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N
anometer-sized colloidal crystals
have been explored for diverse
applications since their electronic

structure and optical and magnetic proper-
ties can be fine-tuned bymanipulating their
physical size. This renders nanoparticles
(NPs) ideal materials for bioimaging, thera-
peutics, catalysis, and optoelectronics.1�3

However, their synthesis requires sophisti-
cated skills, intuition, and extensive experi-
mentation in order to obtain high-quality
NPs that have low defect densities and
narrow size distributions. In addition, cur-
rent synthesis methods of NPs require or-
ganic solvents or toxic chemicals, which
potentially cause environmental problems.
As a result, recent studies have shifted
toward alternative synthesis methods, one
of which is the in vivo synthesis method.4,5

This in vivo synthesis method is to meet the
objectives of improved size-selectivity, tigh-
ter control over particle properties, and
better batch-to-batch reproducibility.6,7 Park
et al. recently demonstrated the in vivo bio-
synthesis of diverse NPs including com-
pound semiconductors, magnetic crystals,
and noble metals, by constructing recombi-
nant bacteria, Escherichia coli strains expres-
sing phytochelatin synthase and metallo-
thionein.8 The size of NPs was tunable,
depending on the concentration of metal
ions administered in the medium. However,
this reported biosynthesis has a limitation in
the usage of precursors and its concentra-
tion due to the toxicity againstmicrobial cell
growth. Consequently, we herein hypothe-
size that in vitro synthesis of NPs using
artificial cellular bioreactors could offer
new capabilities to overcome the present
limitations.
If metal NPs are to be syntheszied by

using artificial cellular bioreactors, following
specifics should be satisfied: (1) selection of
appropriate materials to produce the artificial

cellular structure and (2) production of artifi-
cial cellular bioreactors with uniform size and
shape. For the first issue, it is essential to
accurately understand and mimic natural cel-
lular structures to produce reliable and accep-
table artificial cellular bioreactors. The
materials to be selected should meet the
following qualities: (1) the materials should
be biocompatible or at least bioinert; (2) the
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ABSTRACT

We report the use of a hydrogel polymer, recombinant Escherichia coli cell extracts, and amicrodroplet-
based microfluidic device to fabricate artificial cellular bioreactors which act as reactors to synthesize
diverse metal nanoparticles (NPs). The combination of cell extracts, microdroplet-based microfluidic
device, and hydrogel was able to produce a mass amount of artificial cellular bioreactors with uniform
size and shape. For the first time, we report the alternating generation of microdroplets through one
orifice for the fabrication of the artificial cellular reactors using the cell extract as inner cellular
components and hydrogel as an artificial cellular membrane. Notably, the hydrogels were able to
protect the encapsulated cell extracts from the surrounding environment and maintain the
functionality of cellular component for the further cellular bioreactor applications. Furthermore,
the successful applications of the fabricated artificial cellular bioreactors to synthesize various NPs
including quantum dots, iron, and gold was demonstrated. By employing this microfluidic technique,
the artificial cellular bioreactors could be applicable for the synthesis of diverse metal NPs through
simple dipping of the reactors to the metal precursor solutions. Thus, the different size of NPs can be
synthesized through controlling the concentration of metal precursors. This artificial cellular
bioreactors offer promising abilities to biofriendly ways to synthesis diverse NPs and can be applicable
in chemical, biomedical, and bioengineering applications.

KEYWORDS: microfluidics . artificial cellular reactor . in vitro biosynthesis .
metal-binding proteins . nanoparticles
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encapsulated metal-binding proteins in membrane ma-
terials should not lose their activity; (3) the metal pre-
cursors should be easily diffused into the shell.9 Until
now, liposomes and polymersomes were most closely
satisfied with these demands. However, both materials
have a critical issue of mechanical and chemical stability
in the production of metal NPs. To overcome these
issues, hydrogels including poly(N-isopropylacrylamide)
(PNIPAM),10 poly(lactic-co-glycolic acid) (PLGA),11 poly-
(glycerol sebacate) (PGS),11 poly(ethylene glycol) diacry-
late (PEGDA),12,13 and poly(organophosphazenes)12 as
well as polysaccharides have recently been considered.
Among them, PNIPAM, which contains both hydrophilic
amide groups and hydrophobic isopropyl groups, is
considered highly suitable for the formation of uniform
andhollowmicrogel particles, especially formicrofluidics.
Importantly, the usage of PNIPAM as an artificial cellular
membrane has a great advantage that encapsulants are
free from loss of their activities against potential con-
taminants through bacteria cultivation media. In addi-
tion, PNIPAM possesses tiny pores that enable controlled
mass transfer of chemical components passing through
the membrane during nanoparticle synthesis.10�15

