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ABSTRACT: Early sensitive diagnosis of cancer is critical for
enhancing treatment success. We previously bioengineered multi-
functional core−shell structures composed of a poly-3-hydrox-
ybutyrate (PHB) core densely coated with protein functions for
uses in bioseparation and immunodiagnostic applications. Here, we
report bioengineering of Escherichia coli to self-assemble PHB
inclusions that codisplay a ferritin-derived iron-binding peptide
and the protein A-derived antibody-binding Z domain. The iron-
binding peptide mediated surface coating with a ferrofluid
imparting superparamagnetic properties, while the Z domain
remained accessible for binding of cancer biomarker-specific antibodies. We demonstrated that these nanobeads can specifically bind
biomarkers in complex mixtures, enabling efficient magnetic separation toward enhanced electrochemical detection of cancer
biomarkers such as methylated DNA and exosomes from cancer cells. Our study revealed that superparamagnetic core−shell
structures can be derived from biological self-assembly systems for uses in sensitive and specific electrochemical detection of cancer
biomarkers, laying the foundation for engineering advanced nanomaterials for diverse diagnostic approaches.

KEYWORDS: poly-3-hydroxybutyrate, self-assembly, superparamagnetism, nanobeads, DNA methylation, exosomes,
electrochemical biosensor

1. INTRODUCTION

Material sciences have gained remarkable attention due to the
continuous progress in controlled synthesis and processing of
innovative materials within the nanometer scale. These
nanomaterials have been applied in biosensing assays due to
their unique properties exhibited at the nanoscale, which can
substantially improve analytical specificity and sensitivity.1,2

Biopolymers have increasingly attracted interest as advanced
materials that can be engineered to exhibit unique advanta-
geous properties for diagnostic application.3,4 For biosensing,
nanomaterials, such as carbon-/silica-based inorganic nanoma-
terials or paramagnetic iron oxide nanoparticles, have typically
been utilized in biomolecule isolation to enable rapid, cost-
effective, and high-throughput workflows.5 Despite broad
usage feasibility, nanomaterial manufacturing generally has
limitations as they are often not amendable toward larger-scale
industrial production. Additionally, the toxicity and environ-
mental impact of these inorganic nanomaterials are consid-
erable.6

Bioengineered polyhydroxybutyric acid (PHB) beads
(∼100−300 nm) are naturally synthesized and assembled
inside cells of a wide range of bacteria and serve as a reserve
material. Industrial microbial production hosts such as
Escherichia coli7,8 (E. coli) or Bacillus megaterium9 were
engineered to produce surface-functionalized PHB beads

enabling low-cost manufacturing processes and the develop-
ment of molecular tools to precision-engineer high-perform-
ance materials for uses such as in bioassays.8,10−12

Bioengineered PHB nanobeads are core−shell structures
where the core is made of semicrystalline hydrophobic PHB
exhibiting unique thermal and mechanical properties while the
surface is composed of covalently anchored proteins that can
be engineered to densely present binding domains in a
homogeneous orientation facilitating access to target molecules
suitable for biosensing applications (Figure 1).3,13,14 The self-
assembly of PHB-anchored proteins translationally fused to
protein functions during PHB synthesis enables the dense and
oriented display of various protein functions on the surface for
enhanced target capture and recognition.14−16 The increased
functional surface area of PHB nanobeads also allows for
integration of inorganic binding peptides that mediate binding
such as gold, silica,10 cadmium,17 and, as described in this
study, iron oxide to convey additional physical properties such
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as superparamagnetism. Here, we bioengineered E. coli to
assemble PHB nanobeads that were able to specifically bind
any antibody via its Fc domain and that could be processed
into superparamagnetic nanobeads. Such nanobeads could be
easily dispersed in solution and then retrieved using an external
magnet.18 In particular, we describe the use of such
superparamagnetic PHB nanobeads as a promising tool for
magnetic isolation and detection of target biomolecules
present in complex biomatrices. We exemplified the function-
ality of superparamagnetic PHB nanobeads by demonstrating
isolation and electrochemical detection of traditionally
challenging biomarkers such as methylated DNA and
exosomes.
DNA methylation is a covalent modification that occurs at

the fifth carbon position of the pyrimidine ring of cytosines
within cytosine-guanine (CpG) dinucleotides19,20 and is one of
the key epigenetic signatures that are essential for regulating
cellular pathways.21−23 In cancer, aberrant DNA methylation at
CpG-rich regions is usually associated with long-term
repression of gene expression. Thus, precise quantification of
global DNA methylation levels in cells could serve as a useful
cancer biomarker. To date, the gold standard detection
method for DNA methylation is based on bisulfite treatment
of methylated bases before analysis.24,25 However, bisulfite
treatment requires long assay duration, experienced lab
personnel, and tedious workflows, therefore limiting its
practical applicability in clinical settings. Hence, the develop-
ment of alternative methods for rapid, simple, and cost-
effective isolation and detection of global DNA methylation
levels would be greatly useful.

Exosomes are nanometer-sized vesicles (30−150 nm)
generated in the endosomal compartment and are released
by virtually every cell type in the body.26 Exosomes have been
shown to be key mediators of cell-to-cell communication,
delivering a distinct cargo of lipids, proteins, and nucleic acids
that reflect their cell of origin.27 Owing to their composition,
easy accessibility, and ability to represent their parental cells,
exosomes recently attracted increasing interest as promising
biomarkers for liquid biopsies.28 Exosomes exist in all body
fluids including blood, urine, and saliva and are generated by
most of the normal and pathological cells.29 Thus, there is a
need for development of accurate isolation and detection
techniques of disease-specific exosomes.
To date, several isolation and enrichment technologies have

been developed for exosomes such as immunoaffinity capture-
based methods, ultracentrifugation, and polymer precipitation.
Immunoaffinity-based methods provide highly specific strat-
egies to isolate exosomes via the affinity interactions between
exosomal proteins and their specific antibodies or receptors
and their cognate ligands. However, the efficiency of these
methods is greatly dependent on the selection of an
appropriate membrane marker and respective antibodies or
ligand interaction. Although ultracentrifugation methods are
inexpensive and rapid, the filter poles of the membranes often
trap vesicles, which subsequently reduces the exosome yield.
Polymer precipitation methods offer relatively simple isolation
with no specialized instrumentation required. However, the
specificity can be affected by the coseparation of impurities and
polymer molecules. Thus, developing a sensitive single-step
method that can rapidly isolate and subsequently detect

