when the suspended nanoparticles
settle through the combined effects of capillary-flow and
gravitational forces, providing a quantifiable measure to
evaluate the effectiveness of different concentration methods.

Consequently, dynamic concentration not only reduces the
tendency for particle accumulation but also results in smaller
deposition patterns as the controlled movement prevents
continuous particle deposition onto the substrate. Conse-
quently, nanoparticles enriched through dynamic concen-
tration are deposited on the superhydrophobic surface with a
significantly smaller diameter compared with static concen-
tration. Figure 2e provides optical images of AuNP deposition
patterns under both concentration modes, highlighting differ-
ences across various particle sizes (40, 140, and 200 nm) and
droplet volumes (5, 10, 20, and SO uL, with additional 100 nm
patterns in Figure S3). Statistically, the pattern diameters from
dynamic concentration are consistently smaller than those
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Figure 3. (a) Optical images of cutoff volume for droplet with different initial volumes and particle sizes. Corresponding numerical statistics of
cutoff volume are plotted in of in (b). (c) Schematic diagram of the sliding angle of the droplets increases after concentration. (d) Statistics of

sliding angles of droplet in cutoff volume.

from static concentration, particularly when dealing with larger
initial droplet volumes. Statistical analysis (Figure 2f) reveals
that for S0 pL droplets dynamic concentration achieves a 75%
reduction in the pattern area across all investigated particle
sizes, highlighting its particular effectiveness in producing
compact, uniform deposits from larger volume droplets.

3.2. Enrichment Behaviors of Dynamic and Static
Modes. The statistical analysis of the dynamic concentration
(Figure 2f) reveals a positive correlation between initial droplet
volumes and final deposition pattern sizes. This phenomenon
can be explained by introducing the concept of “cutoff
volume,” that is a critical parameter in dynamic enrichment
representing the minimum volume below which droplet
manipulation becomes impossible on the platform. Figure 3a
illustrates optical images of droplets at their respective cutoff
volumes for various nanoparticle sizes and initial volumes. The
presence of the cutoff volume emerges due to two factors:
reduced gravitational effects and increased viscosity during
solvent evaporation, ultimately leading to droplet pinning. The
cutoff volume exhibits a positive correlation with nanoparticle
size, increasing from 3.4 to 5.6 uL as particle diameter
increases from 40 to 200 nm (Figure 3b). This correlation can
be attributed to particle size effects on suspension properties,
specifically increased viscosity and enhanced particle deposi-
tion tendencies during evaporation. For 40 nm AuNP
suspensions, the cutoff volume variation becomes more
pronounced with different initial volumes. Larger initial
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volumes result in higher particle concentrations per unit
volume at the cutoff point, leading to increased droplet
viscosity. This manifests as larger sliding angles on the
superhydrophobic surface. Consequently, the relationship
between droplet manipulation and surface interactions is
further evidenced by the inclining angle requirements (Figure
3c). A comparative analysis of rolling-off angles and contact
angles before and after concentration for different particle sizes
with identical initial volumes (10 uL) supports our hypothesis
(Figures 3d and S4). The initial volume significantly influences
the rolling-off angle, with supplementary data (Figure SS)
showing that even 40 nm particles approach complete pinning
(sliding angle ~90°) when the droplet can no longer be
manipulated on the platform. For smaller initial volumes, the
pattern area demonstrates proportionality to particle size,
consistent with cutoff volume behavior. This relationship
emerges because larger nanoparticles under equivalent density
conditions exert greater gravitational forces. When droplets
reach their cutoff volume and become stationary, gravitational
effects dominate over capillary flow during evaporation.
Consequently, smaller initial volumes produce larger patterns
with increasing particle size and vice versa. This phenomenon
can also be understood through the lens of evaporation and
internal flow dynamics. As reported by Shen et al,,”* coffee-ring
formation diminishes when solvent evaporation rates exceed
particle movement velocities within the droplet. Above certain
particle concentration thresholds, capillary-flow-induced par-
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Figure 4. (a) Schematic diagram of static enrichment process. (b) Contact angle of droplet on glass and PDMS substrate. (c) SEM images of
AuNPs with different particle sizes and corresponding optical images of 10 uL droplet on glass substrate and PDMS substrate. (d) Schematic
diagram showing the enrichment process for nanoparticles with larger and smaller particle sizes.

ticle velocity becomes negligible compared to diffusion
velocity. However, for larger initial droplet volumes, the
observed phenomenon is more similar to the process of static
concentration. It can be assumed that after reaching the cutoff
volume soon, further evaporation mainly takes place in the
form of constant contact line mode, which is similar to the
behavior at high contact angle hysteresis (CAH) surfaces.”
The deposition behavior of the CAH surface nanoparticles was
used to validate the deposition behavior of the following
hydrophilic surface (glass, CA of 36°) as well as the
hydrophobic PDMS surface.

