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Advancing liquid biopsy: whispering gallery mode
laser detection of the HER2 cancer biomarker on
extracellular vesicles

Sentayehu Fetene Wondimu,2° Richa Khanduri; i< John Atanga,® Marc Hippler,2~®
Andreas Hofmann,® Christoph Hussal,” Daria Kohler,?® Sarah Krammer,® Uwe Bog,®
Tobias Wienhold,® Meike Koenig," Sebastian Kdber,2® Timo Mappes,

Joerg Lahann,™ Heinz Kalt,® Wolfgang Freude,?® Johnathan Sleeman,®

Athanasia Warnecke, " Thalia Erbes,” Ingolf Juhasz-Bdss,”

Christian Koos®® and Irina Nazarenko @ *©

The search for new technologies to reliably detect biomarkers in body fluids has become critical for the
integration of liquid biopsy into routine diagnostics. Among the most important applications is the need for
effective monitoring of therapy response and early detection of emerging resistance. However, the
availability of robust and quantitative tools for measuring biomarkers in body fluids remains limited. HER2,
the epidermal growth factor receptor-2, is of significant importance as a predictive biomarker and
therapeutic target, not only in breast cancer, but also in colorectal, gastric, prostate and other
malignancies. Tumors that express HER2 are susceptible to HER2-targeted therapies, which include
inhibitory antibodies such as trastuzumab and pertuzumab, as well as small inhibitor molecules such as
lapatinib and tucatinib. Despite the success of these treatments, more than 20% of patients develop
resistance. The most common mechanisms of resistance are either cleavage of HER2 leading to the
formation of an intracellular, constitutively active, ligand-independent p95HER?2 protein and its extracellular
plO5HER2 counterpart, or the formation of HER2/HER3 heterodimers. Current clinical diagnostics are
primarily limited to detecting HER2 in tissue biopsies, which cannot be routinely performed during
treatment due to the invasive nature and high patient burden of tissue sampling. Additionally, while soluble
pP95HER?2 protein can be measured in patient serum using conventional ELISA, this method lacks robust
prognostic value. The detection of full-length HER2 in the form of homo- and heterodimers is still lacking
and could be a key element in establishing liquid biopsy-based HER2 therapy monitoring. In this
manuscript, we propose a novel approach using whispering gallery mode (WGM) lasers as a reliable
method to specifically detect full-length HER2 proteins associated with extracellular vesicles (EVs) released
into the circulation. We have successfully established a detection limit of 107 vesicles per mL, approximately
equivalent to 10 pL of human plasma or serum. Moreover, our detection technology can discriminate
between soluble HER2 and membrane-bound HER2, enabling precise identification of the latter. This
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advancement opens up the possibility of introducing HER2 detection as a highly accurate and quantitative

liquid biopsy method for detecting HER2 in blood, in full-length forms, offering new avenues for non-

invasive diagnostics, patients monitoring, and early prediction of therapy.

1. Introduction

Extracellular vesicles (EVs) have recently emerged as a crucial
means of cellular communication. These vesicles are naturally
present in body fluids like blood, saliva, urine, breast milk,
and others."™ They serve as messengers transporting
information in the form of lipids, proteins, RNA, and
potentially DNA between the cells, or as regulators of signal
transduction cascades, activating cell surface receptors by the
interaction with the cells.”® EVs have a significant impact on
both local cellular processes and systemic events, altering
properties of recipient cells. Initially considered as mere
membrane debris with no biological relevance, EVs are
recognized to play essential roles in physiological and
pathological processes including development, cancer,
immunity and neurodegenerative diseases.”'' They are
composed of heterogeneous populations of vesicles of
different origins and sizes. Some of them are continuously
released as an entire part of autocrine and paracrine
regulation of homeostasis, as e.g. exosomes, which are formed
by the intraluminal budding of endosomal membranes.’
Other types of vesicles are shed in response to exogenous
stimuli, such as alterations in pH, hypoxia, irradiation,
cellular injury, and physiological stressors."*'* Additionally,
when the cells undergo apoptosis, due to the actomyosin
contractions and cytoskeleton destruction, apoptotic blebs,
also considered as another EV type, are released.'® Regardless
of their origin, EV content reflects the molecular composition
of donor cells, making them a valuable source of potential
biomarkers.'>'®

Depending on the isolation method, different EV
populations can be enriched. However, none of the isolation
methods allows absolute separation of a particular EV
population from others.” Speaking of blood-derived EVs, their
isolation is even more complex because blood is enriched in
a number of non-EV components, including proteins and
lipoproteins; furthermore, the pre-analytical routine of blood
collection can greatly affect the quality of EV isolates."”'®
Therefore, technologies enabling sensitive and robust
detection of EV-associated biomarkers, independent of
sample purity, are highly desirable for advancing EV-based
liquid biopsy in diagnostics and treatment monitoring.

