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L abel-Free and Simple Detection of Endotoxins Using a Sensitive L SPR Biosensor
Based on Silver Nanocolumns

Mohamad ZandielSeyyed Nezam HosseinManouchehrVossoughi, Maryam Khatami, Sara Ablpeaiad Ahmad Moshaii.

This paper describes the construction of a sihemeld LSPR biosensor for endotoxin detection. Wel @3eAD method to procure reproducible silver
nanocolumns. In this work, the silver nanostrucuwere considerably stabilized by a SAM of MPA, émel limit of detection of biosensor was measuced t
be 340 pg/ml for endotoxil.coli. Considering endotoxiB.abortus as the second type of endotoxin contaminatioruimtarget samples (HBs-ag produced in
Institute Pasteur, Iran), we investigated seletiof the biosensor in various experiments. We sfbthat this biosensor can selectively detect bgibs of
endotoxins compared to other biological specieeré@ly this study proposes that LSPR biosensingbeanonsidered as a sensitive, simple, and label-fr
method for endotoxin detection in the quality cohlaboratories.

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

Abbreviations: LSPR; Localized Surface Plasmon Resonance, GLADgnéhg Angle Deposition, SAM; Self Assembled Mang@r, MPA;
Mercaptopropionic Acid.

Introduction

Lipopolysaccharide (LPS), also known as endotoidna highly toxic component that exists in the outeembrane of gram
negative bacteria. It is released into the envirenntluring every phase of bacterial growth cyclegb)it causes contamination of
a wide range of biopharmaceutical products. Eveallsguantities of endotoxin injected to human baay result in fever, septic
shock, and death(2). Therefore, it is highly impottto detect and also quantify endotoxin of biopteceutical products in
quality control laboratories. The most validatedtimoel used for endotoxin detection is Limulus Amelied_ysate (LAL) test.
Although this method is sensitive, it has some oidable drawbacks such as highly dependency ondmatipre, long incubation
times to access the results, hard multistep préparprocedures and being expensive(3). These @nabforced research groups
all around the world into working on novel methad®ndotoxin detection based on biosensors.

Biosensing is a process in which a biological eletmeteracts with an analyte, and then the resuthe interaction is sent to a
transducer as a response. There are several palistpers which used biosensors for endotoxin tieted he researchers have
used all the electrochemical (4-16), optical (3;21] and mass-based(22) approaches of biosensingesor miniaturizing,
improving sensitivity, lowering expenses and insieg simplicity are the most important objectiveatthave been investigated
by these researchers. In order to reach thesetiMgiscwe suggested using an LSPR biosensor fasterith detection.

In recent years, LSPR biosensors are gaining irapoe due to their interesting detection charadiesisLSPR is a hallmark of
noble metal nanoparticles that caused by colleabiseillation of the conduction electrons at nantiples surface. In LSPR
biosensors, interaction of biomolecules at theaagfof sensor leads to a change in the refraatidexi of surrounding medium.
As a result, a change occurs in the LSPR peak wag#hl of the extinction spectra. Therefore, the elawgth shift Ahn,4,)
represents the detection of analytes in these héoss.

In this paper, we constructed an LSPR biosensordbasesilver nanocolumns for detection of endotodtor deposition of silver
nanocolumns, we used GLAD method due to its lowt eosl ability to control shape of nanoparticles)(28 addition, as expected,
nanostructures produced by this method are notedpyoducible. A polycationic peptide, Polymyxin BniB), has been used as a
biorecognition element to interact with endotoxiie chose PmB, because it is more stable, more hareogs, and less expensive
("2000%less) than other conventional peptides andrapits used as biosensing element(7,24). Moreover tal its high positive charge,
PmB has considerable affinity to endotoxin moleswdad can neutralize endotoxin toxicity. SAMs of M&nd EDC-NHS was performed
on the surface of silver nanoparticles in ordestéilize the silver nanoparticles. FurthermoreMsAassist efficient immobilization of PmB
molecules onto the biosensor surface.

