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DESIGN BRIEF

Reimagining cancer diagnostics: A cell-free biosensor for
early detection of HER2-positive breast cancer
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Human epidermal growth-factor receptor 2 (HER-2) is a membrane protein found overexpressed in 25% of
breast cancer cases, often in the more malignant and aggressive tumors. This project aims to design a biosensor
that detects HER-2 overexpression using a DNA aptamer with high specificity for the HER-2 protein in a patient
sample. With early detection, the cancer can be identified in earlier stages, which reduces the chance of metas-
tasis. Additionally, a cell-free system was chosen for its high protein yield and efficiency in the lab. Our protocol
utilizes PURExpress, a simplified cell-free model that minimizes background, allowing for clear reporter signals
and greater control than other extraction methods. Once the protein binds to the HER-2 aptamer, it enables
the activation of the toehold switch, producing a fluorescent reporter signal that indicates HER-2 overexpres-
sion. With further experimental verification, the final design for the biosensor and research suggests that this
approach may offer a low-cost alternative for detecting HER-2 overexpression in the future and improving the
accessibility of cancer detection methods.
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URRENTLY, breast cancer (BC) is the most common
C carcinoma worldwide, in which 1 in 8 women are
diagnosed with BC at least once throughout their life-
time (National Cancer Institute, n.d.). It is a genetic
disease caused by mutations that induce prolific cell
growth in breast tissues, thereby forming benign and
malignant BC tumors. Generally, these tumors orig-
inate in the ducts or lobules of the breasts and later
metastasize throughout the body (National Cancer In-
stitute, 2011). Consequently, the metastasization of
BC increases the risk of mortality and grim prognoses,
which is further exacerbated with an increasing age
of diagnosis (Taskindoust et al, 2021). To reduce
the moderately high mortality of metastasized BC, sci-
entific advancements have been made in biomarker-
based diagnoses and therapeutics. As a result, over the
past three decades, BC associated deaths have been re-
duced by 40% (Taskindoust et al., 2021).

HER2-positive breast cancer

There are several types of BC, with the major classifica-
tions being location based. For example, the two most

common types of BC are invasive ductal carcinoma,
which originates in the milk ducts, and invasive lobular
carcinoma, which originate in the lobules. Moreover,
BC is also subtyped molecularly, specifically based on
associated biomarkers (e.g., luminal A, triple-negative,
HER2-positive). This design study takes a notable look
at HER2-positive BC, a historically aggressive BC his-
tology (Chen et al., 2010).

Human epidermal growth-factor receptor 2 (HER-
2) is a well-characterized biomarker, often used as a
therapeutic target across various tumor types. Under
normal circumstances, regulated HER-2 plays a role in
the growth and repair of epidermal tissues, such as
breast tissues (Cleveland Clinic, 2023). In HER-2 posi-
tive breast tumors and several other cancer types, the
HER-2 protein is irregularly overexpressed, serving as
an indicator for the presence of a tumor. Of the types of
BC, overexpressed HER-2 only occurs in 25% of breast
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carcinomas, with HER-2 being mostly overexpressed in
inflammatory BC (Menard et al., 2001). Detection of
increased concentration of HER-2 is often linked to in-
dicators of a poor prognosis, such as tumor grade III,
and the presence of necrosis and lymphocyte infiltra-
tion at the tumor site. However, while HER-2 overex-
pression is generally associated with these indicators,
they are not signs for tumor size, nor tumor vascularity
(Menard et al.,, 2001).

HER-2 detection

While research and clinical studies have significantly
improved the efficiency of BC diagnoses, this paper
aims to add to the literature by providing a possible
method of detecting HER2 overexpression. In the field
of detecting the status of HER2 for BC screenings, the
most common method of detection is a combination of
immunohistochemistry (IHC) and fluorescence in situ
hybridization (Dendukuri, 2007). IHC is a common
stain-based, moderate-cost (i.e., $300-$3000) evalua-
tion of cancer biomarkers spatially, within and around
the tumor. As such, IHC allows pathologists to ef-
fectively assess information regarding the behavior of
tumors and biomarkers (Scudeler et al,, 2026). IHC,
however, is generally time-consuming, often taking
days for an evaluation. Moreover, [HC is considered
to be invasive, as it requires a tissue sample for a
biopsy. Therefore, this paper proposes an aptamer-
based biosensor to detect abnormal quantities of HER-
2in BC.

