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Abstract

In this report, we have examined the distance- sne-dependent localized surface
plasmon resonance (LSPR) between fluorescent guadints (QDs) and adjacent gold
nanoparticles (AuNPs) to provide a comprehensivaluation, aiming for practical
application in biosensing platform. A series of fdgs with different chain lengths,
connected between QDs and AuNPs is initially applie prepare various CdSe QDs-
peptide-AuNP systems to optimize LSPR signal. Sejmar distance between two
nanoparticles of these systems before and aftgugation is also confirmed by quantum
mechanical modeling and corroborated with their RSRfluenced fluorescence variations.
After detailed optimizations, it can be noted tlager sized AUNPs make strong quenching
of QDs, which gradually shows enhancement of flsceace with the increment of distance
and the smaller sized AuNPs. Depending on the reapgnt, it is possible to tune the
optimized structure of the CdSe QD-peptide-AuNPassmuctures for the application. In this
work, two different structural designs with diffatepeptide chain length are chosen to
construct two biosensor systems, observing thaosréiscence enhancement and quenching
effects, respectively. Using different structuratientation of these biosensors, two
nanoconjugates has applied for detection of nougvand influenza virus, respectively to

confirm their application in sensing.

Keywords: Distance dependency, Localized surface plasmomaese (LSPR), Peptide,

Tunable biosensor, Virus detection
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1. Introduction

Development of biosensing devices with low detectievel has become extremely
important (Chowdhury et al. 2019; Dutta Chowdhutyak 2018; Hassanpour et al. 2018;
Tereshchenko et al. 2017) day by day as a signifiaad increasing portion of the world’s
population is suffered every year from viral dissaOver the last two decades, a great deal
of research has been devoted to finding suitaldleniques for enhancing the sensitivity of
different detection platforms in biosensing (Ahnetdal. 2014; Haes and Van Duyne 2002;
Nasrin et al. 2018; Qiu et al. 2017). Among thdsealized surface plasmon resonance
(LSPR)-based optical biosensor has emerged coabigedue to its significant application
potential (Acimovic et al. 2014; Adegoke et al. ZpBrolo 2012; Jeon et al. 2018; Satija et
al. 2015; Takemura et al. 2017). To improve thefqguerance of sensing platforms, a
combination of the fluorescent quantum dots (QDgl whe plasmonic metal nanoparticles
has been exploited in different manners (Adegoka.€t017; Ganganboina and Doong 2018;
Schreiber et al. 2014; Shi et al. 2015). As a detgsignal, the fluorescence intensity of QD
is highly sensitive to the concentration of targatlytes as well as the shape, size of the
nanoparticle, refractive index, and distance betwtbe surface polarons of adjacent metal
nanoparticles (Oh et al. 2017; Pan et al. 2016pgradjustment which is necessary for
device performance. Recently, few LSPR-based flmetac reports have claimed to achieve
the desired low-level detection limit by alterifgetdistance between the inorganic QDs and
gold nanopatrticles (AuNPs) (Feizpour et al. 20Hg)wever, the successful application of the
system for point-of-care detection using clinicaibplated samples is not reported there.
Although the parameters for optimizing LSPR areividiially examined in different
applications, the system has not been appropriageiylored earlier. Moreover, their
reliability and reproducibility also remain questable as the parameters are not optimized in

detail. Combining all the parameters in a singlstey, a generalized biosensing platform
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can be formed for the detection of several analytescareful selection of their exact and

optimized conditions.

