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Abstract Assays toward analysis of rare heterogeneous
cells among identical specimen raise a significant challenge
in many cell biological studies and clinical diagnosis
applications. In this work, we report a disk-like hydrogel
bead-based stratagem for rare cell researches at single cell
level after a facile microfluidic-based particle synthesis
approach. Cells of interested can be encapsulated into
alginate droplets which are subsequently solidified into
disk-like calcium alginate hydrogel beads and the bead size
and cell number inside can be precisely controlled. Due to
stability, permeability and disk-like shape of calcium
alginate beads, cells immobilized in the disk-like beads can
be treated with different chemicals with limited mechanical
or fluidic operation influences and observed without dis-
tortion comparing with conventional methods or droplet
microfluidic methods. Identification of circulating tumor
cells, related to early-stage cancer diagnosis, is targeted to
demonstrate the potential of our technique in rare cell
analysis. This hydrogel bead-based stratagem is performed
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in immunofluorescence staining treatment and observation
of cancer cells from normal hematological cells in blood
sample. This method would have a great potential in single
cell immobilization, manipulations and observation for
biochemical cellular assays of rare cells.
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1 Introduction

Cellular heterogeneity of a tiny minority cells within a
genetically identical population reveals potential origins,
development and progression of many diseases (Asano
et al. 1996; Sugars and Rubinsztein 2003; Zhu et al. 2012;
Zhang et al. 2012a). Among more and more important
investigations of these precious rare cells in fundamental
biological researches, pathology and clinical diagnostics,
studies of circulating tumor cells (CTCs) in oncology are
representative (Gupta and Massagué 2006). Although
CTCs are very few in peripheral blood stream relative to
the amount of hematological cells (a few to hundreds in
10°/mL hematological cells), they are thought to be the key
to understand metastasis mechanisms of cancers and detect
cancers in early stages (Krivacic et al. 2004). However,
traditional statistical bulk methods of cellular biology face
sundry challenges when dealing with this case. Low
quantity increases difficulties in precise and sensitive
analysis of these heterogeneous cells within large number
of unrelated cells (Vincent et al. 2010; Rane et al. 2012);
for example, statistic methods that measure average
responses from a population often obscure the difference
from individual cells (Carlo and Lee 2006). Also,
mechanical damages caused by bulk manipulations and
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rough macro-scale operations direct on the delicate cells
both will lead to loss of those rare precious specimens.

Among various microfluidic techniques that have been
developed to meet these challenges, droplet microfluidics
are the most commonly used due to its versatility and ease
for quantitative analysis at single cell level (Theberge et al.
2010). Encapsulating cells into massive pico- to nano-liter
scale droplets develops a brand new way to manipulate,
transport, culture and real-time monitor, etc., different
kinds of cells to fulfill various demands for cell-based
researches and applications (Guo et al. 2010b; Zhao et al.
2009; Tsuda et al. 2009; Trivedi et al. 2009). These
droplets are effective nano-laboratories that can accom-
modate single cells. Their high surface / volume ratio
improves biomolecular transportation to enhance the per-
formance of cell-based assays (Guo et al. 2012). These
advantages make droplet microfluidics benefit subsequent
pertinent researches toward those specific heterogeneous
cells (Yin and Marshall 2012). Nevertheless, as droplets
form when aqueous phase is monodispersed in oil phase on
microfluidic chips, their liquid property induces several
limits for downstream cellular biology research as cell
carriers: (1) The cell encapsulated cannot be fixed at a
steady position within the droplet; and (2) the suspended
droplets are always spherical due to surface tension, so that
microscopic images of cells inside are often distorted
because of the bended light rays. These two drawbacks
interfere with the precise observation for special hetero-
geneous cells. (3) Liquid droplets easily deform when
applied external force, which still limits possible needed
biochemical manipulations for cells encapsulated.

