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ABSTRACT: Monodispersed cross-linked poly(acrylic acid) (PAA) droplets (PAA X-
droplets), prepared using the microfluidic method with in situ ultraviolet curing, were
used as small spherical sensors to simultaneously detect both Ca®* and Mg*" in human 4
saliva and serum. The PAA X-droplet treated with KOH (PAAgqy X-droplet) was used :’I
as a reference droplet because of its highly swollen state. The PAAyoy X-droplets
shrunk in response to the presence of divalent metal ions (Ms) by forming a bridged

structure of COO—M—OOC. The sizes of the PAAyoy X-droplets were precisely and o . Ko _
dynamically monitored in the poly(dimethylsiloxane) (PDMS) channel with passing > Caz+, Mg ’/QM-O;\
oK+ ’ ) o/

time when the aqueous metal-ion solutions were flowing at a controlled flow rate. The
sizes of the PAAyoy X-droplets continuously decreased to the saturated constant size.
The saturated size of the PAAyoy X-droplet did not change; however, the speed of size
reduction increased with an increase in the concentration of the divalent metal ion. The saturated size was studied using the
saturated diameter ratio (R, 4;,) with respect to the initial diameter of the PAAyy X-droplet before the metal-ion treatment, and
the speed of the size reduction was investigated using the inverse time to reach half the saturated diameter reduction (T;/,,”"). Ca®*
and Mg*" exhibited Ry, g, values of 75.9 and 83.6%, respectively, when the flow rate was S uL min~", regardless of the metal
concentration. The T,,,”'s for the Ca’* and Mg*" linearly increased with an increase in their concentrations. The Ry g, of the
aqueous Ca®**/Mg** mixture solution had a linear relationship with ¢ [= Cc,/(Cc, + CMg), where C¢, and Cy, are the molar
concentrations of Ca®* and Mg**, respectively]. The T/, ™" of the aqueous Ca**, Mg** mixture solution was calculated by adding the
individual T} ,”'s of pure aqueous Ca** and Mg* solutions. Using the R, 4, and T;/,”" of the Ca>*/Mg*" mixture aqueous solution,
the individual Cc, and Cy, in the mixture solution were successfully calculated. This method was applied to the human saliva and
serum in which the major metal ions are Ca** and Mg**, and other metal ions existed in undetectable amounts by the PAAgoy X-
droplets. This method is simple, cost-effective, and highly accurate and solves the hurdles of separating the interference effect of a
Mg** ion when a Ca®' ion is measured in biofluids.
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alcium is one of the most abundant minerals in the nanoparticles, which are poisonous to the biosystem.'

human body. Most (~99%) of it is stored in bones and Colorimetric methods also attract considerable attention
teeth. Only a small amount of calcium exists in blood and owing to the convenient detection of Ca** without the
biofluids. In addition to strengthening bones and teeth, necessity for a spectrophotometer.'”*® For example, photonic
calcium is essential in some biological functions such as interpenetrating polymer network (IPN) sensor array films,”’
muscle contraction, blood vessel control, neurotransmitter in which a cross-linked PAA intertwines with a networked
release, hormone secretion, and blood clotting.l’z A convenient cholesteric liquid crystal, demonstrate the successful detection
noninvasive calcium test can be used to detect diseases such as of Ca®* in human saliva and serum. When sensing Ca™*, the

wavelength at the photonic band gap of an IPN film is
inversely proportional to the Ca?* concentration. This allows
the amount of Ca® to be measured from the reflected light
with naked eyes. However, this method suffers from
interference from Mg®" because the main metal ions in
human serum are Ca>* and Mg2+, and other metal ions exist in

damaged bones, heart, nerves, kidneys, and other organs, and
reduce the burden of the daily collection of blood samples. In
the human body, calcium exists in bound and unbound ionized
forms. Only the level of unbound Ca** matters for a body’s
function.” The normal levels of total calcium for a healthy
human are 2.2—2.7 mM in serum’ and approximately 2 mM in
saliva.’ Various probes have been employed for sensing
calcium ions in the past few decades. These probes include Received: October 29, 2020
organic dyes,”” proteins,”'’ magnetic nanoparticles,"" and gold Accepted:  January 6, 2021
nanoparticles.'” In modern biomedical science, fluorescent Published: January 18, 2021
probes are helpful for the quantitative detection of Ca®* owing

to their high sensitivity and accuracy.””'" However, most

fluorescent probes depend on organic molecules or fluorescent
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an undetectably small amount.”” Thus, methods to exclude (or
measure simultaneously) Mg** during the measurement of
Ca®" are in high demand. Rasouli et al.”® have reported a
chromogenic reagent method for the simultaneous determi-
nation of Ca** and Mg** based on their complexation
formations with 1-(1-hydroxy-4-methyl-2-phenylazo)-2-naph-
thol-4-sulfonic acid. By the technique of radial basis function—
partial least squares to analyze the data of the ultraviolet—
visible (UV—vis) spectra, the concentrations of Ca** and Mg**
were successfully measured in various vegetable samples by the
multivariate curve resolution with alternating least squares and
rank annihilation factor analysis methods. However, the
expensive one-time-use test reagent and complicated data
treatment limit its wide application. Instead, the volumetric
change of hydrogel can be used as a convenient tool for sensors
because hydrogels can be considerably swollen by external
stimuli. The cross-linked polyelectrolytes are charged hydro-
gels, which can be classified as anionic/cationic and weak/
strong depending on the charge state and pH dependency,
respectively. Poly(acrylic acid) (PAA) is one of the weak
polyelectrolyte hydrogels, and it can be applied to a smart
sensor owing to the interactions between divalent (e.g, Ca*")
ions and carboxylic groups.”* Two carboxylic groups can
produce a bridged structure mediated by a divalent Ca** so
that the swelled poly(acrylic acid) (PAA) hydrogel can be
shrunk by Ca®". The degree of shrinkage of the PAA hydrogel
can be an indicator of the amount of Ca®** in an aqueous
solution.

