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ABSTRACT

We report on a microsystem that couples high-throughput bacterial immunomagnetic capture to contact-free cell lysis using an alternating
current magnetic field (AMF) to enable downstream molecular characterization of bacterial nucleic acids. Traditional methods for cell lysis
rely on either dilutive chemical methods, expensive biological reagents, or imprecise physical methods. We present a microchip with a mag-
netic polymer substrate (Mag-Polymer microchip), which enables highly controlled, on-chip heating of biological targets following exposure
to an AMF. First, we present a theoretical framework for the quantitation of power generation for single-domain magnetic nanoparticles
embedded in a polymer matrix. Next, we demonstrate successful bacterial DNA recovery by coupling (1) high-throughput, sensitive micro-
fluidic immunomagnetic capture of bacteria to (2) on-chip, contact-free bacterial lysis using an AMF. The bacterial capture efficiency
exceeded 76% at 50 ml/h at cell loads as low as ∼10 CFU/ml, and intact DNA was successfully recovered at starting bacterial concentrations
as low as ∼1000 CFU/ml. Using the presented methodology, cell lysis becomes non-dilutive, temperature is precisely controlled, and poten-
tial contamination risks are eliminated. This workflow and substrate modification could be easily integrated in a range of micro-scale diag-
nostic systems for infectious disease.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011908

I. INTRODUCTION

Microfluidic platforms have emerged as a popular alternative
to traditional macro-scale diagnostic methods.1–5 Microfluidic
systems enable extremely precise fluid control and manipulation
and have demonstrated their ability to isolate and detect rare cells
from both environmental and biological samples by harnessing a
variety of physical and chemical separation methods.6–10 The
ability to rapidly isolate and specifically detect bacterial pathogens
has applications in infectious disease, biosecurity, and food and
water quality monitoring.11–13 Integrated micro-scale systems could
aid in shortening diagnostic timelines due their demonstrated effi-
cacy as high-throughput, sensitive, and specific biomarker isolation
and detection platforms.

Numerous pathogen characterization methods rely on access
to intracellular proteins and nucleic acids, requiring cell lysis fol-
lowing pathogen isolation.14–17 Traditional methods for cell lysis
rely on either dilutive chemical methods (e.g., detergents), expen-
sive biological reagents (e.g., lysozyme), or imprecise physical
methods.18,19 There is a significant need for a rapid, precise, and
reagent-free bacterial lysis method that can be easily integrated
with upstream microfluidic enrichment processes. This need
for highly controlled, non-dilutive cell lysis becomes especially
relevant when targeting the isolation and analysis of rare cells,
which is relevant to a range of clinical scenarios including the
diagnosis of bloodstream infections and prosthetic joint
infections.20–22
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Here, we utilize microfluidic immunomagnetic separation
methods to rapidly and specifically capture and concentrate bacteria
of interest on the surface of our microchip.23–25 The microchip sub-
strate is composed of a unique three-layer magnetic polymer (Mag-
Polymer), which consists of single-domain magnetic nanoparticles
mixed into a polydimethylsiloxane (PDMS) matrix. Mechanisms of
heat generation from magnetic nanoparticles have been comprehen-
sively studied.26–29 Most often, these studies are performed within
the context cancer therapy. Specifically, these studies investigate the
use of in vivo localized magnetic nanoparticles coupled to an exter-
nal alternating magnetic field for the hyperthermia of cancerous cells
and/or tissues. Significant effort has been dedicated to optimizing
therapeutic effects through rational design of magnetic nanoparticle
characteristics such as size, geometry, and composition in an
effort to limit field intensity requirements.26,30–32 For cancer cell
hyperthermia, target temperatures range from approximately 40 to
45 °C33; however, in this work, we aim to reach significantly higher
temperatures (i.e., 80–110 °C) to enable the highly controlled,
on-chip, thermal lysis of bacteria.18,34

The presented methodology couples microfluidic bacterial
enrichment with contact-free lysis using an AC magnetic field
(AMF). Following exposure to an AMF, bacteria are thermally
lysed, enabling additional on-chip and/or downstream nucleic acid
amplification and analysis (Fig. 1). First, we present a theoretical
framework for the optimization of Mag-Polymer microchip heating

as a function of magnetic field strength, field frequency, and mag-
netic nanoparticle characteristics. Next, we demonstrate an opti-
mized microfluidic bacterial immunomagnetic enrichment system,
which enables high-throughput sample processing, while achieving
extremely low limits-of-detection. Finally, we provide an experi-
mental characterization of microchip heating and demonstrate suc-
cessful recovery of double-stranded bacterial DNA for downstream
molecular characterization.