Herein, we reported a facile microfluidic approach to
improve these situations. In consideration of its advantages
in biocompatibility, low immune response and resemblance
to natural extracellular matrix (ECM), hydrogel alginate is
adopted for cell encapsulation (Rowley et al. 1999; Tan
and Takeuchi 2007; Choi et al. 2007). After mild gelati-
nization of alginate with Ca’™ (Mgrch et al. 2006), disk-
like calcium alginate hydrogel beads are synthesized with
different cells of preprocessed blood sample inside. These
hydrogel beads not only retain advantages of droplets as
compartmentalization at single cell level, but also enhance
their unique merits to study latent cancer cells in the blood
sample. First, as a kind of colloid, hydrogel beads immo-
bilize the encapsulated cells inside. Together with their
disk-like morphology comprised of plat top/bottom sur-
face, cells can maintain a constant position under long-time
continuous microscopy. Thus, precise and undistorted
observation and image records can be obtained. Second,
hydrogel beads’ shell provides a structural support with
high stiffness. This stability makes manipulations of cells
steerable relative to the cell itself and further facilitates
downstream sorting and enrichment for cancer cells from
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irrelative hematological cells. The robust shell outside the
cell also blocks harmful external fluidic mechanical func-
tions (Schmidt et al. 2008; Velasco et al. 2012).These two
benefits can significantly reduce the loss of rare precious
cell samples. On the other hand, porous structure of cal-
cium alginate enhances permeability of the shell and thus
enables small molecule transportation such as antibodies,
fluorescence dyes or nutrition and waste of encapsulated
cells (Um et al. 2008; Morimoto et al. 2009), which makes
various cell-based processes possible to fulfill the needs of
cellular assays. Compared to recently developed micro-
fluidic chips for capture and enrichment of CTCs on which
CTCs cannot be collected or manipulated easily for bio-
logical or biomedical analysis because of their irreversible
adherence onto the specific substrates (Nagrath et al. 2007,
Wang et al. 2011; Chen et al. 2011; Zhang et al. 2012b),
compartmentalization of cells in hydrogel beads enables
CTCs’ isolation without using nano-structure-substrate-
based bio-conjugate methods and thus can lead to more
facile treatments and processes of CTCs. In this work, as a
proof of conception for hydrogel bead-based stratagem, a
commonly used three-color immunocytochemistry staining
method, including FITC-labeled anti-CD45 (a marker for
WBCs), PE-labeled anti-CK (cytokeratin, a protein marker
for epithelial cells) and DAPI nuclear staining(Wang et al.
2009), was implemented based on these cell-encapsulated
beads. This novel implementation could be used to identify
cancer cells from white blood cells (WBCs). After inte-
grated with other droplet-based methods of sorting (Guo
et al. 2010a), cell culture (Liu et al. 2012), emulsion PCR
(Leng et al. 2010), single cell gene detection and
sequencing (Novak et al. 2011), etc., the beads containing
target cells of heterogeneity could be separated and enri-
ched individually, followed by pertinent analysis to gain
more insights at cellular or molecular level. This hydrogel
bead-based stratagem could facilitate enrichment, cultiva-
tion, sequencing and other downstream researches for
CTCs or other rare specific cells from heterogeneous
mixtures.

2 Experimental
2.1 Reagents and materials

Sodium alginate, sodium chloride and calcium chloride
were purchased from China National Medicines Corpo-
ration Ltd. (China). Soybean oil (the immiscible contin-
uous phase carrier) was purchased from Beiya Medical
Oil Corporation Ltd. (China). Poly(dimethylsiloxane)
(PDMS, RTV615) was purchased from GE Toshiba Sil-
icone Corporation Ltd. (USA). All aqueous solutions were
prepared using deionized water purified by a Millipore
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Direct-Q3 water purification system (Millipore, MA,
USA) and were filtered through 0.2-um syringe filter to
remove large clumps and bacteria. Dulbecco’s modified
Eagle’s medium (DMEM, Hyclone, high glucose) and
PBS (Hyclone, 1X, 0.0067 M PO,*") were obtained from
Thermo-Fisher Scientific; 0.25 % Trypsin-EDTA (Gibco,
1X), Tween-20 and fetal bovine serum were purchased
from Invitrogen. Paraformaldehyde (PFA), Triton X-100,
bovine serum albumin (BSA), normal goat serum and
4’ 6-diamidino-2-phenylindole  dihydrochloride (DAPI)
were purchased from Sigma-Aldrich. Colorectal cell line
(HCT116) and citrated whole blood samples from healthy
donors were purchased from Zhongnan Hospital of
Wuhan University. FITC-labeled anti-human CD45 (Ms
IgGl, clone H130) (a marker for white blood cells) and
PE-labeled anti-cytokeratin (CAMS.2, conjugated with
phycoerythrin) (a marker for epithelial cells) were pur-
chased from BD Bioscience.