Figure 1. Schematic overview of the assembly of superparamagnetic PHB nanobeads. E. coli BL21 (DE3) was engineered to efficiently convert
glucose into (R)-3-hydroxybutyryl-CoA, the PHB precursor. The PHB synthase fusion protein was overproduced at the same time and catalyzed
polymerization of (R)-3-hydroxybutyryl-CoA to PHB while generating a surface coat that displays iron-binding peptides and IgG-binding ZZ
domains. These core−shell structures were manufactured and processed into superparamagnetic nanobeads using a ferrous fluid. Addition of
various target-specific antibody−HRP conjugates enable specific sequestration of the targets from complex mixtures by magnetic separation
followed by elution of the antibody-bound target and sensitive electrochemical detection.
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exosomes would be transformative in the clinical research of
exosomal biomarkers.
In this study, we report the bioengineering of E. coli to

assemble antibody-bound PHB nanobeads that can be
processed to become superparamagnetic for electrochemical
quantification of global DNA methylation and cancer-derived
exosomes. Superparamagnetic PHB nanobeads exhibited
specific binding to antibodies and superparamagnetic proper-
ties, enabling magnetic separation of methylated DNA and
exosomes for specific recognition via coupled peroxidase-
mediated electrochemical reactions. The size and surface
properties of the bioengineered PHB nanobeads were
characterized to assess their suitability for capture, isolation,
and purification of methylated DNA targets and exosomes
from ovarian cancer cells. Post-purification, the methylated
DNA targets and exosomes were directly adsorbed onto a
screen-printed gold electrode (SPE-Au) surface. The methy-
lated DNA targets and exosomes were then analytically
quantified using a catalytic redox cycling system of hydrogen
peroxide/horseradish peroxidase/hydroquinone (H2O2/HRP/
HQ).

2. EXPERIMENTAL SECTION
2.1. Reagents and Chemicals. All chemicals and reagents were

of analytical grade and obtained from Sigma-Aldrich (Sydney, NSW,
Australia). UltraPure DNase/RNase-free distilled water was pur-
chased from Invitrogen (Carlsbad, CA, USA). An SPE-Au with a
three-electrode system was purchased from Dropsens (Llanera,
Asturias, Spain). In the three-electrode system, working (diameter =
4 mm), counter, and reference electrodes were gold, platinum, and
silver-modified electrodes, respectively. Hydroquinone and hydrogen
peroxide solution were purchased from Thermo Fisher Scientific
Australia Pty Ltd. (Scoresby, VIC, Australia). A 5-methylcytosine
(5mC) antibody and a horseradish peroxidase (HRP) conjugation kit
were purchased from Abcam (Melbourne, VIC, Australia).
2.2. Preparation and Characterization of PHB Nanobeads.

2.2.1. Bacterial Strains, Plasmids, Primers, and Cultivation
Conditions. Bacterial strains, plasmids, and primers used in this
study are listed in Table S1. E. coli XL1-Blue was grown at 37 °C in
Luria−Bertani (LB) containing 100 μg/mL ampicillin (Amp) and was
used for plasmid propagation. PHB nanobeads were produced in a
recombinant E. coli BL21 (DE3) strain harboring the respective
plasmids in LB media supplemented with 1% (w/v) glucose, 100 μg/
mL Amp, and 50 μg/mL chloramphenicol (Cm).
2.2.2. Plasmid Construction Mediating PHB Production Display-

ing ZZ and Iron (Fe)-Binding Domains. Three plasmids were used
for PHB production: (1) pET14b_PHB, (2) pET14b_Z6-PHB, and
(3) pET14b_Fe3-Z6-PHB. General cloning procedures and isolation
of DNA were performed as described elsewhere.30 The gene-encoding
Z4 and Fe3 (three repeats of the iron-binding peptide derived from
ferritin) were synthesized by Genscript Corporation (USA) employ-
ing codon optimization for E. coli and were cloned into
pET14b_PHB-Z2

31 and pET14b_Z6-PHB vectors, respectively,
generating the final plasmids pET14b_Z6-PHB and pET14b_Fe3-
Z6-PHB. The plasmid sequences were confirmed by DNA sequencing
using T7 promoter and T7 terminator primers (Table S1).
2.2.3. PHB Nanobead Production, Isolation, and Purification. E.

coli BL21 (DE3) harboring the pMCS69 plasmid was transformed
with pET14b_PHB (plain PHB nanobeads as a negative control),
pET14b_Z6-PHB (PHB nanobeads displaying ZZ domains as a
positive control), and pET14b_Fe3-Z6-PHB (PHB nanobeads
displaying ZZ domains and Fe-binding peptides). The pMCS69
plasmid comprises the genes encoding PhaA and PhaB enzymes of
Ralstonia eutropha that enables the production of the precursor R-3-
hydroxybutyrate-coenzyme A mediating PHB production.32 The
recombinant E. coli BL21 (DE3) strains were grown at 37 °C until
optical density at 600 nm (OD600) reached 0.5−0.8 and subsequently

induced by addition of 1 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) (Goldbio, USA). The culture was incubated further for 48 h
at 25 °C. The cells were harvested, and PHB nanobeads were isolated
and purified as previously described.33 PHB nanobeads were stored in
10 mM Tris-HCl (pH 7.5) with 20% ethanol.

2.2.4. PHB Nanobead Characterization. Nile red staining and
fluorescence microscopy (FM) were used to detect and analyze the
cells producing PHB nanobeads as previously described.34 The
morphology of the PHB nanobeads was observed by transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). The preparation of samples for TEM followed procedures
previously described.15 Prior to SEM analyses and imaging, the PHB
nanobeads were subjected to immobilization and drying and sputter-
coated with an ultrathin layer of platinum in an argon atmosphere to
make them electronically conductive. The average particle size and
zeta potential of the purified PHB nanobeads were determined by
dynamic light scattering (DLS) at room temperature, using a
Zetasizer Nano ZS (Malvern Panalytical, Malvern, U.K.). The
nanobeads were diluted prior to size measurement to avoid multiple
scattering effects. All measurements were performed in triplicate. To
analyze the PHB content of the whole cells and purified PHB
nanobeads, the lyophilized samples were processed and subjected to
crotonic analysis as previously described.35 The superparamagnetism
activity of the Fe3-Z6-PHB nanobeads was analyzed by vibrating
sample magnetometer (VSM) measurements at room temperature as
previously described.36