HER2 overexpression characterizes 20-30% of breast
cancer cases, correlating with adverse prognostic outcomes
because of increased tumor cell proliferation, metastasis and
tumor recurrence.'®*® Current guidelines from the National
Comprehensive Cancer Network recommend testing for
HER2 expression in recurrent, unresectable, or metastatic
salivary tumors as part of a biomarker panel, indicating the
emerging role of HER2 expression as a biomarker and
treatment target for malignancies of the head and neck.>" At
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the same time, HER2 expression serves as an utmost valuable
biomarker for the susceptibility for HER2-targeted therapy.*”
Presently, clinical diagnostic methodologies for HER2
evaluation are predominantly confined to the analysis of
tissue biopsies or the assessment of cleaved HER2
extracellular domains (p105HER2) within serum samples, e.g.
by using conventional ELISA. However, the latter approach
does not discriminate between cleaved and membrane-bound
HER2, limiting substantially its usefulness for the monitoring
of therapy response and early detection of therapy resistance.
Considering that HER2 can be released not only in its cleaved
form as a soluble protein, but also as an EV-associated full-
length protein,>*” we aimed to develop a new method that
would allow selective detection of membrane-bound HER2 in
a blood sample. To this end, we took advantage of the ability
of WGM lasers to produce distinct, well-defined emission
peaks.”®?® When interacting with biological analytes, these
peaks shift depending on the concentration of the analyte
bound to the laser surface.®*® WGM lasers have been
successfully used to detect a wide range of biomolecules,
nanoscale particles, cancer
biomarkers, and viruses. In our previous work, we
demonstrated the applicability of WGM lasers in laboratory
diagnostics by fabricating them at low cost and integrating
into microfluidic enabling
2933 current

including oligonucleotides,
31,32

them seamlessly systems,
automated lab-on-chip platforms. In the
manuscript, we demonstrate the application of WGM lasers
as the core component of a lab-on-chip platform for the

detection of EVs and EV-bound HER2.

2. Results & discussion

2.1 The principle of EV-bound HER?2 detection using a WGM
laser chip

The physical detection principle of whispering gallery mode
(WGM) lasers is based on shifts in the emission spectrum
resulting from the attachment of particles or biomolecules to
the resonant laser modes at the sensor surface. For the
detection of extracellular vesicles (EVs), a chip containing 16
WGM lasers was fabricated as previously described®
(Fig. 1A and B). We harness the fundamental working
mechanism of WGM lasers by introducing molecular
specificity through selective surface functionalization, using a
chemistry approach detailed in our earlier work.”> Precisely,
in this study, the laser surfaces were functionalized with
antibodies targeting specific membrane proteins on EVs
(Fig. 1C), as described in the Methods section. For example,
to enable detection of HER2-positive EVs, the laser surfaces
were functionalized with HER2-specific antibodies, allowing
selective immobilization of HER2-expressing EVs. Their

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 WGM laser measurement setup. (A) Microscopy image of the sensor chip printed on a glass slide, supplemented with a whispering gallery
mode (WGM) laser. The inset shows a single WGM laser (scale bar - 10 um). (B) Schematic representation illustrating extracellular vesicles (EVs)
approaching the surface of the WGM laser. This interaction causes a shift in the resonance intensity, observed as a change in wavelength (A/, red),
enabling the detection of EV binding to the laser surface. (C) Surface functionalization protocol for EV detection. The surface modification follows
a well-established three-step bioconjugation protocol: (1) activation of the sensor surface using chemical vapor deposition (CVD); (2) incubation
with amine-terminated biotin to enable stable binding; (3) subsequent layering of streptavidin and biotinylated antibodies to ensure specific and
oriented antibody presentation. (D) Scheme of the complete experimental setup. The WGM lasers are excited from above using a frequency-
doubled pulsed Nd:YLF laser emitting at 523 nm (green). The pump beam is focused onto the sensor chip via a 20x microscope objective. The
emitted light spectrum is captured using a spectrometer, and the lasing peaks are monitored using a dedicated algorithm. The sensor chip is
mounted on a motorized stage, which follows a predetermined sequence to excite and measure multiple lasers simultaneously. The emission from
the WGM lasers is collected through the same objective and directed to the acquisition system. Data acquisition is performed using a spectrometer
(Shamrock 500i, iDUS, Andor), while part of the emission is routed to an auxiliary camera to monitor laser positions. The inset shows a magnified
view of the WGM laser surface functionalized with antibodies that enable the specific EV binding for detection. For example, functionalization with
HER2-specific antibodies allows the selective capture of HER2-positive EVs via antigen-antibody interactions on the laser surface, enabling their
detection through spectral shifts.
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binding induces a measurable spectral shift, which is
recorded using a spectrometer (Fig. 1D).
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techniques, they did not allow for a definitive conclusion
regarding the HER2 presence in a distinct EV population or

in different EV populations. To ascertain the HER2-positive
EV population, we employed a differential centrifugation
method to sequentially enrich EV of varying sizes, as
previously outlined (Fig. $1).>* The analysis encompassed
crude fractions enriched in large EVs by sedimentation at

