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ABSTRACT: An aqueous two-phase system (ATPS) is a water-in-water biphasic
system, which is generally formed by two incompatible polymers. Recently,
considerable eﬀort has been dedicated to search for new ATPS polymer pairs to
further expand ATPS’s applications. In this paper, a new ATPS system based on silk
ﬁbroin (SF) and alginate is introduced. A phase diagram was established to show the
critical concentrations for the formation of an SF/alginate ATPS. The present system
is sensitive to pH stimulus and transformed from an ATPS into a single-phasic system
as pH increases above ∼9.5. Circular dichroism, ﬂuorescence emission spectra,
hydrodynamic diameter, and ζ-potential data together indicate that the SF chains
undergo a dramatic extension as pH is increased, which is the reason underlying the
pH-triggered phase transition. As feasible applications of this biphasic system,
compartmentalized multiplex immunoassay, controlled encapsulation and release, and
hierarchical ﬁber fabrication were demonstrated using the SF/alginate ATPS.
KEYWORDS: aqueous two-phase system, silk ﬁbroin, alginate, compartmentalized multiplex immunoassay, controlled release,
biomimicking hierarchical ﬁber

1. INTRODUCTION
An aqueous two-phase system (ATPS) is a water-in-water
biphasic system that is generally formed by two incompatible
polymers or a polymer and a salt. In polymer−polymer ATPS,
two types of phase separation phenomena can be observed:
associative phase separation and segregative phase separation.1−3 Associative phase separation occurs when the
interaction of the two polymers is favorable, and the polymers
associate to form a coexisting system, with one phase
containing predominantly polymers and the other phase
containing predominantly water. On the other hand,
segregative phase separation is more common, and thermodynamic incompatibility is the main driving force. Segregative
phase separation occurs when the polymer−water interaction
is favorable, and the two incompatible polymers repel each
other to form a coexisting system, with each phase containing
predominantly one type of polymer. The representative pair for
© 2019 American Chemical Society

segregative phase separation is dextran (DEX) and polyethylene glycol (PEG). Owing to their biocompatibility and
simplicity, DEX/PEG-based ATPS has been widely used for
protein separation,4,5 cell partitioning,6 DNA extraction,7 point
of care,8 and microﬂuidics.9
Silk ﬁbroin (SF) is the structural protein of mulberry
silkworms (Bombyx mori) silk. The outstanding mechanical
properties of SF are attributed to the formation of
intermolecular β-sheets between SF molecules. These have
found various applications not only in textiles but also in
optical and biomedical ﬁelds.10−13 SF consists of heavy (∼350
kDa) and light (∼25 kDa) chains, which are linked together by
a single disulﬁde bond at the carboxy terminus of the two
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Figure 1. Phase characteristic of SF/alginate ATPS. (a) Experimental phase diagram of SF and alginate. The phase diagram is divided by a binodal
curve into two regions depending on the concentrations of SF and alginate. The red and green parts indicate the ATPS and 1-phase regions,
respectively. The inset ﬂuorescence micrograph shows that a single phase is formed below the binodal line. (b) Confocal laser scanning microscopy
(CLSM) images for inner-phase morphologies of SF/alginate ATPS at diﬀerent weight ratios of SF to alginate. b1 shows a CLSM image of SF/
alginate single-phase; b2−b4 shows the CLSM images’ phase transition from dispersed ATPS to bicontinuous ATPS with diﬀerent weight ratios of
SF to alginate. The scale bars are 100 and 30 μm (inset images), respectively (SF: red; alginate: black). (c) 3D reconstructed CLSM image of innerphase morphology of b4.

