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ABSTRACT: Each immunoglobulin isotype has unique
immune effector functions. The contribution of these
functions in the elimination of pathogens and tumors can be
determined by monitoring quantitative temporal changes in
isotype levels. Here, we developed a novel technique using
magneto-nanosensors based on the effect of giant magneto-
resistance (GMR) for longitudinal monitoring of total and
antigen-specific isotype levels with high precision, using as
little as 1 nL of serum. Combining in vitro serologic
measurements with in vivo imaging techniques, we investigated
the role of the antibody response in the regression of firefly
luciferase (FL)-labeled lymphoma cells in spleen, kidney, and
lymph nodes in a syngeneic Burkitt’s lymphoma mouse model. Regression status was determined by whole body bioluminescent
imaging (BLI). The magneto-nanosensors revealed that anti-FL IgG2a and total IgG2a were elevated and sustained in regression
mice compared to non-regression mice (p < 0.05). This platform shows promise for monitoring immunotherapy, vaccination,
and autoimmunity.

KEYWORDS: Magneto-nanosensors, bioluminescent imaging, magnetic nanoparticles, lymphoma, cancer immunology,
immunoglobulin isotypes

Serum antibody levels are routinely measured to assess an
individual’s immune status, including vaccination status and

disease diagnosis,1−3 because they reflect the humoral immune
response to certain types of pathogens. For example, the
existence of circulating antibodies against human immunodefi-
ciency virus (HIV) and hepatitis B virus (HBV) may reveal the
individual’s infection history or current status associated with
each pathogen. Furthermore, serum antibody response against
tumor-associated antigens (TAAs) could indicate which
antitumor immune effector functions are activated. However,
although antibody-based therapy against tumors has been
successfully implemented to trigger antitumor immune
response,4,5 the role of humoral immunity in the antitumor
immune response remains unclear.6 To facilitate immunization
tests, disease diagnostics, and antitumor immunity studies,
various methods have been developed to measure serum

antibodies. Recently, microarray techniques enabled multiplexed
serum measurements by combining different assays into a single
platform for detection of autoantibodies in autoimmune
diseases,7,8 screening of autoantibodies in cancer,9 and
estimation of vaccination efficacy.10,11 Although an antibody
microarray test can reveal immunity against multiple targets, its
limitations include that it is still a snapshot of immune status at
the time point of test and that it is difficult to accurately measure
multiple time-point samples with different arrays due to array-to-
array variations. Even though multiple samples are allocated on a
single array, fluorescence-based planar microarrays require
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normalization of signals and variations of spot sizes that produce
high uncertainty in quantitative measurement.7,12,13 In addition,
recent studies have focusedmore on the importance of individual
antibody isotypes in meditating immune responses,14,15 instead
of overall reactivity of antibodies to certain targets because each
isotype has different effector functions and temporal expression.
This measurement of isotypes provides a more informative
picture of which pathways are activated and how the immune
system interacts with the targets.
Bioluminescent imaging (BLI) enables noninvasive longitudi-

nal tracking of firefly luciferase (FL)-labeled cells within living
mice.16 Spontaneous tumor regression has been observed in
syngeneic immunocompetent mice that were injected with FL-
labeled tumor cells,17 and we have found that about 16% of mice
showed spontaneous regression after being transplanted with
Burkitt’s lymphoma cells, as determined by BLI and confirmed
by caliper measurements. Lymphoma is a systemic disease, and
FL is a foreign protein that can be targeted by the immune
system. These features allowed us to use a mouse lymphoma
model to demonstrate the capability of magneto-nanosensors to
monitor longitudinal global antibody responses in terms of its
isotypes by combining in vitro magneto-nanosensor technique
with in vivo site-specific BLI. Previously, the magneto-nano-
sensor chips were demonstrated to be a promising transformative
proteomics platform with femtomolar range sensitivity, because
they are matrix- and temperature-insensitive due to use of
magnetic nanoparticles (MNPs)18−20 and employment of
advanced signal processing schemes that enable fast readout
and multiplexing capability.21 Here we describe a new method
for longitudinally monitoring antigen-specific and total isotypes

of IgG in serum using a significantly smaller sample volume for
the magneto-nanosensors. The in vitro measurement was
coupled with in vivo BLI of FL-labeled lymphoma cells in a
syngeneic immunocompetent mouse model. The quantitative
detection of both IgG isotypes allowed us to systemically
understand the interactions between the host (immune system)
and tumors and analyze which pathway(s) of the immune system
was being activated to eliminate the tumors.
To generate a tumor mouse model for this study, we injected

