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APPL I ED SC I ENCES AND ENG INEER ING

An optical aptasensor for real-time quantification of
endotoxin: From ensemble to single-molecule
resolution
Pancheng Zhu1,2†, Vasileios A. Papadimitriou1†, Jeanne E. van Dongen3†, Julia Cordeiro1,
Yannick Neeleman1, Albert Santoso1, Shuyi Chen1,4,5, Jan C. T. Eijkel3, Hanmin Peng2,
Loes I. Segerink3*, Alina Y. Rwei1*

Endotoxin is a deadly pyrogen, rendering it crucial to monitor with high accuracy and efficiency. However,
current endotoxin detection relies on multistep processes that are labor-intensive, time-consuming, and unsus-
tainable. Here, we report an aptamer-based biosensor for the real-time optical detection of endotoxin. The en-
dotoxin sensor exploits the distance-dependent scattering of gold nanoparticles (AuNPs) coupled to a gold
nanofilm. This is enabled by the conformational changes of an endotoxin-specific aptamer upon target
binding. The sensor can be used in an ensemble mode and single-particle mode under dark-field illumination.
In the ensemble mode, the sensor is coupled with a microspectrometer and exhibits high specificity, reliability
(i.e., linear concentration to signal profile in logarithmic scale), and reusability for repeated endotoxin measure-
ments. Individual endotoxins can be detected by monitoring the color of single AuNPs via a color camera,
achieving single-molecule resolution. This platform can potentially advance endotoxin detection to safeguard
medical, food, and pharmaceutical products.
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INTRODUCTION
Endotoxin is a lipopolysaccharide (LPS) constituting the outer
membrane of Gram-negative bacteria (1). It is a pyrogen that is ex-
tremely toxic to humans. This is evidenced by the fact that endotox-
in is a main trigger of sepsis, a disease that accounts for one of five
deaths in intensive care units and a mortality rate of 42% (2, 3).
Strict monitoring of endotoxin levels is therefore crucial and man-
datory in industrial practices (e.g., food and pharmaceutical
industries).

Now, the most sensitive and specific method for endotoxin de-
tection is the limulus amebocyte lysate (LAL) assay, a batch-based
process with limitations including (i) the inability to be used for re-
peated detection, (ii) unsustainability due to the extensive use of
blood from horseshoe crabs (4), (iii) long preparation times, and
(iv) high susceptibility to human errors (5). In view of the afore-
mentioned drawbacks of the LAL assay and the high demand
from food and pharmaceutical industries, substantial efforts are
being made to design alternative endotoxin sensors that are
direct, specific, and able to detect LPS repeatedly. Among the bio-
receptors used in sensors to detect specific biotargets, antibodies are
the gold standard (6). Nevertheless, antibodies are inherently unsta-
ble and have a costly and cumbersome synthesis process (7). There-
fore, a sensing technique that is direct, versatile, and able to detect

endotoxin repeatedly in a short time frame will be of high
significance.

Aptamer biosensors (i.e., aptasensors) have attracted substantial
attention for the detection of a wide variety of biological molecules
ranging fromDNA and proteins to metabolites and small molecules
(8). Aptamers are single-stranded DNA (ssDNA) or RNA mole-
cules with three-dimensional conformational structures interacting
with specific biomolecules of interest (8, 9). Aptamers can be de-
signed for a wide variety of target molecules by changing the
nucleic acid sequence (10–13). Compared to traditional ligands
such as antibodies, aptamers have higher specificity, better stability,
high affinity, and are easier to manufacture and, therefore, less ex-
pensive (9).

