
Sensitive Detection of the Human Epididymis Protein‑4 (HE4)
Ovarian Cancer Biomarker through a Sandwich-Type Immunoassay
Method with Laser-Induced Breakdown Spectroscopy
Robinson Karunanithy, Suthakaran Ratnasingam, Torrey Holland, and Poopalasingam Sivakumar*

Cite This: https://doi.org/10.1021/acs.bioconjchem.2c00551 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Detection of cancer before the appearance of any symptoms is crucial for successful treatment. Early detection is,
however, very challenging, particularly for the types of cancer with few or no symptoms at early stages, such as epithelial ovarian
cancer (EOC). Developing a user-friendly method that can detect biomarkers with sufficient selectivity, sensitivity, and
reproducibility is a promising approach for overcoming the challenges of early detection of EOC. In this study, we report a sandwich-
type microparticle immunoassay for sensitive detection of the HE4 biomarker with laser-induced breakdown spectroscopy. Here, we
cross-linked elemental particles to a specific functional group of the targeted biomolecules based on a covalent and non-covalent
linking chemistry to improve the sensitivity and selectivity of biomarker detection, in which Fe3O4 and SiO2 microparticles were used
to conjugate and purify the antibody−antigen in complex media. Simultaneous detection of Fe and Si from a magnetically purified
assay significantly improves the HE4 biomarker’s detectability, in which HE4 was detected with a limit of detection of 0.0022 pM.
We also determined the coupling ratio between HE4 and silica particles using a silicon calibration curve.

■ INTRODUCTION
Epithelial ovarian cancer (EOC) is the deadliest gynecologic
cancer. It has few or no early-stage symptoms and no effective
screening tools. The treatment and survival solely depend on
the cancer stage at diagnosis.1−4 Over 60% of patients are
diagnosed at an advanced stage and have a ∼29% survival rate.
In contrast, the survival rate of the localized (early) stage is
∼94%; however, only 15% are diagnosed at an early stage.1,2
According to the American Cancer Society (ACS), 19,880
women will have new diagnoses of ovarian cancer (OC), and
12,810 will die in 2022.1 Various techniques, including
transvaginal ultrasound (TVUS), Doppler imaging, pelvic
examination, and blood tests for a specific protein, that is, a
cancer antigen (CA125), are considered potential OC
screening tools in clinical use.1,5 However, currently, there is
no recommended screening for early detection of OC due to
the lack of sensitivity and specificity.1,6 Elevated levels of
CA125, a type of serum biomarker discovered in 1981, are
widely used as an indication of OC. The upper limit of CA125
is usually between 30 and 35 U/mL. If CA125 is above the

marginal level, that could be a symptom of OC.7 However,
CA125 alone has relatively poor sensitivity and specificity for
OC at early stages. It is elevated at only 50% among
asymptomatic patients, compared to 75−90% among
advanced-stage patients.8 Although the elevated level of
serum CA125 is associated with cancer progression, the source
and functions of CA125 remain unclear. The level of CA125 is
also elevated by many other factors, including benign
conditions and other non-gynecologic reasons such as
diverticulitis, uterine fibroids, endometriosis, benign ovarian
cysts, tubo-ovarian abscesses, hyperstimulation syndrome,
ectopic pregnancies, and physiological conditions (pregnancy
and menstruation).9−12
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Various novel biomarkers such as human epididymis protein
(HE4), mesothelin, and kallikreins (KLK) are being currently
researched as potential standalone replacements or are being
used in conjunction with CA125 for early detection of
OC.7,13−15 Remarkably, studies have shown that HE4 has
higher sensitivity and specificity than all other tested
biomarkers. In 2008, Havrilesky et al. studied various
biomarkers, including CA125, and reported that HE4 has the
highest sensitivity for early stage (I/II) and late stage (III)
detection of ovarian cancer.16 Furthermore, Moore et al. also
obtained the highest sensitivity (∼72.9%) with 95% specificity
when using HE4 as a single biomarker.17 Recently, it has been
approved by the Food and Drug Administration (FDA) for
clinical applications.
Among the various techniques to identify proteins,

immunological techniques such as the sandwich enzyme-linked
immunosorbent assay (ELISA) and Western blot are some
methods in practice to identify specific proteins of
interest.18−21 The immunological method is one of the most
commonly used with high sensitivity and specificity, including
in cancer detection.22,23 This method is based on the natural
binding ability of an antibody, also called immunoglobulin, to a
specific protein called an antigen.24−26 Although there has
been some success with these methods, effective screening,
early detection, and treatment remain challenging due to the
lack of sensitivity, specificity, and simplicity for early cancer
diagnosis in clinical trials.27