0.3 million Eμ-myc/Arf null mouse lymphoma cells22 labeled
with a FL−eGFP fusion reporter into syngeneic female C57BL/6
mice via tail vein and monitored their growth at the lymph nodes
(renal, RLN; inguinal, ILN; and axillary, ALN), kidney, and
spleen by BLI. As a negative control, we injected 0.3 million non-
FL expressing Eμ-myc/Arf null mouse lymphoma cells into
another set of mice (n = 3). To determine the background BLI
signals due to substrate (D-luciferin), mice (n = 2) were injected
with the vehicle (Hank’s Balanced Salt Solution, HBSS).
Bioluminescence images were taken twice a week for each
mouse starting 7 days after the cell injections. Serum samples
were collected on the same days as BLI, and prior to cell
injections to establish the baseline of antibody responses (Figure
1a). Tumor volume measurements of the ALN and ILN were
performed starting on day 11, when palpable. Based on BLI
measurements for the first 24 days, 5 mice were classified as
regression mice and another 5 mice were classified as non-
regression mice for subsequent analyses. Figure 1b shows the
bioluminescent images of representative mice in each exper-
imental group. The regression of tumor cells in the 5 mice was
also confirmed with ALN and ILN tumor volume measurement

Figure 1. Live mouse BL imaging of tumor regression. (a) Schematic of BLI coupled with serum antibody measurement by magneto-nanosensors. Arf
null lymphoma cells were labeled with a FL−eGFP fusion reporter prior to injection into syngeneic C57BL/6mice.Whole body BLI and blood draw (20
μL) were performed at different time points post-cell-injection in mice. (b) Representative images of mouse groups. Decrease in BLI signals in mice that
exhibit lymphoma regression was observed, compared to those of non-regression mice. Mice injected with an equal number of unlabeled Arf null
lymphoma cells or with HBSS served as negative controls. (c) BLI signals (average radiance over area) at different time points post-cell-injection in
spleen, ALN, ILN, and kidney with renal lymph nodes (KRLN) subtracted from control mice without any cell injection. The BLI signals in spleen and
lymph nodes decreased dramatically in regression mice compared to those of non-regression mice starting on day 14. All non-regression mice died on
day 24 post-cell-injection.
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Figure 2. Development of antigen-specific isotype assays. (a) Left, image of magneto-nanosensor chip with a dimension of 10 mm × 12 mm and US
dime (17.9 mm diameter). Right, individually accessible 8 × 10 sensor array on a chip. Inset, sensor element with a dimension of 100 μm × 100 μm. (b)
Schematic of the assay (not to scale). (1) FL (blue ovals) was immobilized on the sensors. (2)Multiple serum samples taken at different time points were
deposited on sensors coated with FL by a noncontact arrayer. The volume of the sample on a sensor is about 1 nL. Green represents the sensors with
samples containing a higher concentration of anti-FL antibodies (antibody with blue tips), and yellow represents the sensors with samples that have a
lower concentration of anti-FL antibodies. Black represents the sensors without anti-FL antibody. If anti-FL antibodies exist in the samples, they will
bind to the FL on the sensors. (3) After washing the chip, isotype-specific secondary antibodies (antibody with red tips) were added. (4)MNPs bound to
the secondary antibodies via biotin−streptavidin interaction. The magnetic field from the MNPs can be detected by the magneto-nanosensor
underneath under an externally applied magnetic field. (c) Specificities of isotype-specific secondary antibodies. Each group of sensors was
functionalized with different purified mouse IgG isotypes (IgG1, IgG2a, IgG2b, and IgG3) in a different set of sensor chips, and one type of isotype-
specific secondary antibodies (anti-IgG1, anti-IgG2a, anti-IgG2b, or anti-IgG3) was added to each chip. The MNPs were then introduced to label the
secondary antibodies to determine the reactivity of the antibody to the isotypes. Each secondary antibody was highly specific to its targeted isotype (Max
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Figure 2. continued