Figure 4a illustrates the universal deposition process of
droplets on nonsuperhydrophobic surfaces. The differential
evaporation rates between the droplet’s center and edge
generate capillary flows that transport nanoparticles toward the
periphery, resulting in the characteristic coffee-ring effect.
Unlike the spherical cap geometry observed on super-
hydrophobic surfaces, droplets on these surfaces exhibit
greater spreading and larger contact areas (Figure 4b). The
surface wettability contrast is evident in the contact angles: 36°
+ 2° for glass (hydrophilic) versus 105° for PDMS
(hydrophobic), with hydrophilic surfaces consequently pro-
ducing larger deposition patterns for equivalent droplet
volumes. Comparative analysis of deposition patterns across
different surface properties (Glass and PDMS film; Figure S6)
reveals that pattern diameter reduction becomes more
pronounced with increasing hydrophobicity. This effect is
particularly evident with larger initial droplet volumes, where
the hydrophilic interface promotes a greater pattern expansion.
The influence of particle size on deposition behavior is
demonstrated in Figure 4c, using 40, 140, and 200 nm AuNPs
with 10 uL initial volumes. Smaller particles consistently
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produce larger deposition patterns. Detailed examination of the
deposition patterns through SEM and optical imaging (Figure
S6) also reveals distinct particle distribution characteristics in
both the ring and central regions. Figure 4d shows that smaller
particles preferentially accumulate in the ring region due to
their lower mass, making them more susceptible to capillary
flow transport and their superior filling capacity during the final
evaporation stages when contact angles are minimal.
Conversely, larger particles show a greater tendency to
aggregate and settle across the substrate without significant
ring formation, primarily due to gravitational effects. This
particle size-dependent behavior is particularly pronounced on
hydrophilic substrates like glass. Consequently, smaller
particles predominantly accumulate at the contact line, while
larger particles achieve more uniform distribution across the
inner region of the pattern. These observations demonstrate
the complex interplay between particle size, surface wettability,
and deposition mechanics in determining final pattern
characteristics.

3.3. Investigation of Nanoparticle Enrichment with
Different Densities. In the dynamic concentration process,
we investigated particles with varying densities, all of which
showed a positive response to the dynamic enrichment despite
their different physical properties. Polystyrene beads
(0.96—1.04 g/cm?), copper nanoparticles (8.96 g/cm?), and
gold nanoparticles (19.32 g/cm®), as the dispersed particles,
were selected herein for comparison with the identical
diameter of ~140 nm. These particles were stabilized by
carboxylate modification, polyvinylpyrrolidone (PVP), and
CTAB respectively, though these stabilizing agents showed
minimal influence on the enrichment process. Figure 5
presents the deposition patterns and corresponding statistical
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Figure S. Optical images and numerical statistics of drying deposit of droplet with different particle densities and same particle size of ~140 nm in
diameter. (a) Polystyrene beads. (b) Copper nanoparticles. (c) Gold nanoparticles. (d) Statistics of diameter of the deposition patterns from
different particles on various substrates.