2.2 Small extracellular vesicles (SEVs) exhibit high levels of
HER?2 full-length protein

The localization of HER2 on EVs has been previously

described in a number of studies.”>’ While these  5000g (EV5) and 12 000g (EV12), along with small EVs (SEVs)
publications have explored a range of EV isolation enriched by ultracentrifugation at 120000g. Initially,
A
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Fig. 2 Analysis of HER2 in different EV populations isolated from the cell culture supernatants. (A) Hydrodynamic size distribution of extracellular
vesicles (EVs) enriched in different fractions (EV5, EV12, and sEVs), analyzed using dynamic light scattering (DLS). The data present the intensity
distribution, providing better visualization of larger particles present in the fractions. (B) Western blot analysis of HER2 expression in different EV
fractions. Protein samples (5 pg) from each EV fraction were loaded onto an SDS-PAGE gel for western blot analysis. A strong HER2-specific band
is observed only in the sEV fraction, while calnexin, a marker for large vesicles, is predominantly detected in the EV5 fraction. GAPDH is included
as a loading control. (C) Detection of HER2 and EV markers (CD63, CD9, and CD81) in different EV populations using bead-assisted flow cytometry.
The negative control (neg ctrl) consists of sEVs coupled to beads and stained with an isotype control IgG and secondary antibody. Only the sEV
fraction shows 50% of the population being positive for HER2. Analysis of other EV markers (CD63, CD9, and CD81) reveals weak presence in other
EV fractions, whereas 99% of the sEV population exhibits a positive signal.
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dynamic light scattering (DLS) was employed to characterize =~ EV5, EV12, and sEVs were loaded, irrespective of the particle
the size of particles present in the preparations. The  number (Fig. 2B). Neither EV5 nor EV12 exhibited a HER2-
resulting size distribution diagrams were generated based  specific band, whereas sEVs demonstrated a robust signal of
on particle brightness, revealing the presence of large the anticipated size. Additionally, calnexin was used as a
particles ranging from 1 to 8 um in EV5. In EV12, two  marker for the endoplasmic reticulum, which can be present
distinct particle populations were identified: one between  in vesicles shed directly from the cell membrane, but is not
0.1 and 0.5 um, and another around 1 um. In sEVs, a single  expected in exosomes derived from multivesicular bodies’
population of particles with a peak at 0.1 pm was observed  and expected to be enriched in the sEV fraction.
(Fig. 2A). The determined particle sizes corresponded to our  Consistently, a strong calnexin-specific signal was observed
expectations and to the published data;** we proceeded with  in EV5 and a faint band in EV12, while no calnexin signal
the examination of the HER2 presence in different EV  was detected in sEVs (Fig. 2B, middle panel). To ensure the
populations using western blotting. In consideration of the  reliability of the results, GAPDH, utilized as a loading
varying sizes of particles, equivalent protein quantities of  control, was examined. This analysis revealed comparable
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Fig. 3 Analysis of HER2+ and HER2- sEVs using the WGM laser. (A) HER2 expression in breast cancer cell lines MDA-MB-231 (HER2-positive) and
BT549 (HER2-negative), as well as in their corresponding small extracellular vesicles (sEVs). For analysis, 10 ug of cell lysate and 2 pg of sV
samples were loaded onto an SDS-PAGE gel, followed by immunoblotting for HER2, the EV marker CD63, and loading controls HSP70 and GAPDH.
(B) Transmission electron microscopy (TEM) image of the sEV preparations used in subsequent whispering gallery mode (WGM) laser detection
experiments, confirming the integrity of isolated sEVs. Scale bar: 100 um. (C) Size distribution of the prepared sEVs measured by nanoparticle
tracking analysis (NTA), showing a consistent size distribution and a concentration of 5.7 x 10° particles per mL, prepared for WGM laser detection.
(D) Initial WGM laser binding test using MDA-MB-231 sEVs on HER2-functionalized devices, showing a significant resonance shift (~40 pm) after
50 minutes (black line). Specificity of the observed signal was confirmed through three independent controls: HER2-negative BT549 sEVs (green
line), antibody-only samples without EVs (orange line), and lasers functionalized with an isotype control incubated with MDA-MB-231 sEVs (IgG
control, brown line). (E-H) Scanning electron microscopy (SEM) analysis of the WGM laser surface after EV incubation. (E) Overview image of the
resonator. Scale bar: 10 um; (F) digital enlargement of the resonator surface. Scale bar: 1 pm; (G) surface image showing round EV-like structures
approximately 80 nm in diameter (blue arrows). Scale bar: 100 nm. (H) Control image of the resonator surface showing no EV-like structures. Scale
bar: 100 nm.
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protein levels in all three EV  populations
(Fig. 2B, bottom panel). Taking into account that HER2
undergoes proteolytic cleavage from the cell surface
resulting in the release of the soluble HER2,*® we
determined if HER2 is exposed on the surface of EVs
released by breast cancer cells. To this end, a bead-assisted
flow cytometry approach was employed. In addition to
HER2, EV-associated tetraspanins CD9, CD81, and CD63
were examined as positive controls. While EV5 and EV12
exhibited low levels of CD9, CD63, and CD81, and no
expression of HER2 consistent with the WB data, sEVs were
99% positive for all three tetraspanins and 50% positive for
HER2 (Fig. 2C). Consequently, the sEV fraction was
considered to contain the majority of the membrane-bound
HER2 in breast cancer cells and was selected for further
examination.

2.3 WGM laser specifically detects HER2-positive SEVs

To demonstrate a proof-of-concept for EV detection using
the WGM laser, we selected two breast cancer cell lines:
HER2-expressing MDA-MB-231 and HER2-negative BT549.
Initially, the presence of HER2 on sEVs was assessed via
western blotting (Fig. 3A). In this analysis, CD63 was also
examined as a universal EV biomarker expressed in both
cell lines, while HSP70 and GAPDH served as loading
controls (Fig. 3A, middle and bottom panels). The integrity
and size distribution of sEVs were further evaluated using
transmission electron microscopy (TEM) and nanoparticle
tracking analysis (NTA), respectively. TEM revealed intact
vesicles with diameters ranging from 50 to 90 nm (Fig. 3B),
and the concentration of these vesicles was estimated by
NTA to be 5.7 x 10° particles per mL for both cell lines
(Fig. 3C).

