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aration, shrinkage, and surface
modification of monodispersed alginate
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Functionalized alginate microbeads (MB) have been widely used for three-dimensional (3D) culture of cells

and creating biomimetic tissuemodels. However, conventional methods for preparing theseMB suffer from

poor polydispersity, due to coalescence of droplets during the gelation process and post-aggregation. It

remains an immense challenge to prepare alginate MB with narrow size distribution and uniform shape,

especially when their diameters are similar to the size of cells. In this work, we developed a simple

method to produce monodispersed, cell-size alginate MB through microfluidic emulsification, followed

by a controlled shrinkage process and gelation in mineral oil with low concentration of calcium ion

(Ca2+). During the gelation process caused by the diffusion of Ca2+ from the oil to water phase, a large

amount of satellite droplets with sub-micrometer sizes was formed at the water/oil interface. As a result,

each original droplet was transformed to one shrunken-MB with much smaller size and numerous

submicron-size satellites. To explore the feasibility of the shrunken-MB for culturing with cells, we have

successfully modified a variety of polymer nanofilms on MB surfaces using a layer-by-layer assembly

approach. Finally, the nanofilm-modified MB was applied to a 3D culture of GFP-expressing fibroblast

cells and demonstrated good biocompatibility.
Introduction

The wide-ranging and growing applications of cell aggregates
incorporating polymeric microbeads (MB) have established
both the utility and promise of the ex vivo three dimensional
(3D) cell culture platform to mimic native tissue microenvi-
ronments.1 A variety of biomaterials have been explored for
fabricating cell-associated MB, where selected materials are
most generally non-toxic and elicit limited inammatory or
immunological responses.1,2 Alginate (ALG) MB have been used
extensively for 3D cell/MB co-culture, owing to advantages
including biocompatibility, biodegradability and low cost.1–4

Currently, many methods have been developed for generation
of ALG MB with sizes ranging from 10 to 300 mm, including
grinding, electrodispersion, spray-drying, and emulsica-
tion.5–11 Among these methods, emulsication is the most
common approach for fabrication of MB because of its
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simplicity: aqueous solution of sodium alginate is dripped into
an aqueous solution containing calcium ions (Ca2+) that can
induce gelation by physical crosslinking of mannuronic acid in
the ALG chains.3,4 However, the nal ALGMB normally has poor
polydispersity due to coalescence of ALG droplets during the
gelation process and post-aggregation of ALG MB. It is inher-
ently challenging to prepare ALG microbeads with narrow size
distribution and uniform shape.

Microuidic emulsication is a simple and rapid method to
prepare monodispersed ALG droplets with well-controlled
shapes and sizes, and the resulting ALG MB can be produced
by crosslinking the droplets with Ca2+ simultaneously or aer-
wards.12–18 Ideally, MB with a size similar to cells (10–20
microns) are desired for 3D cell/MB co-culture because of their
potential to mimic cell–cell interactions as ‘synthetic neigh-
bors’.19 Also, recent study demonstrated that surface curvature
can differentially regulates stem cell migration and differenti-
ation as it affects cells attachment morphology and induces
nuclear deformation.20 However, generating monodisperse MPs
in 10–20 microns range poses specic challenges as it is
generally larger than that obtained through typical emulsion-
based techniques and smaller than particles fabricated
through most mold-based techniques.1 Furthermore, most
microuidic devices encounter difficulties in generating beads
or particles in the cell-size range, which is due to the size
dependence between the microuidic channel and the
RSC Adv., 2019, 9, 11101–11110 | 11101
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produced droplets. Such small microchannels are not only hard
to fabricate but also suffer from clogging issues.21 So far, a few
efforts have been devoted to making small alginate MB from
microuidic devices.21–24 In one study, ALG droplets were
generated in a regular microuidic device and collected on an
agarose slab, where ALG droplets shrank and were crosslinked
by Ca2+ to achieve designed sizes.22 However, the addition of the
agarose slab raises the complexity of fabrication process.