data for both static and dynamic enrichment across various demonstrated by the consistent performance across different
initial droplet volumes on glass, PDMS, and superhydrophobic particle densities, where deposition pattern areas decrease
surfaces. Surface properties of the substrate demonstrate a significantly through dynamic enrichment (Figures Sb,c and
critical influence on the deposition pattern diameter. (Figure S7). For the analyzed particles, SEM analysis of the substrate
Sa—d) Through systematic comparisons across different areas outside the final deposition patterns shows a negligible
surfaces, we observe that dynamic enrichment leads to not particle presence (Figure S8), indicating minimal material loss
only significantly reduced pattern sizes but also more uniform during the dynamic enrichment process. This self-cleaning
particle distribution compared to static conditions. For high- property of the superhydrophobic surface effectively prevents
density particles (Au and Cu nanoparticles), the interplay particle adhesion during droplet movement, ensuring efficient
between capillary forces and gravitational effects during the particle collection in the final deposition pattern. However, for
constant contact line phase results in notably uniform particles with larger size, the intrinsic gravity will dominate the
deposition patterns without obvious ring formation. For lighter motion within the droplet when compared with the capillary
PS microspheres in Figure Sa, while ring-like regions are still flow. Consequently, the larger AuNPs will tend to deposit onto
observable due to their lower susceptibility to gravitational the substrate before they are dragged to the contact line via
settling, the dynamic enrichment process achieves significantly capillary flow. This phenomenon is exemplified by 500 nm
smaller pattern sizes with relatively uniform thickness between AuNPs (Figure S9), where static enrichment of a 10 uL
the center and peripheral regions. This difference in deposition droplet shows a minimal coffee-ring effect, with nanoparticles
uniformity becomes particularly evident when comparing the depositing uniformly within the pattern area. Although heavier
color contrast of patterns across different surfaces, from nanoparticles settle before reaching the cutoff volume during
hydrophilic glass to hydrophobic PDMS and superhydropho- dynamic concentration, the overall deposition pattern area
bic PDMS-silica surfaces, where the coffee-ring effect gradually remains significantly reduced, confirming the effectiveness of
diminishes, with dynamic enrichment on superhydrophobic dynamic enrichment for larger particles.
surfaces exhibiting the most consistent coloration across the For some typical bio/chemical analyses, the initial
pattern area. The effectiveness of our platform is further concentration is typically low, and thus, the enrichment is
6044 https://doi.org/10.1021/acsomega.4c10019
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highly appreciated before the analysis.”***’' Notably, the
density range of common biological particles primarily falls
within 0.9944—2.635 g/ cm?®, which closely aligns with the
density range of particles utilized in our experiments.
Particularly, this range is remarkably similar to that of the
polystyrene microspheres (0.96—1.04 g/cm?)), which demon-
strated optimal performance in our study. This density
congruence strongly suggests the high feasibility of applying
this method in biological contexts. Furthermore, the particle
sizes of most biological entities are predominantly in the nano-
and micrometer range, closely matching the dimensions of the
particles employed in our experiments. This size similarity
further corroborates the aforementioned assertion regarding
the method’s biological applicability. The correspondence of
these characteristics provides a solid foundation for extending
this technique to the analysis and enrichment of various
biological samples (Tables S1 and S2). Besides, the dynamic
nature of our platform may provide additional advantages for
biological sample analysis. The continuous movement prevents
surface-active species from accumulating at interfaces, which is
a common limitation in static systems. Besides, the dynamic
nature of our platform offers unique advantages through
continuous reorganization of the water—air interface. This
constant motion prevents surface pinning and maintains fresh
interfacial areas, which could potentially enhance interface-
mediated reactions by preventing product inhibition and
ensuring a uniform concentration distribution. Such interface
renewal effects, previously observed in “on-water” catalysis
systems, suggest promising applications beyond simple enrich-
ment.

Given the possibility of dynamic enrichment under a large
initial volume, we finally used diluted targets with different
ratios and investigated the capability of enrichment based on
the dynamic platform. Using AuNPs (40 nm) as an example,
we diluted the S yL droplets to 10 uL (2 times), 20 uL (4
times), and 50 uL (10 times) to compare the performance
based on dynamic and static enrichments. Besides, as shown in
Figure S10, the dynamically concentrated pattern clearly has a
smaller deposition area of the AuNPs when compared with the
static mode. We also notice that with a larger initial droplet
volume (higher dilution ratio), the deposition pattern is
relatively larger even under the dynamic enrichment mode,
which was possibly induced by the longer evaporation duration
and the continuous gravity-induced deposition of the AuNPs
across the trajectory. Overall, the results herein reveal that the
continuous movement of the droplets can effectively enrich the
targets with broad application diversity.

4. CONCLUSIONS

Influenced by the designed magnetic driven superhydrophobic
platform, the concentration behavior of the droplets is
simultaneously influenced by the two factors of mechanical
disturbance and surface energy. Therefore, after the dispersion
medium is completely evaporated, it presents a disperse phase
pattern that breaks the traditional concentration limit.

In this work, the dynamic concentration based on the
designed platform is considered to break the existing
concentration limit and contribute to the suppression of the
coffee ring. Furthermore, the concept of cutoff volume was
introduced to better segment and define the different stages of
the complete enrichment process. In this way, the whole
process can be simplified into two stages that are different from
the conventional static enrichment. The dynamic enrichment
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can obviously reduce the deposition pattern area thanks to the
capability of “depinning” effect, which allows the droplet to be
concentrated into an ultrasmall area. Finally, we systematically
investigated the behavior of the droplet dried pattern
formation regarding the initial droplet volumes, nanoparticle
sizes, densities, etc. in both static and dynamic mode. The
results experimentally presented that the platform has varying
degrees of promotion for almost all variable droplets in terms
of concentration efficiency and uniformity. The synergistic
concentration effect of mechanical disturbance-liquid-repellent
surface platform has thus been proved to have universal
applicability, with great application potential in environmental
pollution management, food safety, and biomedicine. This
result will also provide a reference for quality design in actual
application scenarios and effectively improve the detection
efficiency of low-concentration samples.
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