The readout methods for aptasensors can be roughly divided
into two categories: optical (14) and electrochemical detection
(15). Optical-based aptamer sensors have the advantage of higher
durability, extended stability, absence of electromagnetic interfer-
ence, and smaller dimensions when compared with their electro-
chemical counterpart (16). Single-molecule sensing is defined by
the ability of a sensor to generate one signal for one molecule;
this is in contrast with ensemble sensing, in which one signal is gen-
erated by a collection of molecules (17). Single-molecule sensing has
advantages in accuracy, high signal-to-noise ratio, and ability to
take into account the variability of individual molecules (17–19);
a technology suitable for the optical detection of endotoxin with
single-molecule resolution would be of scientific interest. This pre-
sents an avenue to further understand the individual variability of
the detected analytes, generating insights that would otherwise be
absent in ensemble averaging mode. Nevertheless, current technol-
ogies in endotoxin detection are limited to ensemble resolution
(20–21). A sensor with single-molecule resolution would further
enhance the development of this field.
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Localized surface plasmon resonance (LSPR)–based sensors
could be the tool for realizing endotoxin sensing with single-mole-
cule resolution: LSPR-based sensors are recognized for their high
resolution while offering relatively simple readout. In addition,
the technology is label free and captures the real-time interaction
of the target molecule with the bioreceptor (22). Plasmonic materi-
als also have the advantage of a high scattering cross section and a
high photostability due to their insusceptibility toward photo-
bleaching. The aim of this work is to develop an LSPR-based
sensor suitable for the repeated detection of endotoxin with
single-molecule resolution.

This paper reports an aptamer-based sensing technology that
relies on the z-height–dependent electromagnetic coupling of
gold nanoparticles (AuNPs) to a gold nanofilm (AuNF) (Fig. 1).
The sensor consists of AuNPs tethered to a AuNF by a single
aptamer that can specifically bind to endotoxin (Fig. 1). By using
a subcategory of aptamers that undergoes conformational changes
upon binding with the target analyte (23–27), the z-height of the
AuNP can be related to the binding of endotoxin. The aptamer
acts as a molecular ruler that controls the nanoscale distance
between the AuNP and the AuNF: In its unbound state, the
aptamer is a flexible ssDNA tether; however, upon endotoxin
binding, part of the ssDNA sequence folds around the endotoxin.
This decreases the time-averaged distance between the AuNP and
the AuNF (28). Since the plasmon resonance coupling is distance
dependent, endotoxin binding results in the red shifting of the scat-
tered light spectrum (see the Supplementary Materials for
details) (Fig. 1A).

In ensemble measurements, as shown in Fig. 1C, the sum of the
scattering spectra of all the AuNPs is used to determine the red/
green ratio (RG ratio). In the ensemble mode, the presented
sensor exhibits high selectivity, high reliability, and can be regener-
ated for repeated usage, which may be further developed for contin-
uous detection. In the single-particle mode, the RG ratio of
individual AuNPs is assessed, as shown in Fig. 1D, which is success-
fully demonstrated in this work. In this platform, the response of
one AuNP indicates the response toward one endotoxin molecule;
therefore, single-molecule resolution can be achieved via the single-
particle mode. In summary, this study features an optical aptasensor
that can be used in two different measurement modes for selective
and repeatable endotoxin detection.

RESULTS
Sensor preparation and verification via XPS, QCM, and SEM
Figure S1 illustrates the sensor fabrication process (see details in the
Supplementary Materials). AuNP density was controlled by the
─OH and ─COOH end groups of the self-assembled monolayer
(SAM) (fig. S2). In principle, the more AuNPs tethered to the
AuNF via the aptamer, the lower the concentration of endotoxin
one could measure: If only a small fraction of aptamers will bind
endotoxin in equilibrium, then the number of aptamer-tethered
AuNPs on the sensor defines whether the number of binding
events can be considered statistically relevant (29). This directly in-
fluences the sensor’s sensitivity (i.e., ability of the sensor to detect
low concentrations of endotoxin). However, closely spaced AuNPs
themselves could, next to coupling to the Au film, also undergo in-
terparticle coupling. Interparticle coupling influences the scattering
spectrum and therefore negatively affects measurement precision.
Furthermore, high AuNP densities may also fail to yield single-par-
ticle resolution due to AuNP scattering and detector resolution. To
ensure that we do not suffer from the interparticle coupling of
AuNPs and to achieve single-particle resolution, we used a ratio
between the ─OH- and ─COOH-terminated thiols that resulted
in an average spacing between AuNPs of 3.6 ± 2.4 μm.