2.2 Design and fabrication of microfluidic device

As shown in Fig. la, the microfluidic device is mainly
made of two flow-focusing channels that produce sodium
alginate and CaCl, droplets, respectively, and downstream
merging chambers and channel to enable droplets merging
and calcium alginate beads generation. Width of the middle
inlet channels and the flow-focusing channels is at first
200 pm and then tapered to 50 pm near the orifice, while
the two side channels tapered to 80 um. Then, the channels
expand from 50 to 80 pm. The downstream merging
channel is 100 um at the beginning, with two oval merging
chambers whose width is 200 pm. Height of the micro-
channels is about 25 pm.

The mold was fabricated on a silicon wafer with SU-8
2050 photoresist (MicroChem Corporation, MA, USA)
using a standard photolithographic method. Then, the
PDMS layer was gained by using a conventional soft
lithography technique (Xia and Whitesides 1998). After
bonding the PDMS layer on a glass slide with oxygen
plasma (Harrick Scientific Corporation, USA) treatment,
the PDMS microfluidic device was baked at 120 °C for
12 h to regain hydrophobicity (Ji et al. 2011).

2.3 Cell culture, pretreatment of whole blood samples
and preparation of sodium alginate cell suspension

The HCT116 cells were cultured in DMEM with 10 % FBS
and 1 % penicillin and streptomycin at 37 °C and 5 % CO,
atmosphere in a cell incubator (Thermo Forma Series I,
Thermo Scientific). After harvested from the culture flask,
HCT116 cells were centrifuged to remove the supernatant
culture medium and then resuspended in 0.9 % (w/w) NaCl
solution at needed concentrations.

The artificial CTC blood sample was made by mixing
0.5 mL HCT116 cell suspension in 0.9 % NaCl solution
with 1 mL healthy donor’s blood sample. And the cell
density of HCT116 was adjusted to about 1 x 10%mL in
the artificial blood sample.

Citrated blood sample (the artificial CTC blood sample)
kept in anticoagulant tube (EDTA K,, 2 mL, violet cap)
(Wuhan Zhiyuan Medical Technology Corporation Ltd.)
was mixed with equivalent Hank’s solution completely and
then added to the above of lymphocytes separation medium
(Hao Yang Biological Manufacture Corporation Litd.,
Tianjin, China) very slowly to maintain the liquid interface
clearly. After centrifugation at 1,800 rpm for 30 min, the
well-defined cloudy white nebulous strait lymphocyte layer
at the interface, including lymphocytes and monocytes
(also cancer cells in artificial blood samples), was collected
into another centrifuge tube using a pipette. The cells were
washed by 0.9 % (w/w) NaCl solution twice and then
centrifuged and resuspended at needed concentration.

All cell suspension (cell line/artificial blood) was mixed
with 3 % sodium alginate solution at the volume ratio of
1:2 to gain the sodium alginate cell suspension before
loaded into the microfluidic device.