2. RESULTS AND DISCUSSION
2.1. SF/Alginate ATPS Diagram and Response to
External Stimuli. The two incompatible materials can form
an ATPS due to the inherent thermodynamic incompatibility
between them.1,25 Among ATPSs, the combination of
polypeptides and polysaccharides is very important because
of its biofunctionality as well as the robustness of the fabricated
structures. The formation of an SF/alginate ATPS was
investigated by constructing a binodal curve to determine the
critical polymer concentrations. Any pair of concentrations
above the binodal line forms an ATPS, in which SF is dispersed
in a continuous alginate phase (Figure 1). The inner phase of
ATPS was changed from a dispersed emulsion-like (Figure
1b2) to a bicontinuous morphology (Figure 1b4) with
increasing ratio of SF to alginate. On the other hand, a
single-phase (1-phase) system is formed below the binodal line
as SF and alginate mix together uniformly (Figure 1b1).
Generally, the phase behavior of ATPS is inﬂuenced by
external stimuli, including pH and the presence of salts. We
selected an SF/alginate ATPS with concentrations of 2.5%
(W/W) SF and 2.5% (W/W) alginate to examine the inﬂuence
of external stimuli on SF/alginate ATPS because this
concentration pair is above the binodal line and the viscosity
of the polymer solution is moderate. Alginate has been
extensively used for biomedical applications in wound dressing,
macromolecular proteins delivery, and cell encapsulation. The
viscosity of alginate solution should be ﬁrst considered for
biomedical applications as proteins or cells are sensitive to high
shear forces originating from high viscosity during mixing with
alginate solution. On the other hand, alginate solution with a
too low viscosity is not suitable for encapsulating proteins or
cells due to the weak mechanical stability and too big

subunits. Owing to its unique primary sequence, SF selfassembles into microparticles or ﬁbers in the presence of a
second polymer or shear force.14,15
Alginate is a polysaccharide typically extracted from brown
seaweed. It has many attractive properties such as biocompatibility and biodegradability and has been extensively used in
biomedical ﬁelds, including tissue engineering,16,17 cell
encapsulation,18,19 drug delivery,20 and biofabrication.21−23
Alginate is a linear copolymer containing blocks of (1,4)-linked
β-D-mannuronate (M) and α-L-guluronate (G) residues.24
Because alginate can be cross-linked into a hydrogel simply by
using divalent ions like calcium (Ca2+) or barium (Ba2+),24
cells can be encapsulated into alginate hydrogels without any
damage.17,22,24
In this report, SF and alginate have been integrated to form a
new ATPS and the potential applicability of this ATPS is
suggested. We believe that this report provides an opportunity
to design a new functional materials system. SFs disperse in a
continuous alginate phase, forming an emulsion-like ATPS.
SF/alginate ATPS can transform into a single-phase (1-phase)
system by adjusting the pH, to form a homogeneous system
with SF and alginate uniformly mixed. In addition, we
demonstrate three feasible applications based on SF/alginate
ATPS. Brieﬂy, SF/alginate ATPS is used to (1) prevent crosstalk in a multiplex enzyme-linked immunosorbent assay
(ELISA); (2) release cargo partitioned in the SF phase as a
response to pH stimuli; and (3) respond to the mechanical
extension of SF/alginate microﬁbers fabricated in a hierarchical
and homogeneous phase.
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Figure 2. Response of SF/alginate ATPS to chaotropic/kosmotropic salts and pH change. (a) Turbidity change as a function of NaCl
concentration. Inset: morphologies of the corresponding solution points (1 and 5) as marked in the turbidity curve. The scale bar is 50 μm. (b)
Turbidity change as a function of KH2PO4 concentration. Inset: morphologies of the corresponding solution points (1 and 5) as marked in the
turbidity curve. The scale bar is 50 μm. (c) Turbidity change as a function of pH. (d) Optical micrographs showing the phase transition as pH
increased, corresponding solution points (1 to 6) as marked in the turbidity curve. The scale bar is 50 μm.

