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ABSTRACT: In this work, we present dielectrophoresis (DEP)
and in situ electrorotation (ROT) characterization of reversibly
stimuli-responsive “dynamic” microcapsules that change the
physicochemical properties of their shells under varying pH
conditions and can encapsulate and release (macro)molecular
cargo on demand. Speciﬁcally, these capsules are engineered to
open (close) their shell under high (low) pH conditions and thus
to release (retain) their encapsulated load or to capture and trap
(macro)molecular samples from their environment. We show that
the steady-state DEP and ROT spectra of these capsules can be
modeled using a single-shell model and that the conductivity of
their shells is inﬂuenced most by the pH. Furthermore, we
measured the transient response of the angular velocity of the capsules under rotating electric ﬁeld conditions, which allows us to
directly determine the characteristic time scales of the underlying physical processes. In addition, we demonstrate the magnetic
manipulation of microcapsules with embedded magnetic nanoparticles for lab-on-chip tasks such as encapsulation and release at
designated locations and the in situ determination of their physicochemical state using on-chip ROT. The insight gained will enable
the advanced design and operation of these dynamic drug delivery and smart lab-on-chip transport systems.
KEYWORDS: dielectrophoresis, magnetophoresis, microcapsule, microﬂuidics, stimuli-responsive

1. INTRODUCTION
Microcapsules are small particles containing a separate core
and a shell phase that are of interest for encapsulation,
protection, and delivery purposes of a sensitive cargo such as
small molecules and biologics, including enzymes, proteins,
and nucleic acids.1−4 In liquid-core microcapsules, the cargo
molecule can be suspended in the core under favorable
conditions that keep it stable, while it is spatially separated
from the shell membrane that controls the release function
either through its permeability or an environmental destructive
trigger event.5 Recently, reversibly stimuli-responsive “dynamic” microcapsules have been reported that exhibit a pHtriggered change of the shell’s permeability without its
destruction, enabling repeated capture, trap, and release of
cargo molecules over multiple cycles, as well as staggered ondemand release.6−9 To gain a fundamental understanding of
their response mechanism, an in-depth and direct characterization of the steady-state membrane properties in the
permeable and impermeable states, as well as the transient
response upon switch of the environmental stimuli, is required.
So far, the characterization of the physicochemical state of the
shell membrane has been limited to the analysis of their size
and permeability using optical and ﬂuorescence microscopy
with model probe molecules. Since these methods are indirect
probes of the physicochemical properties of the shells,
© 2022 American Chemical Society

complementary and direct characterization methods are
needed to obtain a more complete understanding of the
mechanisms and time scales of their reversible response and
discover potentially unknown transition states that could
impede their application or oﬀer novel ways of their utilization.
Dielectrophoresis (DEP) and electrorotation (ROT) are
established techniques used for probing and/or manipulating
cells and bioparticles, in which the unique dielectric properties
of cells are analyzed using alternating current (AC).10−22 DEP
is deﬁned as the translational motion of neutral particles due to
the eﬀects of polarization in a nonuniform electric ﬁeld. In
particular, a crossover frequency (COF) at which the DEP
force vanishes, i.e., corresponding to a transition from
attraction (positive DEP) to repulsion (negative DEP) and
vice versa, can be used as a sensitive discriminator between
diﬀerent cell types or cell conditions and utilized for cell
separation and characterization. The asynchronous rotation of
particles produced by a rotating electric ﬁeld (ROT) is an
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Figure 1. Dielectrophoretic characterization of dynamic poly(acid) microcapsules. (a) Schematic illustrations of the steady-state behavior of the
dynamic microcapsules under varying pH in terms of their size and membrane permeability. The insets are confocal microscopy images of
poly(acid) microcapsules where ﬂuorescent molecules (TRITC−dextran, 4.4 kDa) are either trapped within it at low pH or are able to transport
across the membrane at high pH conditions, respectively. The white scale bar in insets is 50 μm. (b) Representative ROT/DEP response of
microcapsules using a quadrupolar electrode array at 1 MHz in low- and high-pH solutions. The black scale bars in part (b) is 50 μm.