We chose LSPR method for many reasons: 1.LSPR ligseinsors can be used in the extreme miniatusgzel®(25), because in
LSPR biosensors, every sensing site is as bigeasghctrometer light emitted to the surface of saneatures (which is a circle
with 2mm radius in the present work). 2.Despigctbchemical biosensors, these sensors are remtedf by ionic properties of
sample solutions, so they are convenient for bicklgsamples and clinical usages(26). 3.In LSPRsdmisors, the interaction
between sensing element and analyte, per se, teaalsignal transduction, so we do not need angliladp procedure which is
cumbersome and time consuming. 4.To our knowlettge would be the first step in using refractiveén LSPR biosensors for
detection of endotoxin. Therefore, the feasibitityd advantages of this method for endotoxin deteatiould be explored for the
first time.



Experimental Section

Materials

High purity silver granules(99.99%), 3-Mercaptogompc acid(MPA), 1-Ethyl-3-[3-dimethylaminopropyBebodiimide
hydrochloride(EDC) and N-hydroxysuccinimide(NHS) revepurchased from Merck(KGaA Darmstadt, Germanyopdhilized
LPS from E.Coli O111:B4, polymyxin B sulfate salt(PmB) and phogpHauffered saline(PBS) were obtained from Sigma-
Aldrich. Hepatitis B surface antigen (HBs ag), IhdjzedLPS fromB. abortus and pyrogen free water were procured from the
Research and Production Complex of Pasteur Insti@fitiran (Karaj, Iran). To minimize the influena# environmental
conditions, most of the experiments were perforomedier a laminar flow hood.

UV-Visible Spectroscopy

After each step of surface modification, the sudiss were washed by pyrogen free water consecytimebrder to remove
unbound molecules. Then they were immediately dueder N stream (So from now on, we don’'t mention the waghand
drying steps after each step of surface modificatidfter drying, the extinction spectra of subtgain air were taken from 200 to
800nm using a UV-visible spectrometer and the L§feBk wavelengths were collected. The spectromaght Wwas emitted
perpendicularly onto the substrates’ surface.

Silver Nanocolumn Deposition on Glass Substrates

Microscope cover glass slides(QC Lab) were cut iifbcm x 2.7 cm pieces using a diamond pen anchetedy piranha
solution(HSO,:H,0,=3:1) at 80 °C for 30min. Then, the glass substrates were washed by copious amountsitef and dried
under N stream.

The deposition of silver nanocolumns on glass satestwas performed by GLAD method using a custosigied thermal
evaporation system(27). Deposition parameters dhety deposition rate, deposition thickness, azirautiotation speed, and
glancing angle were fixed at 0.1 nm/s, t=400x2rpm and©==84°respectively, and the refractive index sensitivity of produced
nanostructures was 134 nm/RIU. These parameters ehamsen according to our coworkers’ recent pubtigmaper in which they
investigated and optimized effects of differentagpon parameters on sensing properties of sihagmocolumns(28).

SAM Formation and PmB Immobilization

After formation of silver nanocolumns on the glasibstrates, they should be stabilized by a SAM.tkisr purpose, the silver
nanocolumn substrates were incubated in a 1mM etitasolutions of MPA for 2h. Afterwards, the sulades were incubated in
1:1 solutions of EDC 45mM and NHS 20mM in PBS(10nmd#=6.5) for 1h in order to activate the carboxyicid groups of
SAM. Then SAM coated substrates were immersed ibh i 00pg/mL solutions of PmB in PBS for 1h.

Sample Preparation and Detection of endotoxin

Lyophilized endotoxin was dissolved in PBS buffand different concentrations of endotoxin solutiarese provided. Endotoxin
molecules have a natural tendency to aggregats. Wbiuld probably reduce the homogeneitgmfotoxin 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 ménafotoxin solutions in different concentrations 1tr. Finally, LSPR peak
wavelength of each substrate was measured aftast@dad interaction with PmB. The difference betwethis LSPR peak
wavelength and the LSPR peak wavelength of PmB-ihiliaed substrate was reported/s, ay -

The schematic diagram related to all the surfacdification procedures is shown in fig. 1.
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Fig.1- Schematic diagram related to different steps of surface preparation for LSPR
detection of LPS molecules.