In this report, a series of Cadmium Selenium (CdSgp-peptide-AuNP
nanoconjugate systems with different peptide liskeas been designed to understand the
LSPR behavior. The designed nanoconjugates weljegated with a terminal amine, thiol,
and intermediate —COOH group for binding QDs, AuNBsd antibodies, respectively,
varying the distance between nanoduos. The infliarfcthe separation between QD and
AuNP on the output of an LSPR-based sensing has ioeestigated using norovirus-like
particles (NoV-LP) and influenza virus. Designegipes were exposed to the detection of
NoV-LPs and the influenza virus after optimizingithstructure and other parameters. The
efficiency of the system, using complex matricé&e klinically isolated samples, has proved
the system to be a potential platform for virusedgbn using multiple detection principles.
These systems apply to the ultra-sensitive deteabib small biomolecules like viruses,
bacteria, proteins, etc. in a wide detection ramdech is in the utmost requirement for point

of care diagnosis.

2. Materials and methods

2.1. Chemicals and synthesis of peptides, antigen, and antibody

All chemical lists including antibody and virus amfmation are given in the

Supplementary material.

2.2 Preparation of water-soluble CdSe QDs
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CdSe QDs were prepared according to the widely gtmadard protocol (Yu et al.
2003). To make the QDs in an aqueous medium, ligexathange reaction was carried out

with mercaptoacetic acid according to our previeosk (Huang et al. 2007).
2.3 Seed preparation, synthesis, and growth of AUNPs:

In this report, gold nanoparticles with six diffatesizes (15, 25, 35, 45, 60, and 80
nm) were synthesized, and their effect on fluoneseeintensity of CdSe QDs was
investigated. Initially, a seed solution of AuNPasasynthesized by reducing 100 mL of 1
mM HAuUCl, at pH 6.2-6.5 by dissolving 10 mL of 38.8 mM J8& at100°C (Leng et al.
2015). A variable volume of seed solution was addigd 227uL of 44.7 mM HAuC}- 3H,0
to synthesize the AuNPs growth solution. Finally6 lL of 38.8 mM NaCtr-2HO was
added with continuous stirring until the color bétsolution changes from colorless to wine

red (Leng et al. 2015).
2.4 Preparation of the sensing probe

We have designed six peptides containing thiol griouone end and amine group in
another end (listed ifrig. S1), which was covalently conjugated with the freeboaylic
group of mercaptopropionic acid (MPA)-capped CdSBsQoy EDC/NHS chemistry
eventually (Adegoke et al. 2016b). Then, AuNPs warejugated to the end via the thiol
group to prepare the QD-peptide-AuNP nanocompo&tteheme of Fig. 5p For all
conjugation process between QDs and AuNPs, theeotration ratio always maintained at
2:1 as the particle size of QD is small even comgdo the smallest size of AUNP used in
this study. The particle numbers of these nanapestiare calculated in 1@article mL?, by
the UV spectra dependent Lambert-Beers law. Thaumaxwas stirred at 7°C for 2-3 h to
synthesize the sensing probe, where the AuNPs dbsl Were linked by the antibody-

conjugated peptide. Before peptide linkage, EDC/N#&ction was performed to link the
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anti-NoV antibody covalently with the free carboxgfoup of peptides. For the antibody
binding, each of the peptides contains two carboxagid groups of aspartic acid (D) on its
structure Fig. S1). After completing the conjugation, the solutionasw purified by

centrifuging for 5 min at 3000 x g and dissolve@imL of ultrapure water.
2.5 Quantum mechanical modeling

Simulation regarding the interaction between Cd$%¥s @nd AuNPs in CdSe QD-
peptide-AuNP nanocomposites has been calculated density functional theory (DFT) as
implemented in the Gaussian 03 (Frisch et al. 2009)e of program and given in

Supplementary Material.

2.6. Physicochemical analysis and fluorometric detection of viruses using QD-peptide-AuNP

sensing probe

All analytical methods, including fluorometric det®n of virus-like particles are

given in the Supplementary material.

3. Results and Discussion

3.1. Characterizations of AUNPs and CdSe QDs

By inoculating the various amounts of solution with as-synthesized gold seeds,
the AuNPs with sizes escalating from 20 to 80 nnmrewgroducedFig. la—f shows the
typical transmission electron microscopy (TEM) ireagf the different AUNPs synthesized
using the pH-controlled synthetic protocol. In tese of the seed solution fig. 1a the
nanoparticles are highly monodispersed in natute am average diameter of 15.4 + 0.5 nm.