In this work, we developed a simple method to produce cell-
size ALG MB through microuidic emulsication followed by
a controlled shrinkage process (Fig. 1a). First, we generated
aqueous ALG droplets with a size of 40–110 microns in
a microuidic device using mineral oil with a low concentration
of Ca2+ as a continuous phase.13,25,26 Then the generated drop-
lets were collected from the outlet of the microuidic devices,
maintained in the continuous phase and allowed in situ gela-
tion to form ALG MB. During the slow gelation process caused
by diffusion of Ca2+ from oil to water phase, a large amount of
satellite ALG droplets with sub-micrometer sizes were formed at
the water/oil interface. As a result, each ALG droplet was
transformed to one shrunken-MB 5–30 microns in size and with
numerous submicron-size satellites. Aer completion of gela-
tion, shrunken-MB was separated through multi-step washing
to remove oil and satellites. Furthermore, to test the feasibility
of applying the ALG shrunken-MB for cell/MB co-culture, the
surface of ALG MB was successfully modied with a variety of
nanolms through a layer-by-layer assembly approach (Fig. 1b).
Finally, the nanolm-modied ALG MB was applied to a 3D
culture of GFP-expressing broblast cells (NIH-3T3-eGFP) and
demonstrated good biocompatibility.
Fig. 1 Schematics of microfluidic emulsification of ALG droplets in mine
separation of MB from satellites by washing and centrifugation; and (b) la
separated ALG MB.

11102 | RSC Adv., 2019, 9, 11101–11110
Experimental
Materials

Alginic acid sodium salt from brown algae (ALG), polyallylamine
hydrochloride (PAH,Mw ¼ 65 000), poly-L-arginine (PARG) (Mw ¼
15 000; 15 000–70 000; >70 000), calcium iodide, Span 80, Triton
X-100, mineral oil, alginate lyase, and other chemicals were
purchased from Sigma-Aldrich. Silicon wafers, biotin, and
Avidin-Texas Red conjugate were purchased from ThermoFisher
Scientic. Polydimethylsiloxane elastomer (PDMS) (Sylgard 184)
was provided by Dow Corning. Fluorescein labeled PAH (FPAH)
was synthesized using published protocols.27 SU-8-2050 negative
photoresist and SU-8 developer were obtained from MicroChem.
Device preparation

The ow focusing microuidic devices were fabricated by stan-
dard lithograph method.26 Specically, the desired features were
drawn by AutoCAD and printed on transparent lms as masks.
Then, SU-8-2050 was spin-coated on a silicon wafer. Aer so-
baking, exposure to mask, and post-baking, the unexposed
epoxy part was dissolved by SU-8 developer to obtain the nal
master. The height of the master is approximately 100 microns.
To fabricate the PDMS replica, PDMS with 10 : 1 ratio of mono-
mer to curing agent wasmixed vigorously and poured on the SU-8
master. Aer 30 min de-gas and heating at 65 �C for 2 h, the
cured PDMS layer was detached from the SU-8 master. The nal
devices were made by bonding the PDMS replica and a at PDMS
slab aer plasma treatment for 45 s. Devices were allowed to
recover to hydrophobic surface for 1 week at room temperature.
ral oil containing Ca2+ (a), followed by droplet shrinkage process and
yer-by-layer (LbL) assembly of multilayered nanofilm on the surface of

This journal is © The Royal Society of Chemistry 2019
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Droplet generation

ALG was dissolved in DI water to form an aqueous solution with
desired concentration. Calcium iodide 0.1 wt% and Span 80
4 wt% were dissolved in mineral oil as oil phase. Aer ltering
with 5 mm lter, aqueous and oil solutions were loaded in
separate syringes. Meanwhile, a ow focusing microuidic
device was connected to the syringes by Tygon tubing. The oil
phase was rst introduced into the microuidic device through
two side channels. Aerward, the ALG solution was introduced
into the microuidic device via the center channel. Droplets
were constantly formed aer the ALG solution went through the
orice of microuidic device and were collected in a centrifuge
tube at the outlet of the microuidic device.
Droplet shrinkage observation

The droplet generation setup was similar to the above process in
which BALG and Avidin Texas Red (0.05 mg mL�1) mixture was
used instead of ALG solution. In order to observe the shrinkage
process in situ, a glass slide was used to collect one drop of uid
(approximate 50 mL) from the outlet of droplet generation device
and the droplet was observed under an Olympus BX53 uores-
cence microscope. Fluorescent and bright eld images were
taken manually at certain interval for 8 h aer the droplet
generation.
Droplet washing