For the issue of controlling shape and size of artificial
cellular reactors for uniformity, microfluidic techniques
have been more extensively employed due to their
potential advantages of high-throughput analysis,16 easy
manipulation of fluids and biological components,17�19

low fabrication cost, and multifunctionality.20�23 Re-
cently, various types of metal NPs were synthesized by
using microfluidic systems or bioengineered cells to
overcome the conventional method to fabricate
nanomaterials.24,25 The continuous-flow microfluidic de-
vice with a micromixer was used to synthesize cadmium
sulfide (CdS), platinum (Pt), palladium (Pd), and CdS core/
cadmium selenide (CdSe) shell NPs.25,26 In nature, cellular
organisms, including Candida glabrata, engineered
Escherichia coli, and fungus Verticillium sp., are capable of
producing several types of metal NPs including CdS, gold
(Au), and iron oxide (Fe3O4).

26�29 However, in the current
microfluidic methods, each precursor should be mixed
and introduced at the beginning stage or there should be
the merging of two different precursors in microdroplets,
which appears limit the production of various types
of NPs in a single device simultaneously. In droplet
merging-based microfluidic systems, reagents are
separately introduced and carefully controlled to
bemergedwith one another to produce the targeted
NPs. Unfortunately, this method is unsuitable for
mass production or rapid chemical reactions due to
the precise control requirements, such as accurate
pairing of droplets. Therefore, this type of method is
limited to the synthesis of single-type NPs in a single
device.
Herein, we developed a new technique for contin-

uousmass production of monodisperse artificial cellular
bioreactorsmade fromahydrogel polymer, cell extracts,

and microfluidic device. The cellular components of
E. coli cells expressing metal-binding proteins were first
encapsulated using the microfluidic technique in the
N-isopropylacrylamide (NIPAM) matrix, and then the
NIPAM was polymerized to serve as an individual artifi-
cial cellular bioreactor. Such artificial bioreactors can
now synthesize various types of NPs since the cellular
extracts bind specific metal ions in precursor solutions
that are constantly diffused into the reactors. Conse-
quently, the fabricated artificial cellular bioreactors can
efficiently encapsulate cellular extracts and serve as
individual reactors for in vitro biosynthesis of different
types of metal NPs.

RESULTS AND DISCUSSION

The primary motivation in this work is to fabricate
artificial cellular reactors for the synthesis of different
types of metal NPs using hydrogel, microfluidic device,
and cell extracts of recombinant E. coli. The overall
process for the fabrication of artificial cellular bioreac-
tors using a hydrogel polymer, cell extracts, and micro-
fluidic device is schematically illustrated in Figure 1. To
verify our proof-of-a-concept constructs, the microflu-
idic deviceswere fabricated using soft lithographywith
poly(dimethylsiloxane) (PDMS; see Figure S1 in Sup-
porting Information for detailed procedure). Next,
recombinant E. coli cell extracts were encapsulated in
NIPAM-based microdroplets and the NIPAM droplets
were polymerized (see Figure 1). Importantly, we in-
troduced a new configuration called double-flow fo-
cusing to massively and quickly generate NIPAM
droplets in the microchannels. In the configuration,
two aqueous flows containing the mixture of cell
extracts and NIPAM enter to the orifice of a micro-
channel, and subsequently the droplets are formed by
a shearing-off from the oil flows. This new alternative
method using oil andwater flows leads to ideal one-by-
one droplet generation at various flow conditions.
Figure 2 shows time-series images of alternating dro-
plet generation in the double flow-focusing configura-
tion. Two immiscible fluids enter the device via five
parallel microchannels, with the oil phase flowing in
the outermost two channels and the central channel
and the aqueous phase flowing in each inner channel
located between two oil flows. The five liquid streams
come into contact just before entering a small orifice
(50 μm of width and 110 μm of height) for 2 ms
(Figure 2a�e). This contraction leads to the formation
of liquid jets in the orifice, and each aqueous jet
subsequently breaks into droplets in turn. When a
droplet forms in one aqueous jet, the Laplace pressure
in the formation of the droplet is decreased as the
droplet radius increases. This drives the continuous
phase flowbackward. Simultaneously, it also generates
high resistance to the procession of other flows. After
the droplet is pinched off in the orifice, the Laplace
pressure changes rapidly, and the retreated aqueous
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phase retracts to generate a next droplet. This cycle is
repeated, and results in strictly alternating droplet
production (see Supporting Video S1 and S2). The
alternating droplet production in our configuration
appears to be similar with two-step emulsification via

