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Label-Free and Simple Detection of Endotoxins Using a Sensitive LSPR Biosensor 
Based on Silver Nanocolumns 
Mohamad Zandieh, Seyyed Nezam Hosseini*, ManouchehrVossoughi, Maryam Khatami, Sara Abbasian and Ahmad Moshaii. 

 

This paper describes the construction of a silver-based LSPR biosensor for endotoxin detection. We used GLAD method to procure reproducible silver 

nanocolumns. In this work, the silver nanostructures were considerably stabilized by a SAM of MPA, and the limit of detection of biosensor was measured to 

be 340 pg/ml for endotoxin E.coli. Considering endotoxin B.abortus as the second type of endotoxin contamination in our target samples (HBs-ag produced in 

Institute Pasteur, Iran), we investigated selectivity of the biosensor in various experiments. We showed that this biosensor can selectively detect both types of 

endotoxins compared to other biological species. Overall, this study proposes that LSPR biosensing can be considered as a sensitive, simple, and label-free 

method for endotoxin detection in the quality control laboratories. 

Keywords: LSPR Biosensor, Endotoxin, Label-Free, Silver Nanocolumns, GLAD Method 

Abbreviations: LSPR; Localized Surface Plasmon Resonance, GLAD; Glancing Angle Deposition, SAM; Self Assembled Monolayer, MPA; 

Mercaptopropionic Acid. 

Introduction 

Lipopolysaccharide (LPS), also known as endotoxin, is a highly toxic component that exists in the outer membrane of gram 
negative bacteria. It is released into the environment during every phase of bacterial growth cycle(1), so it causes contamination of 
a wide range of biopharmaceutical products. Even small quantities of endotoxin injected to human body can result in fever, septic 
shock, and death(2). Therefore, it is highly important to detect and also quantify endotoxin of biopharmaceutical products in 
quality control laboratories. The most validated method used for endotoxin detection is Limulus Amebocyte Lysate (LAL) test. 
Although this method is sensitive, it has some unavoidable drawbacks such as highly dependency on temperature, long incubation 
times to access the results, hard multistep preparation procedures and being expensive(3). These problems forced research groups 
all around the world into working on novel methods of endotoxin detection based on biosensors. 
Biosensing is a process in which a biological element interacts with an analyte, and then the result of the interaction is sent to a 
transducer as a response. There are several published papers which used biosensors for endotoxin detection. The researchers have 
used all the electrochemical (4-16), optical (3, 17-21) and mass-based(22) approaches of biosensing. Biosensor miniaturizing, 
improving sensitivity, lowering expenses and increasing simplicity are the most important objectives that have been investigated 
by these researchers. In order to reach these objectives, we suggested using an LSPR biosensor for endotoxin detection.  
In recent years, LSPR biosensors are gaining importance due to their interesting detection characteristics. LSPR is a hallmark of 
noble metal nanoparticles that caused by collective oscillation of the conduction electrons at nanoparticles surface. In LSPR 
biosensors, interaction of biomolecules at the surface of sensor leads to a change in the refractive index of surrounding medium. 
As a result, a change occurs in the LSPR peak wavelength of the extinction spectra. Therefore, the wavelength shift (∆λmax) 
represents the detection of analytes in these biosensors.  
In this paper, we constructed an LSPR biosensor based on silver nanocolumns for detection of endotoxin. For deposition of silver 
nanocolumns, we used GLAD method due to its low cost and ability to control shape of nanoparticles (23). In addition, as expected, 
nanostructures produced by this method are notably reproducible. A polycationic peptide, Polymyxin B (PmB), has been used as a 
biorecognition element to interact with endotoxin. We chose PmB, because it is more stable, more homogeneous, and less expensive 
(῀2000*less) than other conventional peptides and aptamers used as biosensing element(7,24). Moreover, due to its high positive charge, 
PmB has considerable affinity to endotoxin molecules and can neutralize endotoxin toxicity. SAMs of MPA and EDC-NHS was performed 
on the surface of silver nanoparticles in order to stabilize the silver nanoparticles. Furthermore, SAMs assist efficient immobilization of PmB 
molecules onto the biosensor surface. 