In this study, a calcium sensor was fabricated using PAA
hydrogel droplets located in a poly(dimethylsiloxane) (PDMS)
chip. The PDMS chip was designed for flushing aqueous
solutions in the droplet-storage chamber through the outlet.
Uniformly sized PAA cross-linked droplets (X-droplets) with
the same chemical composition” were produced by the
microfluidic method with acrylic acid (AA) monomers and a
cross-linker of N,N’-methylenebisacrylamide (MBA), by in situ
UV polymerization. The fabricated X-droplets were function-
alized with KOH in the PDMS chamber and used as an
indicator of the concentration of calcium ions in an aqueous
solution by continuous dynamic measuring of the X-droplets’
size during the flow of an aqueous metal-ion solution at a
constant flow rate. The speed of the size reduction and
saturated size of the PAAgoy X-droplets were successfully used
to simultaneously measure both Ca®>* and Mg** in the human
serum and saliva. Thus, these convenient and cost-effective
PAA X-droplets in the PDMS chip can be applied to a calcium
sensor, which can solve the interference problem from Mg*" in
human biofluids.

B EXPERIMENTAL SECTION

Materials. Sodium dodecyl sulfate (SDS) (Daejung, South
Korea), Pluronic F108 (BASF, Germany), mineral oil light (14.2—
17.2 cSt, Sigma-Aldrich), ABIL EM 90 (Evonik Industries, Germany),
Irgacure 500 (BASF, Germany), N,N’-methylenebisacrylamide
(MBA) (Sigma-Aldrich), tripropyleneglycol diacrylate (TPGDA)
(Sigma-Aldrich), octadecyltrichlorosilane (OTS) (Sigma-Aldrich),
KOH (Duksan, South Korea), CaCl, (anhydrous, Yakuri pure
chemicals, Japan), HNO; (Daejung, South Korea), human serum
(P2918—20ML, Sigma-Aldrich), a calcium colorimetric assay kit
(MAKO022, Sigma-Aldrich), Cu(NO;),-3H,0 (Junsei, Japan), Zn-
(NO;),-6H,0 (Sigma-Aldrich), Mg(NO;),-6H,0 (Sigma-Aldrich),
FeCl,-4H,0 (Samchun, South Korea), KCI (Duksan, South Korea),
NaNO, (Duksan, South Korea), and LiPO, (Sigma-Aldrich) were
used. AA (Daejung, South Korea) was filtered by activated alumina
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(~75 pm, Wako pure chemical industries, Japan) to remove the
inhibitor [200 ppm (monomethyl ether hydroquinone, MEHQ)].
The saliva sample was donated by a healthy 31-year-old male.
Deionized (DI) water obtained by a reverse-osmosis system (uPure
RO, Romax, South Korea) was used for all experiments unless
otherwise specified.

Setup of the Microcapillary Chip. A glass capillary with a co-
flow/flow-focusing combined geometry was used to produce PAA
droplets. Two tapered cylindrical glass capillary tubes [1b100-6, 1 mm
outer diameter (OD), World precision instruments, Inc.] were
inserted into a square glass tube [810—9917, 1.05 mm inner diameter
(ID), 1.5 mm OD, Atlantic International Technologies] at both left
and right sides. The OD of the round capillaries (I mm) is
comparable to the ID of the square capillary (1.0S mm); thus, a round
capillary can be inserted into the square capillary to achieve tight-
fitting and coaxial alignment. The round glass capillary was tapered
using a micropipette puller (P-97, Sutter Instrument). Hydrophobic
coating was performed with OTS as follows. The round capillary was
washed using water, dried using air flow, and treated with oxygen
plasma for S min using a plasma generator (FC-1000S, Femto
Science, South Korea). The treated capillary was inserted in a vial
containing 2 wt % OTS in toluene for 60 min, dipped in pure toluene
for another 20 min, sequentially washed with acetone, ethanol, and
water, and finally dried using air flow. The microfluidic chip was
fabricated on the slide glass. The height of the cylindrical glass tube
on the slide glass was adjusted by a cover glass for the center of the
cylindrical glass to be conveniently aligned at the center of the square
glass tube. The two round tapered capillaries in the square capillary on
the slide glass faced opposite directions, with the capillary having a
smaller taper diameter on the left side as shown in Figure Sla. The
left open end of the square capillary (inserted by the left-side round
tapered capillary) was sealed using an epoxy glue with a plastic tip
having a syringe needle, which was used for the inlet of the
continuous phase. The right open end of the square capillary (inserted
by the right-side round tapered capillary) was sealed using epoxy glue.
The left-side round capillary and syringe tip on the slide glass were
connected to a pneumatic microfluidic flow control system (MFCS-
EZ, Fluigent, France) with a tigon tube to control the flow rate of the
disperse and continuous phases, respectively.