To achieve the bigger particle size with improvenmlogeneity, the growth reactions were
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initiated simply by adding larger seed nanoparsidie the premixed solutions of Auand
sodium citrate. As shown in the TEM imagesFofl. 1b—f, the produced AuNPs are in
increasing sizes of 21, 32, 41, 65, and 80 nm, evhavst of the nanopatrticles are in quasi-
spherical shape. It is noteworthy that the caledatizes are relatively close to their expected
sizes of 25, 35, 45, 60, and 80 nm. There are f@fynumbers of triangular nanocrystal
formed only in the case of particles above 60 gnoting the presence of these insignificant
numbers of non-spherical particles, the averagmetiers of the AUNPs are determined and
tabulated in the TableF({g. 1i). We have also measured the average particle thasnef
AuNP using Haiss' equation (with B1 = 3.00 and B2.20) based on the UV-vis spectra of
the AuNP seedsFg. 1g (Haiss et al. 2007). Smaller AuNPs primarily albsdhe
wavelength around 525 nm. With increasing the dize,absorption maxima are gradually
shifted towards longer wavelengths with a significencrease in scattering. Larger spheres
scatter more due to the larger optical cross-sestidheir albedo (a ratio of scattering to total
extinction) increases with size, clearly indicatihg successful growth of the nanoparticles.
In addition, their hydrodynamic size distributionsre further calculated from the dynamic
light scattering (DLS) measuremetfiid. 1h), which also corroborated the results obtained
from TEM images. The zeta potential of synthesizatliPs also follows the expected trends
of surface charges increasing along with an ineréagarticle sizes. The TEM image, along

with size distribution, has presentedHig. S2.

3.2. Effect of AUNPs size and peptide length on the fluorescence of CdSe QD-peptide-AuNP

nanoconjugate

The enhancement or quenching effect of AuNPs sizd peptide length on

fluorescence intensities of CdSe QD-peptide-AuNmRoganjugate is investigated. The
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absorption spectra of different AUNPs display thist fexciton transition peaks at 535 nm,
whereas the fluorescence spectrum of CdSe QDs shdéaussian-shaped peak located at
638 nm Fig. S3. Six different-sized AuNPs (15, 25, 35, 45, 6@d 80 nm) were linked with
CdSe QDs using six different lengths of peptidé&dns. Therefore, a total number of thirty-
six possible combinations of CdSe QD-peptide-AuldRatonjugates are obtained, and their
fluorescence intensities originating from CdSe QBswmeasured in PBS buffer at pH 6.7
(Fig. 2a-f). Increasing the size of the conjugated AuNPs Bsmd the fluorescence
guenching regardless of the peptide length. In dhge of 80 nm AuNPF{g. 23, the
fluorescence of CdSe QDs has been completely gedndébr all the nanoconjugates
irrespective of the peptide length. On the othemdhawith 15 nm AuNPsHig. 2f), the
fluorescence of QDs is enhanced gradually as teamtie between the QDs and AuNP
increased from 3 nm to 18 nm, regulated by theigepength. If QDs and AuNP are
separated by a distance of 1.8 nm (6 amino acidigeepength), quenching occurred
irrespective of AUNP size, while the degree of gnenching becomes stronger as the AuUNP
size increasesF(g. 28). The smaller sized AuNPs have negligible LSPRogii®on and
hence quench the fluorescence emission of the @f3sdffectively, following the nanometal
surface energy transfer mechanism (Yun et al. 208I5p, the local field enhancement effect
of the AuNPs can enhance fluorescence emissiorifisagmtly (Feng et al. 2015). However,
with larger AuNPs, strong LSPR absorption bandsaaarlap with the emission band of the
QDs. The energy transfer efficiency depends ors#paration between the nanoconjugates,
dominated by the dipole-dipole interaction (Zharigak 2014). Therefore, 80 nm AuNP
displays the highest quenching efficiency due ®ititreased spectral overlap of the LSPR

band with the emission band of CdSe QDs.