kDa) trapped within the capsule over a period of time (1 h). In
contrast, at high pH, both the size of the capsule as well as its
permeability are signiﬁcantly increased, thus enabling the
transport of the ﬂuorescent molecules across its membrane.
Figure 1b schematically shows the observed ROT and DEP
response of a poly(acid) capsule under an applied electric ﬁeld
with a frequency of 1 MHz in a low and high pH environment.
It is seen that the DEP and ROT response switch directions
from negative DEP (nDEP) to positive DEP (pDEP) and from
an antiﬁeld to a coﬁeld as the pH changes from low-to-high
values, respectively.
To determine the dielectric properties of the poly(acid)
microcapsules under various pH conditions, we characterized
their steady-state DEP and ROT response in four aqueous
buﬀer solutions. Figure 2a shows the observed rotation of the
capsules during ROT at diﬀerent pH values superimposed on
the corresponding microscopic images, showing a change in
the rotation speed or direction depending on the applied
frequency. Based on the ROT torque equation (eq 2), the
angular velocity (eq 6) depends quadratically on the applied
voltage while its direction depends on the sign of the imaginary
parts of the CM factor (eq 3). It is noted that the applied
voltage for ROT at three low-pH environments (i.e., deionized
(DI) water, pH 4, and pH 7) was 10 Vpp, while a lower voltage
(5 Vpp) was applied in pH 10 because of a strong ROT and
pDEP response of the capsules. Figures 2b and S1 summarize
the measured angular and linear velocities corresponding to
ROT and DEP responses, respectively, along with the ﬁtted
single-shell model (Table 1). In this simplest model, the
capsule is composed of a spherical membrane that surrounds
an inner core, each characterized by its own complex

additional electrokinetic technique used to determine the
dielectric properties of the particles, which also depends on the
relative dielectric properties of the capsule and medium and
the frequency of the rotational electric ﬁeld.15,23−28 The DEP
and ROT are governed by the respective real and imaginary
parts of the Clausius−Mossotti (CM) factor, which characterizes the relative polarizability of the capsule versus that of the
medium. The combination of DEP and ROT spectra with
theoretical models enables reliable characterization of the
particle’s dielectric properties.29
Herein, we characterized for the ﬁrst time, to the best of our
knowledge, the dielectric properties of dynamic poly(acid)
microcapsules using DEP/ROT techniques, by analyzing the
experimental results using a single-shell model. We have
further analyzed the transient response of the electrical and
geometrical properties of these capsules when introduced to
solutions of diﬀerent pH values. Finally, we have demonstrated
the magnetophoretic manipulation of such dynamic microcapsules containing magnetite nanoparticles in their shells
within a microﬂuidic network that can perform diﬀerent tasks
on intaking and releasing drug/sample in between reservoirs in
combination with their in situ ROT characterization.

2. RESULTS AND DISCUSSION
2.1. Steady-State DEP and ROT Characterization of
Capsules at Various pH. The size and membrane
permeability of the dynamic poly(acid) microcapsules vary
with the pH of their aqueous environment, as shown in Figure
1a. Speciﬁcally, at low pH, the membrane permeability almost
vanishes, as shown by the confocal images showing the
retention of the ﬂuorescent molecules (TRITC−Dextran, 4.4
15766
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Figure 2. ROT and DEP characterization of the microcapsules in steady-state conditions within various pH environments. (a) Superimposed
images showing the representative ROT motion of microcapsules under varying applied frequencies in DI water (∼ pH 5.5), sodium acetate buﬀer
(∼pH 4.75), phosphate-buﬀered saline (PBS)(∼pH 7), and glycine buﬀer (pH ∼ 9.5). The black dashed lines indicate the change in angular
rotations (Δθ) within time intervals of 200 ms (i.e., 1 s of the time interval between t0 and t5) and 1 s (5 s of the time interval between t0′ and t5′)
for the three low-pH environments (DI water, pH 4, and pH 7) and pH 10, respectively. The blue solid arrows indicate the direction of the rotation
and the white scale bars are 50 μm. (b) Experimental DEP and ROT spectra of the microcapsule with a theoretical ﬁt under various pH
environments corresponding to part (a).

