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We report a robust magnetic-membrane-based microfluidic platform for controllable chemical release. The magnetic membrane
was prepared by mixing polydimethylsiloxane (PDMS) and carbonyl-iron nanoparticles together to obtain a flexible thin film.
With combined, simultaneous regulation of magnetic stimulus and mechanical pumping, the desired chemical release rate can
easily be realized. For example, the dose release experimental data was well fitted by a mathematical sigmoidal model, exhibiting
a typical dose-response relationship, which shows promise in providing significant guidance for on-demand drug delivery. To
test the platform’s feasibility, our microfluidic device was employed in an experiment involving Escherichia coli culture under
controlled antibiotic ciprofloxacin exposure, and the expected outcomes were successfully obtained. Our experimental results
indicate that such a microfluidic device, with high accuracy and easy manipulation properties, can legitimately be characterized as
active chemical release system.

1. Introduction

Controllable release describes materials or devices that can
control the release time or the release rate of chemicals or
both.This technique has provided broad usefulness in differ-
ent fields such as foods, cosmetics, pesticides, and agricultural
industries [1, 2], while the most important application is
active drug release [3]. It is well known that how and when
a drug is delivered can have a significant effect on its potency.
Traditional drug-release systems are characterized by imme-
diate and uncontrolled drug-delivery kinetics, such system
is usually referred to as passive drug release. Under such
circumstance, it is possible that a given drug concentration
dangerously approaches its toxic threshold to subsequently
fall below the level with effective potency. From the viewpoint
of the pharmacotherapy optimization, drug release should
be controlled in accordance with the potent purpose and
the pharmacological properties of active substances. This

purpose has given great impetus to the concept known as
active drug release, which first arose in the 1960s. Typically,
controlled or active release is used to achieve sustained or
pulsatile drug release. The rationale is to maintain drug
concentration in the target receptors at a desired value as
long as necessary [4]. What is actively controlled, in other
words, is the drug-release rate and duration [5]. Compared
with conventional dosage protocols, controlled drug release
systems offer numerous advantages such as enhanced efficacy
and reduced toxicity [6].

In recent years, many of the thrusts into the field have
spurred the rapid development of advanced drug-release
systems and made numerous new discoveries. One popular
approach involves incorporation of drug molecules into
the matrix of microscopic polymer spheres or capsules [7,
8]. Most are fabricated with polymers having particular
physical or chemical characteristics, such as good biodegrad-
ability, biocompatibility or sensitive responses to PH value
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[9–11], temperature [12], light intensity [13, 14], external
electric [15] or magnetic field [16], glucose [17], and others.
Additionally, recent achievements in microtechnologies have
been applied in designing drug-release microdevices, for
example, microneedles and implantable microchips [18–
20], which possess inherent advantages such as hand-held
portability, sample saving, and implantable properties. The
aforementioned controlled drug-release systems, moreover,
can circumvent problems that are commonly encountered
in traditional drug-release methods. However, some of these
systems fail to achieve any desired complex release profile
or involve complicated design and fabrication. To address
these problems, we here introduce a novel prototypical
microfluidic controlled-chemical-release platform based on a
magnetic-field-actuated composite membrane which incor-
porates carbonyl-iron nanoparticles for actuation by mag-
netic field. Compared with existing release systems, our
platform possesses such remarkable advantages as simple
fabrication, easy manipulation, and high accuracy. And we
demonstrate the microfluidic chip’s feasibility for the real-
ization of customizable release profiles as well as its general
applicability in the drug release for biological system.

2. Experiments, Results, and Analyses

2.1. Materials. Polydimethylsiloxane (PDMS) was used in
the fabrication of both the microfluidic chip and magnetic
composite membrane due to its good flexibility, biocompati-
bility, and transparency, among other merits. The magnetic
membrane used as the drug-delivery component, consists
of carbonyl-iron (CI) nanoparticles mixed with PDMS, so-
called CI-PDMS [21]. Due to its high magnetization and
good mechanical elasticity, the CI-PDMS magnetic mem-
brane shows good vibration characteristics under an external
alternativemagnetic field [21]. Ciprofloxacin andGFP recom-
binant E. coli bacteria in L-Broth standard growth medium,
one liter of which contains 10 g tryptone, 5 g yeast extract, 10 g
sodium chloride, and 2mL ampicillin solution (100mg/mL),
were employed in the biological experimentation.