II. MATERIALS AND METHODS

A. Bacterial strains and culture conditions

Staphylococcus aureus (ATCC #27660) was pre-cultured over-
night in 5ml tryptic soy broth (TSB) (37 °C, 250 rpm shaking)
(Becton Dickenson, Franklin Lakes, NJ). The pre-culture was inocu-
lated 1:1000 into 25ml fresh TSB in a 250ml Erlenmeyer flask and
cultured for 12 h under identical conditions (37 °C, 250 rpm shaking).
The sample was centrifuged (12 100×g, 4 °C 10min), and the super-
natant was aspirated. Bacteria were resuspended in fresh TSB and
50% glycerol (1:1), aliquoted, and stored at −20 °C until use.

B. Functionalization of magnetic nanoparticles

150 nm streptavidin coated magnetic nanoparticles (SV0150,
Ocean Nanotech, San Diego, CA) were functionalized with

FIG. 1. Overview schematic of bacterial enrichment and contact-free lysis driven by an AC magnetic field. Step 1. The syringe pump pushes sample through hexagonal micro-
channel. The external magnet retains bacteria bound to functionalized magnetic nanoparticles within the microchannel, while waste products are collected as the output. TEM
image of S. aureus bound (∼0.5 μm) bound to magnetic nanoparticles (∼150 nm) (top right). Step 2. Overview schematic of contact-free cell lysis. External magnet is
removed, microchip is placed in coil, and microchip is exposed to an AMF. Bacteria are thermally lysed, enabling downstream nucleic acid collection and analysis.
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biotinylated anti-S. aureus polyclonal antibody (PA1–73174,
ThermoFisher Scientific, Waltham, MA). First, magnetic nanopar-
ticles (MNPs) were washed three times with PBS. Next, approxi-
mately 20 μg of IgG was added to 1 mg of suspended MNPs. The
mixture was incubated for 30 min at room temperature with gentle
rotation. Finally, conjugated MNPs were washed four times with
0.1% bovine serum albumin (BSA) in PBS and adjusted to a final
concentration of 1 mg/ml. Functionalized MNPs were stored at
4 °C until use.

C. Mag-Polymer microchip fabrication

To fabricate the magnetic polymer, 30 nm iron oxide (Fe3O4)
nanoparticles (Nanostructured & Amorphous Materials Inc., Katy,
TX) were mixed with Sylgard-184 polydimethylsiloxane (PDMS)
(Dow Corning, Midland, MI) to create a 35% (w/w) mixture. The
curing agent was added to the mixture at a ratio of 1:5 (w/w).
The mixture was manually stirred and degassed for 60 min. The
mixture was then spin coated onto a glass slide at 600 rpm for 30 s
and baked at 150 °C for 10 min. This step was repeated a total of
three times to create three polymer layers, having a total thickness
equal to ∼200 μm. The three-layer polymer structure was selected
after experimentation with varying layering and weight density
structures.

D. Sample preparation, processing, and quantification

To prepare a sample, S. aureus was diluted in PBS to the
desired concentration and volume (1 ml) and combined with func-
tionalized MNPs. Samples were incubated for 1 h at room tempera-
ture with gentle rotation. Samples were pushed through the
microchip at flow rates ranging from 5ml/h to 50 ml/h with a
syringe pump (Harvard Apparatus PHD Ultra, Holliston, MA).
Flow rate optimization experiments were conducted at a bacterial
load on the order of 103CFU/ml and were combined with 25 μg
functionalized MNPs per sample. Magnetic nanoparticle mass opti-
mization experiments were conducted at bacterial load on the
order of 103CFU/ml at a flow rate of 10 ml/h. System sensitivity
experiments were conducted at a flow rate of 50 ml/h and were
combined with 100 μg functionalized MNPs per sample. Bacteria
were quantified using traditional plate counting methods on TSB
agar plates. Capture efficiency was calculated by comparing the
number of viable bacteria in the input sample to the number of
viable bacteria in the output sample. Paired control samples, con-
taining viable bacteria and without magnetic nanoparticles, were
processed on the system to quantify potential bacterial loss and/or
death within the microsystem. System sterilization was performed
by pushing 5 ml of 70% ethanol at 0.5 ml/h, followed by 10 ml of
PBS at 1 ml/h and ∼2 ml of air to clear the microsystem prior to
sample processing.