Table 1. Dynamic Capsules DEP and ROT Spectra and a Single-Shell Model Fitting Parametersa

solution
pH4
DI water (pH ∼ 5)
PBS (pH ∼ 7)
pH 10

ÅÄ mS ÑÉ
σmembraneÅÅÅÅ cm ÑÑÑÑ
Ç Ö

ﬁtted
εmembrane

εinterior

A

B

9·10

ÅÄ mS ÑÉ
σinteriorÅÅÅÅ cm ÑÑÑÑ
Ç Ö
10−2
0·24−+75··10
−2

24.31+9
−2.3

32.58+11.5
−13.5

14.9+0.7
−1.5

30.4+4
−5.4

ÅÄ mS ÑÉ
σelectrolyteÅÅÅÅ cm ÑÑÑÑ
Ç Ö
0.2±0.01

−5
−4+6·10
1.9·10 −7·10−5

−3
0·126+16·10−3

28.2+3.1
−2.3

41.8+7.1
−7.4

75.2+8
−4.5

20.7+3.5
−2.5

0.31+0.016
−0.02

37.4+1.6
−3.6

30.8+1.5
−16.2

65.5+4.6
−0.9

0.162+0.11
−0.16199

44+32
−33.5

72.6+7.4
−11.5

26+0.4
−0.1

−3
−4+2.1·10
−9·10−4

−4

−3+9·10 −3
−1.1·10

1.1·10
18+0.3
−0.5

−31·10

measured
Rcapsule [μm]

tmembrane [μm]

20±0.1

3±0.1

5·10−3

22±0.1

3.5±0.1

32+3.3
−5.2

0.25±0.01

25±0.1

4±0.1

35+0.8
−0.4

0.2±0.01

35±0.1

5±0.1

±10−5

Range of the ﬁtted parameters (left) is obtained from the sensitivity algorithm: it represents the range in which the root mean square (RMS) of
the ﬁtting does not change more than 5%. The right side of the table refers to the measured parameters. Their range of the measured values (right)
corresponds to the error of the measurement (i.e., the resolution of the microscope, the precision of the conductivity meter, etc.).
a

permittivity consisting of the real permittivity (ε) and ionic
conductivity (σ) (i.e., εinterior and σinterior for the inner core and
εmembrane and σmembrane for the membrane). The expression for
the CM factor (eqs 3 and 4) includes the complex primitivity
of the external electrolyte solution (εelectrolyte, σelectrolyte), the

capsule’s radius (R capsule ), and membrane thickness
(tmembrane).30,31 Whereas σelectrolyte, as well as Rcapsule and
tmembrane were determined using a conductivity meter (Table
1) and optical microscopy, respectively; the other parameters
including the proportionality factors A and B were ﬁtted to the
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Figure 3. Transient ROT response of dynamic changes of microcapsules by switching pH conditions within a microchamber with embedded
quadrupolar electrode arrays. (a) Time-resolved angular ROT velocity (1 MHz, 10 Vpp) of a capsule suspended for 1 day in a high-pH (∼9.5)
solution and introduced into a low-pH (∼4.75) solution. (b) Corresponding microscopy images showing the transient response of part (a). (c)
Time-resolved angular ROT velocity (1 MHz, 10 Vpp) of a capsule that was suspended for 1 day in PBS and introduced to a high-pH (∼9.5)
solution through diﬀusion (closed reservoir). (d) Corresponding microscopy images showing the transient response of part (c). Insets of parts (a)
and (c) depict the change of the capsule’s diameter (Dcapsule) over the same time period. The red and blue arrows in parts (b) and (d) indicate the
direction of the coﬁeld and the antiﬁeld, respectively, and the white scale bars are 50 μm.

transient response of the dynamic capsules so as to further
understand the underlying processes and their time scales.
Such a transient response due to a sudden change of the
solution pH is shown in Figure 3 in terms of both the timevarying ROT angular velocity with a ﬁxed frequency (1 MHz,
10 Vpp) as well as the change in the radius of the capsule
(insets of parts (a) and (c)). The capsules were then
suspended for 1 day in either a high-pH (∼9.5) or a PBS
(pH ∼ 7) buﬀer before their introduction into a low-pH
(∼4.75) and a high-pH (∼9.5) buﬀer, respectively. The initial
times (t = 0 s) in Figure 3a,c correspond to the approximate
time when the capsule started to respond to the change of the
solutions’ pH. In the case of high to low pH (Figure 3a,b), the
capsule (contained within a small volume of a high-pH buﬀer,
∼9.5) was dropped into a low-pH (∼4.75) solution of a much
larger volume, while in the low-to-high pH case (Figure 3c), a
high-pH (∼9.5) solution was introduced and diﬀused into the
chamber already containing the capsule within a pH ∼ 7 buﬀer.
It is clearly shown how the ROT velocity switches direction
simultaneously to the change in the capsule size. For example,
the large-size capsule (Rcapsule ∼ 35 μm) equilibrated in a high
pH solution transiently changed its rotating direction
simultaneously to its size reduction (Figure 3a,b). The
switching of the direction of the angular velocity is due to
the signiﬁcant change in the membrane conductivity upon
changing the solution pH, as was explained in the previous
section. The experimental transient ROT responses were ﬁtted
using a semiempirical model that is described in Section 4.7. In
both cases of solution’s pH change, the semiempirical value