Stability Studies

Stability of silver-nanocolumn substrates made AG method is a significant challenge that shoudé been well studied and
improved. We used SAM of 1mM MPA solution in orderstabilize silver nanocolumns. To investigateeetffof SAM on the
stability of silver-nanocolumns, a bare silver naslamn substrate and a SAM-functionalized substwatee immersed in PBS
solution for 24h. Then the LSPR spectra of eaclstsate in PBS solution were collected at speamtsteps during this 24h.

Results and Discussions
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Fig. 2- Top-view SEM image (A), cross-view SEM image (B), histograms of diameter distribution (C) and absorbance spectra of silver
nanocolumns. Nanostructures herein were prepared by GLAD method while the deposition rate, deposition thickness, azimuthal rotation
speed, and glancing angle were fixed at 0.1 nm/s, t=400nm, ¢=2rpm and, ©=84 respectively.

As we discussed, GLAD method was used to produeersianostructures on glass surface. Fig.2 shgpisdl SEM images and

size distributions of fabricated nanostructures(&)B The inset in this figure illustrates the tapw SEM image. As shown in

this figure, an array of Ag nanocolumns with sepiiarical cross section is formed on the substBased on the histograms of
size distributions, the nanocolumns have the diarsetanging between 10 to 120 nm. The UV-Vis albmuach spectra of

fabricated Ag nanostructures is also shown inZi¢gD). The Ag nanocolumns exhibit a strong plasrag@ak around wavelength
of 382nm with width of 126 nm, which is suitable &ensing experiments based on our coworkers’ pusviesults[28].

In LSPR biosensing, nanostructures with same maoplyoand homogeneity have the same optical chaistits such as

refractive index sensitivity. Therefore, the moréform nanostructures lead to the more reprodudille reliable results(29). In
order to evaluate the reproducibility of silver patructures fabricated by GLAD method, we choseifgerént substrates

randomly and checked the LSPR spectra of each sampé data provided in table 1 indicate that tiséiser nanostructures are
considerably reproducible. As it is demonstratéffeient samples have almost same LSPR peak waytlevhich is located in a
small range of 380 to 385 nm.

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

Sensor 1 2 3 4 5 6 7 8
Ama{nm) 383.12 382.45 384.11 381.74§ 382.11 380.Y8 7881 382.11
Absorbance atmna{a.u.) 0.8871 0.9321 0.8931 0.8937 0.9368 0.9143 9110 0.9371
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Fig.3- UV-visible spectra of bare silver-nanocolumn substrate(a), and SAM-functionalized substrate (b), before and after immersing in PBS solution
for various incubation times.

Stability

In biosensing applications, nanostructures uswakyimmersed in solvents for long incubation timgef 1 to 24 h. On
the other hand, any change in the structure of panicles would lead to a change in LSPR peak. fbee, especially
in LSPR biosensing, silver-based biosensor shoaldtable against oxidation and nanoparticle detachim aqueous
environments.

Fig. 3-a shows the extinction spectra of a silwanocolumn substrate in PBS solvent during 24h. dMese PBS
instead of water, for it is a closer emulate of giblpgical fluids. As it is demonstrated in fig.a3-at first moment of
incubation, both LSPR peak wavelength and intensftgpectra increased due to the bigger refragtidex of PBS
environment compared to air. After 1h of incubatithrere is a notable reduction in peak intensityl also a blue shift
about 8nm has been occurred in LSPR peak wavelehbit blue shift is due to the oxidation of silvenoparticles in
aqueous phase(30). Finally after 24h incubatioe,réduction in peak intensity goes up to 32% wilike position of
LSPR peak wavelength is almost constant compardditio. This reduction in peak intensity is probabbBcause of
detachment of silver nanoparticles from the surfacbiosensor(23). The refractive index sensitiwfybiosensor is
also degraded from 134 to 76nm/RIU after 24h.