The coupling of AuNP to the AuNF via an endotoxin-specific
aptamer was achieved by forming an Au─S covalent bond
between the aptamer and AuNP. The formation of SAM and immo-
bilization of aptamers were characterized by x-ray photoelectron
spectroscopy (XPS; fig. S3) and quartz crystal microbalance
(QCM; figs. S4 and S5). The final sensor was imaged with scanning
electron microscopy (SEM; Fig. 2).

Figure S3 presents the XPS characterization of the sensor fabri-
cation process. XPS measurements confirmed the successful cova-
lent functionalization of the SAM layer onto the AuNF (fig. S1B).
Figure S3 (B and C) further confirms the functionalization of ap-
tamers onto the AuNF via the SAM layer.

The aptamer functionalization to SAM and the gold film–bound
aptamer’s ability to bind to endotoxin were further investigated via
QCM (fig. S4). Upon the formation of the SAM layer with 5.75%
─COOH and 94.25% ─OH end groups, an N-hydroxysuccinimide
sodium salt (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC) mixture was flown over (fig. S4, top, orange), after
which RD1 aptamers were introduced into the system (fig. S4, top,
green). With QCM measurements, the measured frequency change
can be converted to an adsorbed mass using the Sauerbrey equation
(30). For the RD1 aptamer immobilization step, a frequency drop of

Fig. 1. Schematic overview of the sensing process. (A) An ssDNA aptamer mol-
ecule is bound to the AuNF and AuNP. Upon target binding, the aptamer molecule
will interact with endotoxin, upon which the average z-height of the AuNP de-
creases and induces a redshift of the scattering wavelength. (B) Measurement prin-
ciple of the AuNPs on the AuNF, where light is emitted on the film and scattered
light is captured by a dark-field (DF)microscopy objective. (C) Determination of the
red/green (RG) ratio from the averaged-spectral information in the ensemble
mode. (D) Single-particle mode, where the RG ratio is determined for all individual
particles, which allows for sensing with individual endotoxin-binding resolution.
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33 Hz was observed after washing with phosphate-buffered saline
(PBS). This suggests that ~50% of the ─COOH groups couple to
the ─NH2 group of the RD1 aptamers (5.5 × 1012 molecules/cm2

as calculated by the Sauerbrey equation versus 1.1 × 1013 mole-
cules/cm2 expected based on the ─COOH concentration on the
surface). Upon introduction of the endotoxin (500 EU/ml), a fre-
quency drop of 3 Hz, with a linear slope of −0.021 Hz/min, was ob-
served (fig. S4, red), which means that ~41% of the aptamers bound
an endotoxin (2.3 × 1012 molecules/cm2, as calculated by the Sauer-
brey equation). A control group without the RD1 aptamer did not
show significant differences upon exposure to endotoxin under the
same flow conditions (fig. S5), demonstrating negligible nonspecific
adsorption. These results suggest the functionalization of the RD1
aptamer onto the AuNF and verified the system’s ability to bind en-
dotoxin. In addition, the SAM’s ability to passivate against the
binding of the aptamers─SH group directly to the AuNF was inves-
tigated (fig. S6). The aptamer was incubated on a sensor with SAM
consisting of only ─OH groups, and no significant binding of the
aptamer (─SH to AuNF) can be seen, indicating the complete cov-
erage of the AuNF by the SAM.

AuNPs were then immobilized and passivated using 2-mercap-
toethanol. This step is crucial, since it will reduce the nonspecific
binding to the AuNP. The concentration of the applied 2-mercap-
toethanol was optimized, as too high concentrations of 2-mercapoe-
thanol could result in displacement of the AuNPs from the RD1
aptamer (31, 32) (see Materials and Methods for details). Figure 2
presents the SEM characterization of the sensor. Individual AuNPs
were distinguishable under SEM, which showed that the average in-
terparticle distance was 3.6 ± 2.4 μm and confirmed that no particle
aggregation took place. The distance between the AuNPs is several
times the wavelength of the excitation light (430 to 800 nm); hence,
the optical interference between particles is negligible (33–38). This
makes individual resolving of the AuNPs possible with, for example,
dark-field microscopy. The overall setup for the sensing can be seen
on fig. S7.