2.2. Microfluidic Chip Fabrication. Figure 1(a) schematizes
the three-dimensional microfluidic chip fabrication proce-
dure. It can be seen in the upper-left area of the figure,
premixed PDMS gel (Sylgard 184 Silicone Elastomer, Dow
Corning Corporation; weight ratio of prepolymer : cross-
linker = 10 : 1) wasmixed with CI nanoparticles and degassed,
after which it was spun-coated on a Teflon-treated glass wafer
so as to form thin layers of CI-PDMS. After solidification
in an oven (65∘C, 2 hours), a CI-PDMS membrane of about
100 𝜇m in thickness was fabricated to the desired size using
the laser-cutting technique. The CI-PDMS composite prop-
erties can be found in our previous report [21]. The chamber
layers were patterned directly onto a cured PDMS sheet by
laser cutting, as shown in the upper-right area of Figure 1(a).
The aforementioned layers were bounded together by means
of oxygen plasma bonding. The same steps were repeated for
the fabrication of the diffusion PDMS membrane and the
lower chamber layers. The microfluidic chip shown in the

lower inset of the figure consists of two individual chambers
separated by a diffusionmembrane, while at the bottomof the
chip, a CI-PDMS magnetic membrane is located. It should
be pointed out that other hydrophilic polymer films (e.g.,
MEMBRA-CELMC18 X 100 CLR, Viskase Companies, USA)
also can be used as the diffusion membrane and that the
bonding methodology is similar to that for PDMS thin film.
Figures 1(b)-1(c) show the top and bottom views, respectively,
of a well-made microfluidic chip including five reservoirs,
each one with diameter of 1000 𝜇m and depth of 0.1 cm.

2.3. Working Mechanism of Microfluidic Chip. The experi-
mental setup shown in Figure 2 was used to test the release
characteristics of themicrofluidic chip. In the upper chamber,
water was injected to the full; sodium chloride (NaCl)
solution of 0.5mol/L was pumped to the bottom chamber
with flow rate 0.04mL/h. Two platinum electrodes, mounted
in the upper chamber and connected to a digital multimeter
(Agilent 34411A), were used to determine the solution’s
conductance variationwhen theNaCl diffused from the lower
chamber to the upper one through the diffusion membrane.
An electromagnet positioned directly beneath the CI-PDMS
membrane of the microchip served to actuate membrane
vibration via push-pull movement when acted on by an
alternative current within the 60–110Hz frequency range,
while two syringe pumps controlled the flow status of two
fluids to the two chambers. LabVIEW software was utilized
for device control and data collection.

2.4. Determination of Chemical-Release Profiles. Figure 3(a)
presents the NaCl ion concentration’s variation profiles
resulting from the changes of electrical conductance in the
upper chamber when the solution diffused from the lower
chamber through the membrane. Based on the proportional
relationship between conductance and ion concentration, the
vertical axis is normalized to the original conductance and
represents ion concentration. These profiles can be realized
under different working conditions of the electromagnet and
syringe pump 2 (in the current experiment, syringe pump 1
was used only forwater filling and usuallywas kept in theOFF
state). The ON/OFF signals for both the electromagnet and
syringe pump 2 are illustrated in Figure 3(b). For example,
when syringe pump 2 was ON and the electromagnet was
OFF over the entire working duration, the solution diffused
naturally through the membrane without any actuated func-
tion, the corresponding variation of the NaCl ion concentra-
tion delivery route in the upper chamber is drawn as curve 2.
It can be seen that the magnetic field applied to the magnetic
membrane obviously strengthens the diffusion effect caused
by membrane vibration. NaCl diffused very rapidly initially
and then slowly approached the saturation value. Other
routes could also be obtained by varying theON/OFF states of
electromagnet and syringe pump 2.The demonstrated curves
are plotted in Figure 3(a) and the corresponding actuated
signals are shown in Figure 3(b).
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Figure 1: The preparation of drug delivery microfluidic chip and real pictures: (a) schematical fabrication process; (b) top view of this chip;
(c) bottom view of this chip.