A slightly different approach, the sandwich-type micro-
particle immunoassay method, has been successfully carried
out to investigate levels of HE4 in a simulant human fluid in
this study. Surface, functional group-modified particles are
used to conjugate (sandwich) the antibody−antigen complex
by tagging them on the particle’s surface through cross-linking
agents [for example, glutaraldehyde (GA)], protein A, or the
avidin−biotin complex. Typically, in this method, two different
types of particles are used. The first type is used to separate the
antibody−antigen conjugate from other substances in the
serum using magnetic separation (for example, iron micro-
particles) or size filtration. The second type, typically silica or
titanium, allows the detection of particles using spectroscopy
techniques such as laser-induced breakdown spectroscopy
(LIBS). Finally, the antigen can be quantified using the
detected particle amount and a corresponding calibration
curve.27−31

Laser-Induced Breakdown Spectroscopy. LIBS, a
powerful analytical technique used to determine the chemical
composition of materials, uses a short laser pulse to ablate a
sample and form plasma. The plasma may contain excited ions,
atoms, and free electrons. When the plasma cools down, the
excited species emit characteristic photons as they decay into
lower energy states. The emitted photons can be collected by
fiber optics coupled to a spectrometer and analyzed for sample
composition and content.32,33 LIBS has been used in many
fields, including the biomedical field, for quantitative and
qualitative analyses due to its unique features, such as minimal
or no sample preparation and being a relatively fast analysis
tool. Also, it requires a tiny amount of samples for the
measurements.34,35 In quantitative analysis, calibration curves
or multivariate techniques are typically utilized to get the
sample’s compositional information. On the other hand,
reproducibility is a problem with LIBS as the spectral intensity
is sensitive to laser parameters, sample distribution, and
atmospheric conditions. Collecting large sets of data with
multiple replications can be followed to eliminate the issues
associated with reproducibility.36−38

Figure 1 depicts the experimental setup of the LIBS system
and the raster pattern by laser ablation on a filter with the
sample. A picosecond laser, EKSPLA PL2231-50-SH/TH
model, equipped with an Nd: YAG/YVO4 with a 28 ps pulse
duration, was used for this study. The sample on the filter was
ablated using a 1064 nm wavelength and ∼19.5 mJ of energy
via focusing the laser pulse on the sample surface. A motorized
stage (x−y directions) was used to move the sample
automatically, such that there was one ablation per location.
Emission light was collected using optical fiber and analyzed by
a spectrometer array (StellarNet, Inc). A typical LIBS spectrum
from a single pulse is shown in Figure 2.

Data Analysis. We collected data from three trials, each
with 200 shots (pulses). After eliminating outlying data (laser
ablation outside the filter, significantly lower or no LIBS
signal), data sets were analyzed using the R programming
language (4.1.0 version). In this regard, first, we identified a
specific wavelength region that comprises the desired peak.
Subsequently, we performed the baseline correction via curve
fitting the background with a straight-line equation in a
particular region (e.g., 287−290 nm). The peak height and
area under the peak were extracted separately using the
Gaussian function in the R program. Similar procedures were

Figure 1. Experimental setup for LIBS and the raster pattern of the laser ablation craters on the filter with the sample (inset, magnified figure).
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employed for the data obtained from each of the three trials.
Two slightly different approaches (trial-to-trial and shot-to-
shot) were adopted to calculate the average and standard
deviations. In trial-to-trial analysis, first, we calculated the mean
intensity of each trial (trials 1, 2, and 3). Then these mean
values were used to compute the final mean and standard
deviations. In the shot-to-shot analysis, we combined all three
trials and calculated the corresponding average and standard
deviation. The purpose of doing two different investigations is
to determine the major contributor of signal intensity
fluctuation (due to LIBS or sample preparation) by comparing
each method’s standard deviation. The quality of sample
preparation (immunoassay system) through trial-to-trial
variation and sample homogeneity and analytical method’s
(LIBS) reproducibility with shot-to-shot variation can be
gleaned from these analyses.