24 h aer droplet generation, the collected ALG beads were
washed to get rid of any oil contamination. Specically, ALG
beads were spun down by 200 g, 5 min centrifuge before
supernatant was removed by pipet. Then 1 wt% Triton X 100
water solution was introduced in the centrifuge tube. The
process was repeated 3 times, then DI water was used to wash
the ALG beads 3 times to take out Triton X 100. The washed ALG
beads were stored at room temperature for further study.
Preparation of LbL lm on ALG microbeads

LbL lms were modied on to ALG microbeads according to
previous published works.28,29 Briey, PARG, FPAH and ALG
were dissolved in DI water at a concentration of 2 mg mL�1. To
perform LbL process, the prepared ALG beads were alternatively
incubated with positively charged polymer solutions (FPAH or
PARG) or negatively charged polymer solution (ALG) for 5 min
with washing steps in between. The process was repeated 5
times.
Film thickness measurements

LbL lms were built by the capillary ow LbL method to test
lm thickness as described in our previous work.30 Briey,
a silicon wafer was air plasma treated for 5 min. Then a PDMS
slab with straight channel feature was bonded on the silicon
wafer aer air plasma treatment for 50 s together. Aerwards,
PARG or ALG solutions were introduced in the microuidic
channel alternatively for 5 min with washing steps in between
until the process was repeated the desired number of times.
This journal is © The Royal Society of Chemistry 2019
Finally, the PDMS slab was peeled off and LbL lm was
measured by an optical prolometer (Dektak XT).

Degradation of nanolm on the surface of ALG microbeads

ALG lyase was dissolved in PBS at 1 mg mL�1 and incubated at
37 �C for 20 min as enzymatically degradation solutions, which
were always made within 1 h before degradation experiments.
Texas Red labeled ALG beads were incubated with the freshly
made ALG lyase solution for 10 min at room temperature and
washed by PBS. Fluorescent images were taken before and aer
the degradation process. ImageJ was used for image analysis.

Scanning electron microscopy (SEM)

ALG beads were dried at room temperature in a chemical hood
for 24 h. Aer being coated by a sputter coater for 90 s, the beads
were scanned under SEM (2 kV and 1 brightness) at 200, 1500,
and 5000 magnications.

Transmission electron microscopy (TEM)

ALG beads were xed with epoxy resin and sliced by microtome
for TEM. Specically, the ALG beads were incubated in 100%
acetone for 10 min followed by 10% epoxy resin acetone solu-
tion for 1 h. Then the beads solution was poured into a mold
with additional resin used to ll the mold. Aer baking at 70 �C
for 48 h, the bead-imbedded epoxy was sliced into layers and
transferred onto a copper grid (100 mesh). The sample loaded
grid was incubated with 4% uranyl acetate for 10 min to achieve
higher TEM resolution. Aer washing with DI water, the sample
was characterized by Hitachi H-8100 TEM.

Cell culture and counting

A reporter cell line, NIH-3T3-eGFP, was purchased from Cell
Biolabs Inc. Cells were cultured at 37 �C incubator (5% CO2 and
95% air) in Dulbecco's Modied Eagle's Medium (DMEM) base
cell culture medium with 10% fetal bovine serum (FBS) and 1%
of penicillin–streptomycin. Cell medium was changed every 2
days and cells were sub-cultured when the cells reached 70%
conuency.

Cell culture with ALG microbeads

ALG MB with 5 bilayers of BALG/PARG were sterilized by incu-
bating with 70% ethanol for 12 h. Aerwards, the beads were
washed by cell culture medium 5 times and stored at 4 �C until
cell culture. NIH-3T3-eGFP cells were detached by contacting
with 0.25% trypsin EDTA for 5 min and neutralized by cell
culture medium. Finally, 100 000 per mL cells and 400 000 per
mL ALG beads were mixed and cultured in a 96-well plate at
37 �C.