Production of PAA Droplets. A mixture of AA, MBA, water,
Irgacure 500, Pluronic F108, and SDS in different weight ratios was
used in the disperse phase; Irgacure 500 (6 wt %), Pluronic F108 (1.5
wt %), and SDS (0.25 wt %) were used at the fixed ratio, and the
amount of other components was controlled. Mineral oil containing
ABIL EM90 (3 wt %) was used for the continuous phase. The
aqueous droplets were subsequently polymerized downstream in the
collection tube in a narrow area using ultraviolet (UV) light (Inno-
cure 5000, Lichtzen, South Korea) focused using an optical lens as
shown in Figure SIb. The PAA X-droplets in mineral oil were
gathered in a 4 mL vial. The gathered PAA X-droplets were
sequentially washed using toluene, acetone, ethanol, and water. The
washed PAA X-droplets were stored in water and used for further
tests.

pH and Metal-lon Test of PAA,y, Hydrogel Droplets in the
PDMS Chip. The produced PAA X-droplets were tested in the
chamber of the PDMS chips. The transfer of PAA X-droplets from the
vial to the chamber was done using a tigon tube and a 3 mL syringe
(ID = 0.97 mm). The PDMS chip was designed for testing the PAA
X-droplets by flushing an aqueous solution in the droplet-storage
chamber (length X width X height = 3500 X 290 X 80 ym®) using a
syringe pump (Legato 100, KD Scientific) as shown in Figure Slc.
The flow rate (Q) in the PDMS chip was controlled at 5 uL min~" in
all experiments unless otherwise mentioned. The uniformly sized PAA
X-droplets were tested in the chamber by flushing the corresponding
2—12 pH buffer solutions (0.25 mL). The size of the PAA X-droplets
in the chamber was measured by Image ] software. The PAA X-
droplets were treated with KOH in the chamber of the PDMS chip by
flowing an aqueous KOH solution (0.25 mL, 0.1 M) at Q = 5 uL
min~". After the KOH treatment, the extra KOH solution was washed
using water in the chip, and the KOH-treated PAA (PAAgoy) X-
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droplets were used for the detection of metal ions. The measured size
of the PAAyoy X-droplets in the chamber was averaged and used as
an indicator of the concentration of metal ions in aqueous solutions.
Aqueous Ca*, Mg**, Cu*, Zn**, Fe**, K¥, Na*, and Li* solutions were
prepared by dissolving CaCl,, Mg(NO;),-6H,0, Cu(NO;),-3H,0,
Zn(NO,),-6H,0, FeCl,-4H,0, KCl, NaNO,, and LiPO, in water at
designated concentrations. The metal-ion aqueous solution was
flowed at Q = § uL min~". In the recycling tests, the Ca>*-tested
PAAgoy (PAAgon.ca) X-droplets were sequentially treated with
HNO; (0.5 mL, 0.1 M), water (0.25 mL), and KOH (0.25 mL, 0.1
M) for the recycling test. The treatments using a pH buffer, KOH,
and HNO; aqueous solutions were performed at Q = 50 L min™" for
S min.

Measurements. The Ca®* concentrations in human serum and
saliva were detected using calcium colorimetric assay kits for
comparison. We followed the recommended procedure to measure
the concentration of free Ca®>* (Cc,) in human serum and saliva.
Briefly, 90 uL of the chromogenic reagent was added to each cuvette
containing 50 uL of calcium standards or samples (human serum and
saliva) and then mixed gently. Additionally, 60 uL of calcium assay
buffers were added to the prepared mixture solutions in the cuvettes,
mixed gently, and then reacted at room temperature for 5—10 min
while being protected from light during the sample preparation and
reaction. The UV absorbance of the samples at 575 nm was measured
using a UV—vis spectrometer (UV-2401PC, Shimadzu, Japan). To
make a standard curve (Figure. S2), calcium standard solutions with
different known Cc, values were prepared by adding 0, 2, 4, 6, 8, and
10 pL of standard solutions (S mM) to each cuvette, adjusting the
total volume to S0 uL with water. The human serum and saliva
samples were prepared via X4 dilution with water. The measured Cc,
values for the human serum and saliva samples were 2.60 and 1.34
mM, respectively, both of which were in the normal range.5’26 The
surface images of the PAA, PAAyqoy, and PAAgoy.c, X-droplets were
examined using a field emission scanning electron microscope
(FESEM, SUS8220, Hitachi, ]apan) operating at an accelerating
voltage of 15 kV. The samples for the scanning electron microscopy
(SEM) analysis were freeze-dried using a freeze dryer (FD-1000,
Rikakikai, Japan) and coated with platinum using an ion sputter
coater (E-1030, Hitachi, Japan) at a voltage of 19—20 mA for 60 s.
Optical microscopy images of the droplets were obtained using an
optical microscope (Labophhot-pol, Nikon, Japan) with a digital
camera (Infinityl, Teledyne Lumenera).