Fusion proteins displayed on the surface of PHB nanobeads were
denatured using reducing conditions and sodium dodecyl sulfate at 95
°C, which mediated quantitative release from the PHB nanobeads
enabling analysis by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as previously described.33 Densitometry
was used to analyze protein concentration using bovine serum
albumin (BSA) standards as previously described.37 To confirm the
identity of the fusion proteins, Coomassie-stained protein bands of
interest were excised and processed for liquid chromatography-
tandem quad time-of-flight mass spectrometry (MS-Q-TOF) as
previously described.15

2.2.5. Functionality of PHB Nanobeads Displaying ZZ Domains.
An IgG-binding capacity assay was used to assess the functionality of
Z6-PHB and Fe3-Z6-PHB nanobeads as previously described.31 PHB
nanobeads of 40−60 mg wet weight were used and washed twice with
1× PBS buffer (pH 7.5) by pipetting. Samples were centrifuged at
6000g for 4 min between each wash in order to remove ethanol. All
samples were resuspended in 500 μL of 1× PBS buffer, and 5 mg of
human IgG (Sigma-Aldrich, USA) was added to each sample and
incubated at 25 °C for 30 min with agitation to allow IgG binding to
occur. After incubation, the tubes were centrifuged at 6000g for 4 min,
and the unbound fraction of IgG in supernatants was aliquoted and
analyzed. The sediment was washed three times with 1× PBS buffer
by pipetting subsequently followed by centrifugation at 6000g for 4
min between each wash. Bound IgG from PHB nanobeads was eluted
by resuspending the sediment in 0.5 mL of 50 mM glycine (pH 2.7)
and incubated at room temperature for 5 min with agitation. Then,
the samples were centrifuged at 16,200g for 4 min, and the eluted IgG
in supernatants was neutralized by adding 10 μL of 1 M K2HPO4 and
analyzed. Protein concentrations were analyzed using the Bradford
assay.

2.2.6. Functionality of Superparamagnetic PHB Nanobeads.
PHB nanobeads of 40−60 mg wet weight were used and washed twice
with 1× PBS buffer (pH 7.5) by pipetting. Samples were centrifuged
at 6000g for 4 min between each wash in order to remove ethanol. All
samples were resuspended in 500 μL of 1× PBS buffer, and 1/100
dilution of a commercial ferrofluid (Magron, Republic of Korea) was
added and incubated at 25 °C for 30 min with agitation. After
incubation, the tubes were centrifuged at 6000g for 4 min, and the
supernatant was discarded. The magnetized nanobeads (pellet) were
washed three times with 1× PBS buffer (pH 7.5) by incubating for 2
min on a magnetic rack. After washing, all the samples were
resuspended in 500 μL of 1× PBS buffer, and 5 mg of human IgG
(Sigma-Aldrich, USA) was added to each sample and incubated at 25
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°C for 30 min with agitation to allow IgG binding to occur. The tubes
were incubated on a magnetic rack for 2 min, and supernatants
(unbound IgG fraction) were aliquoted and analyzed. The sediments
were washed three times with 1× PBS buffer by incubating on a
magnetic rack for 2 min. Bound IgG was eluted by resuspending the
sediments in 0.5 mL of 50 mM glycine (pH 2.7) and incubated at
room temperature for 5 min with agitation. Then, the samples were
centrifuged at 16,200g for 4 min, and the eluted IgG in supernatants
was neutralized by adding 10 μL of 1 M K2HPO4 and analyzed.
Protein concentrations were analyzed using the Bradford assay.
2.3. HRP Conjugation with 5mC and CD9 Antibodies. The

HRP enzyme was conjugated to the antibodies using the HRP
conjugation kit (Abcam) according to the manufacturer’s instructions.
Briefly, 1 μL of a modifier reagent was mixed gently with 10 μL of
antibodies (1 mg mL). Then, the modifier-mixed antibodies were
added directly to the lyophilized HRP mix and resuspended two times
by pipetting. The complexes were then kept overnight in the dark at
room temperature to facilitate the conjugation of antibodies with
HRP. After the incubation, 1.0 μL of a quencher reagent was mixed
gently to the solution. The conjugated antibody solutions were stored
at 4 °C until further use in the study.
2.4. Biotinylation of the CA-125 Antibody. The CA125

monoclonal antibody was biotinylated using a biotin (type B)
conjugation kit (Abcam) following the manufacturer’s guidelines.
Briefly, 10 μL of a modifier reagent was mixed gently with 100 μL of
the antibody (0.1 mg/mL). Then, the antibody−modifier mixture was
added directly into the lyophilized biotin material and resuspended
several times by pipetting. The complex was then incubated for 15
min in the dark at room temperature to allow the conjugation of the
antibody with biotin. After incubation, 10 μL of the quencher reagent
was added to the solution and mixed gently, and then, the conjugated
antibody was ready for use.
2.5. Preparation of DNA from Ovarian Cell Lines. An RPMI-

1640 growth medium (Life Technologies, Australia) supplemented
with 10% fetal bovine serum (Life Technologies, Australia) and 1%
penicillin/streptomycin (Life Technologies) was used to culture
ovarian cancer cell lines (SKOV3 and OVCAR3) and a noncancerous
cell line (Met-5A). This was performed in a humidified incubator with
a 5% CO2 flow at 37 °C. All cells were harvested by a standard
trypsinization protocol after they reached 70−80% confluence. Briefly,
cells were washed with 3 mL of HBSS (Gibco) to remove enzyme
inhibitors followed by 1−2 mL of TryPLe (Gibco) and incubation for
3 min at 37 °C. To neutralize the trypsin activity, 3−6 mL of cell
culture media was added followed by centrifugation for 5 min at 2500
rpm. A cell pellet was collected for DNA extraction and stored at −20
°C until further processing. A DNeasy Blood & Tissue Kit (Qiagen,
Australia) was used to extract DNA, and the concentration was
quantified using a SPECTROstar Nano microplate reader (BMG
Labtech) operated by MARS data analysis software.
2.6. Cell Culture and Isolation of Exosomes. The ovarian

cancer cell line OVCAR3 and the noncancerous cell line MeT-5A
were cultured in 75 cm2

flasks (Life Technologies, Australia) at 37 °C
and 5% CO2 in an RPMI-1640 growth medium (Life Technologies,
Australia) supplemented with 10% fetal bovine serum (Life
Technologies, Australia) and 1% penicillin/streptomycin (Life
Technologies). The cell culture medium containing exosomes was
collected after 72 h. Exosomes were isolated using a total exosome
isolation reagent (Life Technologies) as per the manufacturer’s
guidelines. Briefly, the supernatant was transferred to a new tube, and
the isolation reagent was added to the tube in a 2:1 ratio. The samples
were incubated overnight at 4 °C and centrifuged at 10,000g for 1 h to
obtain exosome pellets. Exosome pellets were then resuspended in 50
μL of phosphate-buffered saline (PBS; 10 mM, pH 7.4) and stored at
−20 °C for further use.
2.7. Determination of the Surface Area of the Electrodes.