Sigmoidal fitting to the experimental data was carried
out with the following Boltzmann equation of software
OriginPro-8:

𝑦 =
𝐴
1
− 𝐴
2

1 + 𝑒(𝑥−𝑥0)/𝑑𝑥
+ 𝐴
2
, (1)

where 𝑦 represents the ion concentration measured in the
upper chamber, 𝐴

1
and 𝐴

2
are the initial and final values of

the ion concentration, respectively, 𝑥
0
is the inflection point

at which 𝑦 shows the most significant change, and 𝑑𝑥 relates

to the slope of the tangent line at 𝑥
0
. These parameters are

clearly illustrated in the upper-right inset of Figure 3(a).
Since the ion concentration was normalized to 1 as the

maximum, 𝐴
1
and 𝐴

2
in (1) can be fixed to 0 and 1,

respectively. Thus, (1) can be rewritten as

𝑦 =
1

1 + 𝑒−(𝑥−𝑥0)/𝑑𝑥
. (2)

From (2), we can simply obtain 𝑦(𝑥
0
) = 1/4𝑑𝑥 and

𝑦


(𝑥
0
) = 0.
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Figure 2: Cross-section view of the microfluidic device.

The first-order derivative of (2) at 𝑥
0
is inversely pro-

portional to the parameter 𝑑𝑥, the smaller value of which
signifies the larger ion concentration changes per unit time.
The inflection point 𝑥

0
marks the time at which the growth

rate of the solution’s diffusion effect of solution shifts from
acceleration to deceleration. Therefore, the second-order
derivative at 𝑥

0
equals zero.

Interpreting the parameters in their biological mean-
ings is helpful in understanding the corresponding drug-
release characteristics. From a pharmacological standpoint,
the 𝑥
0
value can be used to differentiate drug administration

rates, acceleration or deceleration, the steepness factor 𝑑𝑥
representing a most significant response per unit change
in administered dose. Accordingly, these parameters can be
utilized as indicators in evaluating the potency and efficacy
of administrated drugs. If assigning any arbitrary values
to 𝑥
0
and 𝑑𝑥, we can, based on the solution diffusion

results, purposely construct a new delivery route by proper,
simultaneous manipulation of the respective magnetic field
and pumping signals. In this way, active drug release can be
achieved.

Figure 3(a) clearly shows good agreement between the
fitting results from above mathematical model and the
experimental data. Table 1 indicates that the values for 𝑥

0

and 𝑑𝑥 differ from each other for different curves, which
result from the combined regulation of themagnetic field and
mechanical pumping. From the fitted value, we note that 𝑑𝑥
and 𝑥

0
for curve 1 are much smaller than those for curve 2.

Biological Experimentation for Dose-Response Assessment.
The sigmoid-shaped curve in Figure 3(a) represents a typical
dose-response relationship, which is the most fundamental
and pervasive concept in toxicology [22]. Studying dose-
response model is crucial to determine the “safe” and “haz-
ardous” levels and dosages of drugs to which organisms are
exposed. It is known that dose- responses can be elucidated
in cell culture preparations wherein there is a discrete
and controlled pharmacologic environment. Additionally,

Table 1: Fitting parameters for curves 1–5 in Figure 3(a).

Parameter Curve
1 2 3 4 5

𝑥
0

28.85 67.84 140.55 194.07 246.1
𝑑𝑥 16.45 43.42 54.7 27.24 16.98

a comparison of dose-response curves among drugs can
identify both the therapeutic and the toxic effects of the
potential drugs. Thus, given the above experimental results,
we deduced that if we substituted, in a biological experi-
ment, ciprofloxacin solution and growth medium (L-Broth)
for sodium chloride and water, respectively, similar dose-
response consequences could be observed. Ciprofloxacin is a
synthetic chemotherapeutic antibiotic of the fluoroquinolone
drug class [23, 24], while E. coli is a gram-negative rod-
shaped bacterium commonly found in the lower intestine of
warm-blooded organisms (endotherms). Pharmacologically,
ciprofloxacin can inhibit the reproduction and genetic mate-
rial repairment of GFP recombinant E. coli bacteria.