B RESULTS AND DISCUSSION

Droplet Production. The produced PAA droplets without
UV curing were unstable and could be agglomerated into large
droplets immediately after emerging from the microfluidic
channel. In situ UV curing was performed to obtain stable X-
droplets to prevent this agglomeration. UV light was focused
on a small spot on the collection tube of the microfluidic chip
using an optical lens. When the disperse droplets were passed
through this area, the drops became sticky and plugged the
channel. To avoid the plugging of the channel by the droplets,
the pressures of the disperse and continuous phases (P4 and
P.) must be sufficiently high (e.g, >40 mbar for P.) for the
droplets to quickly pass the UV-shed region; a pressure-control
system is used in the microfluidic system. Thus, pressure
represents the speed of the medium. However, when the
velocity of the continuous phase is high, the shear stress
becomes higher than the surface-tension force, which results in
an increase in the capillary number (C,) of the continuous
phase and jetting in the microfluidic channel; the C, of the
continuous phase is defined by the equation C, = nu/y, where
1, u, and ¥ are the viscosity, velocity of the continuous phase,
and surface tension between the disperse and continuous
phases, respectively.”” ">’ To induce dripping in the micro-
fluidic channel (ie., low C,), polar water was added to the
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disperse phase to increase y. However, the produced droplets
were agglomerated before reaching the in situ UV curing
region in the channel, although spherical droplets were
produced in the dripping mode. To solve this problem,
surfactants were added to stabilize the droplet. Surfactants
used in the disperse phase were Pluronic F108 (1.5 wt %) and
SDS (0.25 wt %), and that in the continuous phases was ABIL
EM90 (3 wt %). The droplet formation was tested under
different conditions. The types of droplet formation are
classified into widening jetting, narrowing jetting, dripping, and
failure (conditions when droplets are not produced); their
typical photographic images are shown in Figure la. The
droplets were produced under several conditions such as
without water and surfactants (mode I), with 20 wt % water in
the disperse phase and without surfactants (mode II), and with
20 wt % water in the disperse phase and surfactants (mode
III). Figure 1b-i shows the droplet formation matrix at different
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Figure 1. (a) Photographic images of the microfluidic chip during the
production of droplets under (i) widening jetting, (ii) narrowing
jetting, (iii) dripping, and (iv) failure modes; the disperse phase is an
AA mixture containing AA (70.5 wt %, monomer), MBA (3.0 wt %,
cross-linker), Irgacure 500 (6 wt % initiator), Pluronic F108 (1.5 wt
%, surfactant), SDS (0.25 wt %, surfactant), and water (20 wt %); the
continuous phase is a mineral oil mixed with EM 90 (3 wt %,
surfactant). (b) Type of droplet formation at different Py and P, (i)
without water and surfactants (mode I), (ii) with 20 wt % water in the
disperse phase and without surfactants (mode II), and (iii) with 20 wt
% water in the disperse phase and surfactants (mode III); red, orange,
and blue dots and the X symbol represent widening jetting, narrowing
jetting, dripping, and failure modes, respectively.
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P; and P, without water and surfactants (mode I). When P,
decreases at a fixed P, the droplet formation changes from
widening jetting to narrowing jetting and then to failure. The
droplets with dripping mode could not be produced in mode L.
Figure 1b-ii shows the droplet formation matrix at different Py
and P with 20 wt % water and without surfactants (mode II).
The droplets were produced under dripping mode at all
studied Py and P_. because of the high interfacial energy
between disperse and continuous phases (i.e., decreased C,), as
mentioned before. However, the produced droplets were
agglomerated before reaching the in situ UV curing region in
the channel. Figure 1b(iii) shows the droplet formation matrix
at different P; and P, with water and surfactants (mode III).
When Py decreases at fixed P, the droplets are produced under
widening jetting to narrowing jetting and to dripping modes.
The droplets produced under dripping modes could be
produced with a narrow window of P4 and P.. Thus, uniform
and stable droplets could be produced in mode III by adding
water and surfactants and in situ curing in the microfluidic
channel. The droplets produced at Py = 18 mbar and P, = 50
mbar were used for further experiments unless otherwise
mentioned.

Figure 2a,b shows the photographic images of the produced
droplets without (before) and with in situ UV curing,

100pm
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Figure 2. (3, b) Optical microscope images and (c, d) diameter size
distributions of the PAA X-droplets in mineral oil (a, c) without and
(b, d) with in situ UV curing.

respectively. The diameter of the droplet decreases from 73.4
+ 1.1 ym (Figure 2c) to 70.0 + 1.2 um (Figure 2d) when the
droplets are formed by UV curing owing to a more dense
structure that is formed by cross-linking. Small standard
deviations indicate that the size of the droplet is uniform. The
diameter of the X-droplets increased from 70.0 to 88.2 um
after the mineral oil medium was replaced with water for
further water-based experiments. This increase is due to the
hydrophilic nature of PAA.*

Stability of the X-Droplet. The stability of the X-droplet
in an alkali solution was tested with different types of cross-
linkers such as TPGDA and MBA, which carry ester and amide
linkages, respectively. The stability in the alkali solution was
tested because the PAA X-droplet was treated with a KOH
solution to maximize the X-droplet size by blocking hydrogen
bonds between carboxylic groups through the complex
formation of COO™K" (vide infra). Figure S3a,b shows the
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optical microscope images of the produced X-droplets cross-
linked with TPGDA (0.95 mol %) and MBA (0.95 mol %),
respectively, with different passing times (tpasss) in an aqueous
KOH solution (1 M). The diameters of the X-droplets cross-
linked with TPGDA (Figure S3a) are 131, 131, 139, 159, 210,
and 259 ym at £,,, =0h (immediately), 0.5 h, 3 h, 6 h, 1 days,
and 2 days, respectively, which indicates that the X-droplets
cross-linked with TPGDA start to swell (be degraded) at £,
3 h and are completely dismantled at t,,,, = 4 days. However,
the diameters of X-droplets cross-linked with MBA (Figure
S3b) are constant at 113 ym at all tested toasss Until 4 days,
which indicates that the X-droplets cross-linked with MBA are
quite stable in an alkali solution until 4 days; further
experiments at longer . have not been performed, although
we believe that the X-droplets were stable at longer ,,,,s. The
weak stability of the X-droplets cross-linked with TPGDA is
due to the easy hydrolysis of ester bonds in an alkali
solution.”** Thus, the X-droplets cross-linked with MBA
were used for further experiments.