2.4 Generation of cell-encapsulated disk-like hydrogel
beads

By using the previous-described device, disk-like hydrogel
beads were generated containing different cells, that is,
HCT116 cells, lymphocytes or other monocytes from blood
samples. As shown in Fig. la, oil phase was introduced
into the chip through inlets A1 and A2 by two syringe
pumps (TS2-60, Longer Precision Pump Corporation Ltd.)
through poly (tetrafluoroethylene) (PETE) tubes. Prepared
sodium alginate cell suspension and 1 % (w/w) calcium
chloride solution were injected from inlets B and C,
respectively, and then sheared off into droplets at the flow-
focusing orifice (Anna et al. 2003). Those droplets were
directed into downstream merging channel and then
merged in the expanded merging chambers because of
velocity gradient. As the flow rates of continuous phase and
dispersed phase could be precisely controlled, sodium
alginate droplets were arrayed between the inter-spaces of
CaCl, droplets (Fig. 2a). After the two kinds of droplets
merged with each other, disk-like calcium alginate beads
were generated due to cross-linking reaction between Ca®"
and alginate (Fig. 2b).

2.5 Hydrogel bead-based immunofluorescence staining
After generation within the microfluidic device, disk-like

calcium alginate beads encapsulating cells were collected
into a centrifuge tube at the outlet. Those beads were
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Fig. 1 Workflow diagram showing the disk-like hydrogel bead-based
immunofluorescence staining. a, b Different kinds of blood cells were
encapsulated in disk-like hydrogel beads. ¢ After collected into

rinsed using 0.9 % NaCl solution and centrifuged at low
speed to remove the oil for three times. Subsequently,
4 % PFA was added into the tube to fix cells for 20 min.
Next, the beads were immersed in 0.2 % Triton X-100
for 10 min to increase cellular membrane permeability
for intracellular staining. Then, blocking was carried out
for 10 min using 5 % normal goat serum, 3 % bovine
serum album and 0.1 % Tween-20 in 0.9 % NaCl solu-
tion as a blocker, which decreased nonspecific bonding
during immunofluorescence staining. Finally, the beads
were immersed in staining solution (10 pL anti-human
CD45 and 10 pL anti-cytokeratin mixed with 80 puL
blocker) at 4 °C in the dark for about 9 h and then
stained with DAPI for another 10 min before observation.
Between each step of fixation, permeabilization, blocking
and staining, the calcium alginate beads were centrifuged
to remove superfluous solution and washed by 0.9 %
NaCl solution.

After staining, the beads containing cells were washed
by 0.9 % NaCl solution for three times, then were resus-
pended in 0.9 % NaCl solution and added onto a glass slide
for observation. The bright field and fluorescence images
were monitored and recorded by a digital CCD camera
mounted on an inverted fluorescence microscope (IX81,
Olympus, Japan).
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centrifuge tube, immunofluorescence staining was implemented based
on those cell-encapsulated hydrogel beads. d Different cells in blood
showing distinct immunofluorescence within the disk-like beads

3 Results and discussion
3.1 Generation of disk-like hydrogel beads

Regulating the flow rates of fluids allows us to control the
size of the hydrogel beads from tens to nearly one hundred
of micrometers in diameter (Fig. 3), which can be adjusted
according to the demand of different manipulations in
various assays. Diameter of the hydrogel beads defines
some important properties relating to the environment
around the cells, such as permeability of the solute and
intercellular communication (Sugiura et al. 2005; Kato
et al. 2012).

In order to generate disk-like hydrogel beads, the
diameter of every bead could be regulated to be larger than
the height of the device’s channel through controlling the
flow rates of oil/alginate phase under predescribed
dimensions of the flow-focusing orifice (Liu et al. 2006).
As calcium alginate beads kept disk-like shape, their top
surface and under surface were flat (Fig. 2c, d), which
made the images of the cells encapsulated in the beads
undistorted. Also, flat bottom of the disk-like beads could
avoid rolling possibility of spherical beads. Due to the
independent generation procedure of CaCl, droplets and
sodium alginate ones, these two different kinds of droplets
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Fig. 2 Generation of disk-like hydrogel beads for cell encapsulation.
a CaCl, droplets and sodium alginate ones were arrayed one after
another alternately along the merging channel. b CaCl, droplet and
sodium alginate droplets met and then merged with each other in the
merging chambers, and disk-like calcium alginate beads were
synthesized due to gelatinization reaction. ¢, d Cross-section and
top view of disk-like hydrogel beads encapsulating cells
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Fig. 3 The relationship between mean diameter of sodium alginate
droplets (black lines)/calcium alginate beads (red lines) and flow rates
of sodium alginate solution/oil. a Mean diameters changed with the
flow rate variation of sodium alginate solution, when the flow rate of
oil was fixed at 64 pL/h. b Mean diameters were controlled through

