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The multiple sensing provides booming options to eliminate interference and ensure the accuracy of de-
tection by mutually coupling and validating multiple data sets. Here, we integrate the jigsaw-like mul-
tifunctional mini-pillar platform to perform multi-mode (electrochemical, fluorescence, surface-enhanced
Raman scattering (SERS) and colorimetric) sensing in individual microdroplets. Each mini-pillar connec-
tor can parallelize together by specific concave-convex interface to form integrated jigsaw-like platform
for multi-mode sensing, and each specific mini-pillar can be modified into the individual sensing unit to
read the prescribed signals. We successfully implemented electrochemical, fluorescence, SERS and colori-
metric detection by multiple signals coupling to reduce the false positive analysis. Such platform brings
a promising clue of in-situ analysis and point-of-care testing for disease diagnosis and health monitoring.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The sequential operation droplet array has emerged as a pow-
erful tool for medicine, biology, chemistry, physics, and materi-
als science [1-7]. For example, microfluidic-based droplet opera-
tions that integrate droplet generation, splitting, fusion, address-
ing, capture and sorting are famous for cell-related applications [8-
11]. Recently, emerging open-channel droplet platform such as su-
perwettable surface, paper-based and mini-pillar microchips with
the capabilities of easy solution manipulation also have been ad-
vanced in diverse areas such as high-throughput screening, single
cell analysis and miniaturized cell experiments [12-18]. By inte-
grating with signal-output approaches such as colorimetric, elec-
trochemical, SERS and fluorescence, the open-channel droplet plat-
form has achieved widespread high-throughput biosensing applica-
tions [19-25], providing appreciated blueprint of the in-situ analy-
sis and point-of-care testing for disease diagnosis and health mon-
itoring.

Chemical and biological sensors are currently one of the most
active areas of analytical research [26-30]. Most advances in sens-
ing technologies and devices are catalyzing key breakthroughs in
the detection limit, which have reached the single-molecule level
[31-33], while the single-signal output strategy is difficult to pro-
vide complete information and unconvincing due to the signal
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interference from complex sample component and the intrinsic
drawbacks of each sensing technology in terms of selectivity and
reproducibility. Recently, much efforts have been devoted to cou-
pling the multiple sensing technologies in one chip for parallel
detection, and the results are superior to traditional single-signal
platforms owing to multiple sets of data coupling and mutual
validation [34-39]. For example, the combination of fluorescence
and colorimetry on paper-based platform has achieved aptamer-
initiated isothermal amplification analysis of glutamate dehydro-
genase in clinical samples [36], the coupling of plasmonic circular
dichroism and luminescent signals realizes ultrasensitive miRNA
in-situ quantitation in live cells [40]. These above encouraging re-
sults provide unlimited possibilities for accurate, sensitive, rapid
and parallel multi-mode sensing in one chip to fulfill the high de-
mands of clinical sensing.

Here, we demonstrate the jigsaw-like mini-pillar platform that
confines the analyses in array of open-channel microreactors for
electrochemical, fluorescence, SERS and colorimetric multi-mode
sensing. Such mini-pillar jigsaw-like platform is established by
the programmable 3D printing, modification, splicing and inte-
gration. We successfully accomplish electrochemical, fluorescence,
SERS and colorimetric multimode sensing on splitable mini-pillar
platform, and couple the multi-signal to accurate result output in
complex samples. This is the first trial of such jigsaw-like platform
to improve the accuracy of detection by multiple signals coupling,
which provides an opportunity to develop multi-mode sensing de-
vice toward precise physiological and pathological diagnosis.

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Schematic of jigsaw-like mini-pillar platform for electrochemical, SERS, col-
orimetrical, and fluorescence biosensing.