intermolecular pore size. In SF/alginate ATPS, the diameter of
SF droplets is directly related to the viscosity of alginate
solution. The diameters of SF droplets formed in low-viscosity
(92.47 ± 0.12 cp at 2.5% (W/W)) and high-viscosity (3778 ±
23 cp at 2.5% (W/W)) alginate solutions were around 9.5 and
35 μm, respectively (Supporting Information Figure S1). The
optical density at 570 nm (OD570) was recorded to track the
change in turbidity and the corresponding phase transition of
SF/alginate ATPS. Addition of NaCl to the SF/alginate ATPS
decreased the value of OD570, but the emulsion-like ATPS
structure was still intact according to microscopy images
(Figure 2a and Supporting Information Figure S2). On the
other hand, KH2PO4 (KP) induced an increase in the OD570
value, but the ATPS remained intact (Figure 2b and
Supporting Information Figure S3). The opposite change in
the OD570 value may be due to the opposite response nature
of SF to Na+ and PO43−, both of which play important roles in
the silk-spinning process. Na+ is used by spiders and silkworms
inside the lumen (100−150 mM) to prevent silk proteins from
gelation.26 On the other hand, PO43− (0.5−2 M) has proven
important in silk protein aggregation during spinning.27
On a phase transition, the SF/alginate ATPS was not
suﬃciently sensitive to either chaotropic (NaCl) or kosmotropic (KP) salts to observe the phase transition by optical
microscopy. Although it was not sensitive to salts, SF/alginate
ATPSs were sensitive to pH. The phase transition of SF/
alginate ATPSs started as the pH increased to around 9.5, and
a single phase was formed when pH increased to around 10.5
(Figure 2c). This pH-induced phase transition process was
further observed with laser confocal scanning microscopy
(LCSM). At neutral pH, SF microparticles were stably
dispersed in the alginate continuous phase. After 10 μL of

NaOH solution (2N) was added dropwise to the system (500
μL), SF microparticles rapidly lost their outline and mixed with
alginate, forming a single-phase system within 1 min (Figure
2d).
2.2. Structural Changes of SF and Alginate Leading
to the pH-Responsive Phase Transition. The pH-triggered
phase transition of ATPS can be explained by a structural
change in the SF chains, as observed by circular dichroism
(CD) measurements with diﬀerent pH values. Two ellipticity
peaks were observed at around 196 and 217 nm, as shown in
Figure 3a and the normalized ellipticity ﬁgure (inset of Figure
3a). The negative ellipticity peak at ∼196 nm decreased as pH
increased from 6 to 9.3, and a negative ellipticity peak at ∼217
nm formed as pH increased to 10.5 (Figure 3a), reﬂecting the
secondary structural transition from random coil to β-sheet.
The change in the tertiary structure of SF induced by pH was
further measured by ﬂuorescence spectroscopy. The intrinsic
ﬂuorescence properties of tyrosine (Tyr) and tryptophan
(Trp) residues in the SF chain are sensitive to the
microenvironment, which changes as SF tertiary structures
change. Figure 3b shows the transition of ﬂuorescence spectra
as a function of pH. Excitation was performed at 274 nm, and
an emission peak was formed at 304 nm, which originated
from Tyr residues.28 With increasing pH, the ﬂuorescence
emission intensity progressively decreased, as shown in Figure
3b and the normalized intensity plot (inset of Figure 3b). The
decrease of the ﬂuorescence intensity was due to the secondary
structural transition of SF from a random coil to a β-sheet as
shown by CD (Figure 3a), which resulted in exposing Tyr
residues to water. With increasing pH, the change in secondary
and tertiary structures cooperatively contributed to the
aggregation of the SF proteins, as shown by hydrodynamic
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Figure 3. pH response of SF and alginate molecules. (a) CD spectra of SF solutions with diﬀerent pH values. The inset shows the normalized
ellipticity intensity as a function of pH at 196 and 217 nm. (b) Fluorescence emission spectra of SF solutions with diﬀerent pHs, Ex: 274 nm. The
inset shows the normalized ﬂuorescence intensity as a function of pH at λmax 304 nm. (c, e) Hydrodynamic diameter of SF (c) and alginate (e) with
diﬀerent pH values. (d, f) ζ-Potential of SF (d) and alginate (f) with diﬀerent pH values.