Next, the ability of the WGM laser to detect HER2-positive
sEVs was addressed. For that purpose, we decided to measure
the development of the resonator spectral shift after loading
the EV samples in real time (Fig. 3D). To achieve that, the
laser set was fixed in a flow cell as shown in Fig. 1 and
functionalized with either an anti-HER2 antibody or the
corresponding isotype control (IgG) used as a negative
control. Analytic solutions containing sEVs derived from
MDA-MB-231 or BT549 cells were injected into the flow cell,
and the spectral evolution of the lasing peaks over 50 min
was tracked in each of the settings. Control samples without
EVs showed a weak shift of 10 pm over the observation
duration (Fig. 3D, orange line). A comparable shift was
observed in different controls, including samples containing
HER2-negative sEVs applied on a chip functionalized with
HER2 antibody (Fig. 3D, green line), or HER2-positive SEVs
applied on a chip functionalized with the isotype control
(Fig. 3D, brown line). This non-zero shift, considered as a
systematic error, or a background, caused by the
referencing scheme used by the sensor, was identical for
all control measurements. By SEV measurements, a long
shift development up to 50 min was observed, which is
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unusual for single-molecule analytes, but seems to be
common for EV measurements.’® It is likely that it is due
to a substantially larger size of SEVs as compared to the
single molecule analytes, and a significantly longer period
required for the signal development until final saturation
and EV binding/diffusion rate balance. However, prolonged
measurements were not feasible due to the photobleaching
of the dyes used as dopants in the WGM laser. Their
degradation led to an increased noise-to-signal ratio,
compromising detection sensitivity. To visualize sEV bound
to the surface of the WGM laser, scanning electron
microscopy (SEM) was additionally performed (Fig. 3E-H),
allowing the detection of EV-like structures of
approximately 80 nm diameter on the WGM laser after
adding sEVs (Fig. 3G and H), supporting the ability of the
WGM laser to detect sEVs bound to the laser surface.

2.4 Detection limits of the WGM laser for sEV-associated
HER2

In the previous section, the specificity of HER-2
functionalized sensors toward sEVs harbouring HER-2 was
demonstrated. We then focused on determining the limit of
detection (LOD) of the WGM laser by measuring the spectral
shifts of sEV solutions with increasing concentrations,
ranging from 0.7 x 10” to 21 x 10’ [SEV per mL], over a period
of 50 minutes, indicating that a loading of 1.4 x 10” EV per
mL is sufficient to achieve a shift over the background
(Fig. 4A). As a reference, conventional western blotting was
employed (Fig. 4B), which demonstrated a sensitivity
threshold at 1.7 x 10° particles, equivalent to 0.25 ug of the
total EV protein amount. The analysis revealed WGM laser
sensors exhibiting a sensitivity S = 1.4 x 10’ sEV per mL for
detecting HER2-positive sEVs. Given the standard deviation
of the lasing peaks (¢ = 0.45 pm) and the relationship ¢ = 30/
5,7 the limit of detection (LOD) was calculated to be
approximately 107 sEV per mL (Fig. 4C).

To evaluate the performance of the WGM laser, we have
summarized state-of-the-art methods recently reviewed
elsewhere®*®?? in Table 1. The WGM laser platform achieves a
competitive limit of detection (LOD) of ~1.0 x 10" EV per
mL, outperforming many broadly used techniques such as
ELISA, NTA, and flow cytometry. Other emerging technologies
developed in recent years, including on-chip surface plasmon
resonance (SPR),*® immunoelectrophoresis  platform,*’
electrochemical immunoassay*' and others®*® have
demonstrated considerable potential for clinical application,
particularly due to their ability to achieve very low detection
limits, in some cases reaching as low as 10° EV per mL.
However, their widespread application remains limited by
high production costs and operational complexity, often
requiring trained personnel and specialized infrastructure. In
contrast, the WGM laser system presented here overcomes
these challenges through the use of PDMS-based fabrication,
which allows for rapid, scalable, and cost-effective
production.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Binding kinetics of sEVs and sensitivity of the WGM laser for HER2 detection. (A) Binding kinetics of varying sEV concentrations. The sensor
response was evaluated across different SEV concentrations to determine sensitivity and detection limits. The resulting shifts were proportional to
sEV concentrations, with a detection limit of 1 x 107 EV per mL in the injected sample. (B) Sensitivity analysis using conventional western blotting
for HER2 detection in SEV preparation. At least 1.7 x 10° particles (corresponding to 0.125 ug of protein) were required to detect HER2 effectively,
showing that the WGM laser has a 10 times greater sensitivity than the WB. (C) Sensitivity curve of the sensor. Each measurement exhibited a static
additional positive shift of 10-12 pm caused by reference error, resulting in a non-zero baseline shift for zero concentration. For comparison, the
response of the sensor to positive sEVs on isotype control antibody-functionalized surfaces is included (red data point). From the slope of the
fitted line, the sensitivity was calculated as 1.4 x 107 sEV per mL, with a detection limit of approximately 1.0 x 10” sEV per mL. Error bars represent
the standard deviations from at least three independent measurements.

Thus, the ongoing developments of diverse EV detection
platforms—ranging from electrochemical sensors to
advanced microfluidic and optical systems—represent a
significant and positive evolution of the field. These
technologies collectively offer complementary strengths and
help address the varied demands of EV application in clinical
diagnostics.