We chose LSPR method for many reasons: 1.LSPR based biosensors can be used in the extreme miniaturized scale(25), because in 
LSPR biosensors, every sensing site is as big as the spectrometer light emitted to the surface of nanostructures (which is a circle 
with 2mm radius in the present work).  2.Despite electrochemical biosensors, these sensors are not affected by ionic properties of 
sample solutions, so they are convenient for biological samples and clinical usages(26). 3.In LSPR biosensors, the interaction 
between sensing element and analyte, per se, leads to a signal transduction, so we do not need any labeling procedure which is 
cumbersome and time consuming. 4.To our knowledge, this would be the first step in using refractive index LSPR biosensors for 
detection of endotoxin. Therefore, the feasibility and advantages of this method for endotoxin detection would be explored for the 
first time. 
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Materials  

High purity silver granules(99.99%), 3-Mercaptopropionic acid(MPA), 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide 
hydrochloride(EDC) and N-hydroxysuccinimide(NHS) were purchased from Merck(KGaA Darmstadt, Germany). Lyophilized 
LPS from E.Coli O111:B4, polymyxin B sulfate salt(PmB) and phosphate-buffered saline(PBS) were obtained from Sigma-
Aldrich. Hepatitis B surface antigen (HBs ag), lyophilizedLPS from B. abortus and pyrogen free water were procured from the 
Research and Production Complex of Pasteur Institute of Iran (Karaj, Iran). To minimize the influence of environmental 
conditions, most of the experiments were performed under a laminar flow hood. 

UV-Visible Spectroscopy 

After each step of surface modification, the substrates were washed by pyrogen free water consecutively in order to remove 
unbound molecules. Then they were immediately dried under N2 stream (So from now on, we don’t mention the washing and 
drying steps after each step of surface modification). After drying, the extinction spectra of substrates in air were taken from 200 to 
800nm using a UV-visible spectrometer and the LSPR peak wavelengths were collected. The spectrometer light was emitted 
perpendicularly onto the substrates’ surface.  

Silver Nanocolumn Deposition on Glass Substrates 

Microscope cover glass slides(QC Lab) were cut into 0.7cm × 2.7 cm pieces using a diamond pen and cleaned by piranha 
solution(H2SO4:H2O2=3:1)  at 80  ͦ C for 30min. Then, the glass substrates were washed by copious amounts of water and dried 
under N2 stream.  
The deposition of silver nanocolumns on glass substrate was performed by GLAD method using a custom designed thermal 
evaporation system(27). Deposition parameters including deposition rate, deposition thickness, azimuthal rotation speed, and 
glancing angle were fixed at 0.1 nm/s, t=400nm, φ=2rpm and, ϴ=84 ͦ respectively, and the refractive index sensitivity of produced 

nanostructures was 134 nm/RIU. These parameters were chosen according to our coworkers’ recent published paper in which they 
investigated and optimized effects of different deposition parameters on sensing properties of silver nanocolumns(28). 

 

SAM Formation and PmB Immobilization 

After formation of silver nanocolumns on the glass substrates, they should be stabilized by a SAM. For this purpose, the silver 
nanocolumn substrates were incubated in a 1mM ethanolic solutions of MPA for 2h. Afterwards, the substrates were incubated in 
1:1 solutions of EDC 45mM and NHS 20mM in PBS(10mM, pH=6.5) for 1h in order to activate the carboxylic acid groups of 
SAM. Then SAM coated substrates were immersed in 1mL of 100µg/mL solutions of PmB in PBS for 1h.  

Sample Preparation and Detection of endotoxin  

Lyophilized endotoxin was dissolved in PBS buffer, and different concentrations of endotoxin solutions were provided. Endotoxin 
molecules have a natural tendency to aggregate. This would probably reduce the homogeneity of endotoxin samples. To solve this 

problem, endotoxin samples were sonicated at 50 ͦ C for 15 min and then vortexed vigorously for 5 min just before use. Then the 
PmB-immobilized substrates were exposed to 1 mL of endotoxin solutions in different concentrations for 1h. Finally, LSPR peak 
wavelength of each substrate was measured after endotoxin interaction with PmB. The difference between this LSPR peak 
wavelength and the LSPR peak wavelength of PmB-immobilized substrate was reported as ∆λmax . 
The schematic diagram related to all the surface modification procedures is shown in fig. 1. 
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Stability Studies 

 
Stability of silver-nanocolumn substrates made by GLAD method is a significant challenge that should have been well studied and 
improved. We used SAM of 1mM MPA solution in order to stabilize silver nanocolumns. To investigate effect of SAM on the 
stability of silver-nanocolumns, a bare silver nanocolumn substrate and a SAM-functionalized substrate were immersed in PBS 
solution for 24h. Then the LSPR spectra of each substrate in PBS solution were collected at special time steps during this 24h. 