2.3. Cross-Reaction-Free Multiplex ELISA. In multiplex
ELISA, false signals have routinely been encountered due to
reagent cross-talk between diﬀerent microbasins. We investigated the potential application of SF/alginate ATPS in
rectifying this problem. First, Myo capture antibody (cAb) and
Myo antigen (Ag) were immobilized on custom-designed
microbasins for both ATPS and standard multiplex ELISA
(Figure 4). In SF/alginate ATPS multiplex ELISA, the well
containing cAb/Ag microbasins was ﬁlled with alginate
solution, and then SF solution containing detection antibody
(dAb) was added to the target microbasins using a micropipette (Figure 4a1,a2). The SF/alginate interface barrier
eﬃciently avoided the cross-diﬀusion of dAb to neighboring
microbasins, and the signal was generated only in the target
microbasins (Figure 4a2, bottom). On the other hand, in
standard multiplex ELISA, the well containing cAb/Ag
microbasins was ﬁlled with PBS, and then PBS containing
dAb was added to the target microbasins (Figure 4b1,b2). A
false signal was detected in the neighboring microbasins due to
the cross-diﬀusion of dAb in standard multiplex ELISA (Figure
4b2, bottom).
2.4. Partitioned Encapsulation and pH-Responsive
Release. Quantum dots (QDs) were chosen as a model
material for the feasibility of using SF/alginate ATPS in

diameter data (Figure 3c). As the surface charges of both SF
and alginate had no signiﬁcant change and showed a negative
sign throughout the pH adjustment (Figure 3d,f), we
speculated that the surface charge of SF and alginate had little
or no inﬂuence on the pH-induced phase transition. The
hydrodynamic diameter of alginate decreased as pH increased
(Figure 3e), which meant that alginate molecules were
compacted29,30 or degraded.24,31 The pH-induced degradation
has been proven by FTIR spectroscopy (Supporting
Information Figure S4). The peak at 1025 cm−1 is ascribed
to C−O−C stretching vibration. The absorption peaks at 1621
and 1416 cm−1 are ascribed to the asymmetric and symmetric
stretching of carboxylate groups. The peak at 1621 cm−1 for
the carboxylate group was taken as the reference peak as
carboxylate groups do not change after degradation.
Apparently, the peak at 1025 cm−1 for C−O−C stretching
vibrations decreased with increasing pH (Supporting information Figure S4), indicating that high pH led to the scission of
glycosidic bonds and the degradation of alginate. As a result,
the eﬀect of steric hindrance and the interfacial tension
between alginate and SF were weakened, which, along with
aggregation of the SF chains, cooperatively contributed to the
transition from ATPS to single phase.
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Figure 4. Cross-reaction-free multiplex ELISA based on SF/alginate ATPS. (a1, b1) 3D renderings showing the custom plate design consisting of
cAbs/Ag microbasins within a well. (a2) In ATPS multiplex ELISA, the well was ﬁlled with alginate solution, and SF solution containing dAbs was
added to the left microbasins. SF/alginate interface barrier eﬃciently conﬁned dAb, avoiding cross-diﬀusion to the right microbasins. Therefore,
signal is generated only in the left microbasins. (b2) In standard multiplex ELISA, the well was ﬁlled with PBS solution, and PBS containing dAbs
was added to the left microbasins, but signal is generated in both microbasins due to dAb cross-talk. The scale bar is 1.5 mm.