Fig. 2. SEM images of the endotoxin aptasensor. AuNPs can be seen as bright
spots with an average interparticle distance of 3.6 μm. A single particle with higher
magnification is shown in the bottom image. The specific particle size appears as
approximately 85 nm in diameter.

Fig. 3. Simulated z-height and scattering spectra for the AuNP aptamer bound and unbound to an endotoxin molecule. (A) Time-averaged z-height of the AuNP
tethered to the AuNF via the 66-nt long aptamer with its corresponding linkers with (5.40 ± 2.17 nm) and without (7.14 ± 3.6 nm) the presence of the endotoxin. The
presented data of the − endotoxin is the average of three individual time traces; for the + endotoxin, two simulations per possible endotoxin length were selected (with
varying endotoxin length of 2 to 4 nm; see the Supplementary Materials) and can be considered statistically significant (P < 0.0001) from the tethered without endotoxin.
(B) Time-weighted scattering spectrum of a single AuNP on a AuNF using the z-height distributions as presented in (A), combined with electromagnetic BEM simulations
to obtain the z-height–dependent time-averaged scattering.
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Simulation of the scattering spectrum based on Monte
Carlo and dynamic simulations coupled to the plasmonic
resonance
In the proposed assay, RD1 serves as a molecular ruler that controls
the distance between the AuNF and the AuNP (39). In the absence
of the target analyte (i.e., endotoxin), the aptamer is unfolded
(Fig. 1A). Upon binding of RD1 to the target, the aptamer folds
around the endotoxin, which results in a reduction of the average
distance between AuNP and the AuNF over time. We performed
Monte Carlo simulations to numerically predict the time-averaged
optical signal from a single aptasensor unit with and without the
presence of endotoxin(35,40). By Monte Carlo simulations, the
tether composition–dependent position distribution of the 80-nm
AuNP is determined. From these data, a potential energy map is
created, which serves as an input to the Brownian dynamic simula-
tions. The output of these Brownian dynamic simulations is time
series of the AuNP position. The distribution of positions can be
used to calculate the time-averaged plasmonic signal using the elec-
tromagnetic boundary element method (BEM) simulation. For
more detailed information regarding these simulations, please
consult the Supplementary Materials.

Figure 3 shows the time-dependent AuNP z-height distribution
and corresponding scattering spectrum. Figure 3A shows that inde-
pendent of the presence of the endotoxin, the AuNP will spend
most of its time close to the AuNF. The presented data of the
RD1 aptamer without endotoxin are the average of three individual
time traces; for the RD1 aptamer associated with the endotoxin, two
simulations per possible endotoxin length were selected (with
varying endotoxin length of 2 to 4 nm; see the Supplementary Ma-
terials). The intradifferences between the simulations are consid-
ered nonsignificant [P > > 0.05, analysis of variance (ANOVA)],
while the interdifferences can be considered statistically significant
(P < 0.0001, Student’s t test). In Fig. 3B, two distinct peaks can be
seen, one (SC_G) in the green regime (around 600 nm) and one
(SC_R) in red regime (around 720 nm), with SC_G increasing
and SC_R decreasing with AuNP-AuNF distances. Although the
height of the peak around 720 nm can be used for quantification
of the distance between the AuNP and the AuNF, and hence the
detection of the analyte, experimentally, the RG ratio = SC_R/
SC_G gives a more reliable estimate of the distance since it is inde-
pendent of any offset in the scattering/excitation intensity. The ex-
perimentally measured value of the scattering intensity depends on
the amount of AuNPs in the spectrometer’s spot, which may vary
significantly. We emphasize that this is the simulation of a single
particle over time on a perfect AuNF. For ensemble measurements,
several factors will influence the measured average scattering
spectra, among others, the variation in AuNP size, and differences
in AuNF roughness over the sensor (41). Furthermore, depending
on the target concentration and the number of aptamers on the
sensor, only a fraction of the aptamers will be bound to the endo-
toxin. The measured spectra will sum up all the bound and
unbound states. Our simulations suggest that the higher the con-
centration of analyte, the higher the contribution of the 720-nm
peak, and the more redshifted the average scattering spectrum
will be.