2.5 Selectivity of the WGM laser towards sEV-associated HER2

HER2 can be released from the cells through various
molecular pathways as illustrated schematically in Fig. 5A.
The soluble form of HER2, the so-called p105HER2 protein,
can be detected by ELISA and is used in clinics as one of the
biomarkers for the resistance towards HER2 targeted
therapy.**"*® In addition to this conventional release pathway,
HER2 may also be secreted in its full-length form via
incorporation into small extracellular vesicles (SEVs). Unlike
the cleaved soluble form, the detection of full-length,

This journal is © The Royal Society of Chemistry 2025

membrane-bound HER2 on EVs could suggest that the
originating tumor cells retain the intact protein and may
remain responsive to HER2-targeted treatment.

Thus, most likely, the soluble and the EV-bound HER2
have opposite clinical indications. We propose that
distinguishing between soluble and EV-associated HER2
could offer additional value as a potential indicator of
therapeutic responsiveness in the context of HER2-targeted
cancer therapies.

Therefore, we asked if WGM lasers are capable of
distinguishing between soluble HER2 and EV-bound
HER2. We tested the sensitivity of WGM lasers towards
the cleaved extracellular domain (ECD) of HER2 versus full
length EV-bound HER2. For that purpose, the recombinant
HER2 protein (rHER2) consisting of the HER2 extracellular
domain, was applied. First, we demonstrated using
western blotting that the antibody used to functionalize
WGM lasers recognized both the membrane-bound HER2
located on sEVs and the soluble ECD of HER2. For that,
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Table 1 State of the art technologies for EV biomarker detection
Sample
Technology LOD volume EV HER?2 specificity Throughput Strengths Limitations
WGM laser ~1.0x 10" SEV 10 uL.  Yes Moderate Label-free, high Photobleaching limits
(this work) per mL (full-length HER2 only) specificity, membrane long-term observation
HER2 discrimination
Electrochemical 4.7 x 10° EV 10 uL  Yes High Good sensitivity, Requires complex
biosensor per uL (= 4.7 x (soluble HER2 detection) aptamer- or nanomaterial prep,
10° mL ™) antibody-based limited to soluble HER2
selectivity
ELISA ~10%-10° EV  50-100 Partial Moderate Standardized, high No distinction between
per mL pL (no membrane-bound reproducibility soluble and
HER2 discrimination) vesicle-associated HER2
Flow cytometry ~10’-10° V. 100 uL  Yes (if pre-sorted) High Single-vesicle analysis, Requires labeling, large
per mL multiplexing sample volume
NTA ~10’-10* EV 500 uL. No Low Size/concentration Cannot distinguish EV
per mL profiling origin or biomarkers
TRPS ~10” EV per 40 uL  No Low-moderate Size/count with pore No biomarker data
mL tuning
Microfluidics 10°-10” EV per 10-50  Yes Moderate-high Low sample volume, Complexity in chip
(e.g. ExoChip, mL pL (depends on antibody) multiplexing possible, fabrication, limited
ExoSearch, nPLEX) automation-friendly standardization
Nano-flow cytometry ~1.0 x 10’ EV 10-50  Yes (surface labeling) High Improved resolution for ~ Requires fluorescent
[e.g. PMID: 33895846] per mL pL particles <200 nm, tags; still emerging for
single-EV analysis clinical routine
Fluorescent NTA ~1.0 X 10’-10° 500 uL. No Low Good for No molecular specificity;
EV per mL size/concentration dye bleaching limits
profiles fluorescence mode
TRPS (qNano) ~1.0x10"EV 40 uL.  No Low-moderate Accurate size/count, Lacks marker-specific
per mL tunable pore geometry information
Surface plasmon ~1.0 X 10°~10” 10-20  Yes Moderate Label-free, real-time Requires stable surface
resonance (SPR) EV per mL uL (via capture antibody) detection, kinetic chemistry and chip
analysis regeneration
5 ng of rHER2 protein was loaded on the gel. sEVs derived from the BT549 or MDA-MB-231 cells both

Additionally, MDA-MB-231-derived EVs were used as a
positive control and the BT549-derived EVs as a negative
control. The antibody was able to detect both the
recombinant protein, visualized at a size of 95 kDa, and
the full length sEV-associated HER2, visualized as a 185
kDa band in MDA-MB-231 sEVs (Fig. 5B).

Then, the ability of sensors to detect rHER2 protein was
tested. For that, rHER2 dissolved in 1x PBS with a
concentration of 5 ug mL™ was used to react with the
Importantly, this concentration exceeds the
recommended threshold for breast cancer detection by more
than 300-fold, with a cut-off value of 15 ng mL™ as
recommended by the FDA.*® Additionally, EVs derived from
MDA-MB-231 and BT549 were tested with lasers
functionalized with either HER2 antibody or CD63 antibody
used as a universal EV biomarker, and with an IgG isotype
control.

Neither rHER2 nor BT459 sEVs showed a shift over the
negative control samples containing PBS and the isotype
control, if tested with the HER2-functionalized laser
(Fig. 5C, brown and orange bars, respectively). The shift
was visible exclusively with the lasers functionalized with
HER?2 antibody, if the sEVs derived from the MDA-MB-231
cells were added (Fig. 5C, orange bars), and with the lasers
functionalized with the CD63 antibody and incubated with

SEensors.
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positive for CD63 (Fig. 5C, blue bars). These data support
that the WGM laser application established in this work
allows for a specific recognition of EV biomarkers.