cross-reactivity = 2.6%), and anti-IgG secondary antibodies should bind to all isotypes. (d) Titration curve of anti-FL IgG1 detection using magneto-
nanosensors. Serial dilution (2-fold) samples were measured, and 4 parameter logistic (4PL) nonlinear regression model was used for the curve fitting
(black solid line, R2 = 0.9830). The background level (red dashed line) was determined by the average signal of zero concentration of the antibody and
two standard deviations. The detection limit is 20 nM.

Figure 3. Profiles of anti-FL IgG isotypes measured bymagneto-nanosensors. The serum samples from regression (blue, n = 5), non-regression (red, n =
5), unlabeled cell injected (green, n = 2), and no cell injected (black, n = 2) mice were measured for each isotype against FL. Each data point is the
average signal of triplicates, and the baseline signals (day 0) were subtracted from all later time point signals to easily compare the differences. The signals
were further normalized by the maximum detection signal. Different symbols on the connected lines indicate different mice. A statistical test (t-test) was
performed at each time point between regression and non-regression groups, and the data point is denoted with an asterisk if p < 0.05 and false discovery
rate (FDR) < 10%: (a) Anti-FL IgG. (b) Anti-FL IgG1. (c) Anti-FL IgG2a. (d) Anti-FL IgG2b. (e) Anti-FL IgG3.
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by caliper (Figure S1). In addition, we found that the BLI signals
were well correlated with the number of labeled lymphoma cells
at all sites measured. Figure 1c indicates that the decreases in
area-averaged BLI signals at ALN, ILN, and kidney with RLN
(KRLN), as well as spleen, have similar regression patterns, even
though we observed slightly early decrease of the signals in spleen
of the regression mice.
To detect antibodies in serum samples, we developed a novel

technique to measure multiple serum samples with a single
magneto-nanosensor chip. This technique requires about 10 nL
of sample to measure all antigen-specific and total isotypes
together, which allows us to longitudinally study the presence of
FL antibodies (IgG and IgG1/IgG2a/IgG2b/IgG3) in the same
mice with bleeding at each imaging time point. In contrast,
conventional ELISA usually requires 50−100 μL serum samples
to measure only one parameter among them, which requires at
least 1 mL of bleeding for 10 parameters (anti-FL and total
isotypes, see Figure S2). Magneto-nanosensors can measure all
the isotypes (5 antigen-specific and 5 total) using only 10 nL of
serum (1 nL per each parameter to cover the active sensing area
of a magneto-nanosensor). Each chip consists of 72 sensor
elements that can be individually functionalized with target
proteins or antibodies (capture probes) to detect serum
antibodies or other analyte of interest (Figure 2a). Each sample
is delivered separately to designated sensors using a noncontact
arrayer. The serum antibodies bound to the capture probes are
labeled with isotype-specific biotinylated secondary antibodies
that subsequently bind to streptavidin-coatedMNPs (Figure 2b).
The magneto-nanosensor underneath these sandwich complexes
can detect stray magnetic fields from the MNPs and produce
electrical signals proportional to the number of the MNPs.23

Once plateaued, the signals are taken for the further analyses
(Figure S3). This measurement takes less than 20 min. To
differentiate each isotype of serum antibodies, the secondary
antibodies should be highly specific to their target isotypes. Thus,
monoclonal secondary antibodies were screened with the sensor
chips that contain purifiedmouse IgG1, IgG2a, IgG2b, and IgG3-
coated sensors to check for cross-reactivity of the secondary
antibodies with different isotypes (Figure 2c and Figure S4), and
the maximum cross-reactivity between isotypes was 2.6%. To
validate the technique, commercial anti-FL IgG1 was prepared at
different concentrations (21−1333 nM), and deposited on FL-
coated sensors separately. As shown in Figure 2d, the assay has a