Results and Discussions  

As we discussed, GLAD method was used to produce silver nanostructures on glass surface. Fig.2 shows typical SEM images and 
size distributions of fabricated nanostructures(A,B,C). The inset in this figure illustrates the top view SEM image.  As shown in 
this figure, an array of Ag nanocolumns with semi-spherical cross section is formed on the substrate. Based on the histograms of 
size distributions, the nanocolumns have the diameters ranging between 10 to 120 nm. The UV-Vis absorbance spectra of 
fabricated Ag nanostructures is also shown in fig. 2 (D). The Ag nanocolumns exhibit a strong plasmonic peak around wavelength 
of 382nm with width of 126 nm, which is suitable for sensing experiments based on our coworkers’ previous results[28]. 
In LSPR biosensing, nanostructures with same morphology and homogeneity have the same optical characteristics such as 
refractive index sensitivity. Therefore, the more uniform nanostructures lead to the more reproducible and reliable results(29). In 
order to evaluate the reproducibility of silver nanostructures fabricated by GLAD method, we chose 8 different substrates 
randomly and checked the LSPR spectra of each sample. The data provided in table 1 indicate that these silver nanostructures are 
considerably reproducible. As it is demonstrated, different samples have almost same LSPR peak wavelength which is located in a 
small range of 380 to 385 nm. 
 

Table 1- Reproducibility of silver nanocolumn substrate between 8 different samples 

Sensor 1 2 3 4 5 6 7 8 

λmax(nm) 383.12 382.45 384.11 381.78 382.11 380.78 381.78 382.11 

Absorbance at λmax(a.u.) 0.8871 0.9321 0.8931 0.8937 0.9368 0.9143 0.9111 0.9371 
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Stability 

In biosensing applications, nanostructures usually are immersed in solvents for long incubation time from 1 to 24 h. On 
the other hand, any change in the structure of nanoparticles would lead to a change in LSPR peak. Therefore, especially 
in LSPR biosensing, silver-based biosensor should be stable against oxidation and nanoparticle detachment in aqueous 
environments. 
 Fig. 3-a shows the extinction spectra of a silver nanocolumn substrate in PBS solvent during 24h. We chose PBS 
instead of water, for it is a closer emulate of physiological fluids. As it is demonstrated in fig. 3-a, at first moment of 
incubation, both LSPR peak wavelength and intensity of spectra increased due to the bigger refractive index of PBS 
environment compared to air. After 1h of incubation, there is a notable reduction in peak intensity, and also a blue shift 
about 8nm has been occurred in LSPR peak wavelength. This blue shift is due to the oxidation of silver nanoparticles in 
aqueous phase(30). Finally after 24h incubation, the reduction in peak intensity goes up to 32% while the position of 
LSPR peak wavelength is almost constant compared to t=1h. This reduction in peak intensity is probably because of 
detachment of silver nanoparticles from the surface of biosensor(23). The refractive index sensitivity of biosensor is 
also degraded from 134 to 76nm/RIU after 24h. 
As it has been mentioned, we used SAM of 1mM MPA solution in order to stabilize the silver nanocolumns. The effect 
of SAM immobilization on stability of biosensor is shown in fig. 3-b. After 2h incubation in MPA solution, there is a 
redshift in LSPR spectra of substrate in air environment. This redshift is because of interaction of MPA molecules with 
silver surface. Herein after 24h of incubation of MPA-modified substrate inPBS solution, only about 5% reduction of 
peak intensity has been occurred. In addition, almost no blue shift in LSPR peak was observed after 24h. Therefore, 
SAMs of MPA have a remarkable influence on the stability of these biosensors, and by using them we can considerably 
protect silver nanoparticles from oxidation and detachment. Moreover, in this situation, general shape of LSPR spectra 
is almost constant and the refractive index sensitivity of biosensor slightly reduced from 134 to 119 nm/RIU after 24h. 
 

Surface Modification and Endotoxin Detection 

 The LSPR spectra was measured after each step of surface modification. Fig. 4 shows the LSPR spectra of each step of 
surface modification for detection of 10 µg/ml endotoxin E.coli solution. In fig. 4-A, the LSPR peak wavelength of the 
silver nanocolumn substrate was λ max= 382.80nm. After SAM formation (by MPA) and activation (by EDC and NHS) 
the peak wavelength was measured to be λ max=406.92 nm (fig 4-B). After that, the substrate was incubated in PmB 
solution. Fig. 4-C illustrates the LSPR spectra after this step with peak wavelength of λmax=421.03 nm. Then, the 
biosensor was prepared to detect endotoxin molecules. In this step, the sensor was exposed to 10 µg/ml endotoxin E.coli 
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solution. Fig. 4-D indicates the LSPR spectra related to this step. As we see, in this step the 31.21nm red shift was 
happened; consequently, the maximum wavelength was λ max=452.24 nm. 

Negative control experiments also were performed for each step of surface modification. For example, fig. 5 
demonstrates the LSPR spectra related to the control experiment of PmB immobilization. For this purpose, SAM 
functionalized substrate was incubated in 10µg/ml solution of endotoxin E.coli. After 1h, only 1.34nm blue shift is 
observed which is negligible. This result shows that in the absence of PmB molecules, the sensor would not detect 
endotoxin E.coli. In other words, it implies that redshift observed in fig. 4-D is due to the interaction of endotoxin 
molecules with just PmB molecules, and interaction of endotoxin with other areas of the surface is negligible. 
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LOD Studies 

Endotoxin E.coli solutions with different concentrations were exposed to the biosensors and the calibration curve was 
obtained (fig. 6). 