Prior to DNA adsorption, the effective working area of each electrode
was measured as a function of the scan rate under cyclic voltammetric
conditions for the one-electron reduction of [Fe(CN)6]

3− using the
Randles−Ševcǐḱ equation

i n AD C(269 10 )p
5 3/2 1/2 1/2ν= × (1)

where ip is the peak current (A), n is the number of electrons
transferred (Fe3+ → Fe2+, n = 1), A is the effective area of the
electrode (cm2), D is the diffusion coefficient of [Fe(CN)6]

3− (taken
to be 7.60 × 10−5 cm2 s−1), C is the concentration (mol cm−3), and ν
is the scan rate (V s−1).

2.8. Magnetization and IgG Binding of PHB Nanobeads.
About 20−40 mg wet weight of PHB nanobeads for each sample was
measured in a 1.5 mL microfuge tube. All nanobeads were washed
twice with 1× PBS buffer by pipetting to remove stored ethanol.
Samples were centrifuged at 6000g for 4 min (Heraeus Pico 17,
Thermo Scientific) after each wash. A freshly prepared commercial
ferrofluid (Magron, Republic of Korea) was mixed with the plain
nanobeads at a ratio of 20:1 (volume, μL; wet weight, mg) and then
incubated at room temperature for half an hour with agitation. After
incubation, the tubes were centrifuged at 6000g for 4 min, and the
supernatant was discarded. The pellets (superparamagnetic nano-
beads) were washed three times with 1× PBS buffer. A 5mC−HRP or
CD9−HRP conjugate was added to ferrofluid-functionalized PHB
nanobeads and incubated for 30 min with agitation followed by gentle
washing three times on a magnetic rack, and aliquots of the
supernatant (unbound antibody fraction) were taken for further
analysis.

2.9. DNA Preparation, Magnetic Separation, and Adsorp-
tion on the Electrode. A CpGenome human methylated and
nonmethylated DNA standard set Jurkat DNA (100% methylated)
was purchased from Merck (Sydney, NSW, Australia). Whole genome
amplification (WGA) DNA was generated using the protocol of a
REPLI-g whole genome amplification kit (Qiagen).

The 5mC−HRP magnetic bead complexes were then dispersed
into a denatured DNA sample, and 5mC antibodies specifically
recognize and bind the DNA on the methylated CpG sites. The
captured methylated DNA was magnetically isolated and purified by
lowering the pH of glycine and centrifuging at 16,200g for 4 min. The
isolated DNA complex was directly adsorbed on an SPE-Au via
DNA−gold affinity interaction38 and electrochemically quantified by
chronoamperometry using a H2O2/HRP/HQ system. A CH1040C
potentiostat (CH Instruments, TX, USA) was used to perform
electrochemical measurements. Amperometric measurements in HQ
solution were made at −0.2 V vs a Ag pseudo-reference electrode.
Once the background current stabilized, 10 μL of H2O2 solution was
added, and the generated current was recorded until the steady-state
current was reached. The amperometric measurements given through
the whole experiments correspond to the difference between the
steady-state and the background currents and are the average of at
least three replicates.

2.10. Exosome Isolation Using PHB Nanobeads. For
exosomes analysis extracted from the cell lines, 10 μL of isolated
exosomes of varying concentrations was mixed with 10 μL of CD9-
functionalized magnetic nanobeads. The mixture was placed on a
thermomixer at 300 rpm for 1 h at room temperature to allow the
antibody to capture exosome targets. After this step, the exosome-
attached magnetic beads were isolated with a magnet and washed
three times with PBS buffer. The sediment was resuspended in 10 μL
of glycine (pH 2.7) and incubated for 5 min with agitation (500 rpm).
This was followed by centrifugation at 16200g for 4 min to elute the
target bound to CD9−HRP. Immediately, 2 μL of K2HPO4 was
added to neutralize the pH.

2.11. Electrochemical Detection of Exosomes. Five micro-
liters (100 ng/mL) of the biotinylated CA125 antibody was first
incubated on a streptavidin-modified SPCE (SPCE-STR) surface for
30 min. After the incubation, the electrode surface was washed with
PBS buffer 3 times to remove loosely attached or unattached CA125
antibodies. To avoid nonspecific binding of exosomes or any other
biomolecules, the electrode surface was then incubated with 1%
bovine serum albumin (BSA) solution (blocking agent) for 20 min.
Isolated CD9/HRP/exosome conjugates (5 μL) were then added to
the SPCE-STR surface and incubated for 1 h on a mixer (300 rpm) at
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room temperature. The complete sandwich assay was monitored
using the redox cycling of a H2O2/HRP/HQ system.
2.12. Statistical Analysis. IgG-binding capacity of PHB nano-

beads was analyzed using one-way ANOVA with statistical
significance (p < 0.05) indicated by letter-based representation of
pairwise comparison between groups using Tukey’s post hoc test.
Each data point of measurement represents the mean ± the standard
error of the mean. All measurements were conducted in triplicate.

3. RESULTS
3.1. Bioengineering of E. coli and Production of

Superparamagnetic PHB Nanobeads. The engineering of
superparamagnetic PHB nanobeads that specifically bind
antibodies for target detection holds the promise of an
attractive high-performance nanomaterial. This is due to
assembly-driven, dense, and homogeneous functional orienta-
tion of binding sites (e.g., to bind specific antibodies) for
maximum surface interaction ideally suited for sequestration
and detection of the target of interest.14 Furthermore, these
nanobeads are stable up to 85 °C and can be stored for several
months to years.39

We here describe the bioengineering and production of PHB
nanobeads via a low-cost process that avoids sophisticated

instrumentation and separation techniques. PHB naturally
serves as carbon and energy storage for bacteria during nutrient
imbalance. PHB synthase (PhaC) is the key enzyme for the
formation of spherical insoluble PHB nanobeads within
bacterial cells.40 E. coli does not naturally produce PHB but
can be genetically engineered to enable PHB nanobead
production.31 The production of PHB nanobeads is scalable
as it can tap into industrial large-scale fermentation processes
established for E. coli to enable high-yield production of core−
shell nanobeads densely coated with proteins/peptides of
interest.41