wide and linear range of detection (in a log−log plot), and it
enables quantification of the number of antibodies bound to the
sensors. In regard to the detection limit, the antibodies at a few
nanomolar concentration in 1 nL corresponds to several
hundreds of thousands of the antibodies. Due to the affinity
between the antibodies and capture probes, not every single
antibody molecule will bind to the capture probes at equilibrium.
Thus, we believe that several tens of thousands or fewer
antibodies are actually binding to the surface of a sensor at the
limit of detection, and it is close to the intrinsic sensitivity of the
magneto-nanosensor. The advantage of using a sensor array is a
low intrachip variation (less than 10%), which enables accurate
relative measurement of multiple samples on a single chip in a
single assay. The signals from the magneto-nanosensors are
confined by the actual size of the sensor element (100 μm × 100
μm, shown in Figure 2a) when the sample covers the actual
sensor area (0.01 mm2). This is because the magneto-
nanosensors can only detect the MNPs in their immediate
proximity (within 150 nm).24,25 Due to the nanoscale precision
photolithography sensor fabrication technique, the size of sensor
elements on a chip is highly reproducible, even across different
chips. Furthermore, it is feasible to generate sample spots large
enough to cover the entire area of sensor element using a
noncontact arrayer. These features enable a high accuracy
measurement across multiple samples on a single chip.
To determine whether the immune response plays a key role in

the regression of FL-labeled lymphoma cells in syngeneic mice,
we measured the serum samples from the same cohort where the
BLI signals were monitored. IgG2a is known to be more effective
in triggering antibody-dependent cell-mediated cytotoxicity
(ADCC) via higher binding affinities to the Fc receptors,
compared to other isotypes, in elimination of tumor cells.14,26,27

In a similar manner to detecting the commercial anti-FL IgG1
antibody, FL was immobilized on the sensors and all samples (0,
7, 11, 14, 18, 20, and 24 days post-cell-injections) from each of
twomice were deposited on the different sensors, in triplicate per
chip. A prealiquoted and frozen mouse serum sample from a
regression mouse showing a detectable level of anti-FL
antibodies (IgG and its isotype) from a separate cohort was
also deposited on each chip. The signals from these sensors were
used to normalize the serum antibody signals across the chips,
that is, across different mice, isotypes, and days of the
measurement. Five chips with the same sample pattern were
prepared and probed with different isotype-specific secondary
antibodies (anti-IgG, anti-IgG1, anti-IgG2a, anti-IgG2b, and anti-
IgG3) (Figure S5). To measure serum samples from all mice, the
entire procedure was repeated 7 times with different sets of
samples. The order of measurement and preparation, physical
locations of samples on the sensors, and reader stations were all
randomized to reduce possible bias from the order of sample
deposition, variation in fabrication, and location of the sensors
within each chip. We found that only the order of sample
deposition affected the signals (Figure S6a). However, it was
confirmed by comparing statistical tests before and after
correction that this factor did not significantly change our
findings (Figure S6b). After normalization of signals using the
common sample, each isotype signal was further divided by the
maximum signal that can be produced by the each sensor chip.
No significant antibody was detected until 7 days post-cell-
injection, but a substantial amount of IgG against FL was found
in the serum samples of both regression (n = 5) and non-
regression (n = 5)mice starting on day 11 (Figure 3a). Since both
anti-FL IgG1 and IgG2a in the non-regression mice decreased

Figure 4. Titration curves of total isotype detection with magneto-
nanosensors. Two-fold serial dilution samples of each isotype were
measured, and 4 parameter logistic (4PL) nonlinear regression models
were used for the curve fitting (solid lines, IgG, R2 = 0.9961; IgG1, R2 =
0.9931; IgG2a, R2 = 0.9775; IgG2b, R2 = 0.9835; and IgG3, R2 = 0.9938).
The background levels (dashed lines with the same color codes) were
determined by the average signal of zero isotype measurement and two
standard deviations.
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faster than those in the regression mice (Figure 3b,c, Table S1 for
all p-values), the IgG response dropped more rapidly in the non-
regression mice. Notably, the levels of anti-FL IgG2a in
regression mice were maintained relatively constant after their
onsets and showed statistically significant difference (p < 0.05)
18 days after the cell injection, earlier than anti-FL IgG. No
significant levels of anti-FL IgG2b and IgG3 were detected for
the duration of the study (Figure 3d,e). Furthermore, mice
injected with non-FL-expressing lymphoma cells or with the
vehicle (HBSS) showed no significant antibody signals during