Results and discussion
Preparation of ALG droplets and MB

A ow-focusing microuidic device was used to continuously
form ALG droplets Fig. 2a. ALG solution was injected into a 40
mm width orice and broken into individual droplets with
RSC Adv., 2019, 9, 11101–11110 | 11103
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Fig. 2 (a) A typical microscopy image of ALG droplet (2 wt%) generation in a flow focusing microfluidic device; (b) microscopy image of ALG
droplets (2 wt%) collected at the outlet of generation device; (c) microscopy image of solidified ALG shrunken-MB in mineral oil at 8 h after
generation, and the submicron-size satellites are invisible under optical microscope; (d) size distribution of the ALG shrunken-MB connected
after washing and removal of the satellites.
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uniform size distribution. In the system, mineral oil with
0.1 wt% CaI2 and 4 wt% Span 80 was employed as continuous
phase. Span 80, a nonionic surfactant, stabilized ALG droplets
and prevented the coalescence of droplets, while Ca2+ ions
crosslinked and solidied the ALG droplets. Initial droplet sizes
of 40, 70 and 110 mm were selected to achieve various sizes for
the nal shrunken-MB. The ow rates for ALG phase and oil
phase were ranging from 0.2 to 0.4 mL h�1 and from 0.6 to
1.0 mL h�1, respectively. As shown in previous reported
work,25,31 droplet sizes can be easily controlled by the ow rates
(and ratio) of ALG solution phase and themineral oil phase. It is
noted that other initial droplet size in the range of 30–200 mm
can be also be achieved. In order to examine the gelation
process in a real-time fashion, ALG droplets were collected in
a at chamber at the outlet and observed under microscope
(Fig. 2b). The just generated ALG droplets showed uniform size
and approximately smooth surface (Fig. 2a). However, aer
2 min incubation with Ca2+ ion containing mineral oil, the ALG
droplets' surface turned to a grain and buckling structure. A
similar phenomenon was observed in the previously reported
work.13 It is noted that the gelation of ALG droplets was
a diffusion-controlled process where Ca2+ ions move from the
oil phase to aqueous phase, and triggered the crosslinking of
ALG at the surface of droplets to form a “skin” layer, then Ca2+

ions further diffused towards the center of ALG droplets. The
process of gelation took place in oil for 8 h, during which the
skin layer broke and formed numerous submicron size satel-
lites, while the original droplet with diameter of 40 mm
shrunken into a smaller-sized and solidied ALG MB with
a nal size of 16 � 2 mm (Fig. 2c and d).
11104 | RSC Adv., 2019, 9, 11101–11110
Shrinkage of ALG droplets

We further monitored the shrinkage and gelation process of the
ALG droplets (Fig. 3a). At t ¼ 0 min where ALG droplets were
collected from the microchip (approximately 10 seconds from
droplets are generated from the orice), the droplet surface was
slightly cloudy and bumpy, which suggested the gelation
already had started. In the following 2 h, the surface of ALG
droplets became irregular, fuzzy, and hairy, as submicron-size
satellites were formed by breaking the skin layer of ALG and
precipitated in the oil phase. From t ¼ 2 h to 8 h, the fuzzy
satellites gradually dissipated in the surrounding oil due to
Brownian motions, and nally became invisible under optical
microscope; the shrunken-MB remained in relatively the same
location and contained a generally smooth surface. As shown in
Fig. 3b, the size of ALG droplets and the resulting shrunken-MB
decreased linearly for the rst 5 h and stayed relatively constant.
Additionally, we generated Texas Red-labeled ALG droplets and
monitored their shrinkage behavior under microscope. As
shown in Fig. 3c and d, the initial droplets were approximate
40–42 mm in diameter and the Texas Red uorescence was co-
localized with the ALG droplets, indicating that dye-labeled
ALG was only presented in the aqueous droplets and not in
the oil phase. Nevertheless, aer 60 min incubation in mineral
oil containing Ca2+ ions, the Texas Red uorescent signal
spread to entire oil phase, which may due to: (1) diffusion of
dye-labeled ALGmolecules into the oil phase, and (2) formation
of ALG satellite droplets and submicron size ALG MB that were
dissipated in the oil phase.

