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ABSTRACT: We report a novel strategy for fabrication of
multifunctional dumbbell particles (DPs) through click chemistry
for monitoring single-cell cytokine releasing. Two diﬀerent types of
DPs were prepared on a large scale through covalent bioorthogonal
reaction between methyltetrazine and trans-cyclooctene on a
microchip under a magnetic ﬁeld. After collection of the DPs, the
two sides of each particle were further functionalized with diﬀerent
antibodies for cell capturing and cytokine detection, respectively.
These DPs labeled with diﬀerent ﬂuorescent dyes have been used for
multiplex detection and analysis of cytokines secreted by single live
cells. Our results show that this new type of DPs are promising for
applications in cell sorting, bioimaging, single-cell analysis, and
biomedical diagnostics.
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1. INTRODUCTION
Janus particles possessing distinct surfaces with diﬀerent
chemical compositions have attracted enormous attention.1
The asymmetry of the surfaces drastically imparts the particles
directionality and new physical/chemical properties, such as
optical activity, mechanical strength, and electronic and
magnetic properties, which are inconceivable for homogeneous
symmetric particles. The compartmentalization of Janus
particles is highly dependent on synthesis approaches, which
are normally based on modiﬁcation of immobilized particles on
a surface, microﬂuidic solidiﬁcation, and phase separation.2−5
Although a variety of Janus particles have been introduced in
the past decade, exploration of their biomedical applications has
only been emerging recently.6,7
The major challenge that hinders the adoption of Janus
particles in biomedical applications is the lack of easy-to-follow
strategy for generating the nano- to micro-sized anisotropic
particles, which possess practically useful functionalities
superior to their homogeneous counterparts.8 For example,
the phase separation synthesis methods rely on the interaction
energy between precursors and therefore require special
fabrication conditions.9,10 Surface immobilization approaches
often result in limited quantities of produced particles that are
not enough for molecular and cellular analyses. This is mainly
because a high quality of monolayer must be ensured but
adversely is diﬃcult to scale up.11 Other synthesis methods
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such as microﬂuidic techniques, seed polymerization technology, and gel trapping,10−12 are either not amenable to scale up
or not convenient for further functionalization and applications.
The other related issue about the utility of Janus particle is to
ﬁnd a niche where the special functionality of the particles
converges with real biomedical needs. Thus, the chemical
composition of the particles should be tailored to biomolecule
conjugation. Conjugation of antiepidermal growth factor
receptor antibody on one side of dumbbell shape Au−Fe3O4
nanoparticles (NPs) facilitates the engulfment of particles while
the Au compartment enables optical visualization of cancer
cells.13 The similar strategy has been used for multimodal darkﬁeld, surface-enhanced Raman spectroscopy, two-photon and
ﬂuorescence imaging as well as MRI imaging.14,15 Many
complicated Janus particles have been used as barcoding device
for multiplexed sensing of DNA and proteins.16−18 These
conjugations have not been integrated into fabrication process,
or are not as convenient as click chemistry. The bioorthogonal
reaction between a tetrazine (Tz) and a trans-cyclooctene
(TCO) has been used for small molecular labeling.19 The [4 +
2] cycloaddition is fast, chemoselective, and does not require a
catalyst. This clickable reaction permits conjugation of virtually
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(S-HyNic) were purchased from Solulink. Aqueous solutions were
prepared using Milli-Q (MQ) water. Phosphate-buﬀered saline (PBS)
used in this work contains 137 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4, and 2 mM KH2PO4 at pH 7.4.
2.2. Microwell Chip Fabrication. The poly(dimethylsiloxane)
(PDMS) microwell chip was fabricated using standard microfabrication soft-lithographic technique. A master for PDMS molding
was obtained by patterning photoresist SU-8 2005 at a depth of 5 μm
on a silicon wafer. The PDMS prepolymer (Sylgard 184, Dow
Corning) was mixed in a ratio of 10:1, and subsequently casted on the
lithographically patterned replication. After curing at 70 °C for 2 h, the
PDMS replica was separated from the master.
The master for the other half of the PDMS chip was based on a cut
tape attached on a silicon wafer. The depth was measured to be about
100 μm. This PDMS replica was aligned with the microwell PDMS to
form a microchip with a wide microﬂuidic channel.