The programmable procedures of jigsaw-like mini-pillar plat-
form including construction and modification, splicing and integra-
tion, and multi-mode sensing were illustrated in Fig. 1. In brief,
the customized individual mini-pillars with the specific concave-
convex interface were first manufactured by 3D printing. Then, in
response to different testing requirements, diversified functional-
ization was applied to mini-pillars. The circuit board stabilized the
detachable platform, which is used as a medium for reading batch
electrochemical data, and the mini-pillar unit modified by elec-
trodeposition of nanodendritic gold is used to read the SERS signal.
Furthermore, with its advantage of droplets anchoring and enrich-
ment, the mini-pillar without other modification could complete
the fluorescence and colorimetric detection. The individual and
functionalized mini-pillars could realize the array splicing through
specific concave-convex interface to form a patterned multi-mode
platform for multi-mode sensing. The coupling of multiple results
can significantly reduce false positive analysis caused by interfer-
ence and ambiguous signals, showing huge potentials in-situ analy-
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sis and point-of-care testing for disease diagnosis and health mon-
itoring.

The jigsaw-like mini-pillar platform exhibits excellent charac-
teristics, which can anchor and enrich trace solutions to achieve
multi-mode sensing. The single mini-pillar was manufactured by
3D printing, and the printed polylactic acid (PLA) mini-pillars
were successfully assembled into a matrix platform for immobi-
lizing droplets, as shown in Fig. 2a. We further investigated the
droplets anchoring ability of the mini-pillar platform in Figs. 2b
and c. The droplet (20 pL) was stable on the surface of the in-
clined and inverted, while Rhodamine 6G labelled microdroplets
on as-prepared platforms presented two diametrically opposed ap-
pearances. On the ordinary glass platform, microdroplet was dis-
tributed in a relatively large area (Fig. S1a in Supporting informa-
tion), and there is a clear "coffee ring" after evaporation (Fig. 2d).
In contrast, the droplets are uniformly distributed on the surface of
the mini-pillar in the designated smaller area (Fig. 2e and Fig. S1b
in Supporting information), revealing its excellent enrichment per-
formance. Subsequently, we use 4 x 4 array as a concept-of-proof
to show the splicing and integration process of jigsaw-like mini-
pillar platform. The mini-pillars with specific concave-convex in-
terface (Fig. 2f) can be spliced to a complete high-throughput plat-
form for carrying microdroplets.

The functional modification of mini-pillar is the prerequisite
for multi-modal sensing. The electrochemical mini-pillar retains
the hole array during the 3D printing process, and the embed-
ded electrode array was connected to the circuit board to real-
ize complete electrical signal transmission. The cyclic voltammo-
grams (—0.1~0.4V; 10 pL 5mmol/L hydroxymethyl-ferrocene in
PBS buffer) at scan rates from 10mV/s to 100mV/s on electro-
chemical mini-pillar were recorded as shown in Fig. 2g. With the

Fig. 2. Characterization of jigsaw-like mini-pillar platform. (a) Individual mini-pillar fabrication by 3D printing. Investigation of the microdroplet adhesion of the mini-pillar
platform by (b) sloping and (c) inversing. The enrichment ability of (d) common glass and (e) mini-pillar platform. (f) The splicing and integration process from individual
mini-pillar array to jigsaw-like mini-pillar platform. (g) Cyclic voltammetry curves of electrochemical mini-pillar platform at increasing scan rates from 10mV to 100 mV. (h)
The SERS spectra comparison of bare gold mini-pillar platform (red) and nanodendritic gold platform (black). (i) The comparison of colorimetric analysis between common
glass and mini-pillar platform. (j) The fluorescence images and corresponding fluorescence intensities of droplets evaporation on glass and mini-pillar. Scale bar: 2 mm.
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Fig. 3. Jigsaw-like mini-pillar platform toward multi-mode sensing. (a) Schematic illustration of mini-pillar platform for multi-mode glucose detection. (b) Amperometry
responses of droplets microarray with glucose concentrations from 2 mmol/L to 10 mmol/L. (c) Raman intensity at 1368 cm~' (2,3-diaminophenazine) of glucose-containing
microdroplets from 2 mmol/L to 10 mmol/L. (d) Colorimetrical calibration curve of glucose (2, 4, 6, 8 and 10 mmol/L). (e) The fluorescence images and corresponding intensi-

ties of glucose (2, 4, 6, 8 and 10 mmol/L) in microdroplets.