We also explored the droplet generation experiment by
forming droplets at different initial sizes with different ALG
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Microscope images of shrinkage process of ALG droplets (2.0 wt%) for 480 min. The scale bar is 20 mm. (b) Droplets shrinkage plotted
as a function of time. Images (bright field and RFP overlay) and cross-section profiles of droplets generated by BALG/Avidin-Texas Red aqueous
solution at (c) 2 min and (d) 60 min after generation. Arrows and white lines indicate corresponding positions. (e) Variation of average size of
shrunken-MB plotted as a function of the original droplets size.
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concentrations. The initial droplet sizes and the sizes of
shrunken-MB aer 8 h gelation were summarized in Fig. 3 (e).
For the initial droplet size of 40 mm with ALG concentration of
0.5%, 1.0% and 2.0%, the nal mean sizes of shrunken-MB
were 5.8, 9.2 and 16 mm, respectively. The corresponding
shrinkage ratios (dened as initial size/nal size) decreased
from 6.90 to 4.35 to 2.5. The similar trend was also demon-
strated for the initial droplet size of 70 and 110 mm. Previous
studies have shown that the smallest size of droplets that can
generated by microuidic emulsication is largely determined
by the orice dimension of the device. For example, a 10 mm by
10 mm orice was optimized to generate ALG droplets with10
mm size.20 In general, such small orice requires a precise
microfabrication process; additionally, the device also suffers
from operational issues such as clogging and low throughput.
In our study, monodispersed and structure uniformmicrobeads
with sizes as small as 5 mmwere achieved by generating droplets
in a microuidic device with 40 mm orice, followed by the post
shrinkage process. By controlling the ALG concentration and
initial droplet sizes, 5–30 mm ALG MB were prepared using the
same microuidic device. The polydispersity (CV, coefficient of
variance, dened by standard deviation of the MB size divided
by the mean MB size) of the nal ALG MB with sizes range from
5–30 mm was 4.5 to 8.9%.
This journal is © The Royal Society of Chemistry 2019
Based on the observations described above, the mechanism
of droplet shrinkage and ALG shrunken-MB/satellites formation
during the gelation process was proposed in Fig. 4. Specically,
at the beginning of gelation, a thin layer of ALG-rich network
was formed at the oil/water interface when ALG droplets were
expose to mineral oil containing low concentration of Ca2+ ions.
During the course of gelation and with more Ca2+ ions diffusion
into the ALG-rich network layer, a gelation-induced phase
separation occurred and the crosslinked ALG-rich domains
were precipitated at the oil/water interface.32,33 However, since
the Ca2+ ion concentration was too low to fully solidify the
precipitated domains, those domains rapidly converted to
spherical shapes to minimize the interfacial energy and even-
tually, transformed to ALG satellites. The gelation process
stopped aer a few hours when Ca2+ ions reached equilibrium
in both oil and water phase, and the original ALG droplet
transformed to one shrunken ALG MB and large numbers of
ALG satellites. Previously, Zhang et al. reported the formation of
ALGMB (40–200 mm in size) with “skinning and grain” structure
by diffusion-controlled gelation of ALG droplets in undecanol
containing CaI2.13 In that work, microgels with a uniform
structure were formed and no satellites were observed, which
may because: (1) the concentration of Ca2+ ions in undecanol
was high and diffusion of Ca2+ ions to the center of the droplet
RSC Adv., 2019, 9, 11101–11110 | 11105
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Fig. 4 Schematics of ALG droplet shrinkage and formation of ALG shrunken-MB and satellites during the gelation process by diffusion of Ca2+

from mineral oil phase to droplet phase.
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was fast enough to suppress phase separation, and (2) solubility
of ALG-rich domains in undecanol was probably higher than
that in mineral oil. More in-depth study on the mechanism is
currently ongoing.
Surface and internal structure of the ALG MB

To analyze the surface morphology and internal microstructure
of the crosslinked ALG MB, we investigated the MB by Scanning
Electron Microscope (SEM) and Transmission Electron Micro-
scope (TEM), respectively. As shown in Fig. 5a and b, microbe-
ads made from 0.5 wt% ALG solution presented rougher
Fig. 5 SEM images of the surface morphology of ALG MB generated fro
microstructure of ALG MB generated from (c) 0.5 wt% and (d) 2.0 wt% A

11106 | RSC Adv., 2019, 9, 11101–11110
surfaces compared to MB made from 2.0 wt% ALG solution.
Some unmoved satellites can also be found in the SEM images.
Additionally, from the TEM images, it is clear that MB made
from 2.0 wt% ALG solution have a denser internal structure,
compared to that of the MB made from 0.5% ALG solution. It is
expected that MB with denser internal structural (smaller
porosity) may result in higher stiffness, while MB with a looser
internal structural (larger porosity) may result in lower stiffness.
Since cells respond differently on substrates with different
stiffness, the ALG MB reported in this work may nd some
potential application in culturing and guiding differentiation of
stem cells.34,35
m (a) 0.5 wt% and (b) 2.0 wt% ALG solutions. TEM images of internal
LG solutions.