2.3. Preparation of TCO-bMS and Tz-sMS. One hundred
microliters of 30 mg mL−1 amine-bMS were washed with MQ for 3
times, and mixed with 1 mg of FMOC-NH-PEG-SC for 4 h. The
microspheres were washed for 3 times to remove unreacted PEG.
FMOC was deprotected by incubating the modiﬁed microspheres with
50% piperidine in dichloromethane for 10 min. The exposed amine
was reacted with 1 μL of 0.2 mg mL−1 NHS-TCO solution for another
4 h. At last, the TCO coated bMS were washed and collected using a
magnet, and were stored at 4 °C for further use. Likewise, bMS-Tz
were prepared using the same procedure.
The sMS bought from the vendor have silane group on the surface.
One hundred microliters of 40 mg mL−1 sMS were washed with MQ
for 3 times, and were then mixed with 200 μL of APTES in 10 mL of
anhydrous acetone at room temperature for 10 min. The microspheres
were washed and resuspended in 100 μL of PBS, and were mixed with
1 mg of FMOC-NH-PEG-SC at room temperature for 4 h before
washing for 3 times. FMOC was deprotected by the same method
above. The modiﬁed microsphere were further reacted with 1 μL of
0.2 mg mL−1 NHS-Tz solution for another 4 h. At last, the Tz-sMS
was washed and collected using a magnet. They were stored at 4 °C
for further use.
2.4. Fabrication of DPs. 200 nm magnetic NPs were drop coated
onto the surface of array after plasma treatment for 60 s, and were
baked at 100 °C for 10 min. The NPs outside of microwells were
removed using a scotch tape. The microwell PDMS was baked on a
hot plate at 150 °C for 2 h so the NPs strongly stick to each other and
the wells. After the microchip was cooled to room temperature, the
microwell PDMS was attached to another PDMS to form a
microchannel. Fifty microliters of 4 μg mL−1 NHS-Tz solution was
added into the microchip chamber from the inlet and incubated for 1
h. Residual NHS-Tz was removed by washing for 3 times.
50 μL of 0.2 mg mL−1 TCO-bMS solution was added to microchip
channel from the inlet where the microchip was placed within a copper
wired coil. An external magnetic ﬁeld (about 100 mT) was
immediately turned on. After 30 min, the magnetic ﬁeld was turned
oﬀ, and the microchip was washed to remove extra TCO-bMS with
MQ water for 3 times. Almost all TCO-bMS outside of microwells can
be washed away.
The same procedure described above for TCO-bMS was used for
Tz-sMS patterning in the microchip.
2.5. Collection and Functionalization of DPs. Two types of
amine-modiﬁed oligonucleotides, labeled as D and E, were used to
modify the surface of DPs. One microliter of 0.2 mg mL−1 NHS-TCO
and NHS-Tz was mixed with 100 μL of 0.2 mM oligonucleotide D and
E for 4 h, respectively, followed with Zeba desalting columns
puriﬁcation and stored at 4 °C for further use.
Fifty microliters of 0.2 mM Tz-E conjugates were carefully ﬂowed
from the microchip inlet and reacted with TCO-bMS for 30 min. After
3 times washing with PBS, 50 μL of 0.2 mM TCO−D conjugates were
ﬂowed from the microchip inlet and reacted for 30 min, followed by
another 3 times washing.
To release dumbbells, PMMA anisole solution (5%) was drop
coated on the microwells, followed by heating on a hot plate at 50 °C
for 10 min to evaporate anisole and solidify PMMA. The PMMA

all kinds of proteins and oligonucleotides with a support
substrate.
Techniques at the micro scale are ideal for single-cell analysis
because of comparable size. However, Janus microparticles have
not been applied for single-cell analysis yet, to the best of our
knowledge. Single cells, particularly immune cells, are intrinsically heterogeneous to carry out their necessary biological
functions. For instance, macrophages secrete large amount of
inﬂammatory factors such as tumor necrosis factor α (TNFα)
to ﬁght invasion of bacteria and viruses. Conventional approach
for single-cell cytokine detection is primarily enzyme-linked
immunospot.20 Flow cytometry can also measure cytokines by
blocking protein transporter on membrane, which would
inevitably inﬂuence other signaling pathways of the cell.21
Microﬂuidics-based methods allow for quantiﬁcation of tens of
cytokines in single cells.22 However, the microchip operation
procedure is intimidating to many biomedical users, and those
microchips are not well commercialized yet. Currently, there is
still a lack of user-friendly technique for single-cell cytokine
detection without special instruments.