2.6 WGM-laser successfully detects sEV-associated HER?2 in
patients’ serum samples outperforming gold standard

techniques

We previously demonstrated the specificity of WGM lasers for
detecting EV-associated HER2 using cell culture-derived
samples. Here, we evaluated their ability to recognize HER2
on EVs isolated from serum samples of breast cancer
patients. Serum samples were processed using the same
experimental scheme as the cell culture supernatant (Fig. S1).
Thus, EV5 population was enriched by centrifugation at
5000g, the EV12 was enriched by centrifugation at 12 000g
(EV12), and sEVs were enriched by ultracentrifugation at
120 000g. To characterize particle sizes within these fractions,
we utilized dynamic light scattering (DLS), as nanoparticle
tracking analysis (NTA) does not fully cover the expected size
range of 10 nm-10 um and has limitations to measure highly
heterogeneous mixtures.”””*° Generated crude EV fractions
were expected to contain high amounts of different
lipoproteins, protein complexes, and residual platelets,
besides EVs.'®*°">> However, it was an important prerequisite

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Selectivity of the WGM resonator for the detection of the sEV-bound HER2. (A). Schematic representation of HER2 release pathways. This
includes the release of the truncated extracellular domain p105HER2 and full-length HER2 integrated into the membranes of small extracellular
vesicles (sEVs). (B). Western blot analysis demonstrating the ability of the antibody (AB) used for functionalizing the resonators to specifically
recognize recombinant HER2 (rHER2), corresponding to the HER2 extracellular domain (ECD) released after cleavage into the extracellular space.
(C). Detection of sEVs derived from BT549 and MDA-MB-231 cell lines using WGM lasers functionalized with either CD63 (blue bars) or HER2
antibodies (orange bars). While CD63 is present on both the BT549 and MDA-MB-231 EVs, it serves as a positive control for BT549 sEVs. For each
measurement, 1 x 108 EVs were incubated on the chip containing WGM lasers for 50 minutes. The data provide a proof of concept that the laser
selectively detects only EV-bound HER2, but not the soluble recombinant protein.

to use the WGM-laser on EV samples containing a certain
proportion of non-EV components, as the preparation of
highly pure EVs from blood samples is laborious, has low
recovery, and is barely applicable in clinical routine,'®*%?

We assumed that the presence of non-EV particles should
not affect the detection power of the laser as unbound
particles are removed by washing steps as described in the
Methods section.

DLS analysis revealed a broad size distribution in the EV5
fraction, ranging from 10 nm to 5 um. The EV12 fraction
exhibited two dominant populations at ~10 nm and ~100
nm, while the sEV fraction was enriched in smaller particles,
likely lipoproteins (~10 nm), along with a population of
~100 nm particles, which may consist of lipoproteins and
EVs (Fig. 6A, Table S1). The presence of EV biomarkers was
examined by bead-assisted flow cytometry. Using the
universal biomarkers CD9, CD63, and CD81 together with
HER2, all fractions were tested. Consistent with the results
observed by the analysis of the cell culture-derived samples,
the sEV fraction exhibited the highest levels of these proteins

This journal is © The Royal Society of Chemistry 2025

(Fig. 6B). Consequently, the sEVs were selected for further
analysis and were enriched by differential centrifugation
from the serum of 10 patients with breast cancer and two
healthy female donors. The samples were characterized using
standard methods including bicinchoninic acid assay (BCA)
and nanoparticle tracking analysis (NTA), showing a
comparable size and particle number in the sEV-enriched
fractions ranging between 6.4 x 10° and 14.2 x 10° particles
of approximately 130 nm diameter isolated from 1 mL of
blood serum (Tables S1 and S2; Fig. S3 and S4).

Patient-derived SEV samples were analyzed using WGM
lasers functionalized with a HER2-specific antibody. For each
measurement, 15 uL of the SEV fraction isolated from the
serum was diluted in 985 uL of PBS and applied to the sensor
chip. The resulting spectral shifts were then compared to two
parameters: the total EV particle count (Fig. 6C) and HER2
concentration measured by ELISA, which is currently
considered the clinical gold standard for HER2 quantification
(Fig. 6D; Table S2). For the ELISA, 100 uL of each sEV sample
was used.
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Fig. 6 WGM laser measurement of HER2 in patient samples. (A) Hydrodynamic size distribution of extracellular vesicles (EVs) enriched from the serum of
a breast cancer patient in different fractions (EV5, EV12, and sEVs), analyzed using dynamic light scattering (DLS). The intensity distribution highlights the
presence of larger particles in the fractions. (B) Detection of HER2 and EV markers (CD63, CD9, and CD81) in different EV populations using bead-assisted
flow cytometry. The negative control (neg ctrl) consists of sEVs coupled to beads and stained with an isotype control IgG and secondary antibody. Only
the sEV fraction shows 23% of the population positive for HER2. CD63 and CD9 are detectable in EV5 and EV12 fractions, whereas CD81 is predominantly
found in sEVs. (C) Comparison of WGM laser and ELISA measurements for HER2 detection relative to the total number of sEVs. The spectral shifts are
independent of the total number of sEVs, as only a small fraction of sEVs is HER2-positive, and this proportion varies between patients. Notably, a similar
trend is observed in the ELISA measurements. (D) A stronger correlation is observed between the WGM laser spectral shifts and HER2 content measured
by ELISA. The dependence is modeled using a linear fit. (E) A calibration function is derived from the linear fit equation to interpret spectral shifts and
visualize the correlation between the WGM laser and ELISA approaches. This demonstrates that WGM lasers provide diagnostic results comparable to
established techniques, requiring minimal sample volume. Error bars represent the standard deviation from at least three independent measurements.
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While no correlation was observed between the total EV
particle number and the WGM signal (Fig. 6C), a clear linear
correlation was found between the WGM spectral shift and
the HER2 concentration determined by ELISA (Fig. 6D).
Based on this correlation, a calibration function was derived
to quantitatively interpret the WGM shifts (Fig. 6E),
demonstrating the consistency and reliability of the WGM
readout. Notably, when comparing the sample input required
for HER2 detection, the WGM-based method demonstrated
superior analytical sensitivity relative to ELISA. In our
experiments, ELISA required approximately 1 x 10°® EVs to
produce a detectable HER2 signal, whereas the WGM laser
platform achieved reliable detection with only 1 x 10’ EVs.
These findings are consistent with the published
performance data summarized in Table 1 and reflect a
tenfold improvement in the limit of detection using the
WGM approach.