pH Responsivity of PAA X-Hydrogel Droplets. The pH
response of the PAA X-droplets prepared at Cya = 1.5 and 3.0
wt % was tested in the PDMS chip. Figure S4 shows the
diameter of the X-droplet as a function of pH. With an increase
in pH, the diameters of X-droplets prepared at Cyp, = 1.5 and
3.0 wt % increase stepwise at pH = ~S5, which is similar to the
pK, of AA. However, the PAA X-droplets prepared at Cyps =
1.5 wt % increase from 76 to 125 um, and those at Cyp, = 3.0
wt % increase from 81 to 111 um when pH crosses 5. The
Do/ Dewers (Where Dy, i and Dy, are the diameters of the
X-droplets at pH = 2 and 12, respectively) are 0.61 and 0.73
for the X-droplets prepared at Cyp, = 1.5 and 3.0 wt %,
respectively. This difference occurs because the X-droplet with
a higher cross-linking density causes less shrinking and swelling
in response to pH change.

Surface Morphology of PAA and PAAyy, X-Droplets.
The porous structure of the X-droplets was studied with freeze-
dried samples. Figure 3 shows the SEM images of the freeze-
dried PAA, PAAgoy, and PAAy oy, X-droplets. All X-droplets
exhibit porous structures that can be observed under low
magnification [Figure 3(i)]. A more detailed internal structure
can be observed from the SEM images with high magnification
[Figure 3(ii)]. The SEM image of the PAA X-droplet (Figure
3a) shows a closed structure, while that of the PAAyqy X-
droplet (Figure 3b) exhibits a more open structure. This
difference is due to the swollen structure of the PAAyqy X-
droplet by complex formation of COO™K", which blocks
hydrogen bonds between carboxylic groups, as mentioned
before. The SEM image of the PAAyoy.c, X-droplet (Figure
3c) shows the closed structure again with small spherical dots.
The closed structure may be due to the formation of —COO—
Ca—OOC- by the replacement of K with Ca*".

PAAon X-Droplet for Metal-lon Detection. Ca** was
detected with the PAAgoy X-droplet in the PDMS chip as a
model study. First, the PAA X-droplet was positioned in the
middle of the channel of the PDMS chip by a syringe pump.
The PAA X-droplet was treated with an aqueous KOH
solution (0.1 mM) and then water at Q = 50 uL min™ for §
min to produce the PAAyoy X-droplet in the channel. Figure
4a-i shows the optical microscopy image of the PAAyoy X-
droplet prepared at Cy, = 3.0 wt %. When the aqueous CaCl,
solution (10 mM) was flowed into the PDMS chip at Q = S L
min~" for 10 min, the diameter of the PAAyqy X-droplet (113
pm) shrank to 86 um (Figure 4a-ii) due to the formation of
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Figure 3. SEM images of (a) PAA, (b) PAAgoy, and (c) PAAgoy.c, X-droplets at (i) low and (ii) high magnifications.

T W
® O

(i)

(b) 115 4

110
105

100

Diameter (um)

95

90

85

Cycle
®

(iif) (iv)

130 4

125

120 A

115 A

110 A

105 +

100

Diameter (um)

95 4

90

85 A

80

Cycle
(i)

Figure 4. (a) Optical microscope images of (i) PAAyey, (ii) PAAgop.cy (iii) recovered PAA X-droplets after HNO; treatment, and (iv) recovered

PAAgoy in the PDMS chip; KOH (0.1 M), Ca®* (10 mM), and HNO, (0.1 M) treatments were performed at Q = 50, 5, and 50 L min~" and ¢

pass’

respectively. The chemical structure formation is shown in the inset figures. (b) Diameters of the recycled PAAgqy (closed circle) and PAAgqy. ¢,
(open circle) X-droplets prepared at Cyps = (i) 3.0 wt % and (ii) 1.5 wt % as a function of recycling time. The scale bar in (a) is S0 um.

COO-Ca—0O0C bonds. The reusability (recycling) test was
performed after HNO; and KOH treatments. When the
PAAgop.c, X-droplet was treated with HNO; by flowing an
aqueous HNO, solution (0.1 mM) at Q = 50 uL min™" for 10
min, the diameter of the PAAyyy.c, X-droplet (86 pm)
decreased to 77 pm (Figure 4a-iii). The diameter did not
considerably change with the HNOj; treatment compared to
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that obtained with KOH and Ca®* treatments. This occurs
because the recovered —COOH groups can establish hydrogen
bonds and prevent swelling by water. The recovered PAA X-
droplets were treated with a KOH aqueous solution (0.1 mM)
and water again at Q = S0 yL min™" for 5 min to prepare the
recovered PAAyoy X-droplets. The recovered PAAgoy X-
droplet had a diameter of 113 ym (Figure 4a-iv), which was
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the same as that of the original PAAgoy X-droplets (113 ym).
These recovered PAAyoy X-droplets were further tested with
the same CaCl, solution. This process was performed for
several cycles to test the reusability of the PAAgoy X-droplet
for metal-ion detection. Figure 4b-iii shows the diameters of
the PAAyoy (after HNO; and KOH treatments) and
PAAgom.c, (after Ca** test) X-droplets prepared at Cypa =
3.0 and 1.5 wt %, respectively, as a function of recycling time.
The diameters of PAAgoy and PAAgoy.c, X-droplets prepared
at Cypa = 3.0 wt % are nearly constant at 113 and 86 um,
respectively, until 15 cycles (Figure 4b-i); we did not perform
further cycle tests, although we believe that the diameter does
not change with more cycles. Similar results were observed
from PAAgqy prepared at Cypa = 1.5 wt %, except for the
larger diameter of PAAgoy and the smaller diameter of
PAAgop.c, X-droplets (Figure 4b-ii). These results indicate
that PAAyoy X-droplets can be reused many times by the
HNO; treatment.