■ RESULTS AND DISCUSSION
Conjugation: Variation in the Peak Height and Area

with the HE4 Concentration. Our analyses revealed that the
errors (standard deviations) are relatively low from trial-to-trial
compared to the shot-to-shot analysis. This appears to be due
to an uneven sample distribution on the filter, which
contributed to the variation in signal intensities from shot-to-
shot, thus increasing the standard deviation. However, the
standard deviations were comparably low for the trial-to-trial
analysis as the mean values of each trial are relatively small in
variation. Although Si has strong emission lines at 205.70 and
251.58 nm, Si I at 288.15 nm is selected due to minimal

influence by other emission lines, especially Fe emissions.
Here, we present the results from the trial-to-trial analysis.
Figure 3a,b shows the variation of the characteristic silicon
peak (Si I-288.15 nm)39−42 height (a) and peak area (b) versus
the HE4 concentration. The corresponding Si I peak at 288.15
nm over the HE4 concentration is depicted in Figure 4. As one

can see in the figures, the silicon signal count increases with the
HE4 concentration in both graphs (a) and (b) of Figure 3 and
in Figure 4. This is evidence that silica microparticles are
conjugated on HE4. Furthermore, the intensity increased
steadily at the beginning, but after a certain point, the intensity
plateaued. The increasing intensity is due to a rise in bound
silica particles with the increasing antigen concentration that
accommodates more silica particles to bind with them.
First, to identify the working region, we performed one-way

ANOVA for the combined grand data from all three trials. This
was performed on the data of peak height and peak area found
in the corresponding spectra of the relevant peaks in order to
determine whether there were any statistically significant
differences between the mean intensities at various HE4
concentrations. Next, we employed Tukey’s test for a multiple
comparison procedure to investigate which of the means are
different. Our test results revealed significant differences
between the first four points, 0.0, 0.0018, 0.0073, and 0.0146
pM, and their trend is linear. Similar results were obtained for
both the height and area.

Figure 2. Sample LIBS spectrum corresponding to the particle (SiO2
and Fe3O4)-based HE4 immunoassay system.

Figure 3. Variation in silicon (Si I) emission intensity with HE4 concentration; (a) peak height with a magnified inset graph of the linearly
increasing region; and (b) peak area with a magnified inset graph of the linearly increasing region.

Figure 4. Sample spectra for Si I (baseline corrected) obtained at
various HE4 concentration levels.
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However, we chose the range between 0.0 and 0.0073 pM as
the working region of this assay by leaving out the point 0.0146
pM because the peak height and area corresponding to this
concentration were out of our calibration curve (discussed
later). After this point (from 0.0146 to 0.5 pM in Figure 3), the
intensity flattened (or slightly decreased) as the HE4
concentration increased. This is due to the saturation of the
HE4 antigen-binding sites. We used more silica microparticles
(more than twice the amount of HE4) than the number of
antigens to ensure enough silica particles could conjugate with
HE4. The flattening trend suggests that from 0.0146 pM and
up, all of the antibodies on the iron particles were occupied by
antigens, and therefore, the maximum number of silica
particles were bound with HE4 at this concentration.
Figure 5 shows the working region of the assay with three