In this work, we present a unique microarray-assisted
approach for large-scale fabrication of dumbbell particles
(DPs) via Tz and TCO click reaction, with a demonstrated
application in continuous detection of cytokine TNFα
secretion by single live macrophage cells. Big magnetic
microspheres (bMS, 2.7 μm) carrying TCO are anchored to
microwells of a microarray ﬁrst, and another magnetic
microspheres of various sizes carrying Tz then attach vertically
to the bMS through Tz-TCO click reaction to form dumbbells.
After linking bMS and sMS with diﬀerent types of
oligonucleotides through click reaction, prepared DPs are
collected using PMMA membrane as a sacriﬁce layer. Through
DNA hybridization between oligonucleotides on the microparticles and their complementary oligonucleotides that are
conjugated with antibodies, sMS are covered with anti-CD14
antibody for cell attachment, and bMS are coated with antiTNFα antibody for in situ TNFα capture over time. With
periodical sandwich enzyme-linked immunosorbent assay
(ELISA) detection, we have observed increase of TNFα signal
and vast heterogeneity between single cells in response to
lipopolysaccharide (LPS) stimulation. Likewise, multiplex
detection of cytokine is achieved using diﬀerent dye and
antibodies. Our approach has potential for point-of-detection
single-cell cytokine analysis of tissue samples without single cell
isolation and breakup of intercellular connectivity.

2. MATERIALS AND METHODS
2.1. Materials. Dynabeads MyOne Silane (1 μm), Dynabeads
amine (2.7 μm), 3-aminopropyltriethoxysilane (APTES), Hoechst
33342, CellTracker Blue CMAC Dye, and Streptavidin-Alexa 647 (SAAlexa 647) were obtained from Thermo Fisher Scientiﬁc; 200 nm
magnetic amine NPs were obtained from Ocean Nanotech (San
Diego). FMOC-NH-PEG-SC (Mw 10 000) was purchased from
Laysan Bio. Inc. Trans-cyclooctene-PEG12-NHS ester (TCO-NHS)
and Methyltetrazine-Sulfo-NHS ester (Tz-NHS) were obtained from
Click Chemistry Tools Company. Cyanine2-NHS, Cyanine3-NHS and
Cyanine5-NHS were purchased from Lumiprobe. TNFα, mouse
interferon γ (IFNγ), mouse IL-10, antimouse TNFα monoclonal
antibody, antimouse IFNγ monoclonal antibody, antimouse IL-10
monoclonal antibody, biotin antimouse TNFα polyclonal antibody,
biotin antimouse IFNγ polyclonal antibody, biotin antimouse IL-10
polyclonal antibody, rat antimouse CD14 monoclonal antibody, and
Alexa 488-antirat IgG were purchased from Biolegend. Succinimidyl-4formylbenzoate (S-4FB) and succinimidyl-6-hydrazinonicotinamide
B
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Figure 1. (a) General scheme for fabrication of DPs. The microwells of a PDMS replica are ﬁlled with 200 nm magnetic NPs ﬁrst. They are
functionalized with Tz for tethering TCO-bMS (red). The latter is further conjugated with Tz-sMS (green). The deposition of TCO-bMS and
conjugation of Tz-sMS is performed under a magnetic ﬁeld to ensure only one microsphere on a microwell for each time. (b) Surface
functionalization of bMS and sMS. Long chain PEG is linked on the surface on one end and is functionalized with Tz/Cy2 or TCO/Cy5 on the
other end. (c) Schematic structure of linkage between TCO-bMS and Tz-sMS. (d) Overlap of ﬂuorescence images of bMS and sMS on microwells,
with a pattern of “S”, “U”, “N”, and “Y”. Most microwells show yellow color, indicating the presence of both bMS and sMS.
membrane was manually peeled oﬀ and transferred to a Petri dish, and
then was immersed into glacial acetic acid for overnight to dissolve the
PMMA. Particles were washed and collected using a magnet.