Optical sensing in ensemble mode
Figure 4A presents the normalized scattering spectra measured by
microspectrometry under dark-field illumination before and after 2

hours of incubation with endotoxin. The RG ratio increased from
1.242 ± 0.014 (here and below, mean ± SD) to 1.563 ± 0.008 upon
exposure to endotoxin (500 EU/ml). This increase in the RG ratio
was in accordance with the simulation results (Fig. 3). The “green”
value of the scattering intensity was taken at 585-nm wavelength
and the “red” value at 709-nm wavelength. The same wavelengths
are used for the calculations of RG for the rest of this study. The
chosen red (709 nm) and green (585 nm) wavelengths are slightly
off the predicted 720 and 600 nm by the simulations but empirically
produced better results for the RG ratio. A possible explanation for
this behavior could be that the excitation light intensity is stronger at
these chosen values due to the emission spectrum of the lamp.

Analytical sensitivity
The analytical sensitivity can be defined as the slope of the calibra-
tion curve (Figure 4B inset). Figure 4B presents the RG ratio after
incubating our sensor with seven different endotoxin concentra-
tions between 0 and 500 EU/ml for a duration of 2 hours. The
RG ratio scales linearly with the logarithm of the concentration
with a slope of 0.106 RG/log (EU/ml). The results show that our
detection limit in the ensemble mode lies between 15 and 31 EU/
ml. This indicates the promising application of our sensor in the
food and pharmaceutical industry, e.g., according to the U.S.
Food and Drug Administration guidelines, parenteral drugs such
as cyanocobalamin injections have an endotoxin limit of 350 EU/
ml, well above the limit of detection of our sensor (42). Further-
more, the strong linearity in the logarithm scales demonstrates
the high reliability of our sensor.

Endotoxin detection under polluted surface water
The functionality of our sensor under polluted surface water was
demonstrated in Fig. 4C. The RG ratio increased from a mean of
1.25 ± 0.01 to 1.56 ± 0.03 upon incubation with endotoxin in pol-
luted surface water. Furthermore, incubation with polluted surface
water showed no significant difference when compared with PBS
incubation, both under the conditions with and without endotoxin.
This shows the promising real-life applicability of our sensor in en-
dotoxin sensing.

Specificity
To investigate the specificity of our sensor, three different compet-
itor biomolecules found in endotoxin applications were tested,
namely, bovine serum albumin (BSA), glucose, and gamma globu-
lin (250 μg/ml) using PBS as a solvent. Note that the concentrations
of the competitor molecules were tested at weight concentrations
5000 times higher than that of endotoxin to amplify the nonspeci-
ficity and provide accurate information on the specificity of our
sensor. As shown in Fig. 4C, no significant increase in the RG
ratio (P > 0.05) can be seen for any of the competitors compared
with the PBS control. In addition, the specificity of this sensor for
two other real-life relevant fluids was tested, namely, human sweat
and polluted surface water. For both cases, no significant increase in
the RG ratio was observed in the absence of endotoxin.