other emission lines that were used to contrast the variation in
the silicon emission. We performed the same peak analyses
(height and area, respectively) for the emission of iron and
carbon to monitor their variation with HE4 concentrations.
For this purpose, we chose two (neutral and ionized) iron
emission lines, Fe I (388.76 nm)42,43 and Fe II (238.20
nm),39,42 which are stronger and minimally interfere with other
emission lines, and a carbon (C I) emission at 193.12
nm.39,42,44 As described in the Materials and Methodology, the
amount of iron particles used in this experiment was kept at a
constant amount of 50 μg. Furthermore, we used similar filters
for each LIBS measurement to mitigate fluctuations in the
contributing carbon emissions. Therefore, we expected iron
and carbon emission lines to be relatively consistent for each
concentration of HE4, as opposed to the silicon line increasing
with the increasing HE4 concentrations. As shown in Figure 5,
these lines did not show any particular variation as opposed to
the Si I line at ∼288.2 nm. Instead, the average intensities of
each line were relatively similar at each concentration of HE4,
only with slight fluctuations in their intensities. The
fluctuations can arise from various contributions, including
fluctuations in laser pulse, inconsistency in plasma position,
inverse bremsstrahlung radiation and plasma, and atmospheric
gas interactions.45 The matrix effect can also play a role in
signal fluctuation. A matrix effect could appear since the
proportion of constituents of the conjugate, particularly the
amount of silica, changes as HE4 concentration varies.
Furthermore, the uneven distribution (inhomogeneity) of the
particles on the filter can cause signal fluctuations on each laser
shot. These factors can influence the plasma temperature and
electron density, which determine the LIBS intensity.34,46−48

To analyze the variation of these reference emission lines
with the HE4 concentration more thoroughly, we also
performed one-way ANOVA for both the peak height and
area data of these lines, as we had done for Si I. Table 1

summarizes the results obtained for all four emission lines. The
p-values for the Tukey multiple comparison test at a 95%
family-wise confidence level and the results of all pairwise
comparisons are presented below. (See the Supporting
Information for the complete table.)
The p-values for Si I (both height and area) indicate that

there were significant differences (p-values less than 0.025)
between the first three points (0.0, 0.0018, and 0.0073). In
contrast, the corresponding values for the other three peaks
were greater than 0.025, except for the highlighted pairs. These
values suggest that for a particular emission line, there were no
significant differences between the mean intensities at different
concentrations of HE4. With one-way ANOVA analysis (Table
1), there can be seen considerable differences in intensities for
Fe I in both the analyses of the height and area between the
points 0.0, 0.0073 and 0.0018, 0.0073 and for C I (area only)
between the same points as with Fe I. These differences come
from the matrix effect, uneven sample distribution, fluctuations
in plasma, pulse, etc., as elaborated before.
With the HE4 zero concentration (control experiment),

there was a signal count to the silicon emission. However,
ideally, silicon emission should be zero since there are no HE4
antigens that have the binding site for the silica particles.
However, our analysis found the negative control for the peak
height and area to be 1087 and 589 a.u., respectively, in the
control experiment. This can be explained by the cross-
coupling of silica particles with antibodies and protein A-
modified iron particles. The conjugate medium contained
protein A-modified iron particles and antibody-conjugated iron

Figure 5. Variation in Si I, C I, Fe I, and Fe II emission lines within the working region.

Table 1. p-values Obtained from Tukey’s Multiple
Comparison Test for Pairwise Comparison of Conjugation
Data at 95% Family-Wise Confidence Level
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particles, in addition to HE4-conjugated iron particles. Upon
mixing GA-modified silica particles with the conjugates, they
might undergo a non-specific interaction with protein A-coated
iron particles and also with the antibody-coupled iron particles.
These non-specified conjugates can still exist along with the
specified conjugate after magnetic separation. Therefore, the
silicon particles from these non-specific conjugates contributed
to the signal, even though there were no HE4 antigens to bind
with the silica.
To verify this further, we did another control experiment in

which the protein A-coated iron particles were directly mixed
with GA-modified silica particles. For this conjugate, we got a
silicon peak with 1016 and 525 a.u. for the height and area,
respectively. This decrease, compared to the particles with
antibodies (1087 and 589 a.u.), suggests that the amount of
non-specific binding decreased when there were no antibodies
in the medium, suggesting that a cross-coupling of silica with
the antibodies also occurs. In a control experiment, we
measured the LIBS on protein A-coated iron particles with
silica particles without HE4 to determine the cross-coupling of
silica with the protein A-coated iron particles. The silica
emissions present�646 and 375 a.u., respectively, for the peak
height and area�suggest a conjugation between the silica
particles and protein A-coated iron particles.
The limit of detection (LOD) of this assay was estimated (in

accordance with Zaytsev et al.) at the concentration
corresponding to the coincident point for the intercept and
the lower boundary of the confidence band of the linear fit
(solid lines indicated in Figure 5).49 Accordingly, we found the

LOD at 0.0022 and 0.0026 pM for peak height and area
analyses, respectively.