After collection, the sMS of DPs were further functionalized with
anti-CD14 antibody through hybridization between oligonucleotide D
on the microparticle surface and the complementary D′ on anti-CD14
antibody. The same procedure was followed for bMS functionalization
with anti-TNFα antibody using oligonucleotide E-complementary
oligonucleotide E′ hybridization. Conjugation of D′ with anti-CD14
antibody and E′ with anti-TNFα antibody were performed using S4FB and S-HyNic linkers. In the ﬁrst step, the amine of D′ and E′ was
converted to 4-formylbenzamide group, and the amine on the
antibodies was converted to 6-hydrazinonicotinamide. The formation
of the Schiﬀ base by reaction of 4-FB and 6-hydrazinonicotinamide at
pH 6.0 coupled the antibodies to oligos, resulting in D′-anti-CD14
antibody (100 μM) and E′-anti-TNFα antibody (100 μM). For
functionalization, 10 μL of 10 μg mL−1 DPs were mixed with a cocktail
of 20 μL D′-anti-CD14 antibody conjugates at 100 μM and E′-antiTNFα antibody conjugates at 100 μM for 1 h, followed by 3 times
washing with PBST (0.1% Tween 20 in PBS).
2.6. Cell Culture and Cytokine Detection. The macrophage cell
line Raw 264.7 was purchased from American Type Culture
Collection, and were routinely cultured in a T25 cm2 ﬂask containing
Dulbecco’s modiﬁed Eagle’s medium/F12 (DMEM/F12) supplemented with 10% FBS, 100 U mL−1 of penicillin, and 0.1 mg mL−1 of
streptomycin. All cultures were incubated at 37 °C under 5% CO2
atmosphere.
For calibration of the ELISA assay, recombinant mouse TNFα was
serially diluted to various concentrations ranging between 10 pg mL−1
and 5 ng mL−1 in PBST. Brieﬂy, 10 μL of 10 μg mL−1 antibodies
conjugated DPs were incubated with 40 μL of TNFα with various
concentrations in 1% BSA/PBS at room temperature for 2 h.
Biotinylated anti-TNFα detection antibody was preincubated with
Streptavidin-Alexa 647 with a molar ratio 1:3. After 3 times washing of
residual TNFα recombinant protein, the detection antibody
conglomerate at a concentration of 10 nM was then added to the

DPs, and was incubated for 1 h. The DPs were washed with PBST for
3 times before imaging.
For in situ cytokine detection, macrophages were stimulated with 1
μg mL−1 LPS in complete culture medium and labeled with 1 μg mL−1
CellTracker Blue dye, and were immediately seeded into a 96 well
plate at 1 × 104 cell/well. 1 × 104 DPs conjugated with both antiCD14 antibody and anti-TNFα antibody were added to cells. The
same ELISA detection strategy aforementioned above was used to
detect the secreted TNFα by live cells at the incubation time of 0, 3, 6,
9, 12, and 24 h, where only culture medium was used to 1% BSA/PBS.
Only single cells attached with one DP were imaged, and the
ﬂuorescence intensity was recorded.
Likewise, the other two dye and antibodies were linked and
performed using the same approach.
2.7. Microscopy Imaging. Images of the chip and cells after
staining were taken systematically on an inverted ﬂuorescence
microscope (Olympus IX73) equipped with three ﬂuorescent ﬁlter
sets: a green ﬂuorescein ﬁlter set (U-FF, Olympus; excitation ﬁlter
450−490 nm, dichroic 500 nm long pass, emission 520 nm long pass),
a yellow Cy3 ﬁlter set (U-FF, Olympus; excitation ﬁlter 528−553 nm
dichroic 565 nm long pass, emission 590−650 nm), and a red Cy5
ﬁlter set (U-FF, Olympus; excitation ﬁlter 590−650 nm, dichroic 660
nm long pass, emission 665−740 nm). A microscope objective
(UPlanApo, Olympus, 4X/0.16; UPlanFLN, Olympus, 10X/0.30/Ph1;
UCPlanFLN, Olympus, 20X/0.70/Ph2) was used to collect
ﬂuorescence light. A digital camera (Zyla sCMOS, Andor) mounted
on the microscope was used to capture images using Andor SOLIS
software. Scanning electron microscope (SEM) images were taken by
using a LEO (Zeiss) 1550 microscopy.