3. Conclusions

We successfully demonstrated a new approach for detecting
EV-associated HER2 in human serum, enabling accurate
quantification that outperforms the current gold standard in
sensitivity. This assay holds strong potential as an
independent tool for monitoring HER2 levels in breast cancer
patients, particularly in the context of ongoing therapy.
Looking ahead, the integration of WGM laser sensors into
multiplexed chip-based arrays could enable the simultaneous
detection of multiple EV biomarkers from minimal sample
volumes. More broadly, the adoption of WGM laser
technology — or comparable label-free platforms - as a core
component of diagnostic strategies could transform the
clinical management of HER2-expressing tumors. The ability
to directly selectively membrane-bound HER2 - an option not
available with current standard methods - could open new
avenues for precision oncology. However, realizing this
potential will require further clinical validation, which lies
beyond the scope of the present study.

4. Methods

Isolation of extracellular vesicles (EVs)

Small extracellular vesicles (sEVs) were isolated from cell
lines and patient sera using differential centrifugation. Blood
samples from breast cancer patients were obtained from the
Department of Obstetrics and Gynecology at the Medical
Center, University of Freiburg. All experiments
performed in accordance with the Guidelines of Declaration
of Helsinki. Experiments and the study protocol (36/12) were
approved by the ethics committee at the Albert-Ludwigs-
University of Freiburg, Germany. Informed consents were
obtained from human participants of this study. Blood
collected in vacutainers was centrifuged at 2500 x g for 20
minutes to obtain serum, which was subsequently stored at
-80 ©°C wuntil further processing. Centrifugation was
performed at 2500 xg for 15 minutes to remove cell debris,

were
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followed by 5000 x g for 45 minutes and 12000 x g for 30
minutes, yielding intermediate fractions (EV5 and EV12). A
final ultracentrifugation step at 120000 x g for 70 minutes
produced the fraction enriched in small EVs (sEVs). The
pellets were washed in 1x PBS and with a repeated
ultracentrifugation step, then resuspended in 1x PBS and
used for further characterization and analysis.

Nanoparticle tracking analysis (NTA)

Nanoparticle tracking analysis (NTA) was used to determine
the size distribution and concentration of sEVs. The samples
were measured with ZetaView® PMX 110 V3.0 from Particle
Metrix using the software ZetaView 8.4.2. Before each
measurement, the instrument was calibrated using 100 nm
standard polystyrene beads (at a ratio of 1:125000) supplied
by the company. The parameters were pre-set during
measurement in the automated software with a shutter speed
of 70 and a frame rate of 30 frames per second (fps). The
samples were diluted in 0.1% PBS (cell derived EVs) and
0.1% HEPES (patient derived EVs). 1 mL of diluted sample
was injected into the cell for measurement. The dilution of
the sample was appropriately adjusted to maintain the
sensitivity at 85-90 for all samples. The post-acquisition
parameters were set to min size: 5, max size: 1000, and min
brightness: 20. For patient derived EVs, min size: 5, max size:
255, and min brightness: 20. For determining the size
distribution, each sample was measured at 11 different
positions (5 cycles) with the removal of any outlier positions
(at least 8 positions were used in each measurement).

Dynamic light scattering (DLS)

In order to determine the hydrodynamic size distribution of
particles present in the EV5, EV12, and sEV samples, DLS
was employed. 10 pL of the sample were measured using a
NANO-flex 180° particle size analyzer (Particle Metrix,
Meerbusch, Germany) according to manufacturer's
guidelines. The system detects size distribution in the range
of 30 nm-10 um and is based on the heterodyne 180°
backscattering principle. The viscosity and refractive index
were set according to the buffer used. In the case of cell-
derived EVs, PBS was used, while for patient-derived EVs,
HEPES buffer was used. The measurements were analyzed
using the software — MicrotracFLEX 11.0.0.5.

Bead-assisted flow cytometry

To measure biomarker expression on EVs, bead-assisted flow
cytometry was employed. For this, 1 x 10° EVs were incubated
with 4 um aldehyde/sulphate latex beads for 15 minutes at
room temperature (RT) to enable detection by the flow
cytometer. The free aldehyde and sulfate groups on the beads
were blocked by incubating with 100 pL of 1 M glycine/PBS and
100 puL of 10% BSA/PBS at RT for 30 minutes. The latex beads
were then pelleted by centrifugation at 10 000g for 2 minutes at
RT, and the supernatant was discarded. After two washes with
3% BSA/PBS, the beads were incubated with 20 puL of primary
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antibody for 1 hour at 4 °C. Following this, they were incubated
with a secondary antibody for 30 minutes at 4 °C, followed by
two washes with 3% BSA/PBS. After discarding the supernatant,
the pellet was resuspended in 300 pL of 3% BSA/PBS for
measurement. The samples were analyzed using a BD Accuri™
C6 flow cytometer, with the data analyzed using BD
CSampler™ software. A threshold of 80000 FSC-H (T1) and 10
SSC-H (T2) was applied for measurement. A total of 100000
events were recorded per sample at medium core speed.