a pressure crosstalk of individual production units
except for a moving oil wall.30�32 Interestingly, three
distinct droplet-breakup regimes with different oil
flow rates, namely “geometry-controlled” breakup
(Figure 2f), “dripping” (Figure 2g�i) and “jetting”
(Figure 2j), respectively, were also observed in the
double flow-focusing configuration. If the capillary
number continues to increase, the aqueous phase
fingers extend beyond the exit of the orifice, and form
long viscous jets (Figure 2j). Each jet then breaks into
individual droplets due to a Rayleigh capillary insta-
bility. The droplet size distribution in this mode is not
monodisperse, and the droplet generation is less
controllable.

The understanding of flow pattern in the microflu-
idic device is important to control both the reactor size
and production rate. For this reason, a confocal micro-
scope and a high-speed camera were used to investi-
gate the flow pattern changes over the different flow
rates. The detailed flow pattern was also investigated
by confocal microscopy (see Figure S2 in Supporting
Information). The upper flow was located at the bot-
tom of the channel, while the other three flows were
located at the upper. These asymmetric aqueous flow
patterns appeared as flow approached to the orifice
(Figure S2b). Both streams generated droplets con-
tinuously, and they produced two distinctive layers
inside of themicrochannels. The surfactant used in this
study prevented the aggregation and merging of the
newly formed droplets, and this is another key require-
ment to stably produce the monodisperse artificial
cellular bioreactors. Primary droplet sizes in the
geometry-controlled regime are roughly equal to the

Figure 1. Schematic representation of the microdroplet-generation model using a microfluidic device. (a) Microdroplets are
produced with the mixture of cell extracts and NIPAM monomer in a microfluidic device. (b) The polymerized NIPAM
monomers serve as an artificial membrane. (c) Different types of precursor solutions are dispersed in the artificial cellular
bioreactors. (d) The precursors are transferred into the cells, and NPs are subsequently formed in the artificial cellular
bioreactors.
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orifice size, while those in the dripping regime are
smaller than the orifice size. In the geometry-con-
trolled regime, a finger of aqueous phase retracts to
an upstream position of the orifice after generation of
droplets. However, in the dripping regime, the finger
remains at a fixed location inside the orifice, even
though the droplet is pinched off. Importantly, the
transition from the geometry-controlled mode to the
drippingmode is related to the increase in the capillary
number (i.e., the increase of the oil flow rate in this
case). Droplet size distributions in both modes appear
to be highly monodisperse, and the droplet size de-
creases as the capillary number increases. Both droplet
size and production frequency in the dripping mode
can also be controlled by the change of flow rates in
the aqueous phase (see Figure S3 in Supporting
Information). Table 1 and Figure S4 (see Supporting
Information) show the droplet generation frequencies
and average droplet diameters via oil flow rates. The
size of the microdroplets was measured by optical
microscopy. The size of microdroplets can be con-
trolled by changing the flow rate of both continuous
and disperse phase solutions. Unlike previous reports
that employed E. coli or any other microbial cells,26�29

the size and inner volume of artificial cellular bioreactors

can be controlled by changing the flow rates. This
controllability means that the inner concentrations of
metal binding proteins can also be controlled for bio-
genic synthesis of metal NPs.
The additional polymerization step is required for

the fabrication of artificial biocellular reactors after
production of microdroplets. There are two common
ways to polymerize the monomers: (1) UV polymeriza-
tion and (2) chemical polymerization. The common
method is employing UV light to cross-link the mono-
mers in a short period of time.32 Thismethod, however,
may cause potential damages on cellular components
during UV irradiation. For this reason, the chemical
polymerizationmethodhas been used for cross-linking
of the monomer without employing UV light.13 In
chemical polymerization methods, the produced mi-
crodroplets should not be merged with one another