ROT data using a single-shell model. The similarity between
the DEP and ROT responses of the capsules in solutions of pH
4 and pH 7 is due to the similar values obtained for the
capsule’s membrane and interior dielectric properties (Table
1). The high pH 10 case has a distinctly diﬀerent DEP/ROT
behavior due to the change in the membrane conductivity
(Table 1, Figure S2). The most sensitive parameter to the
change of pH buﬀer is the conductivity of the membrane
(σmembrane), which varies by orders of magnitude from low-tovery-high values with an increase in pH. This is in
correspondence to the physical mechanism of the functional
carboxylic acid groups of the membrane, which are expected to
deprotonate and become negatively charged at a pH value
above their pKa that, in turn, results in both the enlargement of
the capsule size due to water swelling and charge repulsion.
This swelling of the shell also leads to an increased
permeability of the membrane and higher eﬀective ionic
conductivity due to the presence of counterions and increased
mesh size. It is noted that the relative permittivity of the
interior core, εinterior, seems to depend on the solution pH, and
while in a high pH it is (∼73) close to that of water (∼80), in
lower pH solutions, it is smaller (∼33 in pH 4). It is suggested
that the presence of poly(vinyl alcohol) (PVA) molecules
within the interior core due to the fabrication process results in
the lowering of the eﬀective solution permittivity, as was
conﬁrmed by electrical impedance spectroscopy (EIS)
measurements (see Table S2 and Figure S3 for more details).
2.2. Transient ROT Response of Capsules. In addition
to the steady-state response, it is important to examine the
15768
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Figure 4. Transport of magnetic microcapsules and dynamic ROT characterization within a microﬂuidic channel exhibiting a gradient in pH and
containing embedded quadrupolar electrode arrays. (a) Schematic illustration of the dynamic changes of the magnetic microcapsules during their
magnetic transport between diﬀerent pH environments with their ROT direction at 1 MHz (top) and a superimposed microscopic bright-ﬁeld and
ﬂuorescent image of the channel (middle). The corresponding normalized ﬂuorescent intensity proﬁle (bottom) was set by a pH 4.8 solution
without ﬂuorescent molecules (FITC−Dextran) and a pH 9.5 solution with ﬂuorescent molecules as 0 and 1, respectively; (b) microscopic images
of the capsules in locations A and B and the superimposed time-lapse image showing magnetophoretic transport of microcapsules, where A and B
correspond to the center of the quadrupolar electrode array in the vicinity of the low- and high-pH reservoirs, respectively. The inset superimposed
images represent the ROT motion of microcapsules extracted from movie S4. The white and yellow scale bars are 50 and 100 μm, respectively. (c)
Steady-state ROT and DEP spectra of the magnetic capsules along with the theoretical ﬁtted models (Table S1 in supporting materials) for lowand high-pH buﬀers. The blue and red points and lines represent experimental data with the ﬁtted model for ROT and DEP responses, respectively.

was taken after some time ∼150−250 s to avoid the short-time
processes of the buﬀer exchange, i.e., either the physical
introduction of the capsule into the low-pH solution or the
diﬀusion process of the high-pH solution into the chamber
already containing the capsule within a low-pH buﬀer.
Interestingly, while the ROT angular velocity approaches
steady-state values within ∼500−600 s in both abrupt changes
of the solution to either low- or high-pH values, the change of
the radius from a large value at high pH to a small value at low
pH is signiﬁcantly more prolonged than the reversed change,
i.e., enlargement of the radius when shifted from low-to-high
pH. Such a diﬀerence in response time is in accordance with
the previously observed behavior for these dynamic capsules