Systems level

The purpose of the biosensor system is to detect the
overexpression of HER-2 in cases of malignant BC
(Cleveland Clinic, 2023; Menard et al., 2001). The sys-
tem is cell-free, meaning it allows for rapid and con-
trolled detection without requiring the use of living
cells, which increases the safety and effectiveness of
the biosensor, allowing it to be used for diagnostic pur-
poses (Shimizu & Ueda, 2010). This process will be-
gin with the input of a purified HER2 protein into the
cell-free reaction mixture, which also includes a plas-
mid that was engineered with biosensor components
(Yiyuan, 2019). The HeA2_3 aptamer provides high
specificity to HER2, allowing the system to selectively
recognize the target protein (Gijs et al, 2016). This
binding causes a conformational change that controls
whether the system gives a detectable signal (Yiyuan,
2019). When HER?2 is not present, the system does
not produce a signal and stays dormant. When the
protein is present, the system produces an output sig-
nal through green fluorescent protein (GFP), which
is fluorescence (Sharma, 2013). The fluorescence in-
tensity correlates with the overexpression of HER-2,
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Figure 1. This image showcases the plasmid construct.
The system consists of the following structures: T7 Pro-
moter, RBS, HeA2_3 aptamer, Toehold Switch, green flu-
orescent protein (GFP).

which can be quantitatively measured using fluores-
cence detection tools, such as a fluorometer, to deter-
mine its presence. Every part of the system depends
on the others: the aptamer provides specificity, the
toehold switch regulates translation, and the reporter
gene gives a measurable signal through fluorescence.

Device level

The HER2-positive BC detection system detects HER-
2 overexpression through a complex synthetic genetic
circuit (see Figure 1). In the presence of HER2, the
protein binds to the HER2-specific aptamer. The tar-
get binding then activates the aptamer-based toehold
switch mechanism, which exposes the ribosomal bind-
ing site (RBS) (Vezeau et al., 2023). Consequently, the
exposure of the RBS triggers the production of green
fluorescent protein (GFP), creating a green fluorescent
signal that indicates HER2 detection (Vezeau et al,,
2023). The device centers on a modular genetic circuit
consisting of a sensory and a reporter component.

Sensory component

The sensory component of the system is an aptamer-
based mechanism that relies on the HER2-specific ap-
tamer: HeA2_3. When HER2 is present, the protein
will bind to the aptamer sequence, which in turn ac-
tivates the toehold switch within the circuit (Vezeau et
al,, 2023). In its default (OFF) state, the toehold switch
forms a hairpin structure that hides the RBS (Wyss In-
stitute, 2018). Upon the binding of the target RNA,
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initiated by the HER2-aptamer interaction, the hair-
pin structure unfolds and exposes the RBS, which al-
lows translation to occur (Vezeau et al., 2023). Con-
versely, in the absence of the HER2 protein, the toehold
switch remains in its closed hairpin structure, which
will block the RBS, preventing further expression of the
genetic circuit.

Reporter component

The reporter component for the system is the GFP
gene, which creates a simple green fluorescent output.
Following the sensory component, once the RBS is ex-
posed, GFP translation will occur, producing a green
fluorescent signal indicating HER-2 detection.

Parts level

Our planned plasmid will be ordered in fragments and
constructed through Gibson Assembly. Each fragment
has been strategically chosen to ensure accuracy, pre-
cision, and efficiency.

T7 promoter

Promoters regulate gene expression and begin RNA
synthesis, adding efficiency to the design. The 18 bp
T7 promoter was chosen for its high specificity, speed,
and common use in E. coli, as that is our chosen chassis
(MilliporeSigma, 2026). In typical systems, the struc-
ture drives initial transcription by interacting with the
T7 polymerase of the prokaryotic host, and ensures
high protein yield.

HeA2_3 aptamer

The HeA2_3 aptamer functions as the backbone of our
system. An aptamer is a short strand of nucleic acids
that binds with high specificity (see Figure 2). The
HeA2_3 aptamer is designed to bind to HER-2 recep-
tors in particular, allowing for an extra level of security
and accuracy for our test. A 2016 study led by Marlies
Gijs compared several previously discovered HER2 tar-
geting, single-structure aptamers (HeA2_1, HeA2_6,...)
and found that HeA2_3 offers the highest structural
stability, acting as a key feature in maintaining system
stability and function (Gijs et al,, 2016). The specificity
of the HeA2_3 aptamer was evaluated via flow cytom-
etry, where in the presence of HER-2, the fluorescence
of the aptamer is compared to that of a negative control
parameter. By analyzing the spectral transmittance
from a spectrophotometer, Gijs and her team quanti-
tatively determined high GFP expression in SKOV3 and
SKBR3 cells, and HeA2_3 indicated exclusive binding to
overexpressed HER-2 cells, equating to a binding affin-
ity coefficient (Kd) of 6.2 nM (Gijs et al., 2016).
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Figure 2. This figure presents a visual representation of
the HeA2_3 Aptamer and demonstrates how the nucleic
acid subunits bind with target proteins. This is the main
regulatory structure in the bioengineered plasmid, as it
promotes detection specificity by triggering a signal cas-
cade only in the presence of HERZ.