Previous studies have shown PHB nanobeads to be effective
and efficient in bioseparation applications. For instance, PHB
nanobeads displaying the immunoglobulin G (IgG)-binding
ZZ domain of protein A from Staphylococcus aureus (ZZ-PHB
nanobeads) produced in recombinant E. coli had comparable
IgG-binding capacity and purification abilities to the
commercial protein A sepharose.14 In addition, PHB nano-
beads displaying ZZ domains that were produced in
engineered Lactococcus lactis or Bacillus megaterium also
showed high IgG-binding capacity, suggesting that different

Figure 2. Production and biochemical characterization of various PHB nanobeads. (A) Schematic overview of hybrid genes encoding fusion
proteins for the production of PHB, Z6-PHB, and Fe3-Z6-PHB nanobeads. MW, molecular weight. (B) Nile red staining and fluorescence
microscopy of recombinant E. coli BL21 (DE3) cells (pMCS69) harboring various plasmids. (C) Protein profile analysis of recombinant E. coli cells
(pMCS69) and purified PHB nanobeads by SDS-PAGE with Coomassie blue staining. Proteins were encoded by hybrid genes depicted in (A).
The protein bands of PHB (64.2 kDa), Z6-PHB (118.3 kDa), and Fe3-Z6-PHB (119.6 kDa) proteins are indicated by red arrows. MS-Q-TOF was
used to confirm the fusion protein identity (Table S2). (D) PHB content analysis of whole cells and purified PHB nanobeads shown as percentage
of CDW or BDW (CDW, cellular dry weight; BDW, polyester nanobead dry weight).
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hosts could be used for different applications of PHB
nanobeads.9,42

Figure 1 shows an overview of the production, isolation, and
processing of superparamagnetic PHB nanobeads. In the
presence of an excess carbon source such as glucose,
recombinant E. coli can overexpress the integrated hybrid
genes 3xFe-ZZ-L-ZZ-phaC-L-ZZ (superparamagnetic Fe3-Z6-
PHB nanobead production), ZZ-L-ZZ-phaC-L-ZZ (Z6-PHB
nanobead positive control), and phaC (PHB nanobead
negative control) within the cells. This overexpression
mediates assembly of PHB nanobeads densely coated with
the respective fusion proteins or only PHB nanobeads, which
can be isolated through mechanical cell disruption and purified

using high pH and detergent washes. In this study, ZZ domains
and Fe-binding peptides were bioengineered for codisplay on
the surface of the PHB nanobeads (Fe3-Z6-PHB) and
processed with iron oxide to become superparamagnetic for
separation and detection of methylated DNA targets and
exosomes. Although the bioengineered Fe3-Z6-PHB nanobeads
are not naturally superparamagnetic, magnetism can be
achieved when Fe-binding peptides on the bead surfaces
sequester iron oxide in a ferrofluid in a magnetic field (Figure
1).43

3.2. Characterization of PHB Nanobeads. As shown in
Figure 2A, three types of PHB nanobeads were produced in
this study: (1) PHB nanobeads (plain nanobeads as a negative

Figure 3. Physical characterization of various PHB nanobeads with and without a ferrofluid. (A) TEM and SEM images. A representative granule is
shown in TEM images. Whole TEM images are shown in Figure S2. (B) Particle sizes and zeta potentials of the purified PHB nanobeads before
and after addition of a ferrofluid. The particle size and zeta potential of each type of PHB nanobead were measured in triplicates using a Zetasizer
Nano ZS. Each data point of measurement represents the mean ± the standard error of the mean. Polydispersity indices are shown above the
nanobeads. Values are in Table S3. F, ferrofluid. (C) Vibrating sample magnetometer (VSM) result showing the magnetization curve of the Fe3-Z6-
PHB nanobeads with a ferrofluid at 37 °C. G, Gauss.
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control), (2) Z6-PHB nanobeads (PHB nanobeads with ZZ
binding domains as a positive control for antibody binding),
and (3) Fe3-Z6-PHB nanobeads (superparamagnetic nano-
beads with ZZ binding domains and Fe-binding peptides). To
detect and analyze the PHB nanobead-producing cells,
lipophilic staining with a fluorescent dye Nile red and
fluorescence microscopy (FM) were performed (Figure 2B).
Fluorescent foci in whole E. coli cells producing PHB, Z6-PHB,
and Fe3-Z6-PHB were indicative of PHB production and a
PHB synthase enzyme functionality. As expected, the negative
E. coli control cells harboring empty plasmids did not show
fluorescence. The protein profiles of the whole-cell lysate and
purified nanobeads were analyzed by SDS-PAGE to show the
production of full-length fusion proteins (Figure 2C).

Dominating protein bands were observed and corresponded
to the theoretical molecular weights of PHB (64.2 kDa), Z6-
PHB (118.3 kDa), and Fe3-Z6-PHB (119.6 kDa), thus
indicating successful bioengineering of the various PHB
nanobeads. Protein concentration was measured by densi-
tometry using bovine serum albumin (BSA) standards.
Productivity was assessed as the purified PHB nanobead
mass yield over biomass of the bacterial production host in an
unoptimized batch fermentation process. Yield percentages of
5 and 19% for Z6-PHB and Fe3-Z6-PHB, respectively,
suggested that the resin could be cost-effectively produced in
industrial processes (Figure S1). Coating protein density was
measured by determining the ratio of the Z fusion protein mass
over PHB nanobead mass by SDS-PAGE combined with

Figure 4. Superparamagnetic Fe3-Z6-PHB nanobeads for isolation and detection of methylated DNA targets. (A) Schematic representation of DNA
methylation assay using superparamagnetic Fe3-Z6-PHB nanobeads. Methylated DNA targets (top, right) are captured and isolated magnetically
and adsorbed directly onto a bare SPE-Au electrode surface (bottom). The amount of methylated DNA targets is analyzed by chronoamperometry
using a H2O2/HRP/HQ catalytic redox cycling system (bottom, left). (B,C) Electrochemical detection of methylated DNA in a buffer sequestered
by engineered superparamagnetic PHB nanobeads. (B) Current density responses corresponding to different % methylated DNA in a buffer. (C)
Corresponding current density responses for each designated % methylated DNA. Inset, calibration plot showing linear % DNA methylation−
current density relationship. (D,E) Electrochemical detection of methylated DNA in human plasma sequestered by engineered superparamagnetic
PHB nanobeads. (D) Current density responses corresponding to different % methylated DNA in human plasma as a function of time. (E)
Corresponding current density responses for each designated % methylated DNA. Inset, calibration plot showing linear % DNA methylation−
current density relationship. (F,G) Comparative analysis of methylated DNA extracted from ovarian cancer cell lines and a normal cell line. (F)
Amperometric response for different cell lines and (G) corresponding bar diagram representing current density comparison between different cell
lines. Each data point represents the average of three repeat trails, and error bars represent the standard deviation of measurements (%RSD = <5%,
for n = 3).
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densitometry, and results suggest a dense coating with
proteins, i.e., the Z domain and the iron-binding peptide
(Figure S1). Protein identity was confirmed by liquid
chromatography-tandem quad time-of-flight mass spectrome-
try (MS-Q-TOF) for detection of tryptic peptides (Table S2).
Also, the PHB composition and quantity were confirmed by
acid hydrolysis and detection of crotonic acid. The PHB
content of whole cells and the purified nanobeads is shown in
Figure 2D.35