In order to verify our hypothesis and characterize the
established drug-delivery platform for realistic application,
ciprofloxacin was pumped into the lower chamber and GFP
recombinant E. coli bacteria with L-Broth standard growth
medium in the upper compartment. One liter of this medium
contains 10 g tryptone, 5 g yeast extract, 10 g sodium chloride,
and 2mL ampicillin solution (100mg/mL). Similar to the
microfluidic chip shown in Figure 2, the chip used in the
present experiment consisted of five pairs of reservoirs
labeled C1, C2, C3, C4, and C5, respectively. The drug-
delivery routes of ciprofloxacin for C1–C5 were consistent
with curves 1–5 described in Figure 3(a), but the experiment
was carried out for 120min. During the experiment, fluores-
cent images of E. coli in the chip reservoirs were taken by
a Canon camera (EOS 5D, Mark II) equipped with a macro
lens.

We extracted the average light intensity from each optical
image using Adobe Photoshop software, and the results are
illustrated in Figure 4, where it is evident that in chamber C5,
the E. coli grew andmultiplied very well.The intensity of fluo-
rescence doubled every 20min during the first one and a half
hours, since initially less drug amount was diffused to the cell
chamber. Thereafter, the growth rate decreased somewhat.
The reason lies in the limitation of L-Broth growth medium;
that is, it becomes deficient after one-hour cell culture;
consequently, the drug effect increased more rapidly. With
regard to chamber C1, at first the ciprofloxacin concentration
reached a high level, prevented cells from reproduction, and
in that way maintained the cell concentration at a relatively
low level during the 2-hour experiment. As for chamber C4,
at the very outset the ciprofloxacin concentration was low
enough not to cause much effect, and so the cells grew very
well. However, after one hour, more and more drug diffused
from the lower chamber through the diffusion membrane
to the upper one. This highly concentrated ciprofloxacin
successfully inhibited cell reproduction and genetic material
repairmen. As a result, the cells in chamber C4 multiplied
little during the last 20min of the experiment. From this
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Figure 3: NormalizedNaCl solution diffusion profiles. Each curve corresponds to the combined regulation from electromagnetic and syringe
pump. The square-wave signal shows the working situation of electromagnet and syringe pump, respectively.
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Figure 4: Antibacterial property of loaded fluoroquinolone
ciprofloxacin in E. coli. The drug delivery routes of ciprofloxacin
to E. coli chambers C1–C5 correspond to curves 1–5 shown in
Figure 3(a), respectively. The column bars indicate the fluorescent
intensity in each chamber which reflects the rough number of
bacterial inside.

experiment on the antimicrobial effect, we can conclude
that E. coli is capable of enhancing its drug resistance when
ciprofloxacin increases slowly at the initial stage, even though
the final dose is the same. These results agree very well with
the normalized diffusion profiles in Figure 3(a).That is to say,

the drug-delivery profiles indicate that treatment doses and
duration times can be modulated for the desired task.

3. Conclusions

By utilizing magnetic nanoparticles, we successfully demon-
strated amicrodevice for chemical release.This kind of device
has numerous potential advantages, such as being simple to
fabricate and operate, high precision in chemical release, and
low cost. The present research explicated the formulaic dose-
response drug-release property based on the magnetically
actuatedmembrane.The active functionality of amicrofluidic
device, all of its processing digitized via actuated signals, was
demonstrated in an investigation of the antibacterial property
of loaded fluoroquinoloneCiprofloxacin in E. coli.The results
clearly indicated the device’s potential to control dosage at
a satisfactory level, thereby illustrating the promise of such
a controlled drug-release method. Specifically, by changing
the size of the drug reservoir, the amount of medication can
be accurately controlled; hence, a variety of drugs, especially
sensitive or highly potent drugs, potentially can be delivered
in a safe manner using the microdevice.
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