increase of the scan rate, the anode and cathode peak currents in-
creased, and the peak potential remained almost unchanged, in-
dicating that the redox process on the mini-pillars was a surface-
limited process. For SERS sensing, first sputter a layer of gold on
the micro-pillars to ensure conductivity, as shown in Fig. S2a (Sup-
porting information). Then, the electrolyte composed of HAuCl4
(1 mg/mL) and sulfuric acid (0.5 mol/L) was employed to electrode-
posit the nanodendritic gold on the surface of mini-pillar at —1.0V
for 1000 s. In Fig. 2h, we tested the Raman signal enhancement
of nanodendritic gold mini-pillar compared with bare gold mini-
pillar for possible SERS detection of Rhodamine 6 G (R6G). For the
bare gold mini-pillar, all the R6G characteristic peaks were de-
tected with fairly weak signals intensity. In comparison, the Raman
intensity on the nanodendrites gold mini-pillar was significantly
enhanced as shown in Figs. S2b and ¢ (Supporting information).
Benefit from the performance of droplet anchoring and sample en-
richment, the mini-pillar can sensitively carry out the fluorescence
and colorimetric sensing without additional modification. As dis-
played in Fig. 2i, the microdroplet (R6G, 10 pL) on mini-pillar pre-
sented the more regular and smaller sphere than on common glass
and had the obvious enhancement of the gray value. After evapo-
ration, the microdroplets on common glass tended to spread to a
larger area and form obvious “coffee ring” spot with stronger flu-
orescence intensity than the interior of spot, while the distribu-
tion of R6G was very homogeneous on mini-pillar with the uni-
form fluorescence intensity as shown in Fig. 2j. These results in-
dicate that the jigsaw-like mini-pillar platform has excellent per-
formance for electrochemical, SERS, fluorescence and colorimetric
multi-mode sensing.

The glucose concentration as the important physiological indi-
cator is tested by electrochemical, SERS and fluorescence and col-
orimetric multi-mode sensing on such jigsaw-like mini-pillar plat-
form to evaluate its versatility and feasibility (Fig. 3a). In brief,
for electrochemical sensing zone, glucose oxidase (1 kU/mL) is
modified on the working electrode and then 10 pL glucose (2,
4, 6, 8 and 10 mmol/L) with different concentrations are dropped
on electrochemical mini-pillar platform for sensing. The electro-
chemical detection is performed using chronoamperometry. The
glucose is oxidized to gluconic acid and generates hydrogen per-
oxide, which is then catalyzed at the working electrode under
current fluctuations. For SERS sensing zone, 10 pL microdroplet
containing glucose oxidase, horseradish peroxidase (HRP) and o-
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phenylenediamine dihydrochloride (OPD) is dropped on mini-pillar,
and glucose solution with different concentrations are added for
SERS sensing that glucose is catalyzed by glucose oxidase to
generate hydrogen peroxide and HRP catalytically oxidized OPD-
H,0, with the production of 2,3-diaminophenazine. Then, the Ra-
man spectra of each mini-pillar sites are measured by using a
532nm laser source with exposure time of 10s. The colorimet-
ric sensing is performed with the assistance of signal screen-
ing by smartphone. The microdroplet containing KI and GOx is
dispended on mini-pillar and the colorimetric intensities were
increased with the increasing glucose concentration, which are
recorded by smartphone and analyzed by using Image] analysis
software to read the grayscale value. For fluorescence imaging
sensing, 3-nitrophenylboronic acid in the droplet can effectively
quench the fluorescence of esculetin, and the fluorescence will
be restored when glucose is combined with 3-nitrophenylboronic
acid.