the course of time (p > 0.05 in all cases), further demonstrating
the specificity of the magneto-nanosensors.
To measure the total concentration of each isotype (including

both FL and non-FL specific antibodies), isotype-specific capture
antibodies were immobilized on another set of the sensor chips in
lieu of FL (Figure S7). The samples were deposited on the
sensors using the same arrangement (Figure S8), and the same
isotype-specific secondary antibodies were used. Unlike the case
of antigen-specific isotype detection, where only anti-FL IgG1 is
commercially available (Figure 2d), all total isotypes are

Figure 5. Profiles of total IgG isotypesmeasured bymagneto-nanosensors. The serum samples from regression (blue, n = 5), non-regression (red, n = 5),
unlabeled cell injected (green, n = 2), and no cell injected (black, n = 2)mice weremeasured for the total concentration of each isotype (including FL and
non-FL specific). Each data point is the average signal of triplicates, and the signals were converted into the serum concentrations using the titration
curves. Different symbols on the connected lines indicate different mice. A statistical test (t-test) was performed at each time point between regression
and non-regression groups, and the data point is denoted with an asterisk if p < 0.05 and false discovery rate (FDR) < 10%. (a) Total IgG. (b) Total IgG1.
(c) Total IgG2a. (d) Total IgG2b. (e) Total IgG3.
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commercially available. Thus, each isotype (IgG 2−1000 μg/mL,
and others 2−500 μg/mL) was titrated on different chips as
standard curves (Figure 4). In addition, the same normalization
and randomization schemes were applied to the measurement.
Based on the measurement of the common sample across the
chips, the variations between chips and measurement days were
calculated, giving a maximum interchip coefficient of variation
(CV) of 17.6%. This variation was corrected through normal-
ization by the common sample. Since all measured signals were
within the dynamic ranges of the standard curves, excluding data
points below the detection limit, the signals were converted into
the concentrations. Total concentrations of mouse IgG in all
mice were maintained constant over time (Figure 5a) because
the predominant isotype, IgG1,14 remained the same during the
course of the experiment (Figure 5b). Interestingly, the levels of
total IgG2a were initially low, and became detectable starting 11
days after the injection of the tumor cells (Figure 5c). Similar to
FL-specific IgG2a, the total IgG2a levels remained constant in
the regression mice, while they decreased after the onset in the
non-regression mice after day 11 (p < 0.05), which is again earlier

than the total IgG. The concentration of IgG2a in the regression
mice was approximately 2 times higher than that in the non-
regression mice after day 11 (Table S2). Interestingly, total
IgG2a levels in the mice with unlabeled cells are similar to those
in the regression mice. The ILN and ALN tumor volume
measurements showed that the tumors regressed in these mice as
well (Figure S1). This can indicate that the total IgG2a is a key
isotype involved with eliminating the tumor cells. The levels of
total IgG2b and IgG3 were dropping at the later time points only
in the non-regression mice, while those in the regression mice
remain stably elevated (Figure 5d,e). In addition, since the anti-
IgG secondary antibodies used for total IgGmeasurement do not
have the same affinity to each isotype as isotype-specific
monoclonal secondary antibodies (Figure 2c), the measured
concentrations of total IgG1, IgG2a, IgG2b, and IgG3 did not
add up to the measured concentration of total IgG. Once the
reactivity of secondary antibodies was corrected, the signals were
well-matched (Figure S9). Moreover, the substantial increases in
total IgG2a did not clearly appear in the total IgG, because the
majority of IgG was IgG1 and IgG2b (Figure 5b,d).