Figure 5. Eﬃcient encapsulation and pH-responsive controlled release based on SF/alginate ATPS. (a) Snapshots showing the rapid release of
QDs from the SF phase into the alginate phase after pH stimulus. The scale bar is 250 μm. (b) Fluorescence intensity curves showing the average
ﬂuorescence intensity in the particle core and in the particle edge as a function of time during pH stimulus.

the ﬂuorescent intensity of the SF conjugated with rhodamine
B with diﬀerent pH values (Supporting Information Figure
S5), which shows a slight decrease of the intensity of SF caused
by a structural change of SF. But it was not a dramatic change
to disrupt the observing of QD releasing with diﬀerent pH
values.
2.5. Hierarchical Fibers. The outstanding mechanical
properties of silk ﬁber are related to the speciﬁc spinning
process.15 In natural spinning, an ATPS consisting of SF and
silk sericin (SS) is ﬁrst formed inside the insect gland, followed
by spinning into silk ﬁber. In a sense, natural silk is a two-phase
ﬁber consisting of SF and SS. SF is a hierarchical amphiphilic
block protein composed of alternating hydrophobic and
hydrophilic blocks. Hierarchical amphiphilic patterns drive
SF to self-assemble into micelles, and these SF micelles
aggregate together in the presence of SS inside the B. mori
gland, forming microscale aggregates. Similarly, alginates drove

controlled-release applications. QDs were ﬁrst mixed with SF
solution, followed by dispersing in alginate solution. As shown
in Figure 5, small QDs with a diameter of around 2 nm were
encapsulated in the SF phase without leaking at neutral pH,
and the ﬂuorescence signal was higher at the edge (see the
ﬂuorescence intensity curve shown in Figure 5b), meaning that
most of the QDs were trapped at or near the SF/alginate
interface. The self-assembly of QDs at the SF/alginate interface
may be due to the inherent surfactant-like nature of
nanoparticles, which can spontaneously adsorb on the interface
to reduce the interfacial energy.32,33 As the environmental pH
was increased above 9.5, ATPS transformed into a single phase
accompanied by the rapid release of QDs into the alginate
phase (Figure 5). The SF/alginate interfacial barrier eﬃciently
conﬁned QDs in the SF phase at neutral pH, and a pHtriggered phase transition resulted in the collapse of the
interface, followed by the rapid release of QDs. We measured
5901
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Figure 6. Hierarchical ﬁbers prepared from diﬀerent SF/alginate solutions showing diﬀerent mechanical properties. (a) Schematic of the
microﬂuidic spinning process. (a1, a2) Snapshots showing ﬁbers continuously spun out of microchip channel. (b, e) LCSM cross-sectional images
showing the internal morphology of two-phase (b) and one-phase (e) SF/alginate ﬁbers (red: SF, green: alginate). The scale bar is 30 μm. (c, f)
SEM images showing the surface morphology of two-phase (c) and one-phase (f) SF/alginate ﬁbers. The scale bar is 10 μm. (d, g) Schematic
images of internal morphologies of two-phase (d) and one-phase (g) SF/alginate ﬁbers. (h−j) Mechanical properties of ﬁbers after mechanical
stretching to diﬀerent extents (0−100%).

dehydrated with ethanol. Ultimate tensile stress, tensile stretch,
and initial (∼0.5%) Young’s modulus of each sample are
shown in Figure 6 and Table S1 (Supporting Information).
Compared to the pure alginate ﬁber of the control group, the
two-phase SF/alginate group showed similar ultimate tensile
stress and initial Young’s modulus in 0, 15, and 30% stretching
conditions, while it showed about 1.5- to 2-fold higher values
of ultimate tensile stress or initial Young’s modulus in 50 and
100% stretching conditions. For single-phase SF/alginate
microﬁbers, however, ultimate tensile stress and initial
Young’s-modulus had much lower values than the control
group and the two-phase SF/alginate group in every condition.
Furthermore, microﬁbers with a single phase showed a similar
tendency in ultimate tensile stress and initial Young’s modulus
compared to those of pure alginate microﬁbers. We speculate
that the improvement in the mechanical properties of the 2phase ﬁber after stretching mostly originates from the
orientation of SF chains.15 A very recent paper reported that
SF chains retain their inherent secondary structures and are
more ﬂoating when conﬁned in a water-in-oil emulsion droplet
due to the existence of the water/oil interface.35 Although it is
not a true emulsion system, ATPS can be considered as an
emulsion-like system and an interfacial barrier exists as well.
Thus, we believe that SFs are more prone to orientation during
stretching in two-phase ATPS ﬁbers. In addition, the
incompatible head-to-tail interface (hti) between SF and
alginate (SAhti) could further explain the better mechanical