Estimating the Amount of Bound Silica Particles and
Coupling Ratio Using the Calibration Curve. The
variations in peak height and area with an increasing amount
of silica particles (0.0, 0.01, 0.1, 0.5, 1, 2, 5, 10, and 100 μg) are
depicted in Figure 6. As is noticed in the small graph, there was
a steady increase in the intensity of silicon emission until 5 μg.
After this, the rate of increase noticeably declined (5−100 μg).
A linear region of the calibration curve is required to calculate
the amount of bound silica particles by relating the intensity of
the working region to the calibration curve. To identify the
appropriate portion of the calibration graph, one-way ANOVA
calculations and Tukey multiple comparison tests were
performed, as had been done with the conjugation data.
Based on the multiple comparison test procedure, we identified
that the best calibration values lie between 0.1 and 5 μg.
Figure 7a,b shows the variation in peak height and area

(respectively) of Si I emission within the linear range of
calibration. To monitor Fe I, Fe II, and C I variations, relevant
calculations of these emissions are also included in the same
graph. As one can see in Table 2, the p-values for Si I suggest
that there were differences in intensities of silicon emission at
various weights. Conversely, the p-values for other lines
(except the highlighted values) indicate no significant
variations of the C and Fe emissions, as opposed to those of
Si. The corresponding pairs of highlighted values have
substantial differences due to the matrix effect, uneven sample
distribution, fluctuations in plasma and laser pulse, etc.

Figure 6. Variation in silicon intensity [(a) height and (b) area] with increasing silica.

Figure 7. Variations in Si I, C I, Fe I, and Fe II emission lines within the best calibration region (a) showing peak height and (b) peak area.
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Table 3 summarizes the amount of silica bound with HE4 at
different concentrations within the working region and also the

number of cross-coupled particles when HE4 was not present.
For this purpose, we first found the Si I peak height and area at
different HE4 concentration levels. Then, these values were
substituted in the calibration equation to find the relevant silica
weights, and then lastly, the number of bound silica particles
was calculated.

■ TOWARD PRACTICAL APPLICATIONS AND
CHALLENGES

Implementing microparticle immunoassays in clinical trials
would be beneficial for sensitive detection. The average
marginal level of HE4 concentration is 70 pM. Since this
technique enables one to detect low concentrations, a routine
test could find even slight variations in HE4 at low
concentrations, potentially predicting the potential risk of
ovarian cancer at an early, treatable stage. However, the
selectivity and specificity of this assay must be evaluated before
applying them directly to clinical trials (see the Supporting
Information for more details on selectivity and specificity).
Upon the satisfactory results of selectivity and specificity,
samples from cancer and cancer-free patients must be tested
and compared with other clinically approved methods. For
this, each sample needs to be serially diluted until the HE4
concentration falls within the working region of this assay. The
past dataset on variations of HE4 concentrations of healthy
and cancerous samples can be helpful to approximately
determine the extent of dilution. Diluted samples of the

unknown sample can be used for conjugation with antibody-
modified magnetic beads. Then, following the similar steps
explained in the experimental section, the final conjugate can
be purified and tested with LIBS for the Si intensity
measurements. Finally, by interpolating the Si intensity of
the conjugate on the working region of the assay, one can
determine the unknown concentration of HE4. To confirm the
concentration of the unknown sample, the sample can be
further diluted or concentrated within the working region of
this assay and can be tested similarly.
However, this method has a few challenges before being