Protein quantification

The sEV protein concentration was determined using a Micro
BCA™ protein assay kit (Thermo Scientific) according to the
manufacturer's guidelines with a detection limit of 0.5 to 20
micrograms per mL.

ELISA

The HER2 levels in sEVs from breast cancer patients were
determined using the ‘Human ErbB2/Her2 Quantikine ELISA’
kit (R&D Systems) according to the manufacturer's
guidelines. Briefly, the ELISA standards provided with the kit
and 50 pL of sEV samples were loaded onto a 96-well
microplate pre-coated with monoclonal antibody specific to
human HER2. After incubation, the unbound substances
were washed away with a wash buffer provided with the kit,
and an enzyme-linked polyclonal antibody specific to HER2
was added to the wells. After the washing step, the substrate
solution was added leading to color development. After 30
min, the color development was stopped, and the optical
density was measured at 450 nm using a TECAN microplate
reader. The standard curve was generated with the ELISA
standards using Microsoft Excel 2010 (Microsoft Corp.,
Seattle, WA, USA).

Fabrication of WGM laser arrays

The fabrication process of the laser array follows a previously
established method.>*** In the first step, a 5 um-thick layer
of polymethylglutarimide (PMGI, MicroChem Corp.) was
spin-coated onto a silicon wafer. In the second step, a 1.2
um-thick layer of polymethyl methacrylate (PMMA,
MicroChem Corp.) mixed with pyrromethene 597 (Radiant
Dyes Laser & Accessories GmbH) was spin-coated over the
PMGI layer. The coated wafer was then patterned using
electron beam lithography, followed by the development of
the PMMA layer in a 1:1 mixture of methyl isobutyl ketone
(MIBK) and isopropanol (IPA) to define arrays of disk
structures. The PMGI layer was then subjected to isotropic
wet etching with a 101A developer (MicroChem), which
underetches the PMMA disks, creating pedestals and thereby
freeing the edges of the disks, where whispering-gallery
modes can propagate. Finally, the wafer was diced to separate
the sensor arrays.

Lab Chip
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Surface activation and functionalization of WGM laser arrays

The sensor chips were surface-activated by depositing a
poly( p-xylylene) layer functionalized with pentafluorophenyl
(PFP) ester groups, using chemical vapor deposition (CVD) of
[2.2]paracyclophane-4-carboxylic  acid  pentafluorophenyl
ester. PFP-ester-functionalized surfaces can then be reacted
via click chemistry, enabling the attachment of a variety of
receptor molecules terminated with amino groups.>
Following surface activation, a subset of sensors within the
array was passivated by applying a thick layer of index-
matched UV-curable adhesive (MY136 V2000, MYpolymers
LTD, Israel). These passivated lasers serve as references to
correct for artifacts in the sensor signal, such as those arising
from temperature drift and the photobleaching of
pyrromethene 597, as previously described.*® To functionalize
the unpassivated lasers, chips coated with PFP-ester groups
and selectively passivated were first incubated in a 500 uM
solution of amine-terminated biotin for 24 hours. This
incubation period not only allows the surface-binding
reaction to reach chemical equilibrium, but also ensures that
the laser swelling saturates, preventing interference with the
detection signal. Following this, the sensors were incubated
for 30 minutes in a 500 nM solution of streptavidin, which
binds to the biotin and acts as a cross-linker for the next
functionalization layer. The final step involved incubating the
sensors in a biotinylated antibody solution for 30 minutes.
The biotin binds to the surface-immobilized streptavidin,
thereby anchoring the antibody to the surface (Fig. 1C).

WGM laser spectrum measurement

The measurement setup is described in detail (Fig. $2).>° The
WGM lasers are pumped by a frequency-doubled pulsed Nd:
YLF laser emitting at 523 nm. The laser beam is focused onto
the sensors using a microscope objective (20x, NA = 0.42).
The sensor chip is positioned in a flow cell, which is
mounted on an automated sample stage. This setup allows
for precise, sequential movements to repeatedly pump and
measure a specific selection of lasers. Emission from the
WGM lasers is collected through the same objective lens and
directed to the acquisition system. Data acquisition is
performed wusing a Czerny-Turner monochromator
(Shamrock 500i, Andor) coupled with a CCD camera (iDus,
Andor). The emission spectra are analyzed with dedicated
software to monitor the evolution of the peak positions over
time.

Scanning electron microscopy (SEM)

After incubation with HER2-positive EVs, the WGM laser chip
was rinsed gently with PBS to remove unbound particles. The
chip was then fixed with 2.5% glutaraldehyde in PBS for 30
minutes at room temperature. Following fixation, the chip
was washed thoroughly with PBS and subjected to sequential
dehydration by immersion in increasing concentrations of
ethanol (30%, 50%, 70%, 90%, and 100%) for 10 minutes at
each concentration. The chip was subsequently air-dried
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completely in a dust-free environment. Once dried, the chip
was mounted onto SEM stubs using conductive adhesive
tape. To enhance conductivity and improve image quality,
the sample was sputter-coated with a thin layer of gold (3-5
nm). For SEM imaging, parameters were optimized to
capture high-quality images at various magnifications,
ensuring detailed visualization of the chip surface and EV
morphology.
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