SF micelles to self-assemble into microscale aggregates due to
the inherent thermodynamic incompatibility between SF and
alginate. We aimed to verify whether the hierarchical structure
of silkworm silk could be applied to the fabrication of artiﬁcial
ﬁbers with high mechanical properties. Using SF/alginate
ﬁbers as a model, the inﬂuence of the ﬁber internal structure
on the mechanical properties was investigated. Upon
controlling the initial phasic distribution of the SF/alginate
solution, two types of microﬁbers were fabricated by
microﬂuidic spinning (Figure 6a). One, named two-phase
ﬁber, consisting of a hierarchical internal structure (Figure 6b−
d), was spun from SF/alginate ATPS. The SF phase was
encapsulated by alginate and dispersed in two-phase ﬁbers
(Figure 6b,d), and big cracks were observed on the surface of
the two-phase ﬁber (Figure 6c). The other one, named onephase ﬁber, consisting of a homogeneous internal structure
(Figure 6e,g), was spun from SF/alginate single phase. SFs and
alginate were uniformly dispersed in one-phase ﬁbers, and no
cracks were observed on their surface (Figure 6f).
Interestingly, the two types of the microﬁbers formed by the
diﬀerent phases showed diﬀerent tensile properties. Besides the
hierarchical structures in silk ﬁbers, postdrawing is also crucial
to natural silks’ strength.12,15,34 Therefore, microﬁbers for
mechanical testing were prepared with two variables: the
number of the phases within the microﬁbers (single or two
phase) and the percentage of extension in the hydrogel state
(0, 15, 30, 50, and 100%). Before mechanical tests, ﬁbers were
5902
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properties of two-phase ﬁbers (Supporting Information,
Scheme S1 and Table S1). For one-phase ﬁbers, the number
of SAhti is 20 before stretching and decreases to 19 after
stretching; on the other hand, for two-phase ﬁbers, the
corresponding numbers of SAhti are 12 and 4 (Supporting
Information Table S2). The number of SAhti in two-phase
ﬁbers is much smaller than that in one-phase ﬁbers, particularly
after stretching. And, the numbers of the compatible hti
between alginates (AAhti) or SFs (SShti) in two-phase ﬁbers
are larger than that in one-phase ﬁbers both before and after
stretching (Supporting Information Table S2). The large
numbers of incompatible SAhti weaken the mechanical
properties of one-phase ﬁbers. The diﬀerence in the number
of compatible and incompatible hti together with the
aforementioned SF orientation leads to better mechanical
performance of two-phase ﬁbers than one-phase ﬁbers.
Obviously, two-phase SF/alginate ﬁbers showed the best
mechanical properties, particularly after stretching. This result
clearly showed that the formation of ATPS followed by
mechanical stretching would be an eﬃcient way to improve
materials’ mechanical properties.