implemented in clinical trials. Since our working region is 0.0−
0.0073 pM, a serial dilution process would be required to
utilize this method. Potential errors associated with dilution
might cause overdiagnoses. Since the working region of this
assay is narrow, a higher number of dilution steps is required
so that the serum concentration can fall within the working
region of this assay. The number of dilution steps can be
reduced by higher volumes of buffer solution to small amounts
of the sample so that the error associated with every single step
can be minimized. Second, non-selective cross-coupling can
challenge the reliability of this assay. The complex nature of
biomolecules containing many nucleophilic functional groups,
such as amines, thiols, hydroxyl groups, and carboxylates,
makes bioconjugation a challenge. These other biomolecules
could yield other non-specific byproducts, challenging the
purification, detection, and quantification process.50 As
explained before, the silicon signal observed in the control
experiment mainly arises from these non-specific conjugations.
We eliminated this cross-coupling effect by doing control
experiments (conjugation of the antibody without HE4,
conjugation without both HE4 and antibody, and measuring
the signal of the magnetic beads only) so that it did not affect
getting a linear regression between silicon intensity with the
HE4 concentration. However, the amount of cross-coupling
could still differ with the HE4 concentration. The available
binding sites for the cross-coupling might be altered depending
on the amount of HE4 in the conjugation medium.
Additionally, the HE4 could also block the silica particles
from being directly bound with the magnetic beads, and this
effect could vary depending on the amount of HE4 present in
the medium. Due to these reasons, one cannot expect
consistency in cross-coupling, as seen in this assay. Blocking
agents can disable the potential active sites of the antibody or
protein A to prevent the silica from making non-specific
conjugations with antibodies or magnetic beads to help tackle
the cross-coupling issues. This requires careful structural and
chemical reaction knowledge of biomolecules. Alternatively, a
size filtration process could also be followed to separate the
HE4-modified beads from bare magnetic beads or magnetic
beads with the antibody responsible for cross-coupling.

■ CONCLUSIONS
In this work, sandwiching an antibody−antigen complex using
two different types of microparticles through bioconjugation
was attempted to detect and quantify the ovarian cancer
antigen HE4 at significantly low concentrations. Once the
expected conjugation was achieved, purification and detection
were the key steps; for this purpose, we used iron and silica
microparticles, respectively. Using a magnetic separator, the
final conjugate was purified from the buffer solution before
detecting the silicon emission using LIBS. A linear working
region was achieved regarding silicon intensity and the HE4

Table 2. p-values Obtained from Tukey’s Multiple
Comparison Test for Pairwise Comparison of Calibration
Data at the 95% Family-Wise Confidence Interval Level

Table 3. Estimated Bound Silica Particles and the Coupling
Ratio of Silica to HE4

experimentally
bound silica
(μg)

experimental
silica to HE4
coupling ratio

HE4
concentration

(pM)
predicted bound silica
by 1:1 coupling (μg)

by
peak
height

by
peak
area

by
peak
height

by
peak
area

0.0000 0.00 5.65 5.60 NA NA
0.0018 0.23 0.38 0.37 1.64 1.64
0.0073 0.92 1.37 1.38 1.50 1.50
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concentration to find the unknown HE4 concentration. The
developed assay was detected below 0.0073 pM, with the
lowest detection limit of 0.0022 pM. In addition, we estimated
the amount of bound silica particles with the HE4 antigen and
deduced the coupling ratio of silica particles to antigens, which
was calculated through two different analyses, peak height and
area. For this goal, a silicon calibration curve was utilized.
Moreover, not only were the silica particles bound with HE4
established but we calculated the cross-coupled particles with
magnetic beads. Finally, we discussed the issues associated with
this assay when implementing it in clinical trials and potential
solutions to minimize those issues.

■ MATERIALS AND METHODOLOGY
A sandwich-type immunoassay method uses iron and silica
microparticles to sandwich the antibody−antigen conjugate
through bioconjugation. The conjugation steps in this study
are depicted in Figure 8 and are briefly described in the
following. Protein A-modified iron particles are coupled to
anti-HE4 antibodies, which are then incubated with the
antigen such that the antibody can bind to the antigen. Later,
this conjugate is mixed with GA-modified silica microparticles
to develop a sandwich-type immunoassay. A magnetic
separation method was followed to purify the silica particles
that were conjugated to the antibody−antigen complex, and
then we used LIBS to detect the silica particles to quantify the
extracted HE4 antigen.