As shown inFig. 2a-f, in all the nanoconjugates with QDs and AuNP sapdrby a

distance of only 1.8 nm (shortest separated disdaexhibit quenching behavior irrespective
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of AuNP sizes. However, the quenching effect isigfarmed into enhancement when the
distance between the nanoduo (QDs and AuNP) inesgasm 1.8 to 15.5 nm (from 6 to 18
amino acid peptides). The quantum efficiency aredd@mission intensity of the CdSe QDs
can be either enhanced or quenched by the equitibaf two ways of the electron transfer
process of non-radiative energy transfer (NRET) lacdl field enhancement effect (LFEE)
(Feng et al. 2015; Zhang et al. 2014). When thedaa is close enough, NRET dominates,
resulting in the fluorescence quenching. With therease in the distance among the
nanoduo, the LFEE becomes predominating over theETNRontributing to the enhancement
of fluorescence intensity. The emission intensgigahes the maximum at an optimal distance

of about 16 nm between the particles.

3.3. Sudies on bare CdSe nanostructure to build up the initial structures of peptide-CdSe

QDs assembly

The goal of any simulation is to predict or analttze real systems’ properties that are
not directly observable. From the quantum mecharadoalysis revealed that the distance
between the terminals with the bare peptide CDDKf@lded condition) was found to be
around 0.4 nm, increased to 0.7 nm after linkinthv@dSe (~0.50.6 nm) in one side, and
further enhanced to 0.97 nm after AuNP (0.5 nncaiment to complete the nanoduo
particle structure. Although for the sake of easyutation, both the nanoparticles are taken
in a much smaller size than their original sizesify 35 nm), these results can qualitatively

represent the behavior of the real system.

The (CdSe)has been chosen as it is the smallest 3D clustgy leading to spherical
CdSe nanopatrticles and retains the basic struofuf@dSe), when N> 7. We have initially

stabilized the structure of (Cdgeyith MPA. Here both O and S atoms are linked v@ith
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atoms, and an eight-member ring-like structureviveed with an S-Cd distance of 0.27 nm.
This structure is unaffected when connected widmall peptide chain of X(Fig. S4a—¢,
with an S-Cd distance shorter than 0.2 nm. Thetermghmber ring is almost retained even
after AuUNP is linked with the peptide-CdSe assemfidiyen the length of the S-Cd bond is
reduced by ~0.1 nm (0.26 nm). This result is inepaadth the earlier finding, indicating
stronger bonding of CdSe QD with the peptide cleaen after the linkage of AUNP (Cui et
al. 2015). With the increase in peptide chain Ientite mode of CdSe QD linkage remains
unchanged (via Cd atoms), and the Cd-S distanceraimains almost the same (0.25 nm)
while the eight-member ring is restructured to euya®-12-member rind-(g. S4. Therefore,
the attachment of CdSe with peptide is quite strra remains unaffected by the chain
length as well as the folding of the peptide ch#owever, the peptide chain affects the
ultimate structure of the nanoassembly and theterahd separation of the nanoconjugates
that are reflected in the respective LSPR sigreahrasented ifrig. 3a-c. The smallest free
peptide of CDDK (X; Fig. S1 with a cumulative length of 1.8 nm, produces &ldd
structure inFig. 3a where the end-to-end distance is calculated tordg 0.4 nm. By the
successive addition of the CdSe and the smallesptiAuNP, the distance increases up to

0.7 and 0.97 nm, respectively.

It should be noted that the simulated structureth@fCdSe and the AuNP are shown
here refer to the smallest possible clusters ofdhtwvo. Looking at the increasing trend
shown inFig. 3bandc, it can be expected that the simulated distantedss the CdSe and

the AUNP becomes closer to the cumulative distasaesalculated by the peptide length.