3. RESULTS AND DISCUSSION
The general procedure of fabricating dumbbell shape microparticle pairs is illustrated in Figure 1a. We ﬁrst ﬁlled the
microwells of a PDMS replica with 200 nm amine functionalized magnetic NPs. After baking, a layer of magnetic NPs with
C
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the depth of ∼3.5 μm was formed on the bottom of each
microwell across the whole chip. These NP pallets in
microwells serve as the base for anchoring bMS and
consecutively sMS to form DPs. The amine group was then
conjugated with Tz. bMS tagged with PEG10000-TCO and sMS
tagged with PEG10000-Tz were added onto the microwells
sequentially under a magnetic ﬁeld. With a strong external
magnetic ﬁeld at 100 mT, the induced magnetism on the 200
nm nanoparticle pallet of each well forces bMS or sMS to form
a vertical chain above (Video S1). After removal of the external
magnetic ﬁeld, the relaxation of superparamagnetism results in
separation of microspheres except those anchored through TzTCO click reaction. We have optimized the concentration of
microspheres for loading into the microchip chamber with
∼100 μm depth, in order to ensure only one microsphere at
one time on each microwell and obtain a high yield (Figures S1
and S2). A concentration greater than 1 × 107 particles mL−1
would lead to more than one microsphere rail on each array
spot, while a concentration less than 1 × 105 particles mL−1
would results in no rails on many array spots and thereafter low
fabrication eﬃciency. Because long chain PEG was used to coat
the microsphere surface, < 5% nonspeciﬁc binding (two or
more identical beads together) was observed. The ﬁnal step is
to transfer DPs from the microwells with PMMA and release
them in a solution.
The key to formation of DPs is chemical modiﬁcation of
their surface. We linked long chain PEG10000 on both bMS and
sMS so that each pair is semiﬂexible and stabilized to lower the
inﬂuence of shear force in between. PEG500 was also tested,
which resulted in much lower yield after collection, most likely
because the linkage was too short and stiﬀ. Other linking
strategies by oligonucleotide paring and streptavidin−biotin
interaction have shown a yield <10%. That is because those
binding forces are still far lower than covalent chemical bond.
Interestingly, we show that the size of DPs is changeable, as the
conjugation between bMS and bMS can also form dumbbells
(Figure S3). However, the yield is relatively lower than that of
DPs between bMS and sMS, maybe because the shear force
within two bMS is much higher under the same experimental
condition.
After deprotection of FMOC group on the other end of PEG
on microspheres, amine group is activated and ready to react
with bioorthogonal linker Tz/TCO succinimidyl ester (Figure
1b, c). Tz/TCO click chemistry was chosen not only because
they react extremely fast, but also because it provides a platform
widely open for conjugation with other biomolecules. As a
proof of concept, the bMS and sMS were coupled covalently
with TCO and Cy5 dye at a ratio of 100:1 and with Tz and Cy2
also at a ratio of 100:1, respectively. Thus, the majority of TCO
and Tz on surface is still available for further conjugation. With
the current surface modiﬁcation design, the yield of the ﬁrst
layer of bMS reaches ∼90% over 10,000 microwells, and <5%
particles reside outside of microwells. The second layer of sMS
has a yield of ∼70%. Repeating the same procedure by loading
the same microspheres and washing for a few cycles can further
increase the yield.
Figure 2a shows the dumbbells on the microwells before
releasing. Although only a trivial portion of amine groups was
modiﬁed with Cy5 (red) and Cy2 (green) dyes, the labeling
was good enough for visualization. The ﬂuorescence changes of
bMS (red channel) clearly shows the binding of bMS.
Overlapping the red and green channels indicates speciﬁc
coupling of the microspheres. A microarray with letters “S”,

Figure 2. (a) Bright-ﬁeld and ﬂuorescence images of the DPs on chip.