Figure 2. Time-series optical images representing the alternating droplet generation (a�e) and phase diagram for droplet
formation in the double flow-focusing configuration (f�j). Droplets are generated at an oil flow of 4.0 μL/min and a polymer
flowof 1.5 μL/min: (a) 0, (b) 0.5, (c) 1.0, (d) 1.5, and (e) 2.0ms, respectively. (f�j) Each image represents the formation of droplet
sizes and droplet patterns at an oil flow rate of (f) 2.0, (g) 3.0, (h) 5.0, (i) 7.0, and (j) 8.0 μL/min, respectively, while the ratio of foil
to fpolymer is kept constant at 3. Scale bars represent 50 μm.

TABLE 1. Summary of Droplet Generation Frequencies

and Average Droplet Diameters for Different Oil Flow

Rates (μL/min)

2.0 3.0 5.0 7.0

generation frequency (Hz) 163 1220 2740 4620
average diameter (μm) 54 ( 2.3 34 ( 1.0 29 ( 0.6 26 ( 0.7
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for a long period of time, and a sufficient distance
should be kept between them. In most cases, it is easy
to control the distance between the droplets under
their low generation frequency. Unfortunately, it is
difficult to control the distance between the droplets
under high frequency generation conditions. For this
reason, the perfectly separated microdroplets were
obtained during the curing process using the micro-
fluidic device by carefully controlling of weight ratio
between oil and surfactant (Figure 3a�c and Experi-
mental Section). In this system, two continuous phases
never mixed unintentionally during the whole process,
and the produced droplets were sterically stabilized
among the droplets (see Supporting Video S3) because
of the employed surfactant as shown in Figure 3a�c.
The employed oil and surfactant (Abil-Em90) mixture
produced numerous microdroplets without any fusion
during the chemical polymerization because of steric
stabilization among droplets (see Figure S5 in Support-
ing Information).
The production of PNIPAMmicrodroplets, used as an

artificial membrane, was confirmed by employing
Fourier transform infrared spectroscopy (FT-IR), which
is a powerful tool to identify specific chemical bonds of
the surface. To confirm the polymerization of NIPAM,
NIPAMmonomers and newly obtained PNIPAMmicro-
droplets were analyzed (Figure 3d). The characteristic
absorbance bands of NIPAM and PNIPAM are marked
with numbers and arrows. The three distinctive absor-
bance peaks at 917, 965, and 985 cm�1 were observed,
and these peaks indicate the vibration of the CdC
double bond of monomer (NIPAM). After polymeriza-
tion of NIPAM, the peaks from PNIPAM corresponding
to its chemical structure were clearly observed at
1388 cm�1 (deformation of methyl group), 1459 cm�1

(�CH3 and �CH2 deformation), 1542 cm�1 (secondary
amide N�H stretching), 1631 cm�1 (secondary CdO
stretching), 2854 cm�1 (�CH3 symmetric stretching),
2929 cm�1 (asymmetric �CH2 stretching), 2975 cm�1

(asymmetric �CH3 stretching), and 3286 cm�1

(secondary amide N�H stretching and bending).31�33

A comparison of the monomer (NPIAM) and polymer
(PNIPAM) shows that the distinct CdC peaks from
NIPAM were not observed from the PNIPAM FT-IR
spectrum due to the polymerization. Moreover, other
major peaks, with the exception of the CdC peaks, were
still observed because of the similar chemical structures
between NIPAM and PNIPAM (Figure 3d). These results
indicated the successful fabrication of an artificial mem-
brane using PNIPAM and a microfluidic device.
To synthesize various types of metal NPs using

different types of metal precursors, we adopted this
system using cell extracts of recombinant E. coli.8