Calibration curve is fitted by a sigmoidal curve fit (Hill1 Type) while the coefficient of determination is measured to be 
R2=0.99841 that demonstrates an excellent fitting. As it is represented in calibration curve (fig. 6), this biosensor shows 
response even to 100 pg/ml solutions of endotoxin E.coli, but we calculate the limit of detection (LOD) of biosensor by 
EC10 value. According to this method, 10% value of maximum signal is the signal related to the minimum detectable 
concentration. So LOD is measured to be 340 pg/ml for this biosensor. Table 2 represents that the LOD attained by this 
biosensor is acceptable and in most cases better than the other PmB-based endotoxin biosensors. 
 

Table 2- Minimum limit of detection of different PmB-based endotoxin biosensors 

 

 

Selectivity Studies 

We investigated non-specific binding interactions in 2 sections: 
 
1.Incubating PmB functionalized substrates in BSA and HBs-ag solutions: In order to understand whether PmB 
molecules are selective sensing element for endotoxin or not, two PmB-coated substrates were immersed in 10µg/ml 
solution of BSA and HBs-ag. BSA is usually chosen as a conventional protein in biological solutions. We also chose 
HBs-ag, because it is one of the biopharmaceutical products of Recombinant Biopharmaceutical Production Department 
of Institute Pasteur which must be tested for pyrogenic activity before injection. Therefore, we should have assured that 
our sensing element (PmB) has much less affinity to HBs-ag than endotoxin. Fig. 7 illustrates biosensor response to 
these proteins. After exposing BSA and HBs-ag to 2 different substrates, respectively 0.23nm and 0.58 nm LSPR peak 
shift was observed. These values are under the EC10 value of biosensor (3.96 nm), and it shows that our biosensor 
selectively interacts with endotoxin molecules compared to these protein species. 

Detection Method Sensing Element LOD (ng/ml) Reference 

Electrochemical (CV) PmB 32.89×103  (12) 

Electrochemical (EIS) PmB 100  (31) 

Fiber optic PmB 10  (18) 

LSPR PmB 0.34  This study 

Electrochemical (EIS) PmB 0.2  (7) 
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2.Incubating PmB functionalized substrate in a solution of endotoxin B. abortus: In this part, the biosensor was 
exposed to 10µg/ml solution of endotoxin of B.abortus bacteria in PBS. We chose endotoxin of B.abortus bacteria, 
because it is the second type of endotoxin contamination in our target sample (HBs-ag solution). After 1h incubation, 
7.60nm LSPR peak shift was occurred (Fig. 7).  
This quantity shows that our biosensor and probably other PmB-based biosensors are not highly selective for endotoxin 

molecules of a desired bacterial specie. Most of the published articles about endotoxin biosensors didn’t consider this 
challenge of detecting different species of endotoxin. However, there are scarce articles in literature in which they 
showed these biosensors would not be selective between different endotoxins (3, 32), or they designed a selective 
biosensor to endotoxin of different bacterial species(33).  
We also found out that there is a notable difference in biosensor response to endotoxin B.abortus and endotoxin E.coli 
at same concentrations. As it is demonstrated in fig 8, endotoxin B.abortus sample with same concentration shows 
lower tendency than endotoxin E.coli to interact with PmB molecules. We can bring a couple of reasons to explain this 
difference: 1.endotoxin B.abortus molecules have more fatty acid chains with longer chains and it makes them more 
stable against polycationic peptides(34). 2.anionic groups of endotoxin B.abortus are not completely accessible due to 
its specific molecular structure(35).  
Overall, in this section we found out that by using this biosensor, not only can we detect endotoxin E.coli, but we also 
are able to detect second type of endotoxin contamination (endotoxin B.abortus) in our target samples. However, it 
should be emphasized that this biosensor is not selective between these 2 types of endotoxins, and probably by 
employing some other biorecognition element this problem will be solved too. 

Conclusions 

In this paper, we used an LSPR biosensor for detection of endotoxin. In order to overcome the instability of silver 
nanostructures, we used a SAM of MPA and minimized oxidation and detachment of silver nanostructures. This 
biosensor was able to detect endotoxin molecules with a detection limit of 340 pg/ml(῀3EU/ml). Furthermore, we 
performed some selectivity experiments and demonstrated that this biosensor can selectively detect endotoxins 
compared to other biological species. Therefore, this paper proposes a refractive index LSPR biosensor for quantitative 
detection of endotoxins, which is facile, label-free and sensitive. 
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