Preparation of Silica Particle Suspension for Calibra-
tion. First, 1 mg of silica particles (1 μm in diameter,
purchased from Bangs Laboratories) were mixed with 1 mL of
phosphate buffer saline (PBS-pH 7.4) to create a silica stock
suspension. Nine sample sets of silica microparticle suspen-
sions were prepared from this stock suspension. A series of
different amounts of silica particles having 0 μg (control), 0.01,
0.1, 0.5, 1, 2, 5, 10, and 100 μg weight loads in PBS suspension
were prepared.
Then, each of the concentrations was mixed with a standard

amount of 50 μg of ∼1.5 μm iron microparticles (magnetic

beads). These particles were filtered through a centrifugal filter
with a 0.45 μm pore size in a polyethersulfone membrane filter
(Sartorius Stedim Biotech) and allowed to dry for over 1 h at
ambient temperature. To achieve homogeneous sample
distribution on the filter surface, the particle suspension was
vortexed, and then the buffer was removed by applying
negative partial pressure to the bottom part of the filter. These
sets were used with the LIBS setup to create a calibration curve
to compare our sandwich assay results for quantification
purposes.

Antibody−Protein A-Coated Magnetic Bead Conju-
gation. A 2.2 mg/mL stockpile of anti-HE4 monoclonal
antibodies (HM170 from the Biotechnology company East
Coast Bio, Inc) was used. Then, the suspension was diluted
using a serial dilution process to yield a pre-determined
number of antibodies per sample (∼5.28 × 106 antibodies/
sample). Protein A-coated magnetic beads (10 μL, density 5
mg/mL) from Bangs Laboratories were first washed with PBS
to remove unbound protein A. Then, the magnetic beads were
mixed with antibodies using a Fisherbrand Mini Tube Rotator
(Fisher Scientific) at the rate of 40 rpm for 3 h for conjugation.
The antibody-conjugated particles were magnetically sepa-
rated, and the supernatant (post-coupling solution) was
discarded. Antibody-coated particles were further washed
three times with PBS to remove nonspecifically bound
antibodies, followed by magnetic separation and discarding
of the wash supernatant.

Conjugation of the Antigen and the Antibody. Pre-
determined concentrations of HE4 antigens (0.0018, 0.0073,
0.0146, 0.0292, and 0.4671 pM) were prepared by diluting 10
μL of antigen stock suspension (East Coast Bio, LA306, 500
pmol/mL) using PBS. After that, those concentrations were
mixed with the magnetic bead/antibody complex and
incubated overnight. To each of the five samples, various
amounts of PBS (pH 7.4) were added such that the final
volume of all five samples equaled 150 μL. After overnight
incubation, antigen-conjugated beads were magnetically

Figure 8. Schematic diagram of the magnetic particle-based immunoassay system for the isolation and purification of HE4 protein biomarkers.
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separated and washed three times with PBS to remove the
nonspecifically bound antigens.

Conjugation of Silica Particles with Antigen-Coated
Magnetic Beads. A 1 mg quantity of amine-modified silica
particles (Bangs Laboratories) was mixed with 50 μL of 25%
GA and allowed to mix on a rotator overnight at the rate of 40
rpm. After that, 950 μL of PBS was added to make the final
volume 1000 μL. The antigen-conjugated particles were
incubated with 10 μL (=10 μg of suspended particles) of the
GA-modified silica particle suspension and left on a rotator for
3 h so that the silica particles could bind to the antigen through
the GA. Then, conjugated particles were magnetically
separated and washed three times with PBS to remove
unbound constituents. Finally, 150 μL of PBS was added to
this conjugate to make a suspension and then filtered through
the centrifugal filter (pore size of 0.45 μm) by applying
negative pressure so that the conjugate would be uniformly
spread over the filter for LIBS measurements.
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