Electron microscopy analysis of PHB nanobeads with and
without the addition of a ferrofluid was done for morphology
analysis (Figure 3A). Transmission electron microscopy
(TEM) images confirmed the spherical shape of PHB
nanobeads.41,44 As previously observed, PHB nanobeads are
polydisperse as seen in TEM images and depicted by varying
bead sizes within the same sample (Figure S2).33,44 In
addition, imaging of the Fe3-Z6- PHB nanobeads after
processing with a ferrofluid confirms the binding of iron
oxide to the Fe-binding sites as shown by a thicker electron
dense layer surrounding the nanobeads (red arrow) and
proposed to contribute to their superparamagnetic properties.
Furthermore, TEM and scanning electron microscopy (SEM)
images showed the intact and generally spherical morphology
of the purified nanobeads. Further physical characterization of
PHB nanobeads such as particle size and zeta potential
measurements revealed that the particle sizes of PHB
nanobeads ranged between 151 and 324 nm (Figure 3B and
Table S3) resembling the size distribution of previous
reports,14,41 while the negative zeta potential indicated an
anionic surface charge.15 The addition of a ferrofluid increased
the particle size range to 405−504 nm. The negative zeta
potentials of PHB nanobeads before the addition of a ferrofluid
(i.e., the negative surface charge) were expected due to the
theoretical isoelectric point (pI) of the proteins coating the
nanobeads (theoretical pI values of PHB, Z6-PHB, and Fe3-Z6-
PHB are 6.08, 5.66, and 6.18, respectively). The addition of a
ferrofluid made the zeta potential shift slightly to positive
surface charge. A magnetic hysteresis curve of Fe3-Z6-PHB
nanobeads with a ferrofluid was obtained by using a vibrating
sample magnetometer (VSM) at 37 °C (Figure 3C).
Remanence and coercivity were not observed in the hysteresis
curve, thereby showing superparamagnetism properties.36

An IgG-binding assay was performed to confirm the
functionality of ZZ domains displayed on PHB nanobeads
before and after the addition of a ferrofluid (Figure S3).31 In
Figure S3A, the negative control PHB nanobeads showed low
background IgG binding, therefore confirming low unspecific
human IgG binding. PHB nanobeads that were engineered to
display ZZ domains (Z6-PHB and Fe3-Z6-PHB nanobeads)
showed 9-fold higher IgG binding, which confirmed the
functionality of the ZZ domains attached to the PHB
nanobeads. However, the IgG-binding ability was reduced by
about 50% when nanobeads are magnetized by addition of a
ferrofluid (Figure S3B). Presumably, the surface-bound iron
occluded binding sites impacting on the IgG-binding capacity.
3.3. Use of PHB Nanobeads for Isolation and

Detection of Methylated DNA Targets. Figure 4A depicts
the principle of using superparamagnetic Fe3-Z6-PHB nano-
beads in an electrochemical DNA methylation assay. We
compared a ferrofluid with iron oxide for processing Fe3-Z6-
PHB nanobeads in superparamagnetic nanomaterials. How-
ever, we observed that surface functionalization via a ferrofluid
provided greater magnetism as compared to iron oxide. This is

probably due to the colloidal nature and nanoscale size of the
ferromagnetic nanoparticles in a ferrofluid. The surfactant
component (oleic acid) in the ferrofluid also inhibits
aggregation or agglomeration of the nanobeads. Bioengineered
Fe3-Z6-PHB nanobeads were made superparamagnetic with a
ferrofluid and subsequently used to bind 5mC−HRP antibody
conjugates for specific binding and detection of the methylated
DNA target.
In the following step, the 5mC−HRP superparamagnetic

nanobead complexes were added and dispersed into samples
containing methylated DNA targets. The 5mC antibodies
specifically recognize and bind to methylated DNA. The
methylated DNA targets were then magnetically isolated and
purified by lowering the pH of the glycine buffer, which
released the 5mC−HRP-bound methylated DNA into the
soluble fraction, while empty nanobeads were separated via
attraction to an external magnet. Lastly, the 5mC−HRP-bound
methylated DNA targets were adsorbed onto an SPE-Au
electrode surface via the DNA−gold affinity interaction and
electrochemically quantified by using a H2O2/HRP/HQ
catalytic redox cycling system. To evaluate the assay
functionality, we investigated the assay performance in the
presence and absence of methylated DNA sequences. Figure
S4 showed a 19-fold current density response for methylated
compared to the negative control (2.41 vs 47.0 μA cm−2).

3.4. Analytical Detection Performance for DNA
Methylation. Aberrant methylation patterns are characterized
by a gradual increase in global methylation levels during cancer
development and can be used to track cancer progression from
initial to advanced stage carcinoma.45 Cancer patient samples
are often heterogeneous with different proportions of
methylation levels in different cells. Thus, it would be useful
to quantify global methylation levels in heterogeneous
backgrounds.
We tested the detection performance of our super-

paramagnetic Fe3-Z6-PHB nanobead-based electrochemical
assay for quantification of heterogeneous global methylation
levels by mixing Jurkat (100% methylated) with WGA (0%
methylated) in different methylation ratios (i.e., 0, 5, 10, 25,
50, 75, 90, and 100% methylated DNA). The current density
responses obtained for various methylation levels showed a
linear relationship between current density responses and the
methylation percentages (Figure 4B,C). The calibration plot
(inset) exhibited excellent linearity from 0 to 100% DNA
methylation with a correlation coefficient (R2) of 0.9784 (n =
3). The lowest detectable methylation level was estimated to
be as low as 5% from the extrapolated current density axes.
While comparable LODs have also been reported previously
based on graphene−DNA46 and gold−DNA47 affinity
interaction-based electrochemical assays for DNA methylation,
the use of superparamagnetic Fe3-Z6-PHB nanobeads has
removed the reliance on commercial magnetic nanobeads.
The use of Fe3-Z6-PHB nanobeads in this work has the

advantage of being biologically assembled for dense and
homogeneously oriented display of binding domains for
enhanced surface interaction not only mediating favorable
magnetic properties via interaction with a ferrofluid but also
exhibiting a high binding capacity for an antibody conjugate for
specific target detection (Figures S2 and S4). Furthermore, the
use of the 5mC antibodies on the superparamagnetic PHB
nanobeads allows rapid concentration of the methylated DNA
targets on the electrode surface by using a magnet, which