where permeability ceased within seconds upon lowering of
the pH, while the decrease in capsule size takes minutes to
hours to occur.6 It is hypothesized that the long response time
in capsule size is due to the signiﬁcantly hindered and slow
egress of water from the core through the shell at low pH
conditions.
2.3. On-Chip Manipulation and In Situ Characterization of Magnetic Dynamic Capsules. We examined the
potential use of such dynamic microcapsules for lab-on-chip
operations such as trap, transport, and release of captured
molecules for targeted delivery applications wherein the
permeability of the membrane responds to the local pH values
of the solution. For this purpose, we fabricated capsules with
15769
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embedded magnetic nanoparticles, which could then be
manipulated magnetophoretically via an external magnet.32
Prior to performing on-chip tasks of the magnetic capsules,
their steady-state ROT and DEP responses were characterized,
using the same experimental setup as in Figure 2. A clear
distinct ROT and DEP frequency response of the magnetic
capsules for low and high pH (i.e., direction switches from an
antiﬁeld to a coﬁeld and from nDEP to pDEP) were obtained
at 1 MHz, which is similar to those of the nonmagnetic
capsules, as shown in Figure 4c and Supporting Information
Table S1. Thus, the magnetic nanoparticles do not strongly
aﬀect the dielectric response (i.e., CM factor) of the magnetic
capsule, which similarly to the nonmagnetic capsule is
dominated by its response to the change of pH.
Magnetophoretic manipulation of the capsules containing
magnetic nanoparticles enables their controlled movement on
microﬂuidic chips to perform localized tasks, while in situ
characterization of the capsules using ROT allows for the
direct determination of their physicochemical state. We
demonstrate these concepts within a microﬂuidic channel by
moving the microcapsules back and forth between two
reservoirs of high and low pH, respectively, each containing
ROT electrodes and with a target molecule present on the
high-pH side (see Figure 4a). The target molecule for this
demonstration was 0.2 mg mL−1 ﬂuorescein isothiocyanate−
dextran (FITC−Dextran, 4.0 KDa), and its concentration
gradient is clearly shown in the microscopic ﬂuorescence image
of Figure 4a. Movie S4 shows the controlled movement of the
magnetic and dynamic microcapsules from the low-pH to the
high-pH area of a microﬂuidic channel and the distinct ROT
response of the capsules in these respective areas. The
microscopic images of the capsules in locations A and B,
corresponding to the center of the quadrupolar electrode array
in the vicinity of the low- and high-pH reservoirs, respectively,
are shown in Figure 4b. The corresponding in situ ROT
response (1 MHz, 10 Vpp) of the magnetic capsules for the
low- and high-pH conditions are in agreement with those at
steady state. It is noted that the external magnet is not present
during the ROT tests so as to decouple any possible external
magnetic force and the electrical ROT response. Additionally,
the capsules show the uptake of the target molecule at high pH
(Figure 4b).

as targeted or single-cell drug delivery for in vitro studies or
sampling of molecules in speciﬁed local environments for
further analysis and more.