As it has been mentioned, we used SAM of 1mM MPWtian in order to stabilize the silver nanocolummbe effect
of SAM immobilization on stability of biosensor sown in fig. 3-b. After 2h incubation in MPA sadln, there is a
redshift in LSPR spectra of substrate in air envinent. This redshift is because of interaction &#Amolecules with
silver surface. Herein after 24h of incubation oPAtmodified substrate inPBS solution, only about E8duction of
peak intensity has been occurred. In addition, atnmo blue shift in LSPR peak was observed aftér. Zderefore,
SAMs of MPA have a remarkable influence on theitalof these biosensors, and by using them wecmarsiderably
protect silver nanoparticles from oxidation andadgéiment. Moreover, in this situation, general shafpleSPR spectra
is almost constant and the refractive index seuitsitof biosensor slightly reduced from 134 to 119/RIU after 24h.

Surface Modification and Endotoxin Detection

The LSPR spectra was measured after each stepfats modification. Fig. 4 shows the LSPR spectraach step of
surface modification for detection of 10 pg/ml etwan E.coli solution. In fig. 4-A, the LSPR peak wavelengthtioé
silver nanocolumn substrate wiag,.,= 382.80nm. After SAM formation (by MPA) and actiie (by EDC and NHS)
the peak wavelength was measured to.hg,=406.92 nm (fig 4-B). After that, the substrate vimsubated in PmB
solution. Fig. 4-C illustrates the LSPR spectreerathis step with peak wavelength 0f,,=421.03 nm. Then, the
biosensor was prepared to detect endotoxin moleclriehis step, the sensor was exposed to 10 pagiddtoxinE.coli



solution. Fig. 4-D indicates the LSPR spectra eglab this step. As we see, in this step the 3hR2fed shift was
happened; consequently, the maximum wavelengthi\was452.24 nm.
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Fig 4- LSPR spectra representing the response of PmB-immobilized substrate
to 10 pg/ml solution of endotoxin E.coli. (A) Silver nanocolumns, Ay.x=382.80
nm. #B? Silver nanocolumns after formation of SAM of 1mM MPA and
modification with EDC 45mM and NHS 20mM, A,5=406.92 nm. (C) SAM
coated substrate after immobilization of 100 pg/ml PmB solution,
Amax=421.03 nm. (D)PmB immobilized substrate after exposure to 10 pg/ml
solution of endotoxin E.coli, Ayax=452.24 nm.

Negative control experiments also were performed dach step of surface modification. For examplg, b
demonstrates the LSPR spectra related to the doexyeriment of PmB immobilization. For this purppsSAM
functionalized substrate was incubated in 10pgmhlit®n of endotoxin E.coli. After 1h, only 1.34nbiue shift is
observed which is negligible. This result showst finathe absence of PmB molecules, the sensor woatddetect
endotoxin E.coli. In other words, it implies th&dshift observed in fig. 4-D is due to the intei@ettof endotoxin
molecules with just PmB molecules, and interactbandotoxin with other areas of the surface idigége.
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Fig. 5- LSPR spectra illustrating the response of SAM-coated substrate to
10 pg/ml endotoxin E.coli solution in absence of PmB molecules. (A) Silver
nanocolumns, A,.,=383.46 nm. (B) Silver nanocolumns after formation of
SAM of 1mM MPA and modification with EDC 45mM and NHS 20mM,
Amax=410.61 nm. (C)SAM immobilized substrate after exposure to endotoxin
sofution, Amax=409.27 nm.



LOD Studies

EndotoxinE.coli solutions with different concentrations were exgab$o the biosensors and the calibration curve was
obtained (fig. 6).
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Fig. 6- Calibration curve of endotoxin E.coli- PmB binding at the surface of
silver nanocolumn LSPR biosensor. The curve is fitted by sigmoidal curve fit
(Hill1 Type) while R°=0.99841. The error bars demonstrate the standard
deviation from 3 independent measurements.

Calibration curve is fitted by a sigmoidal curve(filll Type) while the coefficient of determinati is measured to be
R?=0.99841 that demonstrates an excellent fittingitAs represented in calibration curve (fig. @)istbiosensor shows
response even to 100 pg/ml solutions of endotox@olE but we calculate the limit of detection (LQDFf biosensor by
EC10 value. According to this method, 10% valuenaiximum signal is the signal related to the minimdetectable
concentration. So LOD is measured to be 340 pgdmiHis biosensor. Table 2 represents that the le®&ined by this
biosensor is acceptable and in most cases betterthie other PmB-based endotoxin biosensors.