The fourth peptide of CGGGGGDGGGGDGGGGGK,(¥ig S1) we have added
the bigger cluster of AUNP (A) After the attachment of the CdSe QD and AuNE,dhd-
to-end separation increased to 7.4 nm, which itequose to the speculated distance of 8.5

nm, as shown ifrig. 3d. The fluorescence enhancement of the CdSe QaassinFig. 3e

10
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also supports the prediction parallel to the siteadastructures. After attachment of the
AuNP on the CdSe QD-peptide assembly, the sigmifigacrease of the fluorescence
indicates large enough separation of these twopwatioles, resulting in the development of
the successive LSPR. For the sensing applicatian,need to choose some optimized
conditions. The system has some flexibility to aers electron transfer process in response
to very few analytes; this is more favorable witlen structure compared to the ring-like
one. Keeping this in mind, the peptidg, Xarboring an open structure and 7.4 nm end-to-end
separation after LSPR conjugation, offers the besssibility to switch over from
enhancement to quenching behavior. This theorepoadiction will be validated through

experimental results in successive sections.

3.4. Effect of AUNP concentration on the LSPR of CdSe QD-peptide-AuNP nanoconjugate

The concentration effects of CdSe QD-peptide-AuMdRaconjugate on LSPR have
been investigated in different concentrations oNRs, where the AuUNP size is fixed at 35
nm, which is optimized ifFig. 2d. As shown inFig. 2gin identical condition, 1 AuNPs
mL™! had a stronger quenching effect thari AANPs mL?, whereas the diluted solution
shows better enhancement. This can be explainethdypossibility of the nonspecific
interaction that increases in the closeness oAti¢Ps in concentrated solutions. In the case
of the excess number of AUNP present in the medilm,possibility of the nonspecific
surface adsorption of QDs on the surface of AuNfeases significantly, resulting in the
predominant quenching effect. However, to get thpinmum condition balancing the
enhancement and quenching, the concentration DALBIPs mL* should be optimal one

(Fig. 29), and this optimized AuNP concentration was usedurther analysis.
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3.5. Characterizations of CdSe QD-peptide X4-AuNP nanoconjugate

Despite the clear indication of fluorescence enbarent or quenching after the
successful conjugation of the CdSe QD-peptide-AuidRoconjugate, the composites were
further characterized by some physicochemical teashigh-resolution TEM (HRTEM). In
Fig. 4a the small QDs (~5 nm) and the AuNPs (~35 nm) vatosely oriented due to the
covalent bonding and internal hydrogen bonding radled by the peptide linkage. HRTEM
image of an isolated nanocomposite decipheredristat fringes of the AUNP and the QDs,
situated at the adjacent positiofig. 4b). In the case of elemental mapping in STEM, a
cluster of CdSe QD-peptidg>AuUNP nanoconjugates has been isolatéd.(4c), in which
the individual elements have been observed di$finthe nanocomposite was mapped with
Au and Cd Fig. 4d-9, respectively, which revealed the successfuldgeof CdSe QDs and
AuNPs through the peptide linkage. Due to the srei@aké and low molecular weight, the
peptide chain was not accurately mapped. The AFMges of the nanocomposites have
revealed similar observations, as mentione#lign S5 where the AUNP and CdSe QDs are

closely located in small separation, indicate tbptiole linker's presence.