E. AC magnetic field, DNA quantification, and cell
viability

The AMF induction coil used in these experiments was a
single-turn solenoid coil which was custom built by the Hoopes lab
at Dartmouth College.35 It is powered by a 25-kW generator
(Radyne, Milwaukee, WI) and cooled by a 3-ton ethylene glycol

cooling system (Tek-Temp Instruments, Croydon, PA). The field
was tuned to 165 kHz. The microchip surface temperature was
measured using a thermal camera (Model SC325, FLIR Systems,
Wilsonville, OR). Following a 60 s exposure to the AMF (200 Oe,
30 s; 500 Oe, 30 s), DNA was quantified using a Qubit 3.0
Fluorometer dsDNA High Sensitivity Assay Kit (ThermoFisher
Scientific, Waltham, MA). Cell viability was determined using the
plate counting method via 10 μl drop plates.

III. RESULTS and DISCUSSION

A. Theoretical framework for magnetic polymer
heating

Previous work by Tong et al. identified that magnetic iron
oxide particles ranging from 30 to 40 nm have a specific absorption
rate (SAR) approaching the theoretical limit when exposed to a
clinically relevant alternating magnetic field (AMF).28 Thus,
∼30 nm iron oxide nanoparticles were selected as the magnetic
component of our polymeric material. These magnetic nanoparti-
cles were spiked into polydimethylsiloxane (PDMS); this magnetic
polymer was spin-coated onto a glass substrate to create a three-
layer polymer structure for microchip heating [Figs. 2(a) and 2(b)].
The design of the heating layers was guided by an attempt to maxi-
mize heating efficiency, while limiting multi-layer microfabrication
requirements. The three-layer polymer structure was selected as the
optimal outcome. First, we sought to maximize the weight density

FIG. 2. Overview of device substrate and heating mechanism. (a) Mag-Polymer
microchip. Substrate modification consists of three identical spin coated polymer
layers (P-1–P-3). Magnetic nanoparticles mixed within the polymer (PDMS)
enable thermal lysis of bacteria, making molecules of interest available (i.e.,
DNA) for analysis (left). Atomic force microscopy image (AFM) displaying topog-
raphy of magnetic polymer surface (right). (b) Image of magnetic polymer-
coated microchip in microfluidic cartridge. (c) Schematic of heating mechanism
for magnetic nanoparticles embedded in polymer matrix (left). Néel relaxation—
the rapid change in magnetic moment in opposition to the nanoparticle’s crystal-
line structure—drives heat generation (right).
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of the iron oxide in the polymer matrix, while still achieving reli-
able and repeatable polymer cross-linking. Next, we sequentially
added polymer layers until target temperatures were achieved.
Importantly, we wanted to preserve ease-of-fabrication and repeat-
ability by employing a spin-coating fabrication methodology.

Below, we present a theoretical framework for the quantitation
of power generation from single-domain magnetic nanoparticles
confined in a polymer matrix when exposed to an AMF.