repeated until suﬃcient points needed for constructing a binodal
curve were obtained.
4.3. ATPS Control. The test was performed by mixing 5 wt % SF
aqueous solution and 5 wt % alginate aqueous solution (SigmaAldrich) at a ratio of 1:1. For salt control, sodium chloride (NaCl,
Sigma-Aldrich) and potassium phosphate (KP, Sigma-Aldrich) were
added to the above SF/alginate solutions. Likewise, for pH control,
sodium hydroxide (NaOH) was added to the solutions. The
morphologies of SF/alginate blends were recorded using a microscope (EVOS, Thermo Fisher Scientiﬁc), and the turbidity of the SF/
alginate aqueous blends was determined using a spectrophotometer at
570 nm (Victor3, PerkinElmer). The morphology of the SF/alginate
blend was further observed using a confocal laser scanning
microscope (CLSM) (FV 1000, Olympus, Japan). For ﬂuorescence
observation, alginate and SF were conjugated to ﬂuoresceinamine
(Sigma-Aldrich) and rhodamine B isothiocyanate (RBITC, SigmaAldrich), respectively. For alginate conjugation, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma) and
sulfo-(N-hydroxysulfosuccinimide sodium salt) (sulfo-NHS, Sigma)
were added to the alginate PBS solution (1 g of alginate in 50 mL of
PBS) to reach concentrations of 9 mM each. After continuous stirring
for 2 h at room temperature, ﬂuoresceinamine was added to the
solution to a concentration of 4.5 mM. The conjugation reaction was
performed over 18 h at room temperature with continuous stirring.
The unreacted ﬂuoresceinamine was removed by dialyzing against
ion-free distilled water for 24 h at 4 °C, followed by further dialyzing
against 1 M NaCl for another 24 h and ﬁnally against ion-free distilled
water until the extraction water lost its yellow color. After adjusted to
pH 7.4, the alginate−ﬂuoresceinamine solution was freeze-dried and
stored at 4 °C until use. SF was conjugated to RBITC following the
manufacturer’s instructions. The unreacted RBITC was removed by
dialyzing against ion-free distilled water for 3 days in the dark at 4 °C.
4.4. Dynamic Light Scattering (DLS), Circular Dichroism
(CD), and Fourier Transform Infrared (FT-IR) Spectrophotometer. Hydrodynamic diameters of SF and alginate were measured by
DLS (Zetasizer Nano, Malvern, U.K.) at SF and alginate
concentrations of 1.0 and 0.5 mg/mL, respectively. Measurements
were carried out at 20 °C with folded capillary cells. Circular
dichroism spectra of SF were measured by a Jasco spectropolarimeter
(Jasco J-810, Japan) at an SF concentration of 1.0 mg/mL. Samples
were freeze-dried before analysis, and analysis was carried out by using
ATR-FTIR (Nicolet 170SX, Thermo Fisher Scientiﬁc Inc.) in the
range of 400−4000 cm−1.
4.5. Multiplex ELISA Assay. Microbasins with 0.35 mm depth
and 1.5 mm diameter were custom-designed on a six-well plate. Myo
cAb (1 μL, Medix Biochemica, Finland) solution was added to each
microbasin, followed by incubation at 4 °C for 12 h in the presence of
water vapor. The microbasins were washed ﬁve times with PBS. Then,
1 μL of Myo solution (Medix Biochemica, Finland) was added to the
microbasins and incubated for 15 min. For standard multiplex ELISA,
after washing ﬁve times with PBS, dAb (Medix Biochemica, Finland)
was added to the microbasins with a micropipette and incubated for 1
h, followed by washing ﬁve times with PBS. For ATPS-ELISA, the
microbasin was ﬁrst ﬁlled with alginate solution. Then, SF solution
containing dAb (Medix Biochemica, Finland) was added to the
microbasins with a micropipette and incubated for 1 h, followed by
washing ﬁve times with PBS. Then, the sample was incubated with
streptavidin-conjugated horseradish peroxidase for 1 h and washed
ﬁve times with PBS, followed by incubating with SuperSignal ELISA
Femto Maximum Sensitivity Substrate (Thermo Scientiﬁc). The
chemiluminescent signal was detected using an Amersham imager 600
(GE Healthcare Life Sciences).
4.6. pH-Responsive Release. SF solution (5% w/w) containing
QDs (100 nM) (Mesolight, China) was dispersed in 5% (w/w)
alginate solutions. NaOH solution (2N) was added dropwise to the
system to increase pH. CLSM images were recorded using an FV
1000 (Olympus, Japan). The ﬂuorescence intensity was analyzed by
ImageJ.
4.7. Fabrication and Characterization of Fibers. Fibers were
fabricated using a poly(dimethylsiloxane) (PDMS) microchip with a