The results of multi-mode sensing of glucose have simultane-
ously been recorded by jigsaw-like mini-pillar platform as shown
in Figs. 3b-e. In the electrochemical measurements, the electro-
chemical signal (Al) increased gradually with the increase of the
glucose concentration, and showed a good linear relationship with
a correlation coefficient of 0.9988 (Fig. 3b). For the SERS sensing,
specific Raman signals of generated 2,3-diaminophenazine pre-
sented at 1368 and 1572 cm~! and increased upon an increase of
glucose from 2 mmol/L to 10 mmol/L. It was found that the cor-
responding calibration chart of the 1368 cm~! peak intensity and
the glucose concentration was linear, with a correlation coefficient
of 0.9987 (Fig. 3c). In terms of colorimetric verification, color in-
tensities increased with the concentration of glucose with a corre-
lation coefficient of 0.9937 as shown in Fig. 3d. Meanwhile, the flu-
orescence intensities increased gradually upon an increase of glu-
cose concentration, and showed a good linear relationship, with a
correlation coefficient of 0.9743 (Fig. 3e). Thus, we successfully re-
alized electrochemical, SERS, fluorescence and colorimetric multi-
mode detection of the glucose on such jigsaw-like mini-pillar plat-
form.

Multi-signal coupling and analysis can effectively avoid the
results fluctuation. We further verified ability of such jigsaw-like
mini-pillar platform for multi-mode analysis of the specified
samples as shown in Fig. 4. Firstly, such platform is employed to
detect the glucose concentration in PBS with glucose (6 mmol/L)
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Fig. 4. Jigsaw-like mini-pillar platform toward prescribed sample multi-signal cou-
pling and analysis. (a) Multi-signal integration of glucose and fructose samples in
PBS. (b) The electrochemical, SERS, colorimetric and fluorescent results of glucose
in diluted serum. *P > 0.05, **P < 0.001, Student’s T-test.

and fructose (6 mmol/L), the results indicate that the concentration
of glucose by electrochemical, SERS and colorimetric are similar
(5.90+0.14, 5.96+0.09 and 5.91+0.08 mmol/L; P > 0.05) while
the fluorescent signal has large fluctuations due to the weak selec-
tivity of the fluorescence method for sugars (11.59 4+ 0.62 mmol/L;
P < 0.001) (Fig. 4a). Thus, by multi-signal coupling, error signals of
fluorescence can be removed, the final glucose concentration was
finally calculated as 5.924+0.11 mmol/L. Then, we further employ
such platform to detect the glucose (6 mmol/L) in diluted human
serum (containing various proteins, 1:10 diluted with 0.1 mol/L
PBS, pH 7.0). The results of four signals have no obvious differ-
ence (6.05+0.08, 6.08+0.17, 6.01 +£0.06 and 5.98 +0.17 mmol/L;
P > 0.05) indicate that each method can realize the accurate
detection of glucose in serum sample without obvious interference
(Fig. 4b). Such multi-mode results of the same analyses greatly
reduce the false positive analysis due to the intrinsic drawbacks of
the signal sensing technology by multiple data coupling, difference
analyzing and results confirmation, which brings a promising clue
of in-situ analysis and point-of-care testing for disease diagnosis
and health monitoring.

In conclusion, we have demonstrated a jigsaw-like mini-pillar
platform for electrochemical, fluorescence, SERS and colorimetric
multi-mode sensing. Each mini-pillar as individual sensing unit
can read out the relevant signal from microdroplets and paral-
lelize mini-pillars splice by specific concave-convex interface to
form an integrated multi-signal transmission platform for multi-
mode sensing. Multifunctional modifications allow such jigsaw-
like mini-pillar platform to achieve the multiple and quantitative
detection. The excellent abilities of mini-pillar for anchoring and
enriching the trace solution provide an ideal platform for fluo-
rescence and colorimetric sensing, and the embedded electrode
array can achieve electrochemical analysis, and electrodeposited
nanodendritic gold substrate can realize SERS sensing. We em-
ployed such jigsaw-like platform to detection of trace glucose in
PBS and diluted serum by multiple signals coupling, the results
indicate that the integrated platform can discharge the interfer-
ence and ensure the accuracy of detection by multiple signals
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coupling. Such jigsaw-like mini-pillar platform can easily perform
high-throughput detection with the advantages of high-yield, low
sample volume, multiple signal options, no cross contamination
and simple to disassemble and splice, demonstrating the potential
application of in-situ analysis and point-of-care testing for disease
diagnosis and health monitoring.
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