Power dissipation (P) from magnetic nanoparticles following
exposure to an AC magnetic field can be modeled using the
Rosensweig equation,27,28

P ¼ πμ0χ0H
2f

2πf τ

1þ (2πf τ)2
, (1)

where μ 0 is the permeability constant of free space (4π × 10−7

N/A2), χ0 is the magnetic susceptibility of the particles, H is the
magnetic field strength, f is the magnetic field frequency, and τ is
the effective relaxation time. When exposed to an alternating mag-
netic field, magnetic nanoparticles produce heat via three main
mechanisms: hysteresis, Brownian motion, and Néel relaxation.
Given the paramagnetic properties of the single-domain iron oxide
nanoparticles (<30 nm) and their confinement in a polymer
matrix, we can assume that magnetization reversal and heat genera-
tion is primarily limited to Néel relaxation (spin relaxation),
which is dictated by the anisotropy energy of the nanoparticles
[Fig. 2(c)].26 Therefore, τ can be defined as

τ ¼ τN ¼ τ0 exp
KV
kBT

� �
, (2)

where τ0 is the attempt time/period; KV , the anisotropy energy, is
the product of the magnetocrystalline anisotropy (K) and particle
volume (V); kBT , the thermal energy, is the product of Boltzmann
constant (kB) and absolute temperature (T).29,30 By combining
Eqs. (1) and (2), we can define power generation from a paramag-
netic nanoparticle embedded in a polymer as follows:

P ¼ πμ0χ0H
2f

2πf τ0 exp
KV
kBT

� �

1þ 2πf τ0 exp
KV
kBT

� �� �2 : (3)

Aside from thoughtful and intentional particle selection,
power dissipation from the magnetic polymer can be increased by
increasing the strength of the magnetic field (H), and by optimizing
the field frequency (f ) such that f is equal to τ−1.29

B. Microfluidic immunomagnetic bacterial enrichment

Bacterial samples were processed through a hexagonal-shaped
microchannel (30 × 20 mm2) exposed to an optimized external
magnetic field. The specifications of this platform have been previ-
ously reported for the isolation of circulating tumor cells
(CTCs).36,37 In this work, the microchip glass substrate was modi-
fied with a three-layer, spin-coated magnetic polymer to enable

contact-free heating of the microchip immediately following cell
capture.

Magnetic nanoparticles for cell capture were functionalized
with an anti-S. aureus polyclonal antibody to selectively bind target
bacteria [Fig. 3(a)]. The microfluidic bacterial capture system was
optimized to maximize system sensitivity and sample throughput.
First, bacterial capture efficiency was evaluated as a function of
sample flow rate. Bacterial samples were continuously flowed
through the microchannel at flow rates ranging from 5ml/h to
50 ml/h, but no significant difference in capture efficiency was
observed [Fig. 3(b)]. This finding suggests that our microfluidic
immunomagnetic capture system is robust to high flow rates,
enabling rapid sample processing and target biomarker enrichment.
Next, bacterial capture efficiency was evaluated as a function of
magnetic nanoparticle mass. We observed that bacterial capture
efficiency significantly increased with increasing magnetic nanopar-
ticle mass [Fig. 3(c)]. These initial experiments allowed for the
implementation of optimized assay parameters to asses system
limit-of-detection.

Our optimized flow-through immunomagnetic capture plat-
form demonstrated successful bacterial capture at high flow rates
(50ml/h), while still achieving low limits-of-detection (∼10 CFU/ml).
By employing optimized assay conditions, Staphylococcus aureus
capture efficiency ranged from 86.1% ± 3.34% to 95.93% ± 4.07% for
105CFU/ml and 103CFU/ml, respectively. Notably, at bacterial con-
centrations on the order or 101CFU/ml, capture efficiency exceeded
80% for all samples evaluated, with a mean of 88.7% ± 3.49%
[Fig. 3(d)]. The data presented suggest that our proposed immuno-
magnetic enrichment platform can rapidly concentrate bacteria at
extremely low cell loads, which is relevant to a range of infectious
disease diagnostic applications.5,38,39