NIPAM mainly played a role similar to the cellular
membrane to protect cellular components from the
surrounding environment against losing bioactivities.
In addition, the membrane controls the mass transfer

rate of metal precursors to synthesize metal NPs inside
of droplets. Because of the uniform size and volume of
individual droplets, they function as individual chemi-
cal reactors and provide unique artificial cellular reac-
tor systems that synthesize various types of metal NPs
from different precursor solutions. Importantly, this
approach enables us to understand the fabrication
mechanisms of inorganic NP-formation using a bio-
technological process that does not necessitate com-
plicated tools and expensive raw materials to handle
issues of microorganisms' growth and culture contam-
ination. With this rationale in mind, the PNIPAMmicro-
droplets as artificial cellular bioreactors were obtained,
and used as individual chemical reactors. More con-
cretely, metal precursor solutions were introduced to
the mixture of artificial cellular bioreactors, and trans-
ferred into the cells for further reactions. Because of
unique characteristics of artificial cellular bioreactors,
the kinetics of metal NP-formation provides highly
similar morphology in all droplets throughout the
whole experiment. It has been confirmed that an
individual microdroplet functions as a simple chemical
reactor to synthesize metal NPs.
As previously discussed, the artificial cellular reactors

were successfully fabricated and conserved the cell
extracts for using as the artificial cellular bioreactors. To
confirm feasibility of the constructed artificial cellular
bioreactor for the fabrication of metal NPs, we per-
formed metal uptake studies for the three different
metals including Fe, Cd/Se, and Au precursors. These
three different precursors were selected as represen-
tative examples to demonstratemetal oxideNPs,metal
alloy NPs, and size controllability of NPs, respectively.
Furthermore, these three different types of NPs are
popular to researchers due to the high demands and
variety applications from last few decades. The NPs
formation process and types of precursors are demon-
strated in Figure S6 and Table S1 (see Supporting
Information), respectively. The Fe and Cd/Se metal
precursors were dissolved in deionized (DI) water and
added to the reactor mixture solution with 5 mM
concentrations. To determine the synthesis of different
types of NPs, we used field emission transmission
electron microscopy (FE-TEM).
As an example for the synthesis of pure metal oxide

NPs, we selected Fe NPs for further demonstration.
The average size of synthesized Fe3O4 NPs that show
the crystalline structures with a specific interplanar
lattice distance of 2.53 ( 0.51 Å in the {311} cubic
structure, is 4.42( 1.58 nm (Figure 4a�4c).34 The chem-
ical elements of NPs were analyzed by energy-dispersive
X-ray spectroscopy (EDAX) as shown in Figure 4d. More-
over, the color change of artificial cellular bioreactors was
also shown in Figure S7 (see Supporting Information).
These results indicate the successful synthesis of Fe
magnetic NPs in the bioreactors. Before Fe precursors
were introduced to the reactor mixture solution, the
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reactors showedwhite color. As the Fe precursor solution
was injected into the reactor, the color of reactors was
converted from white to orange as shown in Figure S7.
These results indicate the successful synthesis of Fe
magnetic NPs in the bioreactors.

In the synthesis of metal alloy NPs, quantum dots
(QDs) is a good candidate for the demonstration. For
this reason, we selected CdSe QDs as a representative
material of QDs and the 5 mM of each Cd and
Se precursors were applied to the artificial cellular

Figure 3. (a) Optical microscopic images of double flow-focusing to generate droplets (artificial cellular bioreactors)
suspended (b) in oil and (c) in water (scale bars represent 100 μm). (d) FT-IR spectra of monomer (NIPAM) and polymerized
microdrobeads (PNIPAM) using microfluidic device.
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bioreactors. Aswe expected, the strong red fluorescent
signal from QDs was observed from inside of the
artificial cellular reactors by using a confocal micro-
scopy (Figure 5a�5c). Furthermore, themorphology of
QDs was investigated using TEM as shown in Figure 5d
and Supporting Information Figure S8. The average
diameter of CdSe QDswas 5.00( 0.79 nm, and the NPs
showed well-defined crystalline structures with speci-
fic interplanar lattice distances of 3.72 ( 0.73 and
3.51 ( 0.49 Å lattice structures, which represent {100}
hexagonal and {111} cubic structures, respectively.34