were arrayed one after another alternately along the
merging channel before entering merging chambers and
thus avoided the unwanted multiple merging among more
than one sodium alginate droplets and insured the mon-
odispersion of the beads’ size (Fig. 2a). The expansion of
merging chambers created velocity gradient interiorly,
which made CaCl, droplet and sodium alginate droplets
meet and then merge with each other. As Ca®" ions served
as cross-linking agents, gelatinization reaction happened
when those two droplets merged, and the disk-like calcium
alginate beads were then synthesized (Fig. 2b). At the same
time, shrinkage of the beads would appear due to the cross-
linking, so as the diameter of the beads decreased about
40 % than the sodium alginate droplets (Fig. 3). Mean-
while, after gelatinization, cells encapsulated are immobi-
lized at a constant position within the beads, so more
precise images can be obtained during continuous
monitoring.

3.2 Cell encapsulation

In order to have good analysis or treatment for CTCs and
eliminate possible influence of other cells, the cell number
encapsulated in the disk-like beads was controlled to be
single. Through adjusting cell density in sodium alginate
and cell suspension mixture, the distribution of cells in
droplets/beads was studied. The cell density influence on
the cell encapsulation procedure was shown in Fig. 4a.
Probability for the number of cells in every droplet was
studied at five different cell densities. The experiment-
determined distribution for number of cells per droplet at
different cell densities (symbol) showed good fit with the
Poisson distributions (dashed line) (Koster et al. 2008;
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adjusting the flow rate of oil, with the flow rate of sodium alginate
solution fixed at 5 pL/h. A total of 50 sodium alginate droplets/
calcium alginate beads were counted to provide every last average
diameter and relative error bar (color figure online)
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Fig. 4 The cell density influenced cell encapsulation procedure.
a The probability for the number of cells in every droplet was studied
at five different cell densities. The experiment-determined distribution
for number of cells per droplet at different cell densities (symbol)
showed good fit with the Poisson distributions (dashed line).
b Average number of cells per droplet (1) versus the five cell
densities. The experiment data were showed by black line with
theoretical values given by red one. A total of 500 droplets with/
without cells were stochastically analyzed to gain the distribution of
every last cell density (color figure online)

Clausell-Tormos et al. 2008), as well as the average
number of cells per droplet (L) versus the five cell densities
(Fig. 4b). Though the possibility for droplets containing
single cell increased with cell density and reached peak at
about 4.0 x 10° cells/mL, droplets containing multiple
cells also occupied a considerable part, which was
unwanted for CTCs’ single cell analysis. So, it was a better
choice to keep the cell density at a lower level, such as
0.9 x 10° cells/mL and thus enabled the hydrogel beads
containing single cell reach more than 90 % excluding the
empty beads. Despite large portion of empty droplets, there
was little impairment in this method for observation and
manipulations, such as immunofluorescence staining and
subsequent sorting, of those resultant beads encapsulating
cells.

3.3 Stability of calcium alginate beads during staining
treatment

To insure the calcium alginate beads to be a robust and
stable carrier for the cells encapsulated inside, a series of
observation and measurement was implemented during
every step of immunofluorescence staining assay to eval-
uate the deformation of disk-like calcium alginate beads. It
could be seen from Fig. 5 that during whole procedure of
deoil, fixation, permeabilization, blocking and incubation
for staining, and several wash and centrifugation steps, the
40-pm-diameter calcium alginate beads kept their shape
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Fig. 5 Stability and morphology of hydrogel beads during whole
procedure of deoil, fixation, permeabilization, blocking and incuba-
tion for staining. a The curve showed that the about —40 pm-size
hydrogel beads held their diameter during immunofluorescence
staining process. Microscopy indicates that morphology of the
resultant beads (b) changed little after each staining manipulation
step of deoil (c), fixation (d), permeabilization (e), blocking (f) and
staining (g) (scale bars are 50 pm)

and diameter quite well. It indicates that calcium alginate
beads have good stability and tolerance for several chem-
ical materials to be a good container for cells to conduct
more biological assays.