Simultaneous Ca?* and Mg?* Detection. The simulta-
neous detection of both Ca®>" and Mg** was studied because
Ca’ and Mg** are the major metal-ion species in human
serum and saliva, as mentioned before. First, the shrinkage
behavior of the PAAyoy X-droplet with aqueous Ca®* solutions
was studied. Figure Sa shows the Ry, of the PAAyqy X-
droplets (prepared at Cyp, = 3.0 wt %) as a function of #,,
with different concentrations of calcium (Cc,) from 0.1 to 10
mM; Ry, is defined as the diameter ratio at £, with respect to
the initial PAAgoy X-droplet, and ¢, is defined as a period of
time during the flowing of the aqueous Ca** solution. Ry,
decreases slowly at the beginning, quickly after that, and then is
saturated at the constant value. The Ry, vs t,,, curves at
different Cc, are similar to each other, except for the speed of
decrease of Ry,; higher Cc, results in a faster speed. It is
surprising that saturated Ry,s (Ry.q.S) are almost constant
regardless of Cc,, and only the speed of the decrease of Ry, is
different with Cc,. A longer time is required to shrink the X-
droplet to the saturated state when an aqueous metal-ion
solution with a low concentration is supplied to the PAAy oy X-
droplets at constant Q. For example, in Figure Sa,
approximately 62 min is required for the PAAyoy X-droplet
to reach R, 4;, with a 0.1 mM Ca®* aqueous solution, while 6.5
min is required for a 1 mM Ca®" aqueous solution. The speed
of decrease of Ry;, can be defined as the inverse of t;,., to reach
half the value of the decrease of Ry, 4, [(100 — Ry, 4i)/2 X
100%] in the plot of Ry, Vs ty,. This half-time of t,, is
defined as T /. For example, T, at C¢, = 0.1 mM in Figure Sa
is t,,, to reach Ry, of 88% [100 — (100 — 76)/2 X 100%] and
T,), is 45.4 min (as shown by the dotted lines), which can be
converted into Ty, of 0.022 min~". The measured T, " as a
function of Cc, is shown in Figure Sc. A linear relationship is
observed with a slope of 0.17 min™' mM™". Figure SS shows
the Ry, of the PAAygoy X-droplets prepared at Cyps = 1.5 wt %
as a function of t,,, with different C¢, from 0.1 to 10 mM.
Similarly, the PAAgoy X-droplets prepared at Cypa = 1.5 wt %
show the same trend as the ones prepared at Cyps = 3 wt %
(ie., constant Ry, 4, regardless of C, and different T/, ™" with
Cc.), except for a different slope of 0.24 min™" mM™" in the
plot of T}, " vs Cc,. This difference is due to the fast swelling
of a less cross-linked droplet. The PAAgoy X-droplets with
Cumpa = 3 wt % were used for further experiments unless
otherwise mentioned. The effect of Q of the analyte solution
on the shrinkage rate of the PAAyoy X-droplet was studied.
Figure S6a shows the Ry, of PAAgoy X-droplets as a function
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Figure 5. Diameter ratio (Ry;,) of the PAAgoy X-droplets prepared at
Cupa = 3.0 wt % as a function of t, at different (a) Cc, and (b) Cy,
from 0.1 to 10 mM; t,,, is defined as the period of time during the
flow of aqueous Ca®>* and Mg** solutions. (c) Ty, in (a, b) as a
function of C¢, (or CMg) ; Ty, is the time required to reach half the
value of the decrease in R, g4, [(100 — Ry, 4.)/2 X 100%].

of t,,, when the aqueous CaCl, solutions (0.25 mM) were
flowed at different Q. Similarly, R, 4,8 are almost the same
regardless of Q and only the speed of the decrease of Ry,
increases when Q increases. Figure S6b shows the measured
Ty, from Figure S6a as a function of Q. T,™" rapidly
increases at Q < 15 yL min~" and then slowly increases at 15 <
Q < 30 uL min~". We could not perform experiments at Q >
30 uL min~' owing to the machine limitation in the syringe
pump. T,,,”' increases when Q increases because a large

quantity of Ca®" is supplied when Q is high. The speed of
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infiltration of Ca®* (T,/,”") should be saturated (constant) at a
certain Q (it is not reached owing to machine limitation) when
the diffusion of Ca®" into the X-droplet is balanced with the
outflow of Ca** from the X-droplet.

Next, the aqueous Mg>* solution was tested because it exists
in detectable amounts in human saliva and sweat, as mentioned
before.*?° Figure Sb shows the Ry, of the PAAyoy X-droplets
(prepared at Cyz, = 3.0 wt %) as a function of t,,, at different
Mg2+ concentrations (CMg) ranging from 0.1 to 10 mM during
the flow of the aqueous Mg** solution. Again, Ry, 4, was also
the same regardless of Cy;, and only the speed of decrease of
Ry, increases when Cy, increases. The measured T, /271 as a
function of Cy, was drawn together with that of Ca®" in Figure
5c. The slope of 0.17 min™' mM™" is the same as that of Ca®*
(0.17 min~" mM™"), which indicates that their binding abilities
with carboxylic groups are similar; thus, both Ca** and Mg**
should be considered together when human saliva and sweat
are tested. The linear range and the limit of detection (LOD)
were calculated with the equation