The chemical elements of synthesized QDs were com-
posed of Cd and Se which were confirmed by EDAX
analysis (Figure 5e). For the further verification of CdSe
QDs using the artificial cellular bioreactors, the optical
properties were investigated using both photolumines-
cence spectroscopy and ultraviolet�visible (UV�vis)
spectroscopy. The synthesizedQDsexhibitedanabsorp-
tion shoulder around 380 nmand emission peak around
710 nm (Figure 5f). On the basis of the data, the CdSe
QDs were successfully synthesized using the artificial
cellular bioreactors.
The Fe and CdSe NPs were selected to demonstrate

the successful synthesis of pure metal oxide NPs and
metal alloy NPs using the artificial cellular bioreactors.
We also selected AuNPs as an example to show the size
controllability of NPs using the artificial cellular bior-
eactors. To test the size control of Au NPs, five different
concentrations of Au precursor solution (5, 10, 20, 30,
and 50mM, respectively) were applied into the artificial

cellular bioreactors. The size-dependent features of the
as-synthesized Au NPs were verified by their TEM
images (Figure 6a�e and Supporting Information
Figures S9�S13 ). For the further verification of Au
NPs, the synthesized Au NPs were analyzed by EDAX,
and the formation of Au NPs in the reactors was
confirmed as shown in Supporting Information Figure
S14. At the concentration of Au NPs below 50 mM, the
morphology of NPs showed either spherical or ellipsoi-
dal shapes. In the case of 50mMprecursor solution, the
formation of Au NPs with irregular shapes was ob-
served (see Figure S13 in Supporting Information).
After the incubation with corresponding Au precursor
solutions, the size changes of Au NPs in the artificial
cells were analyzed through wavelength shifts by
UV�vis spectrometry and optical color changes by
the naked-eye (Figure 6f). After placing the artificial
cellular bioreactors in 5�50 mM of Au precursor solu-
tion, the white color of the bioreactors turned into
bright pink, purple, and deep purple colors with dif-
ferent concentrations. Moreover, the optical properties
of the bioreactors were changed over the different
concentrations of Au precursors as observed using
UV�vis spectroscopy as shown in Figure 6g. The
absorbance changes also supported the particle differ-
ences in the bioreactors as shown in Figure 6g. Further-
more, the size changes of the Au NPs were also
confirmed by measurement of the Au NPs using TEM
images. The overall size changeswere summarized and
are shown in Figure 6h, and the size distribution of Au

Figure 4. TEM images of (a) low resolution of Fe3O4, NPs and (b-c) high resolution-TEM image of Fe3O4 NPs. The inserted HR-
TEM image represents diffraction images from its HR-TEM data. (d) EDAX data for the Fe3O4 NPs.
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NPs is shown in Supporting Information Figure S15.
In addition, most of the synthesized Au NPs show

crystalline structures with a specific interplanar lattice
distance of 2.35 ( 0.12 Å with {111} cubic structure

Figure 5. (a) Fluorescent image of CdSe QDs in the artificial cellular bioreactor. (b) Optical microscopic image of the artificial
cellular bioreactor. (c) Overlapoffluorescent CdSeQDs andoptical imageof the artificial cell. (d) TEM imageof CdSeQDs in the
artificial cellular bioreactor. (e) EDAX data for the CdSe QDs. (f) UV�vis (blue line) and fluorescent emission (red line)
spectroscopies of the CdSe QDs.
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which was commonly observed in the synthesized
Au NPs.
Finally, chemical compositions of synthesized metal

NPs using the artificial cellular bioreactors were

confirmed and properly matched to the metal ele-
ments by EDAX analysis. Taken together, simple
in vitro metal biosynthesis of CdSe, Fe, and Au NPs was
successfully developed with size-tunability and metal

Figure 6. TEM images of Au NPs with different precursor concentrations of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 50 mM,
respectively. (f) Picture of the different concentrations of Au NPs in the artificial cellular bioreactors. (g) UV�vis spectra of
different concentrations of AuNPs in the artificial cellular bioreactors. (h) Average particle sizes and standard deviations of Au
NPs corresponding to the precursor concentrations in the artificial cellular bioreactors. The sizes were determined by
measurements at least 100 particles from obtained TEM images.
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selectivity by using a chemical reactor system in micro-
droplets as artificial cells.