(b) SEM image of DPs. (c) Merged ﬂuorescence image of DPs after
release from the microchip and collection. All scale bar: 10 μm.

“U”, “N” and “Y” (abbreviation for “State University of New
York”) was designed for patterning DPs. As shown in Figure
1d, the bMS and sMS are well overlapped and are deposited
only in the designated microwells.
Before detachment of DPs from microwells, the remaining
Tz and TCO on the particle surface were reacted with TCOoligonucleotide and Tz-oligonucleotide, respectively. Oligo
DNAs can survive mildly harsh environment and mostly keep
intact. PMMA was used as a sacriﬁce layer to lift DPs and
resuspend them in another solution. The validity of the
collection was conﬁrmed by SEM images and ﬂuorescence
images (Figure 2b, c and Figure S4b, c). We can see that most
of the DPs were successfully collected, with a few trimers and
single microspheres.
The utility of the DPs in cell attachment and single-cell
cytokine detection was investigated. Macrophage cells were
used because they produce large amount of TNFα upon
stimulation by LPS and the secretion is heterogeneous between
cells.23 Just like other macrophages, Raw 264.7 cells highly
express CD14 on their surface (Figure S5).24 The oligonucleotide on sMS was hybridized with its complementary single
stranded oligo DNA that is conjugated with anti-CD14
antibody. So the sMS can speciﬁcally bind to cells through
antibody−antigen interaction (Figure 3). This binding lasts >24
h and endures multiple cycles of washing. By contrast, DPs
without anti-CD14 modiﬁcation barely bind to cells (Figure
3b).
When anti-CD14 antibody and anti-TNFα antibody were
anchored on sMS and bMS of each DP, the bMS side was
employed to detect secretion of TNFα over time through
sandwich ELISA (Figure 4a).25 We ﬁrst calibrate the detection
system using recombinant proteins to quantitate the detection
limit. Figure 4b shows the ﬂuorescence intensity of bMS at
various concentration of recombinant TNFα ranging from 10
D
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Figure 3. Images of DPs (a) coated with anti-CD14 antibody and (b) without anti-CD14 antibody on macrophage cells that are stained with
Hoechst 33342. Scale bar: 20 μm.

Figure 4. (a) Schematic illustration of attachment of DPs to single cells and in situ sandwich ELISA detection of cytokine released by the cells. (b)
Calibration curve of recombinant TNFα concentration vs ﬂuorescence intensity of detection DPs. Inset Figure with logarithm axes shows linear
relationship. (c) Continuous detection of TNFα of single cells at the LPS stimulation time of 0, 3, 6, 9, 12, and 24 h. The ﬂuorescence intensities of
30 DPs (labeled as DP1, DP2... DP30) on 30 diﬀerent single cells are recorded. PBS means control experiment without LPS stimulation. (d) Merged
ﬂuorescence images of cell (blue) and DPs (green, sMS; red, bMS) after ELISA detection. The images were taken at 0, 6, and 24 h LPS stimulation
time. Cells were stained with CellTracker Blue CMAC dye. Scale bar: 10 μm.

pg mL−1 to 5 ng mL−1. The detection limit was determined at
16 pg mL−1, which is comparable to that by standard well plate
based-ELISA. This result indicates that there is suﬃcient
antibody coating on the microsphere’s surface. We have also
quantitated the coating variations between the DPs. The
measured variation of ﬂuorescence is measured below 5%
across 500 DPs.
Next, we demonstrate the continuous single-cell detection of
TNFα secretion using the DPs. In this in situ cytokine
detection, the sMS was used not only to attach cells but also to
indicate the presence of a DP, which is further validated by
bright-ﬁeld images. After attachment of DPs to cells, LPS at 1
μg mL−1 was added to the culture medium and CellTracker

Blue dye was used to label live macrophages. The
proinﬂammatory cytokines such as TNFα and IFNγ are
produced upon stimulation by LPS through toll-like receptor
4 pathway, while the anti-inﬂammatory cytokine IL-10 could be
generated simultaneously.26,27 They are preferentially captured
by the antibodies on the DPs in the close vicinity. Therefore,
we hypothesize that periodically detected proteins on the DPs
reﬂect the cytokine secretion kinetics. We only chose the cells
with a separation distance at least 20 μm for the single-cell
cytokine detection, in order to minimize the inﬂuence of signal
from the neighboring cells. We periodically replaced culture
medium with a staining solution comprised of biotinylated antiTNFα detection antibody and Alexa 647-streptavidin, and
E
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Figure 5. (a) Bright-ﬁeld image of three DPs attaching to cells. (b−d) Fluorescent images of three diﬀerent channels for DPs after ELISA detection.