Table 2- Minimum limit of detection of different BBrbased endotoxin biosensors

Detection Method Sensing Element LOD (ng/ml) Refeee
Electrochemical (CV) PmMB 32.89x%0 (12)
Electrochemical (EIS) PmB 100 (31)

Fiber optic PmB 10 (18)
LSPR PmB 0.34 This study
Electrochemical (EIS) PmB 0.2 (@)

Selectivity Studies

We investigated non-specific binding interactiom® isections:

1.Incubating PmB functionalized substrates in BSA and HBs-ag solutions: In order to understand whether PmB
molecules are selective sensing element for endgotmxnot, two PmB-coated substrates were immensedDpg/ml
solution of BSA and HBs-ag. BSA is usually chosesmaaconventional protein in biological solutionse\Mso chose
HBs-ag, because it is one of the biopharmaceuyicaducts of Recombinant Biopharmaceutical Produdbepartment
of Institute Pasteur which must be tested for pgrog activity before injection. Therefore, we shibhhve assured that
our sensing element (PmB) has much less affinitiiBs-ag than endotoxin. Fig. 7 illustrates biosenssponse to
these proteins. After exposing BSA and HBs-ag thfférent substrates, respectively 0.23nm and 8iB8LSPR peak
shift was observed. These values are under the E@I@ of biosensor (3.96 nm), and it shows that lmasensor
selectively interacts with endotoxin molecules canal to these protein species.



2.Incubating PmB functionalized substrate in a solution of endotoxin B. abortus: In this part, the biosensor was
exposed to 10pg/ml solution of endotoxin Bibortus bacteria in PBS. We chose endotoxinBodbortus bacteria,
because it is the second type of endotoxin contatioin in our target sample (HBs-ag solution). Aftér incubation,
7.60nm LSPR peak shift was occurred (Fig. 7).

This quantity shows that our biosensor and probatitgr PmB-based biosensors are not highly sek&bivendotoxin
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Fig. 7- Selectivity of PmB immobilized LSPR biosensor to some biological
species. Concentration of all samples here is 10pug/ml and blank refers to PBS
solution devoid of endotoxin as a control experiment.

molecules of a desired bacterial specie. Most efgthblished articles about endotoxin biosensore'dabnsider this
challenge of detecting different species of endiotoklowever, there are scarce articles in litegtur which they
showed these biosensors would not be selectivedeetwdifferent endotoxins (3, 32), or they desigaedelective
biosensor to endotoxin of different bacterial sps(33).

We also found out that there is a notable diffeecimcbiosensor response to endotoRiabortus and endotoxirE.coli

at same concentrations. As it is demonstrated gr8fi endotoxinB.abortus sample with same concentration shows
lower tendency than endotoxificoli to interact with PmB molecules. We can bring a ¢dewb reasons to explain this
difference: 1l.endotoxim.abortus molecules have more fatty acid chains with londsirs and it makes them more
stable against polycationic peptides(34). 2.anigm@ups of endotoximB.abortus are not completely accessible due to
its specific molecular structure(35).

Overall, in this section we found out that by usthig biosensor, not only can we detect endot&aoli, but we also
are able to detect second type of endotoxin comtatioin (endotoxirB.abortus) in our target samples. However, it
should be emphasized that this biosensor is nactet between these 2 types of endotoxins, antbaidyg by
employing some other biorecognition element thabfgm will be solved too.

Conclusions

In this paper, we used an LSPR biosensor for detectf endotoxin. In order to overcome the insti&pibf silver

nanostructures, we used a SAM of MPA and minimipeddation and detachment of silver nanostructuidss

biosensor was able to detect endotoxin moleculeéb widetection limit of 340 pg/mREU/mI). Furthermore, we
performed some selectivity experiments and dematestr that this biosensor can selectively detectotemxihs

compared to other biological species. Thereforis, ghper proposes a refractive index LSPR bioséiosajuantitative
detection of endotoxins, which is facile, labelefrand sensitive.
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