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c05355
ACS Appl. Mater. Interfaces 2021, 13, 31418−31430

31425

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05355/suppl_file/am1c05355_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c05355?rel=cite-as&ref=PDF&jav=VoR


subsequently enables target adsorption/hybridization on the
electrode surface.
A relative standard deviation (%RSD) for three independent

measurements was estimated to be <5.0%, indicating a good
reproducibility of assay toward the detection and quantification
of DNA methylation levels. The lower limit of detection and
the reproducibility of the assay over a wide range of
methylation levels with low input DNA amounts demonstrated

the applicability of PHB nanobeads as dispersible capture
agents for isolating and purifying DNA targets.

3.5. Analysis of DNA Methylation Levels in Plasma
Samples. To demonstrate the application of our super-
paramagnetic PHB nanobead-based electrochemical assay for
detection of methylated DNA in a complex biological matrix,
we compared the current density responses of various DNA
methylation levels in complex human plasma (Figure 4D,E).

Figure 5. Superparamagnetic Fe3-Z6-PHB nanobeads for isolation and detection of exosomes. (A) Schematic representation of the assay for direct
isolation and subsequent detection of exosomes using superparamagnetic PHB nanobeads. In this method, the PHB nanobeads were initially
functionalized with a generic antibody (CD9) and dispersed in sample solution to capture bulk exosomes. After magnetic capture and purification,
exosome-bound PHB nanobeads are transferred to CA125 antibody-modified, screen-printed electrodes. The peroxidase activity of HRP via the
H2O2/HRP/HQ redox cycling system was then used to achieve an electrochemical quantification of CA125-specific exosomes present in the cell
solution. (B) Amperometric responses for the detection of exosomes in the presence (red) and absence (no template control/NoT) of 107

particles/mL in a buffer. (C) Corresponding current densities for the target (right bar) and control (left bar) samples. (D) Current density for the
designated concentration of exosomes extracted from the OVCAR3 cell line. The concentration varies between 103 and 107 particles/mL. (E)
Corresponding bar diagram. (F,G) Comparative analysis of exosomes extracted from the ovarian cancer cell line and a normal cell line (Met-5A).
(F) Amperometric response for different cell lines and (G) corresponding bar diagram representing current density comparison between different
cell lines. Each data point represents the average of three repeat trails, and error bars represent the standard deviation of measurements (%RSD =
<5%, for n = 3).
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Figure 4D,E shows that the observed current density
responses enabled a linear dynamic range from 5 to 100%
DNA methylation with an R2 value of 0.9836. As compared to
the buffer samples, the current density responses in plasma
showed a decrease at the same % DNA methylation. This may
be a result of the complexity of the plasma sample, which
contains excessive background of nontarget biomolecules that
have the potential to interfere via nonspecific binding during
capture and isolation steps and also through nonspecific
adsorption on the sensor platform during the detection
process. A DNA methylation level as low as 5% could be
detected for 10 ng of input DNA and indicated that our assay
is effective for the isolation and detection of low methylated
DNA levels in untreated/undiluted human plasma.
The detection sensitivity of 5% methylation obtained in

plasma samples remains similar to the prior set of experiments
performed in a buffer (Figure 4B,C). This highlighted the
utility of our bioengineered superparamagnetic Fe3-Z6-PHB
nanobeads in magnetic isolation of methylated DNA targets in
human plasma. It is also worth noting that the obtained lowest
detectable level of 5% methylation in plasma was superior to
that of previously reported DNA methylation electrochemical
assays using SPEs47−49 but does not require any use of bisulfite
treatment or PCR amplification during the assay, which could
alter original methylation levels in samples.
3.6. Analysis of Global DNA Methylation Levels in

Ovarian Cancer Cells. To further investigate the applicability
of our superparamagnetic Fe3-Z6-PHB nanobead-based elec-
trochemical assay for accurately detecting methylation levels in
different cancer cells, extracted DNAs derived from ovarian
cancer cell lines (SKOV3 and OVCAR3) and a noncancerous
cell line (MeT-5A) were tested (Figure 4F,G). A fully
unmethylated (0% methylated) WGA DNA and a fully
methylated (100% methylated) Jurkat DNA were used as
internal standards. We observed varying current density
responses for the different samples, thereby indicating different
levels of DNA methylation. The current density responses for
SKOV3 and OVCAR3 were significantly high (35.6 and 28.5
μA cm−2) as compared to WGA (2.27 μA cm−2) and suggested
that global DNA methylation levels in SKOV3 and OVCAR3
are higher. These findings are in agreement with previously
reported global methylation levels in ovarian cancer cell lines.50

This cell line data also shows good interassay reproducibility
(%RSD of <4.63% for n = 3) for analyzing DNA methylation
levels in ovarian cancer cell lines.
The developed superparamagnetic Fe3-Z6-PHB nanobead-

based electrochemical assay offers several benefits such as the
use of inexpensive disposable SPE-Au electrodes, which could
allow low-cost analysis of DNA methylation. In addition, it
allows rapid and efficient isolation and purification of
methylated DNA targets without the need for traditional
tedious and prolonged target purification workflows from
cancer cells. Fe3-Z6-PHB nanobeads could be modified for
specific target recognition and may be reusable for lower assay
cost. The avoidance of bisulfite treatment and direct
adsorption of methylated DNA targets onto the electrode
surface for electrochemical detection are unique for simplifying
the assay protocol and do not require any electrode surface
premodification steps.
3.7. Application of PHB Nanobeads for Isolation and