LOD = 39 X (S—D)
s

where SD is the standard deviation of the pseudo-blank
sample and s is the corresponding slope of the graph in Figure
S. The blank sample was not available because KOH did not
change in water so that the pseudo-blank sample (0.1 mM
Ca®* or Mg*) is employed.”” The measured LOD/linear
ranges of the Ca** and Mg*" ions are 0.075/0.1—-15 mM and
0.061/0.1—10 mM, respectively. Finally, the mixed Ca**/Mg**
solutions with a different combination of Cc, and Cy, were
tested. Figure 6a shows the Ry, of the PAAyqy X-droplets
(prepared at Cypa = 3.0 wt %) as a function of f,,, during the
flow of the mixed Ca“/Mg2+ aqueous solution with different
(Ca*, Mg*") concentrations. R4, and T/, were measured
from Figure 6a. When pure Ca®* and Mg** aqueous solutions
were tested, the R 4.8 were 75.9 and 83.6% for Ca®* and
Mg** aqueous solutions, respectively (Figure 5). If Ca** and
Mg*" independently contribute to Ry.g, then Ry g, of the
mixture solution is only dependent on the relative amount of
Ca® (or Mg*"), which can be defined as ¢, [= Cc,/(Cyyq +
Cc,)]. Figure 6b shows Ry, g, as a function of ¢¢,. There is a
linear relationship between Ry, 4, and ¢, Thus, this result
allows us to calculate ¢pc, (not individual C¢, and Cy,) from
Ryyqioe To investigate individual Cc, (or Cy,) from ¢, the
T,/, from the mixture solution was used. Because individual
metal ion contributes independently to the diameter change
(ie, Ryy), Ty, from the mixture solution can be added up by
individual T,/,”'s from Ca®* and Mg’*, as shown in eq I,
where T))c, ' and T1/2Mg_1 are used from the equations
shown in Figure 5c. Equation 1 can be converted into eq 2.

T, = Lo, + Tl/zl;é
12
= 0.0418 + 733 + 0.002$ |C¢,
83.6135 — Ry_gia
(1)
(TL - 0.0418) X (83.6135 — R _g.)
C — 1/2
Ca 1.4824 — 0.0025 X Ry, ..
(2)
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Figure 6. (a) Ry;, of the PAAy oy X-droplets (prepared at Cyp, = 3.0
wt %) as a function of t,,, during the flow of the aqueous Ca**/Mg**

mixture solution with different (Cc,, Cy) and (b) R4, measured
from (a) as a function of @, [= Cc,(Cyy + Cca)]-

Cc, can be calculated by the T, and Ry, 4, measured
from eq 2. Table 1 shows the comparison between the input
and measured Cc,s. The accuracy (defined by eq 3) of 82.2,
90.9, 99.5, 90.1, 89.2, 84.9, and 85.3% was obtained for mixture
solutions with (Cc, Cy, in mM) of (025, 0.225), (0.55,
0.100), (0.55, 0.225), (0.55, 0.450), (0.80, 0.223), (0.5,
1.500), and (0.55, 3.500), respectively.

Input C¢,(or Cy;,) — Measured C_,(or Cy,)
Accuracy (%) = 100 — ¢ Mg Mg

Input Cc,
©)

High accuracy indicates that Ry.gq, and T, ' are good
indicators for measuring the individual concentrations from the
Ca®*/Mg** mixture solution.

Other Metal-lon Detection by PAAy,; X-Droplets.
Other metal ions, such as Fe?*, Ca**, Cu*, Mg? K*, Na*, and
Li*, are tested with PAAyoy X-droplets in the PDMS chip.
Figure S7 shows the Ry, of the PAAyy X-droplet as a function
of tynm- The Ry,s of PAAyoy X-droplets treated with K¥, Na®,
and Li* (monovalent cations) are almost 100% until t,,,,, = 60
min because of the absence of coordinate covalent bond
formation. The Ry, 4,8 of Fe?*, Ca®", Cu®", and Mg*" are 74.6,
75.6, 76.6, and 84.0%, respectively. The R, g, of Mg>"
(84.0%) is bigger than those of the other three divalent
cations, i.e., the PAAyoy X-droplet is less shrunken. The
T,;,"'s of Fe**, Ca®*, Cu®", and Mg*" are 0.21, 0.20, 0.21, and

X 100
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Table 1. Input (Cc,, Cy,) and Measured (Cc,, Cy,) from the Aqueous Ca**/Mg** Mixture Solution

input (mM)
Ca Mg Ryeaia (%) T/, (min)
0.25 0.225 80.4 8.07
0.55 0.100 77.1 7.08
0.55 0.225 77.9 6.03
0.55 0.450 78.8 4.90
0.80 0.225 77.3 4.50
0.55 1.500 81.3 2.51
0.55 3.500 82.2 1.60

“Equation 3.

measured (mM) accuracy” (%)

Pca (%) Ca Mg Ca Mg
52.6 0.21 0.29 82.2 73.1
84.6 0.50 0.09 90.9 92.4
71.0 0.55 0.19 99.5 85.6
55.0 0.60 0.36 90.1 81.0
78.0 0.89 0.19 89.2 83.5
26.8 0.63 1.51 84.9 99.5
13.6 0.69 3.13 85.3 82.2

Table 2. Comparison of Input C¢, (from the Calcium Colorimetric Assay Kit) and Measured Cc, (from Ry, g;, and T, ,) of the

HypoCa, Normal, HyperCal, and HyperCa2 Samples

input (mM)

biofluid sample Ceca Ryegia (%)

serum HyperCal 2.60 78.1
HyperCa2 1.15 76.8
Normal 0.65 78.1
HypoCa 0.32 78.1

saliva HyperCal 1.34 78.4
HyperCa2 0.83 77.1
Normal 0.33 78.4
HypoCa 0.16 78.4

“Equation 3.