This journal is © The Royal Society of Chemistry 2019
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Surface modication of ALG MB

Layer-by-layer (LbL) assembly is a versatile and pervasive surface
modication technique where a broad range of materials, such
as polymers, DNA, proteins, drug molecules, lipids, and nano-
particles, are used to functionalize substrates.36–40 To validate
the capability of LbL to form coating on ALG MB, we have
conducted the assembly of uorescein-labeled PAH (FPAH) and
biotinylated ALG (BALG) to form a LbL nanolm on the surface
of ALGMB. As the surface of unmodied ALGMB was negatively
charged, positively charged FPAH was rst used. A thorough
washing was performed to remove loosely bound FPAH mole-
cules, then BALG was absorbed and washed aer absorption.
This process was repeated ve times to achieve a thin coating
with thickness of approximately 60 nm (measured from lms
prepared on a silicon wafer using same experimental condi-
tions). As shown in Fig. 6a, green uorescent signal was
observed, indicating the successful assembly of PAH in the
coating. Then, the surface was conjugated with Avidin-Texas
Red solution, and the red uorescent signal conrmed that
the biotin moieties was absorbed in the LbL lm, which was
linked to the dye-labeled Avidin molecules. Furthermore, we
have successfully conducted LbL assembly of BALG/PARG lms
under different experimental conditions and Fig. 6b summa-
rizes the thickness of all the LbL lms. Regardless of the
molecular weight of PARG used as polycations, a BALG solution
with a higher pH always gives thinner lms, which can be
explained by the charge density of ALG molecules. Particularly,
as alginate has a pKa close to 3.5, ALG polymer in a pH 7.0
solution is more charged than that in a pH 4.4 solution,
resulting in a more compact and thinner lm due to stronger
ionic interactions between PAH and ALG polymers.41
Degradation of the surface coating of [PARG/BALG]5 on ALGMB

One unique advantage of coating the surface of MB with ALG-
based LbL nanolm is that the lm can be degraded using
a dilute aqueous solution of alginate lyase. This feature can be
Fig. 6 (a) Fluorescent images of ALG MB coated with five bilayers of fluo
by conjugating with Avidin-Texas Red. (b) Thickness of a group of poly-L
assembly conditions. Fluorescent images and cross-section profile of T
PARG/BALG film followed by conjugating of Avidin-Texas Red, before
sponding positions.

This journal is © The Royal Society of Chemistry 2019
designed for tethering function molecules or controlled release
of bioreagents for future 3D culture systems. Films were labeled
with a red uorescent dye Texas Red for facile monitoring of
lm functionalization and degradation. Film degradation was
due to hydrolysis of ALG molecules by enzymatic cleavage,
indicated by the decreased lm uorescence intensity aer
exposing the MB to the enzyme solution.30 We quantied both
the initial lm brightness and the decreased brightness aer
degradation. As shown in Fig. 6c, an intense uorescent signal
was observed before degradation, suggesting that the surface of
ALG MB was modied with BALG lm. A brighter lm was ex-
pected to contain higher concentrations of bonded avidin
molecules, which would allow greater conjugation of biotin
labeled bioreagents for later applications. Aer 30 min degra-
dation in the ALG lyase solution, the uorescent intensity on the
MB surface was dramatically decreased (Fig. 6d), indicating
a quick and effective decomposition of the PARG/BALG lm.
Images of the lm uorescence intensity before and aer
degradation were recorded and analyzed by ImageJ, and the
results indicated that approximately 70% of lm was degraded
in the rst 10 min and further degradation was not signicant.
Although alginate lyase was known to only cleave glycosidic
bonds in the backbone of alginate chains, PARG molecular was
also dissociated from the lm surface along with ALG during
degradation. As a result, the degradation of the lm did not
change its elemental composition of major elements (i.e.
carbon, oxygen, hydrogen and nitrogen).30
3D culture of ALB MB with broblast cells