Regeneration and reusability
Figure 4D demonstrates the regenerability and reusability of this
platform. The RG ratio increased by 0.339 ± 0.024 after 2 hours
of incubation with endotoxin, after which the sensor was regener-
ated upon incubation in Milli-Q water at 95°C for 15 min. This
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temperature is above the DNA aptamer’s melting point, which
breaks the aptamer-aptamer and the aptamer-endotoxin hydrogen
bonds, resulting in the unfolding of the aptamer and releasing en-
dotoxin. A second incubation round with endotoxin raised the RG
ratio by 0.273 ± 0.017, which was successfully regenerated by incu-
bation in Milli-Q water. Third, fourth, and fifth cycles were success-
fully demonstrated subsequently. The first three RG values after
incubation with endotoxin showed no significant differences (P >
0.05), indicating promising sensor repeatability and reproducibility
after regeneration. Although the endotoxin response after the last
two regeneration events showed significant differences from the

initial endotoxin response, the RG ratio before and after endotoxin
incubation remained statistically significant. This simple regenera-
tion method by heating enables repeated measurements to be con-
ducted from a single device, which empowers measurements at
regular intervals in a time- and cost-effective manner. The optimi-
zation of the regeneration process will be investigated in the future,
by tuning the temperature, performing the regeneration under flow
to remove the released endotoxin and tune the pH of the solvent as
reported in other studies (43).

Fig. 4. Characterization of the aptasensor. (A) Normalized scattering spectra before and after 2 hours of incubation with endotoxin (500 EU/ml). Before incubation:
RG = R1/G1 = 1.242. After incubation: RG = R2/G2 = 1.563. The intensity of the red regimewas measured at 709 nm and for the green regime at 585 nm for both spectra as
shown in the figure. A.U., absorbance units. (B) Optical signal of the sensor upon exposure to endotoxin at various concentrations. Each point represents the average of
three values, and the error bars represent the SD. The inset shows the sensitivity graph with a logarithmic scale of the x axis , and the dotted line shows the linear fit with
an R2 of 0.995. The fitting line is y = 0.106x + 0.902. (C) Specificity investigation of the endotoxin sensor. PBS represents the control measurement without any biomo-
lecule. The bar height represents the mean value of three measurements and the error bars the SD of those measurements. A one-way ANOVA analysis between PBS,
bovine serum albumin (BSA), glucose, gamma globulin, human sweat, and polluted surface water groups reveals no significant differences in the absence of endotoxin.
BSA, glucose, and gamma globulin concentrations were 250 μg/ml. Endotoxin concentration was 500 EU/ml (i.e., 50 ng/ml). (D) Regeneration of the endotoxin apta-
sensor. The RG ratio after five rounds of incubation (blue) between four rounds of regeneration (red) is presented (N = 3). The markers indicate the measured data points.
The dotted line is there for visual guidance.★P < 0.05 when compared with the signal without endotoxin. OP < 0.05 when compared with the initial endotoxin incubation
response.
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Stability
Figure S10 shows sensitivity of decay versus time. Sensors were pre-
pared on day 0 and stored in ambient air and room temperature. No
significant difference in the RG ratio (P > 0.05) was seen up to 7 days
of storage, indicating promising stability when compared with the
conventional LAL method, in which refrigeration is required.

Single-particle resolution imaging
In this section, we present the detection of endotoxin at single-par-
ticle resolution. The scattering cross section of individual nanopar-
ticles is large enough to be visible via optical microscopy under
dark-field illumination. Figure 5A presents the dark-field images
of AuNPs captured with a color camera at ×40 magnification
before and after incubation with endotoxin (500 EU/ml). A clear
redshift can be observed after endotoxin exposure.

Figure 5B presents the RG ratio of individual particles before and
after incubation with endotoxin (500 EU/ml). The RG ratio was de-
termined for each individual particle by calculating the average in-
tensity of the red channel of an individual particle over the average
intensity of the green channel of an individual particle. Data from a
total of 145 particles are presented in Figure 5B. As expected, a clear
increase in the RG value was observed. Bymonitoring the RG values
of single particles, our platform shows the ability of endotoxin
sensing with single-particle resolution.