C. Microchip heating and quantification of recovered
DNA

Following S. aureus capture, the microchip was exposed to an
AMF for 60 s [Fig. 4(a)]. The field strength was optimized to result
in a microchip temperature that maximized bacterial lysis, while
preserving biological molecules of interest (i.e., dsDNA).34 For the
first 30 s, the microchip was exposed to a field of approximately
500 Oe to rapidly achieve the target temperature (105.5 °C ± 0.92 °C).
Once the target temperature was achieved, the field strength was
lowered to approximately 200Oe for an additional 30 s to maintain
an exposure temperature ranging from 105.5 °C ± 0.92 °C to
100.6 °C ± 0.92 °C [Fig. 4(b)]. In addition to the heating profile
evaluated here, the magnetic polymer substrate enables extremely
precise heating at a range of biologically relevant temperature pro-
files. In comparison to other off-chip thermal lysis methodologies
(e.g., heating block), the Mag-Polymer substrate modification allows
for fine-tuning of the thermal gradient and localized heating on
rationally patterned regions of the microchip surface. Additionally,
thermal exposure is highly homogenous and extremely precise, as is
indicated by the relatively small standard error observed in reported
temperatures across multiple devices. This heating modality also
moves toward the design of a fully integrated microsystem for
nucleic acid recovery from biological samples.
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FIG. 3. Microfluidic immunomagnetic bacterial capture. (a) Transmission Electron Microscopy (TEM) images of S. aureus bound to 150 nm magnetic nanoparticles. (b)
Bacterial capture efficiency as a function of flow rate. (c) Bacterial capture efficiency as a function of magnetic nanoparticle mass. (d) Bacterial capture efficiency as a func-
tion of cell concentration. Control samples contained no functionalized magnetic particles and were evaluated to account for any potential bacterial loss and/or gain within
the micro-system. All samples were evaluated in triplicate. Standard error of mean is reported.

FIG. 4. Mag-Polymer microchip heating. (a) Representative thermal image of microchip in coil after 30 s exposure to AMF. (b) Temperature of the microchip as a function
of time. Temperature data were collected using a thermal camera. Three unique devices were evaluated, and each device was tested in triplicate. Standard error of the
mean is reported.
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Following exposure to the AMF, the efficacy of our contact-
free cell lysis platform was evaluated as a function of recovered
dsDNA and cell death (Fig. 5). We demonstrate successful recovery
of intact dsDNA for starting bacterial sample concentrations on the
order of 103CFU/ml (59.8 ng/ml ± 15.2 ng/ml). We hypothesize
that these low detection limits are feasible as a direct result of our
microfluidic enrichment step prior to cell lysis, which effectively
localizes and concentrates bacterial nucleic acids. Specifically, the
starting sample volume of 1 ml is effectively concentrated to an
∼5 μl sample on the surface of the microchip. Additionally, cell
death was confirmed and ranged from 87.41% ± 3.95% to
99.98% ± 0.003% for bacterial sample concentrations on the order
of 105CFU/ml to 104CFU/ml, respectively.

IV. CONCLUSIONS

To the best of our knowledge, this is the first study to report
on a contact-free lysis method coupled to a flow-through microflui-
dic cell capture platform. We describe a unique Mag-Polymer
microchip design that enables controlled, contact-free, and non-
dilutive cell lysis following exposure to an AMF. We also provide a
theoretical framework for future work aimed at optimizing power
dissipation from the material in an effort to limit required external
power and equipment. We demonstrate extremely sensitive and
high-throughput microfluidic immunomagnetic bacterial enrich-
ment using a hexagonal microchannel and optimized external mag-
netic field. This enrichment platform has been previously
demonstrated for the enrichment of circulating tumor cells (CTCs),
but this study reports its first successful translation and application
to bacterial enrichment.23,37 It is important to note that by per-
forming bacterial enrichment prior to lysis, rare biomarker detec-
tion sensitivity is significantly increased.

Following experimental characterization of microchip heating,
we demonstrate that this novel methodology is successful at lysing
captured bacteria and recovering intact double-stranded DNA for
downstream characterization of the captured pathogen. We think
that this methodology is especially relevant to the micro-scale plat-
forms that target the isolation and detection of rare biomarkers due
to the ability to finely tune thermal exposure, and eliminate dilutive
wash steps and/or chemical buffers. In addition to bacterial cell
lysis, there are numerous other biological applications (i.e., PCR)
that could utilize this Mag-Polymer microchip substrate

modification and precise heating mechanism for on-chip molecular
analysis and detection. Due to the relative simplicity of our mag-
netic polymer substrate fabrication method, we anticipate that this
microchip substrate modification could be easily integrated in a
range of micro-scale diagnostic systems for rapid, precise, and
contact-free heating to enable comprehensive characterization of
the disease-causing pathogens.
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