3. CONCLUSIONS AND OUTLOOKS
The SF/alginate ATPS was pH-responsive, resulting from the
pH-triggered extension of SF chains. The pH-responsive
nature of SF/alginate ATPS enabled the design of ELISA
with less cross-diﬀusion, a controlled-release system, and
hierarchical constructs of high mechanical properties. ELISA
reagents were successfully partitioned in the SF phase, which
eﬃciently protected against cross-talk between diﬀerent
microbasins. As a controlled-release system, QDs were
encapsulated in the SF phase at neutral pH and were rapidly
released as environmental pH increased. Finally, two-phase
hierarchical ﬁbers consisting of SF/alginate ATPS showed
better mechanical properties than either one-phase or pure
alginate ﬁbers.
Because of the high biocompatibility of both SF and alginate
and the external stimulus-responsive nature of two-phase SF/
alginate ATPS, we believe that bioactive materials, including
drugs, genes, cosmetics, antibodies, and nutrients, can be
partitioned into the SF phase and released robustly as needed
by adjusting the system’s pH. In addition, from the point of
view of materials’ fabrication, the better mechanical properties
shown by two-phase ﬁbers could inspire the design of new
strong ﬁbers or hydrogels, in which hierarchical patterning of
diﬀerent materials could achieve some unexpected mechanical
properties.
4. EXPERIMENTAL SECTION
4.1. Silk Fibroin Aqueous Solution. The SF aqueous solution
was prepared by a method reported by the Kaplan group.13 Cocoons
of B. mori were degummed with 0.02 M sodium carbonate (Sigma)
and rinsed thoroughly with distilled water to remove sericin. After
drying, the degummed SF was dissolved in 9.3 M lithium bromide
aqueous solution (Kanto Chemical, Japan) at 60 °C for 4 h. This
solution was dialyzed against distilled water using a dialysis membrane
(Pierce) to remove lithium bromide.
4.2. ATPS Phase Diagram. The phase diagram was generated by
the cloud point method. Stock aqueous solutions of SF (5%, w/w)
and alginate (Sigma) (5%, w/w) were prepared in distilled water.
Alginate solution was added dropwise into 5 g of SF solution until the
onset of the cloud point. Each ATPS point was titrated dropwise with
distilled water until a single phase formed. The above steps were
5903

DOI: 10.1021/acsbiomaterials.9b01216
ACS Biomater. Sci. Eng. 2019, 5, 5897−5905

ACS Biomaterials Science & Engineering

■

cylindrical channel fabricated using a method previously developed by
our group.18,36 Alginate or SF/A blends were introduced into the core
channel and allowed to ﬂow into the reaction channel. The ﬂow rates
of core and sheath ﬂows were 0.6 and 30 mL/h, respectively. The
sheath ﬂow consisted of a 3% calcium chloride (CaCl2) (Sigma)
aqueous solution. Alginate or SF/A microﬁbers were then fabricated
via Ca2+-induced alginate gelation within the channel. After being
spun, the ﬁbers were stretched to various extents using an X-stage
D212 (SURUGA SEIKI, Japan) in the presence of a water spray.
Dehydrated ﬁbers were coated by gold sputtering and observed under
a ﬁeld-emission scanning electron microscope (JEOL Ltd, Tokyo,
Japan). CSLM images of ﬁbers were acquired using an FV 1000
(Olympus, Japan).
4.8. Mechanical Properties. Before mechanical tests, ﬁbers were
dehydrated using ethanol. Fibers were loaded onto an Instron 5966
(Instron), and tension was applied by pulling and stretching until the
sample fractured. Extension rate was set to 10 mm/min, and the
diameter, length, and tensile load at each extension point were
obtained. From stress−strain curves drawn from the raw data,
ultimate tensile stress and initial (∼0.5%) Young’s modulus of each
sample were determined using Origin software.
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