Research Article

4. METHODS
4.1. Device Fabrication. The quadrupolar electrode array
substrate (Figure 1) was fabricated using photolithography and wetetching processes to have distances across the center of electrodes of
100 μm for DEP and 500 μm for ROT characterization as previously
described.29 Layers of Au/Cr (200/30 nm in thickness) were
evaporated onto a glass substrate. After the electrode array was
fabricated, a ﬂexible silicon chamber of 1 mm in both diameter and
depth (Grace BioLabs) was attached onto the electrode substrate. For
magnetic manipulation of capsules, a polydimethylsiloxane (PDMS)based microﬂuidic layer (1 mm in thickness) was assembled on the
glass substrate with the embedded quadrupolar ROT electrode arrays
(Figure 4).33
The PDMS layer, fabricated using standard soft lithography and the
PDMS replica mold technique, consists of three microchambers (5
mm in diameter, 30 μm in height) with holes and the connecting
microchannels (2 mm in width, 30 μm in height). Above the holes in
each microchamber, an additional silicone reservoir (1 mm in height,
5 mm in diameter) was attached to ﬁll the solution, which prevents
evaporation of solution within the microchamber and controls the
possible ﬂow within the microﬂuidic chamber during experiments.
4.2. Fabrication of Capsules. 4.2.1. Chemicals and Materials.
4-Pentenoic anhydride (PenAn), tri(ethylene glycol) divinyl ether
(TEGDVE), pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP), poly(vinyl alcohol) (Mw 13 000−23 000, 98% hydrolyzed,
PVA), iron(II,III) oxide nanopowder (50−100 nm particle size from
SEM), and the photoinitiator 2-hydroxy-2-methylpropiophenone
(Darocure 1173) were purchased from Sigma-Aldrich and used as
received. Phosphate-buﬀered saline (PBS, 10X, RNase free) was
purchased from Alfa Aesar and diluted by DI water to 1X before use.
4.2.2. Fabrication of Microﬂuidic Drop-Making Devices. The
water-in-oil-in-water (W/O/W) double-emulsion drops were fabricated using polydimethylsiloxane (PDMS) microﬂuidic drop makers
obtained from soft lithography, as previously described.34 Brieﬂy, the
PDMS devices comprise two consecutive ﬂow-focusing junctions with
diﬀerent channel widths and heights. The channels of the ﬁrst
junction have a depth of 50 μm and a width of 40 μm, while the
channels crossing and exiting the second junction have a depth of 150
μm and a width of 50 or 100 μm. The PDMS devices are plasmabonded and placed in a vacuum for 1 week before use to achieve the
native hydrophobicity of PDMS after the bonding procedure. No
additional surface treatment is applied for the PDMS devices.
4.2.3. Synthesis of Double-Emulsion Microcapsules. Microcapsules were templated by double-emulsion drops fabricated with
microﬂuidic drop-making devices, as described previously.6,34 The
inner aqueous core phase contained 2 wt % PVA in 1X PBS buﬀer, the
middle oil phase was a mixture of the liquid monomers PenAn/
TEGDVE/PETMP/photoinitiator at a molar ratio of
1:1.64:2.64:0.11, and the outer aqueous phase contained 9 wt %
PVA in 1X PBS buﬀer. For magnetic microcapsules, 0.2 wt %
magnetic iron(III) oxide nanopowder was dispersed in the monomer
mixture at 4 °C immediately before drop making. The ﬂow rates for
the inner, middle, and outer phases (I−M−O) were controlled by
Harvard Apparatus syringe pumps to be at 8000−150−450 μL h−1
and at 8000−300−600 μL h−1 for nonmagnetic and magnetic
microcapsules, respectively. Following double-emulsion formation,
the drops ﬂow through a short collection tube into a collection bath of
1X PBS buﬀer and are immediately irradiated with UV light
(OmiCure S1500, 320−500 nm ﬁlter) to photopolymerize the shells.
The double-emulsion drops are stable toward coalescence and
collapse between microﬂuidic formation and UV-induced solidiﬁcation. The microcapsules were collected and washed with 1X PBS
buﬀer ﬁve times through successive replacement of the supernatant
with fresh PBS buﬀer, followed by centrifugation at 2000g. The size
distribution of the fabricated microcapsules under various pH