Figure 6. Levels of serum IFN-γ and inducible chemokines. The serum samples from regression (denoted as R in blue, n = 5), non-regression (denoted
as N in red, n = 5), no cell injected (denoted as HC in black, n = 2) mice were processed for bead-based cytokine and chemokine measurement. TheMFI
normalized by the signal of day 0 for each mouse was plotted in log scale. The peak of IFN-γwas observed on day 11 in the regression mice, which is well
correlated with onset of antibody response. IFN-inducible chemokines (IP-10, RANTES, MCP-1, MCP-3, and MIP-1β) showed similar patterns.
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It has been reported that the IgG2a signature is one of the
characteristics of T helper 1 (TH1) cell-mediated immunity,
whereas T helper 2 (TH2) cells promote IgG1.28 In addition,
since TH1 and TH2 cells are differentially regulated,29 the
decreasing levels of anti-FL IgG1 and sustaining levels of anti-FL
IgG2a are indicative of an immune response shifted from TH2
cell-mediated to TH1 cell-mediated immunity. To support that
TH1 cells were involved with the regression, serum cytokines and
chemokines were measured with 38-plex bead-based assays
because TH1 cells are known to secrete IFN-γ, while TH2 cells
produce mainly IL-4.30 The signals of mean fluorescent intensity
(MFI) were normalized by the average of all day 0 signals for
each cytokine and plotted for each mouse. The levels of IFN-γ
started increasing on day 7 and peaked on day 11 in the
regression mice and dropped back to the initial levels (before
tumor injection). In the non-regression mice, however, their
levels were sustained at the elevated levels from day 0 (Figure 6).
Furthermore, IFN-inducible chemokines such as IP-10
(CXCL10), RANTES (CCL5), MCP-1 (CCL2), MCP-3
(CCL7), and MIP-1β (CCL4) had similar patterns to the IFN
signature. We also observed that the levels of GCSF, IL-6, and
TNF-α resembled those of IFN-γ and its related chemokines. We
detected no significant change in IL-4 (Figure S10).
Using a mouse tumor model combined with BLI, we have

demonstrated that magneto-nanosensors are capable of longi-
tudinal monitoring of antibody response, including antigen-
specific and total isotypes of IgG. Using this technique, we
observed that the levels of anti-FL and total IgG2a remain high in
tumor-regression mice (p < 0.05) 14 days after injection with FL-
labeled mouse lymphoma cells. Conventional IgG measurement
without isotyping would have missed this effect, validating the
importance of this technique. Additionally, the IFN-γ signature
was observed on day 11, in accordance with onset of IgG2a. We
believe that TH1 cell-mediated immunity became prevalent and
that it may have played a key role in eliminating tumor cells in the
regression mice.
We anticipate this technique can be further used to study

immunotherapy, detect autoantibodies in cancer and auto-
immune diseases, and estimate efficacy of vaccinations. Dendritic
cell-based and T cell-based immunotherapies have been studied
over the past several decades.31,32 However, the antibody
response against targets induced by the immunotherapy has
not been well studied.6 This technique allows us to conduct
research to determine the signature(s) of isotypes in regression
after immunotherapy and the role of the humoral response in
antitumor immunity. Recently, autoantibody signatures have
been used for early cancer detection,33 and autoantibody
measurement has been a key component in the diagnosis of
many autoimmune diseases.19,34,35 Most current studies have
focused on the signature of autoantibodies at the time of
diagnosis, although the presence of autoantibodies has been
shown to precede clinical onset of disease.36 This technique
could enable studying temporal changes in autoantibody levels in
patients over the development of the disease. In addition to
confirming immunization status of a patient, the magneto-
nanosensors can provide a platform to study the time frame
required to develop antibodies against vaccines, determine the
isotype(s) involved in the vaccine response, and estimate the
decay rates of the antibodies with high accuracy to administer a
timely booster shot.
Since the magneto-nanosensor array is scalable,37 we

anticipate that the next generation of magneto-nanosensor
chips will have a denser detection array that can be used to

longitudinally monitor hundreds of samples simultaneously in a
single chip. Given that this technique requires as little as 1 nL of a
serum sample to measure one isotype, it can be easily
implemented into point-of-care (POC) devices.24,38 To
miniaturize the device, a simple microfluidic chip or stamp
method can be employed to deliver samples to designated
sensors.39 This strategy can help us evaluate individuals’
immunization status rapidly and affordably with a drop of
blood from a finger-prick or in combination with microneedle
techniques.40−42
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