3.4 Immunofluorescence staining assay

Figure 6 showed the bright field and fluorescence images
of different cells in disk-like calcium alginate beads
encapsulating HCT116 cell line and artificial blood sample,
respectively. In these figures, HCT116 cells or CTCs
(DAPI+/CK+/CD45—) could be easily distinguished from
WBCs (DAPI+/CK—/CD45+) for their distinct fluores-
cence, which showed no difference with cells treated by
traditional immunofluorescence staining method. This
indicates that the calcium alginate shell outside the cells
was permeable for small molecules (such as PFA, Triton
X-100, Tween-20, DAPI) and proteins (BSA, antibodies,
i.e., anti-CD45, anti-cytokeratin and so on) and would not
impair their normal effects. It was obvious that there was
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Bright Field Cytokeratin(PE)

/
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Fig. 6 Bright field and fluorescence images of different cells in disk-
like calcium alginate beads encapsulating HCT116 cell line (a—d) and
artificial blood sample (e-1), respectively, after three-color immuno-
cytochemistry staining (scale bars are 50 um). HCT116 cell line (a—
d) or HCT116 cells in artificial blood sample (DAPI4/CK-+/CD45—)
(e-h) could be easily distinguished from white blood cells (WBCs)

little nonspecific absorption of fluorescein-labeled anti-
CD45, anti-cytokeratin and DAPI for calcium alginate
beads. Also, calcium alginate showed very low fluores-
cence background noise to interfere the observation of
cellular fluorescence. These properties made calcium
alginate bead quite suitable for cell encapsulation and
manipulations in many biological and biochemical assays.

4 Conclusion

In this paper, monodisperse disk-like hydrogel beads
encapsulating different kinds of cells were synthesized, and
immunofluorescence staining for the identification of cancer
cells from normal cells in blood was implemented on the
encapsulated cells through permeable calcium alginate shell,
which demonstrated potential hydrogel bead-based biolog-
ical and biochemical cell applications. Through modulating
dimensions of fluidic channels and flow rates, disk-like cal-
cium alginate beads of different sizes could be produced
easily. Due to independent regulation of generation of CaCl,
and sodium alginate droplets, synthesis of every calcium

Cancer cell

CD45(FITC) Nuclear(DAPI)

(c) Cancer cell

(DAPI4+/CK—/CD45+) (e-1) from their distinct fluorescence, which
showed no difference with cells treated by traditional immunofluo-
rescence staining method. i-1 Showed a hydrogel beads containing
one HCT116 cancer cell and one WBC. It was obvious that there was
little nonspecific absorption of the fluorescein-labeled anti-CD45,
anti-cytokeratin and DAPI for calcium alginate beads

alginate bead was compartmentalized in the bigger CaCl,
droplets, avoiding the adhesion of the beads effectively.
With adjustment of cell density in sodium alginate solution,
lot of single cell containing disk-like beads were gained,
followed by the immunofluorescence staining assay for
marking different cells. The assays indicate that calcium
alginate beads not only provide mechanically and chemi-
cally stable shell for encapsulated cells against the harmful
shear force or other hazardous external influences, but also
avoid impairment of the normal biological or biochemical
manipulations for cells inside at the same time, for example,
obstruction or absorption of fluorescein-labeled antibodies
or high fluorescence background noise. As a uniqueness, the
plat top/bottom surface of beads’ disk-like shape provided
clear observation and record for bright field and fluorescence
images. After integration with lots of other manipulation
methods for droplets/beads, this platform could have
potential applications for sorting, culture, single cell analy-
sis, etc., of CTCs or other specific cells from heterogeneous
mixtures on single cell level.
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