3. CONCLUSIONS
Herein, we demonstrated the DEP and ROT response of
dynamic microcapsules to varying pH values of the buﬀer in
both steady state and transient conditions. We show that the
membrane conductivity is the most sensitive parameter of the
capsules’ dielectric properties and increases by orders of
magnitude when the capsule transitions from low-to-high pH
values. This is in correspondence to the expected charging of
the tethered acid groups in the shell membrane at high pH
values, which leads to both enlargement of the capsule,
increased shell permeability, and high ion concentration in the
shell. The transient response, obtained via in situ ROT
characterization, also showed the characteristic time of these
changes and revealed a large diﬀerence between the very fast
change of the charging of the membrane compared to the
change in capsule size. Finally, we demonstrated the
applicability of this dynamic capsule for on-chip operations
such as capture and transport of target molecules that are
controlled by an external magnetic ﬁeld with simultaneous
characterization, which can be used for various purposes such
15770
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conditions is described in Figure S4. The thus-obtained poly(anhydride) microcapsules were hydrolyzed to reversibly pHresponsive (dynamic) poly(acid) microcapsules in 1X PBS at room
temperature for 3 days.
4.3. Experimental Setup for Capsule Characterization by
DEP/ROT. Figure 1 shows the quadrupolar electrode array
experimental setup for steady-state DEP and ROT characterization
of the capsules. A total of 5−10 μL of a solution comprised of
capsules suspended within various solutions were inserted into an
open chamber ﬁlled with various pH solutions. We used appropriate
ratios of acetic acid and sodium hydroxide for pH 4.5, phosphatebuﬀered saline (PBS) for pH 7, and glycine for pH 9.5, and their
conductivities are described in Table 1. Prior to the introduction of
capsules, the surface of the electrode array was wet in DI water with
Tween 20 (0.1% w/w) to prevent the absorption of capsules for 10
min and washed with target solutions. The conductivities of all buﬀer
solutions were measured using a portable conductivity meter
(LAQUAtwin, Horiba). During all DEP experiments, one or a few
capsules were placed within the electrode array to prevent capsule-tocapsule electrical interaction. Various AC ﬁeld frequencies with a
sinusoidal waveform were applied using a function generator
(33250A, Agilent). To minimize the side eﬀects (e.g., electrolysis,
joule heating, or electroporation35) of the electric ﬁeld, a suﬃciently
low-amplitude AC ﬁeld (5 Vpp−10 Vpp) that still provides a sensible
DEP eﬀect was applied. To generate the rotating ﬁeld (10 Vpp), a
four-channel arbitrary waveform generator (TGA12104, TTI) with a
90° phase-shift between the channels was connected to four planar
electrodes. The motion of the capsules, either linear translation due to
DEP or rotational motion due to ROT, was recorded using an Andor
Neo sCMOS camera attached to a Nikon TI inverted epi-ﬂuorescent
microscope with a 20× objective lens and further analyzed by a
particle tracking method using image processing software (ImageJ).
Data shown in all results are the averaged values from four to ﬁve
capsules. We modeled the data points using a single-shell model to
extract the ﬁtting parameters with optimization using MATLAB. To
ﬁt the single-shell model to the experimental data, we used a leastsquares-based Matlab function that ﬁnds a local minimum of the root
mean square (RMS) of the ﬁtting. To achieve a range for each
parameter, a sensitivity algorithm calculated the range of each
parameter in which the RMS of the ﬁtting does not change more than
5%.
4.4. Transient ROT Characterization of Capsules. For the
transient experiments, diﬀerent techniques were used for capturing
the transient reaction of the dynamic capsules. To demonstrate the
encapsulation process, capsules that were immersed for 1 day in a
high-pH solution were introduced into an open reservoir that contains
a low-pH solution. On the other hand, to demonstrate the intake
process, capsules that were immersed for 1 day in a low-pH solution
were introduced into a closed reservoir (9 mm in diameter, 0.11 mm
in thickness) that contains the low-pH solution. After the capsules
were placed inside the electrode array, a pipette was used to diﬀuse
the high-pH solution with ﬂuorescent molecules (FITC−Dextran)
into the chamber, up until the pH inside was high enough to start
aﬀecting the capsule.
4.5. Magnetophoretic Manipulations of Magnetic Capsules.
Two distinct low- and high-pH environments were formed at the ends
(left and right) of reservoirs of the fabricated platform, respectively,
and the magnetic capsules placed in the reservoir were magnetophoretically transported using external permanents (neodymium, 20
× 25 × 10 mm3, 53 of (BH)ax/MGOe). Prior to establishing the ﬁnal
pH environment, the channel was ﬁlled with a low-pH solution
without magnetic capsules. Then, a high-pH solution with ﬂuorescent
molecules (FITC−dextran 4.0 kDa) replaced the right end reservoir.
The middle chamber ﬁlled with a low-pH solution prevents the
propagation of the high-pH solution toward the left reservoir as a
ﬂow-compensated chamber (Figure 4a) during solution replacement.
Then, 3 μL of a solution comprised of capsules was introduced into
the left end microchambers and transported onto the left ROT
electrode array. During the transport of magnetic capsules back and
forth between diﬀerent pH reservoirs, pH gradients were continuously

monitored by switching ﬂuorescent and bright-ﬁeld modes. During
the ROT characterization of the capsule at diﬀerent locations, we used
the bright-ﬁeld mode to observe the shape of the capsule membrane.
4.6. Single-Shell Model of the DEP and ROT Response.
Given a nonuniform electric ﬁeld, the time-averaged DEP force for a
lossy dielectric spherical particle suspended within a lossy dielectric
medium is given as follows30
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FDEP = πεeR3Re[K *]∇|E|2