Detection of Exosomes. Figure 5A shows an electro-
chemical exosome assay principle using superparamagnetic
Fe3-Z6-PHB nanobeads. First, CD9−HRP superparamagnetic

nanobead complexes were added and dispersed into samples
containing exosome targets. The generic CD9 antibodies
specifically recognize and bind to exosomes. The exosome
targets bound to the superparamagnetic PHB nanobeads were
then magnetically isolated and eluted from the nanobeads by
lowering the pH of glycine to 2.7. Purified CD9−HRP-bound
exosomes were obtained after nanobeads were removed via
magnetic attraction. Lastly, the CD9−HRP-bound exosome
targets were adsorbed onto CA125 antibody-modified, screen-
printed electrodes and electrochemically quantified by
measuring the cathodic current generated by the enzymatic
reduction of H2O2 mediated by HQ. This current is
proportional to the amount of exosomes present. To check
the functionality of the assay, we investigated the assay
performance in the presence and absence of an exosome target.
Figure 5C shows an 11-fold higher current density response for
exosomes compared to the negative control (0.82 vs 0.07 μA
cm−2).
As exosomes are secreted by both normal and cancer cells,

increasing studies have shown that cancer cells secrete a larger
number of exosomes compared to normal cells, and this
number is relative to the stage of cancer. Thus, at early stages
of cancer, the number of exosomes from disease-specific cells
could be very low, which potentially presents challenges for
their isolation and detection. Hence, it is imperative to develop
highly sensitive methods. The sensitivity of the assay was
assessed by measuring the serial dilutions of exosomes derived
from ovarian cancer cell line samples ranging from 103 to 107

exosomes/mL. As shown in Figure 5D, the amperometric
current density response increased with the increasing target
exosome concentration. As the amount of the surface-attached
cancer-specific exosomes is proportional to the amount of the
attached cancer-related antibodies, the higher the amount of
exosomes, the higher the current signal generated at the glassy
carbon electrode is. The linear regression equation was found
to be y (μA cm−2) = 0.146x − 0.118, with a correlation
coefficient (R2) of 0.969. The relative standard deviation of
three independent measurements was estimated to be <5%
indicating good reproducibility of the platform. The assay
achieved an LOD of 103 exosomes/mL, which is comparable
to our previous study based on engineered inorganic
superparamagnetic nanoparticles (gold-loaded nanoporous
ferric oxide).51 It is worth noting that our assay achieved a
higher sensitivity compared to recent reports using surface
plasmon resonance and microfluidics-based exosome analysis
techniques.52,53

To check the specificity of the assay, control experiments
were conducted. In a positive control experiment, exosomes
(i.e., 107 exosomes/mL) derived from ovarian cancer cell line
(OVCAR3) extracts were initially captured by CD9 antibody-
functionalized magnetic nanobeads, which were subpopulated
by the biotinylated CA125 antibody. As depicted in Figure 5F,
a significant current density response was observed for the
ovarian cancer-specific exosomes in OVCAR3 cell extracts. As
a negative control, 107 exosomes/mL derived from a
noncancerous cell line (MeT-5A) were tested using the
biotinylated CA125 antibody. Since the CA125 antibody is not
specific to ovarian cancer exosomes, no amperometric current
response for ovarian cancer-specific exosomes was expected.
However, we observed a lower current density response
compared to that of the positive control (0.31 vs 0.83 μA
cm−2). This may be a result of the nonspecific adsorption of
the functionalized CA125 antibody on the sensor surface.
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4. DISCUSSION

We have bioengineered and assembled superparamagnetic
PHB nanobeads for isolation and electrochemical detection of
both methylated DNA and exosome cancer biomarkers. The
PHB nanobeads were produced in engineered E. coli, a
bacterium used for industrial production of protein-based
products and biopolymers.3 Cost-effective manufacturing,
stability (up to 95 °C, pH range of 2−12), and oriented
high-density display of protein functions make PHB nanobeads
attractive for uses as a biosensor in single-use applications.14,39

Designed PHB nanobeads were manufactured and charac-
terized to assess their composition, size distribution, zeta
potential, antibody-binding capacity, and superparamagnetism.
A process was devised to utilize the surface-embedded iron

oxide-binding peptides to bind colloidal iron oxide to obtain
magnetic properties while retaining the antibody-binding
capability. Superparamagnetic PHB nanobeads were biochemi-
cally and physically characterized. The performance as capture
resins was assessed by characterizing magnetic and specific
binding properties in the electrochemical detection assay such
as methylated DNA recognition mediated by the bound HRP−
antibody conjugate. After magnetic isolation of methylated
DNA targets, electrochemical target quantification was
achieved by direct adsorption of the eluted methylated DNA
on an SPE-Au surface and by amperometry using a catalytic
redox cycling system of H2O2/HRP/HQ. Sensitive and specific
detection of DNA methylation in genomic DNA is important
for rapid epigenetic evaluations. We achieved a high analytical
performance (LOD = 5% DNA methylation, %RSD ≤ 5.0) in
human plasma matrices and cancer cell lines. The elimination
of capture probes, hybridization steps, radioactive labels,
methylation-sensitive restriction enzymes, and sequencing
analysis simplifies our assay. The utility of superparamagnetic
PHB nanobeads was further demonstrated by CD9 antibody-
mediated specific capture of cancer cell-derived exosomes.
These exosomes were eluted from the nanobeads, which were
subsequently removed by magnetic separation. Purified
exosomes were quantified by electrochemical detection
providing means for cancer diagnostics. N.B., the super-
paramagnetic PHB nanobeads are conceivable to serve as
bioseparation resin for large-scale batch-mode purification of
exosomes, which increasingly attract interest not only as
diagnostics markers but also for uses as therapeutics. The
current gold standard method for exosome isolation based on
differential centrifugation requires centrifugation of up to
120,000g.54 This method is tedious and time-consuming
(>10). With sample volumes as low as 5 μL, our assay
generated an electrochemical signal within 2 h. Compared to
other methods previously reported, our assay exhibits
advantages of ease of operation, low cost, specificity, and
sensitivity. With a linear response spanning over four orders of
magnitude, we achieved a sensitive electrochemical detection
of exosomes with an LOD of 103 exosomes/mL. Considering
the great importance of exosome-mediated signal transmission
among cells, our assay may present an important step toward
the construction of a simple biosensor that can detect
exosomes in complex media. Given that the PHB nanobead
surface can be readily tuned for efficient isolation and
electrochemical detection of different targets, we envisage
that the developed superparamagnetic PHB nanobead-based
electrochemical assay offers a versatile diagnostic platform for

specific and sensitive detection of a range of disease
biomarkers, i.e., enabling diagnosis of various diseases.
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