FTIR analysis was further carried out to reveal ith@lvement of the peptide in the
CdSe QDs, as shown Fig. 4f. In the case of the bare CdSe QDs, the spectryreaagd
with all of its standard-transmitted peaks, pattidy at 1541 cm® assigned to the
asymmetric carboxylate (—COO-) group (Adegoke et2@ll6a). It is noteworthy that the
spectrum remains almost unchanged after linkindp whe peptide, where some additional
peaks have appeared due to the conjugation. Thelsbamserved at 3410cin™?,
2903.3cm’}, and 1715.6m*, are recognized as —OH/NHtretching, C—H stretching, and
C—-0 stretching of carboxylic acid respectively Eid& et al. 2016). The band at 118int*
represents the twisting mode of BiHwvhich is quite common for amino acids, indicatihg t

presence of a peptide chain (Ahmed et al. 2013).
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The nanocomposites formation was further verified Hydrodynamic diameter
measurement, where the CdSe QD-peptide-AuNPs nampmsites, along with its
components, were determined by DLSg( 4g). The bare CdSe QDs and AuNPs show the
hydrodynamic size of 5 + 0.5 nm and 28.4 £+ 1.5 respectively, which almost matches that
obtained during their initial characterizations. tine case of CdSe QD-peptide-AuNPs
nanoconjugate, it shows at a diameter of 87 + Irf which is larger than their sizes,
confirming the agglomeration. In the case of thalést (%) and largest (X peptides in the
series, the hydrodynamic radius does not showfgigni changesHig. S6. But their high
PDI values indicate the heterogeneous nature dtleet@gglomeration. The conjugation of
the peptide on the CdSe QDs is also confirmed byXRS spectra, as depictedRiy. 4h.
The deconvoluted Cls peak intensity has increaggufisantly after the addition of the
peptide in the CdSe QDs. In addition, the succéssinjugation of the AuNP with the CdSe
QDs has also confirmed by the deconvoluted Au4f XPé&ctra, as depicted Fig. 4i. The
Au4f peak has appeared in the spectrum of CdSe €ilige-AuNPs nanoconjugate, which

was absent for bare CdSe QD-peptide.

3.6. Application of the optimized nanoconjugate in virus sensing

Among the fluorescence results from all the thgity-optimized nanostructures, two
CdSe QD-peptide-AuNP nanostructures with the pepeagth of 7.4 nm (¥ and 0.3 nm
(X1, Fig. S1) have been chosen for virus detection, employihgirt fluorescence
enhancement and quenching effect. Before proceetbngirus detection, the control
experiments of the virus particles with bare Cd92sQAuUNPs, and CdSe QDs-peptide-
AuNP without antibody conjugation were carried ¢atconfirm any nonspecific binding

(Fig. S7. 100 ng mC*virus solution is physically mixed with i(articles mLC* of bare
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345

AuNP and CdSe QDs. The surface of AUNP adsorbed samas particles; however, it is not
significantly high to interrupt the sensing expegimts. As the virus surfaces are negatively
charged, it is unlikely to adsorbed on the negétidharged AuNP or CdSe QD and
specifically interact with the free antibodies atted on the peptide&ig S79. The same
phenomenon has also observed in the fluoresceremrapof CdSe-peptide-AuNP without
antibody conjugation, eliminating the non-specifiteraction of the virusHig S7b. Then
the CdSe QD-peptidegXAuNP nanocomposite has been used to detect NoM2@s10 nm),
creating steric hindrance on the path of LSPR betw€dSe QDs and AuNPs (the TEM
image of NoV-LP is provided ifrig. S§. Alternatively, quenched fluorescent CdSe QD-
peptideX-AuNP nanocomposite has been applied to detedativedy larger sized influenza

virus (100 — 150 nm), recovering the fluorescencelistructing the electron transfer.