(1)

where Rcapsule is the outer radius of the capsule, E is the amplitude of
the electric ﬁeld, εe is the permittivity of the electrolyte, and Re (K*)
is the real part of the CM factor. In the case of a rotating (ROT)
electric ﬁeld, the time-averaged torque exerted on the capsule is
related to the imaginary part of the CM factor30,36
TROT = − 4πεeR3Im[K *]E2z ⃗

(2)

where z⃗ is a unit vector normal to the electrode’s surface and Im(K*)
is the imaginary part of the CM factor. The CM factor is a complex
term dependent on angular frequency (ω) of the applied electric ﬁeld
and the dielectric properties of the given capsule and medium

K *(ω) =

*
*
εcapsule
− εelectrolyte
σ
, ε* = ε +
*
*
jω
εcapsule
+ 2εelectrolyte

(3)

*
and εelectrolyte
*
are the complex permittivities of the
where εcapsule
capsule and the electrolyte, respectively, and ε and σ are the real
permittivity and the conductivity, respectively.
The capsule is modeled as a single-shell with a uniform inner core
(εinterior, σinterior) and a thin spherical wall (εmembrane, σmembrane) of
thickness tmembrane. The expression for the eﬀective complex
permittivity of the capsule, ε*capsule, for the single-shell model is
ÄÅ
ÅÅi R y3
*
i *
y
Å
zz + 2jjj εinterior − εmembrane zzz
*
*
εcapsule = εmembraneÅÅÅjjj
jj *
zz
ÅÅk R − t z{
*
ÅÇ
k εinterior + 2εmembrane {
ÉÑ
3
Ñ
*
*
− εmembrane
ij R yz
jij εinterior
zyzÑÑÑ
zzÑÑ
zz − jj
/jj
j ε*
zÑ
*
kR − t {
(4)
k interior + 2εmembrane {ÑÑÖ

For simplicity, it is assumed that the DEP force and the ROT torque
are balanced by viscous stresses such that the respective DEP velocity
(Ucapsule) and ROT angular velocity (Ωcapsule) are expressed as31,37,38
Ucapsule = A · Re[K *] , where A =

εeR2∇|E|2
6η

(5)

εeE2
2η

(6)

Ωcapsule = − B ·Im[K *] , where B =

where A and B are the proportionality factors to be ﬁtted to the
experimental data and η is the dynamic viscosity of the electrolyte.
4.7. Semiempirical Model for the Transient Response. The
model shown in Figure 3a,c that is ﬁtted to the experimental
measurements is assuming, for simplicity reasons, that the only
parameter that varies with time upon an abrupt change in the pH
conditions is the conductivity of the membrane. Upon a change from
low-to-high pH, we assumed the following model

l
o
σ et − t0/ τ1
t0 < t < t1
o
o
o pH4
σintake(t ) = m
o
o
o σpH10 − (σpH10 − σpH4 et1− t0/ τ1)e−t − t1/ τ2 t1 < t ′
o
n
(7)
−1
−5
where σpH10 = 18e [S/m] and σpH4 = 9e [S/m]. The assumption
of exponential dependency on time stems from the expected diﬀusion
problem that underlies the change in the membrane properties when
the outer solution of a diﬀerent pH propagates into the membrane
from the outside. Here, the ﬁtted time parameters are t0 = 250 [s]; t1
= 500 [s]; τ1 = 35 [s]; and τ2 = 550 [s]. For the case of a change from
high to low pH, we used the following ﬁtting
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where the ﬁtted time parameters are τ = 50 [s] and t1 = 70 [s].
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Movie 1: Transient ROT response of a dynamic capsule
from low to high pH, showing that when the angular
velocity of the capsule changes its direction, the release
of the encapsulated interior solution (pH 4.75 without
dextran) and the diﬀusion of the outer solution (pH 9.5
with dextran) into the capsule occurs simultaneously
(MP4)
Movie 2: Transient ROT response of a dynamic capsule
from low pH (∼4.75) to high pH (∼9.5) with a clear
change of the direction of rotation (MP4)
Movie 3: Transient ROT response of a dynamic capsule
from high pH (∼9.5) to low pH (∼4.75) with a clear
change of the direction of rotation (MP4)
Movie 4: On-chip manipulation of magnetic dynamic
capsules back and forth between the high- and low-pH
reservoirs including in situ ROT characterizations
(MP4)
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