measured (mM)

T,/, (min) Cen Cyg accuracy” (%)
1.63 2.45 0.94 94.4
4.25 1.02 0.13 88.8
5.17 0.65 0.25 99.7
9.15 0.29 0.11 90.8
2.65 1.35 0.65 98.9
543 0.72 0.13 86.6
8.85 0.29 0.14 86.9
12.44 0.16 0.07 97.2

0.20 min~', respectively. The similar values of T}/,”" indicate
that the X-droplets are shrunk at a similar rate. The bigger
value of Ry, g;, for Mg?* than other divalent cations may be due
to the lower bridging strength between Mg2+ and —COO~;
Mg** is known to have a stable hydration shell, which
decreases the absorption force of Mg** on —COO™ compared
to other divalent metal ions.**

Real Serum and Saliva Sample Test. Human serum and
saliva samples were tested. Serum and saliva are viscous liquids
that easily froth;* thus, human serum and saliva samples were
diluted four times with water. For comparison with the real
serum sample, artificial serum was prepared with a fourth
(X0.25) concentration of the reported ones. The constituents
of the prepared artificial serum are Na* (34.85 mM), K* (0.98
mM), Ca** (0.55 mM), Mg** (0.225 mM), Fe** (0.0045 mM),
Cu®* (0.00375 mM), and Zn** (0.00325 mM); their
concentrations are given in parentheses.22 Figure S8 shows
the Ry, of the PAAyoy X-droplet as a function of ¢, for both
the binary Ca®>"/Mg** (0.55, 0.225 mM) mixture and artificial
serum samples; Cc, and Cy are the same between the binary
mixture and artificial serum samples. The curves of the Ca*/
Mg2+ mixture and artificial solutions show small differences,
which indicates that other metal ions with small amounts in the
artificial serum sample do not affect the performance of Ca®*
and Mg®" detection. Spike tests with real human serum and
saliva were performed. The Cc, values in the test samples are
summarized in Table 2. The normal samples were prepared
with the X0.25 diluted samples so that Cg,s for the X0.25
diluted human serum and saliva are 0.65 and 0.33 mM,
respectively. The HypoCa samples were prepared with the
X0.125 diluted sample so that the C¢,s are 0.33 and 0.17 mM,
respectively. The HyperCal samples were the original serum
and saliva without dilution; thus, C,s are 2.6 and 1.3 mM,
respectively. The HyperCa2 samples are 0.5 mM higher than
the normal samples; thus, Cc,s are 1.15 and 0.83 mM,
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respectively. Figure 7ab shows the Ry, of the PAAyoy X-
droplet as a function of f,, during the flow of normal,
HypoCa, HyperCal, and HyperCa2 serum and saliva
solutions, respectively. Surprisingly, the HypoCa, normal, and
HyperCa2 serum samples show the same R g, of 78.1%
because @c,s are the same for the three water-diluted samples.
However, only Ry 4, of the HyperCal serum sample (extra
Ca’*-added sample) is 76.8%, which is lower than those of the
other samples because ¢, is higher than those of the other
diluted samples. Similarly, HypoCa, normal, and HyperCa2
saliva samples show the same R, g, of 78.4%, and the Ry, 4, of
the HyperCal sample (extra Ca®*-added sample) is 77.1%,
which is lower than those of the other samples. However, T s
are different and strongly dependent on the metal-ion
concentration. From Ry, 4, and T/, Cc, can be calculated,
as mentioned before. The test results are summarized in Table
2. The accuracies (defined by eq 3) are 94.4, 88.8, 99.7, and
90.8% for the HyperCal, HyperCa2, normal, and HypoCa
serum samples, respectively, and 98.9, 86.6, 86.9, and 97.2% for
the HyperCal, HyperCa2, normal, and HypoCa saliva samples,
respectively. These results indicate that the PAAgoy hydrogel
can be used as a Ca** sensor with human blood and saliva
samples.

B CONCLUSIONS

The uniformly sized PAAygoy X-droplets produced using a
microfluidic method with in situ UV curing in the glass
capillary chip can be used as a smart sensor to detect the
presence of divalent ions in aqueous solutions. The saturated
diameter (Ryg4,) and speed of shrinkage (represented by
T,;,”") of the PAAgoy X-droplet were precisely monitored in
the narrow PDMS channel with £, during the flow of aqueous

was

metal-ion solutions at a constant flow rate. Ry g,
independent of the concentration of the divalent metal ion
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Figure 7. Ry, of the PAAyoy X-droplet as a function of t,,, during
the flow of normal, HypoCa, HyperCal, and HyperCa2 (a) serum
and (b) saliva solutions. Black circles, white circles, black triangles,
and white triangles represent HypoCa, normal, HyperCal, and
HyperCa2 samples, respectively.

within our experimental range, but the T,,' was strongly
dependent on its concentration. Ca’* and Mg** existing in
human serum and saliva with detectable amounts were studied
using the PAAgoy X-droplet. The individual Cc, and Cy, in
the aqueous Ca’>"/Mg** mixture solution can be separated
from the analysis of both Ry, 4, and T;,,"". The PAAyoy X-
droplet was successfully applied to simultaneously measure
both C, and Cy, in human serum and saliva. Thus, this new,
simple, and innovative method is reusable, cost-effective, and
highly accurate; it requires a small amount of sample and
solves the issue of measuring both Cc, and Cy, with a single
measurement by observing the size change of the hydrogel
droplet in the designed PDMS chip.
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