DISCUSSION
We have demonstrated the optical detection of endotoxin using an
aptasensor based on surface plasmon resonance. Sensor fabrication
was verified by XPS, QCM, and SEM analyses. The sensor has a
linear response with the logarithm of the concentration of endotox-
in and a limit of detection relevant to the food and pharmaceutical
industry. In addition, the sensor is highly selective toward endotox-
in, and a negligible response is observed when incubated with com-
peting biomolecules and with relevant biosamples. The proposed
sensor can enable single-molecule detection of endotoxin by mon-
itoring the color of individual particles under dark-field

microscopy. While these results are promising, further studies are
required to investigate the sensor’s response toward endotoxin
under industrial-related processing mixtures. In addition, further
engineering of a continuous platform that enables real-time track-
ing of AuNP responses will be required to realize the promising po-
tential of this platform in single-molecule sensing. Future work
could focus on the optimization of the analytical sensitivity by
playing with the AuNP density on the sensor. The final, optimized
density will highly depend on the measurement mode (ensemble or
single particle) and the detector’s resolution and other microscope
settings, such as the objective magnification. In addition, the regen-
eration process will also be optimized. In summary, this platform
shows high selectivity, repeatability, and reliability toward endotox-
in, with the promising potential of single-molecule detection. The
same sensing principle can be applied to other biomolecules by ex-
changing the endotoxin selective aptamer with one selective toward
the molecule of interest, making this a highly versatile platform.

MATERIALS AND METHODS
To investigate our hypothesis, the same sensing setup will be tested
in QCM and microspectroscopy (optical sensing).

Sensor preparation
The preparation of optical sensing chips was as follows (fig. S1, A to
F). Starting with fused silica wafers of 2.5 cm in diameter (Micro-
chemicals GmbH), 5 nm of chromium and 45 nm of gold were
evaporated on thewafers using a Temescal FC-2000. The chromium
was used as an adhesion layer between the AuNF and the substrate.
The thickness of the AuNF was chosen on the basis of the work of
Armstrong et al. (44). Two linkers with different end functional
groups were used to form a SAM. Specifically, 2 mM HSC11EG6-
OCH2COOH and 2 mM HSC11EG5OH (ProChimia Surfaces)
were dissolved in ethanol (99.5%; Sigma-Aldrich) and incubated
on the sensor overnight. The aptamer RD1 (20) was chosen for its
affinity against endotoxin (shown in italics in the sequence below),
and two 15–nucleotide (nt)–long sequences were added to either

Fig. 5. Endotoxin sensing with single-particle resolution. (A) Dark-field images of AuNPs before (left) and after (right) incubation with endotoxin. White scale bars, 10
μm. The left and right images are separate frames and not the same particles. (B) RG ratio of individual AuNPs, analyzed by dark-field microscopy (N = 145 particles).
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end of the aptamer to increase its overall length. The two sequences
are noncomplementary with each other and not self-complementa-
ry, so they are expected to remain unfolded, and they were designed
with the use of the EGNAS algorithm (45). The final aptamer se-
quence is the following 5′-AAGAAACAGTGAGGAGTCGAATGC
TCTGCCTGGAAGAGTTGTTAGCAGGGAACAGGAAAGAGTG
GT-3′ (Merck). The aptamer has an amine group modification at
the 5′ end and a thiol group modification at the 3′ end. The ap-
tamers were heated above their melting point at 95°C for 15 min
to ensure that no double-stranded DNA was present. Once the
SAM was formed, the carboxylic groups were activated by 100
mM NHS and 100 mM EDC in PBS (Sigma-Aldrich), forming an
NHS ester. With the incubation of the 0.67 μM aptamer in PBS, the
NHS ester on the linkers reacted with the amine group on the 5′ end
of the aptamer, binding it to the AuNF (fig. S1D). Next, a solution of
AuNP (BBI Solutions) of 80 nm in diameter was incubated with the
thiol group of the aptamer, tethering the AuNPs to the AuNF. Last,
an incubation of 1 μM 2-mercaptoethanol ensures the passivation of
the AuNP against any nonspecific binding.