Finally, we demonstrated the biocompatibility of PARG/BALG
coated MB by culturing them with NIH-3T3 cells expressing
green uorescent proteins (NIH-3T3-eGFP). Meanwhile, a bulk
at PARG/BALG-coated ALG hydrogel was carried out as
a control experiment for 2D conditions. In both cases the last
layer of the lm was capped with BALG polymer. As shown in
Fig. 7, NIH-3T3-eGFP cells were evenly dispersed in ALG
rescein-labeled PAH (FPAH) and biotinylated ALG (BALG) film followed
-arginine (PARG)/BALG films prepared on silicon wafer using different
exas Red fluorescent signal on ALG MB conjugated with five layers of
(c) and after (d) degradation. Arrows and white lines indicate corre-
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Fig. 7 NIH-3T3-eGFP cells cultured at day 4 with (a) ALG MB (2.0 wt%) and (b) ALG bulk hydrogel. Cell : microbeads ¼ 1 : 4 with cell
concentration 105 per mL.
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microbeads or on ALG hydrogel. Cells cultured in 3D and 2D
condition have demonstrated completely different morphology,
similar to previously reported works.19,42 The cells seeded on 2D
bulk hydrogel adhered on the surface and demonstrated typical
spreading shapes, while cells cultured in 3D ALG MB
comprising single cell, cell–cell cluster and cell-microbead
aggregates maintained nearly spherical shapes. The cell clus-
ters ranged in size from 20–50 microns, containing a few to tens
of cells. Live/Dead cell viability testing kit was used to determine
cell viability for cells cultured, and in both cases 85% of viability
was achieved at day 7, indicating good biocompatibility of the
PARG/BALG lm with NIH-3T3-eGFP cells. However, we did not
observe noticeable proliferation in the 3D condition, as cells
formed aggregates and did not adhere to the surface of MPs.
Further modication of MP surface with adhesion molecules
(such as RGDs) or adding growth factor into the culture maybe
able to trigger proliferation. Our results suggested the 3D ALG
MB culture platform can be used as good blank slate for future
studies. Methods for further tethering functional groups on the
surface of MB or integrating additional MB functionalities have
been summarized elsewhere.1
Conclusions

In this study, monodispersed ALG microbeads with targeting
size of 5–30 mm were fabricated by shrinking droplets from
original diameter of 40–110 mm, generated by a microuidic
ow focusing device. The sizes, surface morphology and inner
microstructure of the nal MB were controlled by the initial
concentration of ALG polymer and the original droplet sizes.
Droplet shrinkage was triggered by ALG gelation with Ca2+ and
11108 | RSC Adv., 2019, 9, 11101–11110
the formation of submicron size satellites due to
polymerization-induced phase separation. The described
method is capable of generating various cell-size ALG
microbeads using the same device, is not limited by sophisti-
cated microfabrication techniques, and avoids microchannel
clogging issues. The surface of the prepared ALG MBs can be
modied by a layer-by-layer (LbL) assembly method, providing
the potential of adding functional molecules for future specied
studies. Furthermore, using NIH-3T3-eGFP cells as a model cell
for co-culturing with the lm-modied ALG MB, we demon-
strated good biocompatibility of the 3D culture platform.
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41 W. Li, E. Reátegui, M.-H. Park, S. Castleberry, J. Z. Deng,
B. Hsu, S. Mayner, A. E. Jensen, L. V. Sequist,
S. Maheswaran, D. A. Haber, M. Toner, S. L. Stott and
P. T. Hammond, Biodegradable nano-lms for capture and
non-invasive release of circulating tumor cells,
Biomaterials, 2015, 65, 93–102.

42 A. B. Bernard, R. Z. Chapman and K. S. Anseth, Controlled
Local Presentation of Matrix Proteins in Microparticle-Laden
Cell Aggregates, Biotechnol. Bioeng., 2014, 111(5), 1028–1037.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01443h

	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture

	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture

	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture
	Microfluidic preparation, shrinkage, and surface modification of monodispersed alginate microbeads for 3D cell culture