(e) Merged ﬂuorescence image of cells (blue) and three diﬀerent DPs. The images were taken at 24 h LPS stimulation time. Cells were stained with
CellTracker Blue CMAC dye. (f) Box plot of TNFα, IFNγ, and IL-10 secretion levels by macrophage cells after LPS stimulation for 24 h. Whiskers
calculated adopting the Tukey method. Outliers not shown. All scale bar: 20 μm.

4. CONCLUSION
In conclusion, we introduce a novel method to fabricate
multifunctional DPs with two diﬀerent sizes on a large scale via
Tz-TCO click chemistry. The dumbbells were formed on a
microarray ﬁrst and were subsequently released and resuspended in an aqueous solution. The two sides of each dumbbell
were linked with two diﬀerent antibodies for cell attachment as
wells as cytokine detection. In situ detection of TNFα was
achieved by linking DPs to the surface of macrophage cells
using anti-CD14 antibody. With suﬃcient detection sensitivity,
we have quantitated the secretion kinetics of individual cells
over 24 h. We also demonstrated multiplex detection of three
diﬀerent cytokines for individual macrophage cells. The current
method presents the ﬁrst step toward construction of more
complex anisotropic particles. Our analytical approach is
potentially applicable for cell sorting and simultaneously
multiplex cytokine detection on a variety of cell types at the
single-cell level.

incubated them with DPs for 1 h each time. This fast ELISA
eﬀectively reduces the impact of detection procedure on cells’
physiological activities. Figure 4c shows the ﬂuorescence
intensities of bMS of DPs from 30 individual cells. Cells
show various responses to the same stimulation, as the TNFα
releasing amount and rate are dramatically diﬀerent between
cells. In comparison, no signal was detected without LPS
stimulation. Because the measure error of DPs is less than 5%,
the observed dramatic variation is believed to attribute to the
biological heterogeneity. Figure 4d shows ﬂuorescence images
taken at 0, 6, and 24 h after LPS injection. These pictures
permit visualization of the ﬂuorescence intensity changes of
bMS, suggesting the successful attachment to cell surface as
well as in situ detection of cytokine secreted by living cells.
At last, multiplex detection of cytokine from cells with
diﬀerent stimulation durations has been performed using DPs
with diﬀerent dyes and antibodies. Both dye (Cy2, Cy3 or Cy5)
and anti-CD14 antibody were anchored on sMS, respectively,
while anti-TNFα antibody, anti-IFNγ antibody or anti-IL-10
antibody was linked to corresponding bMS of each DP. The
DPs were attached to individual cells, and ELISA detection was
conducted periodically. The ﬂuorescence intensity of DPs was
quantitated at each time point, for DPs modiﬁed with Cy5, only
the ﬂuorescence of bMS which were not aﬀected by sMS were
quantitated. Figure 5a shows the bright-ﬁeld image of DPs
attached to the surface of cells. Figure 5e is a merged sample
image of multiplex cytokine detection after LPS stimulation for
24 h. sMS show diﬀerent ﬂuorescent colors (Figure 5b−d),
indicating the tagging of diﬀerent ﬂuorophores. Diﬀerent
ﬂuorescence intensities were also observed on the bMS because
proteins were variably secreted and subsequently detected
(Figure 5d). As shown in Figure 5f (134 cells for each data
point), activated macrophage cells produce signiﬁcant amounts
of TNFα and IFNγ but less IL-10. IL-10 was barely secreted
after LPS stimulating for 3 h. Our result is consistent with the
expectation, because IL-10 is known to counter-regulate and
inhibit immune system activation and proliferation by
suppressing the expression of pro-inﬂammatory cotokines,
such as IL-2, IL-5, TNFα and IFNγ.28,29
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