Simulation of optical signals
AuNP z-height distributions were calculated by combining Monte
Carlo simulations with Brownian dynamic and electromagnetic
BEM simulations as described elsewhere (46). A more detailed de-
scription of the simulation methods can be found in the Supple-
mentary Materials. In short, the entire tether (consisting of
aptamer and corresponding linkers) is simulated as a composite
worm-like chain. In the first step, 105 individual chains are gener-
ated, taking several boundary conditions into consideration. The
AuNP position of these chains is used to generate an energy
contour and force gradient using inverse Boltzmann statistics.
This energy map is the base of the Brownian dynamic simulations,
where the z-height position over time is determined with a Δt of
10−8 s. The positions over time are used as an input of the electro-
magnetic BEM simulations, which enables us to predict the time-
averaged scattering spectra for aptasensors bound to endotoxin
and “free” aptasensors. All calculations regarding the simulation
of the optical signals were performed in MATLAB R2021a.

XPS characterization
To evaluate the chemical element, present on the surface and its
state, XPS (Thermo Fisher Scientific Nexsa) measurements were
carried out using a monochromatic Al Kα radiation source with a
spot size of 50 μm. For each sample, two types of scans were con-
ducted. The survey scans (pass energy of 140 eV and 40 scans) were
performed to obtain the surface element. To evaluate the elements
(nitrogen and sulfur), more specific scans were conducted with
higher resolution (pass energy of 50 eV and 80 scans). The resulting
surface charge was compensated by a magnetic charge compensa-
tion system, and the energy scale was calibrated against the Au4f7/2
peak (84.0 eV). The spectra were further deconvoluted using a post-
processing CASA-XPS software with Shirley background and a
mixed Gaussian-Lorentzian peak fitting along with a minimum
number of peaks consistent with a reasonable fit to the spectral
data and the molecular structure.

SEM imaging
Field emission SEM (FE-SEM) was used to obtain the surface topol-
ogy (Hitachi Regulus SU8230). The samples were placed on the

microscope holder and adhered to a carbon tape. It was then
loaded into the FE-SEM chamber, with a working distance of 3.8
mm, an accelerating voltage of 15 kV, and an emission current of
700 nA. The reading from secondary electron detectors was then
used to obtain the topological information.

Optical sensing characterization
The scattering spectra were recorded with a Flame VIS-NIR spec-
trometer (Ocean Insight) coupled to an Axiovert100M (Zeiss) mi-
croscope under dark-field illumination, as shown in Fig. 1B. The
datawere recorded via OceanView (Ocean Insight) software and an-
alyzed in MATLAB R2020b. A stock solution containing endotoxin
(4000 EU/ml or 400 ng/ml) (LPSs from Escherichia coli O111:B4;
L2630, Sigma-Aldrich) in endotoxin-free water was prepared ac-
cording to the protocol from its supplier. Further dilution was per-
formed to make final incubation solution containing 500, 250, 125,
62, and 31 EU/ml, respectively, in Milli-Q water. Meanwhile,
human sweat was collected upon consent. A 3M tegaderm and
gauze bandage were placed on the healthy subject, and sweat was
collected upon exercise. Polluted surface water was collected from
the canals of our campus (Delft, The Netherlands). Impurities
were removed by centrifugation at 5000g for 30 min. A bare
AuNF was used as background, measurements from which were
subtracted from the aptasensor results. In addition, the aptasensor
measurements were further normalized with respect to the excita-
tion light.

QCM characterization
Characterization from the QCMwas conducted using a QE401 elec-
tronics unit with a QFM401 flowmodule from Biolin Scientific. The
same protocol was used for the QCM sensors performing the SAM
formation outside the QCM and all the subsequent steps in the flow
module. The data were recorded via QSoft (Biolin Scientific) soft-
ware and analyzed in MATLAB R2020b. The dilution of a stock sol-
ution containing endotoxin (4000 EU/ml) was performed to make a
final solution containing 500 EU/ml in PBS.

Statistical analysis
Statistical analysis between two groups was performed by a Stu-
dent’s t test. Statistical analysis of three or more groups was per-
formed by one-way ANOVA. Statistical significance was
determined when the P value was <0.05.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S10
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