CONCLUSION

We demonstrated the in vitro synthesis of various
types of metal NPs using the artificial cellular bioreac-
tors that served as individual biofactories. The artificial
cellular bioreactors were successfully fabricated using
the combination of microfluidic and bioengineering
techniques. The size of artificial cellular bioreactors was
controlled to be between 26 to 53 μm by varying the
flow rate of both continuous and disperse phases in
microfluidic channels. These microdroplets can be
directly manipulated with microfluidic design to con-
trol their size and volume. Accordingly, three different
types of metal NPs including QD, magnetic particle,
and noble crystal were successfully synthesized inside

of the artificial cellular bioreactors by passing through
the artificial membrane while simultaneously importing
metal precursors. As a conclusion, the on-chip-synthesized
artificial cellular bioreactor system effectively functions as
an individual chemical reactor to synthesizedifferent types
of metal nanocomposite materials with high biocompat-
ibility, and to preserve the bioactivity. In addition, the
microfluidic technique provides a unique condition to
produce monodisperse microdroplets with easy control
of the concentration of cellular components, in contrast to
real living cells. We believe that this biomimetics is a
powerful method for the biosynthesis of various metal
NPs with the use of cellular behavior and ametal growing
mechanism. Moreover, it is believed that our double flow-
focusing method is highly applicable to fabricating artifi-
cial cells, thereby enhancing our understanding of the
cellular detoxification mechanisms.35,36

EXPERIMENTAL SECTION
Materials. N-Isopropylacrylamide (NIPAM), N-N0-methylene-

bisacrylamide (BIS, cross-linker), ammonium persulphate (APS),
D-sorbitol, N,N,N,N0-tetramethylethylenediamine (TEMED,
99.9%), isopropyl alcohol (IPA, 99.9%), and phosphate-buffered
saline (PBS) were purchased from Sigma-Aldrich. The SU-8
photoresist and developer solution were purchased from Mi-
crochem. The polydimethylsiloxane (PDMS) was obtained from
Dow Corning. Refined grape-seed oil (G-oil, Beksul) and Abil-
EM90 (Degussa) as a surfactant were mixed, and used as a
continuous flow solution.

Microfabrication of the Microfluidic Device. The siliconmaster was
fabricated with SU-8 photoresist using photolithography of a
PDMS molding technique. Microfluidic devices were obtained
with PDMSusing a siliconmasterwith SU-8 pattern. Amixture of
PDMS prepolymer and curing agent (10:1 Sylgard184, Dow
Corning) was stirred and degassed in a vacuum oven at 70 �C.
After curing, the PDMS replica was peeled away from the silicon
master, and then bonded with another PDMS using O2 plasma.

Droplet Polymerization. The droplets were generated using a
microfluidic device with a modified flow-focusing technique.
The droplet polymerization (DP) was prepared from themixture
of potassium persulfate (initiator, 0.19 wt %), BIS (cross-linker,
0.6 wt %), DI water (56 wt %), NIPAM (24.8 wt %), and cell extract
and PBS solution (0.18 wt %). The continuous phase is the
mixture solution of G-oil and Abil-EM90 (2wt%). The generation
of microdroplets as artificial cells in the microfluidic device was
observed using an optical microscope with a charge-coupled-
device camera (Elipse Ti�S, Nickon) and a high speed camera
(Phantom V7.3, Vision Research Inc., USA). Once the microdro-
plets were generated through the orifice using a modified flow-
focusing technique, the droplets were collected and suspended
in TEMED/G-oil mixture (25wt%) for the polymerization. TEMED
acts as a promoter for accelerating the polymerization and
producing hydrogels. In addition, the Abil-EM90, silicone emul-
sifier, prevents the coagulation among the produced droplets
due to steric stabilization during the polymerization. The po-
lymerized microdroplets were washed with IPA and PBS solu-
tion several times, and then dispersed in different metal
precursor solutions.

Instrumentation. A high speed camera was used to record the
passage of multiple droplets at 50 000 frames per second. An
image processing algorithm was modified to analyze recorded
images in this study.1 Themicrodroplet generationmovies were
also taken by a high speed camera. The morphology of metal
NPs was investigated using the field emission scanning electron
microscopy (FE-SEM, Hitachi S4800) and the field emission

transmission electron microscopy (FE-TEM, JEOL JEM-2100F).
The microdroplets generation in the microfluidic device was
observed using an optical microscope with a charge-coupled-
device camera. A UV�vis spectrometer (Optizen 3220UV, Me-
casys, Korea) was used for analysis of synthesized Au NPs in the
hydrogel and CdSe QDs. The photoluminescence spectrometer
(SpectraMax M2, Molecular Devices) was employed to investi-
gate the luminescent property of CdSe QDs.
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