Toehold switch

A toehold switch is a synthetic RNA structure that
forms a hairpin trigger to block the gene expression
unless a complementary strand of RNA binds to the 5’
end. In this system, the toehold switch activates after
the aptamer binds to a HER2 receptor. The RBS is lo-
cated within the toehold switch, inside the loop formed
by the hairpin trigger. Once the toehold switch is acti-
vated, the RBS is exposed (Green et al., 2014).

Ribosomal binding site

Located within the toehold switch, the RBS is only ex-
posed after the switch activates. The RBS ensures that
the ribosome is perfectly positioned before beginning
protein production. This promotes both accuracy and
efficiency through the process (Green et al,, 2014).

Green fluorescent protein

Green Fluorescent Protein (GFP) is a reporter protein
originally from the bioluminescent jellyfish Aequorea
victoria, it produces a glowing green pigment under
sunlight or UV rays when it encounters a target marker,
which, in this project, is the HER-2 protein (Voss et al,,
2013). The vibrancy of the green color serves as an in-
dicator for the level of HER-2, which can be measured
both by the naked eye and more accurately by a spec-
trometer.

Safety

Working with living cells is an important factor to ac-
count for in our project. Due to the limitations of
BioBuilder guidelines, which only allow prokaryotic
cells to be used, our team focused on a cell-free model
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instead. Throughout the development of our cell-free
HER-2 biosensor model, safety was an essential aspect
to consider. Although our team was unable to carry out
wet-lab this year, the planned genetic modifications
will be conducted utilizing Biosafety Level 1 (BSL-1) E.
coli (DH5a). Proper PPE, waste disposal, and environ-
mental safety will be done effectively to prevent con-
tamination and incorrect waste disposal. In the case
thatthe modified E. coliis accidentally released into na-
ture, they will likely die off due to being outcompeted.
This is because engineered traits such as the toehold
switch can only be activated in the presence of HER-2,
which indicates that our biosensor would not be acti-
vated; therefore, the modifications would have made
the bacteria weaker compared to the wild strains of E.
coli. Since the components of our project align with the
NIH guidelines (National Institutes of Health, 2024),
our cell-free biosensor system is highly unlikely to be
misused or have adverse effects on the environment or
people.

Discussions

The purpose of this design article was to propose the
idea of a cell-free biosensor system that is designed
to detect overexpression of the HER-2 protein. HER-
2 plays a key role in cell division and growth. When
its cells are overexpressed, it causes aggressive tumor
development, making early detection imperative to re-
ducing mortality. In the system, the aptamer speci-
ficity forces the system to respond to only the HER-
2 protein, ignoring miscellaneous proteins.To control
for possible false positives and negatives, the biosen-
sor utilizes a verification system through PURExpress.
To verify that the bound protein is HERZ, reverse tran-
scriptase is used to turn the mRNA to cDNA. This DNA
is then compared to HER2 genetic markers for confir-
mation (see Figure 3). Compared to other tests, such
as immunohistochemistry (IHC), it is not nearly as in-
vasive. However, a combination of IHC and the pro-
posed system would allow for an even higher percent-
age of efficiency. A potential issue within the sys-
tem is the patient-to-patient variation in HER2 concen-
tration; these variations often stem from factors like
hormones, menstrual cycle, and age. The influence
of this variability may have an impact on the rate of
false positives and negatives, making it vital to con-
sider HER2 differences. The level of GFP fluorescence
adjusts based on the amount of HER-2. While this is
useful for initial discovery, patients still need to con-
sult a medical professional for further examination and
treatment.
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Figure 3. This figure displays the HERZ detection process
utilizing the constructed plasmid. An in vitro cell-free ex-
pression system followed by PUREXxpress allows for pro-
tein detection via fluorescence level.

Next steps

Expanding on this project would require conducting
essential tests to ensure that the plasmid functions re-
liably and efficiently in an E. coli bacterium. To be-
gin, the designed plasmid components would need to
be stitched together using Gibson Assembly. After en-
suring that the E. coli absorbs the plasmid through
temperature manipulation to induce a stressful envi-
ronment, the E. coli would be introduced to a sam-
ple of HER2 protein, and allowed to incubate to pro-
duce GFP. GFP production will be quantitatively mea-
sured with a spectrophotometer to clearly determine
the output and effectiveness of our system reacting to
HER2. Upon fluorescence, reverse transcriptase would
be performed using a PURExpress kit to ensure that the
GFP is reacting to the HER2 protein and is not a mal-
function or reacting to an external variable. Exploring
this project further would include making the transi-
tion from a proof of concept model to mammalian cells
as well as any adjustments necessary to ensure the sys-
tem’s accuracy and precision.
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