3.6.1. Fluorescence quenching of CdSe QD-peptideX,-AuNP nanoconjugates

The CdSe QD-peptideXAuNP nanoconjugate shows the apparent enhancewhent
fluorescence compared to the bare CdSe QDs duketd.$PR-induced effecfig. 5a)
According to our hypothesis, in the present of ¥ires in the system, the antibodies can
specifically bind to the virus. As the antibodige aituated in the transposition to each other,
it can be anticipated that the bound viruses caduire enough steric repulsion to hamper the
LSPR between the AuNPs and CdSe QDs (Nasrin @0aB). As a result, the fluorescence
intensities have been gradually decreased withnitreasing concentration of the NoV-LPs
(Fig. 5b). The ratio of change in fluorescence intensifigsdually quenching) to initial
fluorescence AF/F) is plotted against the virus concentratiorig. 5¢ Excellent linearity
was observed with the increase of the NoV-LP comagon from 0.1 pg to 50 ng mt

beyond which it reaches saturation. The lineantghie concentration range of 1 pg to 100 pg

14



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

mL™* has emphasized the calibration curve’ inset. T bf detection (LOD) is found to be
124 fg mLY, based on &S (s is the standard deviation of the lowest signat] &nis the
slope of the linear line) (Nasrin et al. 2018). &hn these results, we expect that the
proposed system and the method can be an excaltenmative to the general biomolecular

detection by changing the entrapped antibody andoitresponding analytes.

To verify any nonspecific interaction or interfeces from any component of the
sensor, the detection of the target virus was coetbavith other viruses and possible
interfering agents. The sensitivity of the CdSe dptideX-AuNP nanocomposite is solely
dependent on the antibody sites and for most ottmemon interferants matrix effects are
almost negligible Kig. S9. In the case of other viruses like Zika, influanand hepatitis E
virus-like particle (HEV-LP) in the same concerisatof 10 pg mL’, the sensor shows an
almost negligible response, indicating the desigh&PR-based biosensor was highly

specific for the targeted NoV-LP.

The ultimate goal of biosensors is to detect aimgl infection based on its RNA
measurement ability. To evaluate the applicabihtyglinical samples, the developed sensor
was further exposed to the detection of inactivati@dcal NoV. RNA copy number in the
concentration range from 4@ 10 RNA copies mL* has been measured by the CdSe QDs-
peptideX-AuNP sensor and plotted in terms of fluorescenEmy.(S109. Satisfactory
linearity of R = 0.985 was maintained in the calibration curkg(S108. The LOD has
been calculated as 113 RNA copies Tnitom the same equation, as mentioned above. The

linearity and low LOD prove the sensor system’digtiio detect the real virus.

3.6.2. Recovering of fluorescence intensity of CdSe QD-peptideX;-AuNP nanoconjugates
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In the CdSe QD-peptideXAuNP, a completely reverse methodology has been
examined to detect the influenza virus. In conttaghe previous system, the addition of the
virus to bind the antibodies should restrict thecess of the LSPR between the AuNPs and
CdSe QDs. To this end, the quenching effect from ANP is expected to be gradually
lowered with the increasing concentration of thituenza virus. The results of the LSPR-
induced immunofluorescence enhancement for thectl@teof the influenza virusHg. 5d).

The corresponding linear calibration curfg( 56 where the LOD is found of 14.6 fg i,

based on &S.

3.7 Spiked NoV-LP detection in serum by CdSe QD-peptideX,-AuNP nanoconjugates

To understand the sensing capability in real sarap#tysis, the CdSe QD-peptideX
AuNP nanoconjugates have applied to a series adanples with increasing concentrations
of spiked NoV-LP in 10% serum solution followed the calculation of the recovery using
the method. As shown iable 1, the recovery of 106 + 2.5% was observed whema lo
concentration of 18° g mL™ was spiked. 96 — 106% recovery was found when the
concentration range of 18— 5 x 10' g mL™" of NoV-LPs was spiked into the serum
solution. Although the matrix affects the sensolitée, which is obvious in the case of
peptide and AuNP containing system, however, thetive standard deviations for all the
spiking analyses are in the range of 1.4 — 3.7 % (8), clearly indicating the sensing

system’s ability for analytical performance.

Conclusion

16



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

In this work, based on the physical significanceL8PR, we established a tunable
and versatile sensing system using CdSe QD-pepiidd? nanoconjugate for ultrasensitive
biosensing. For the detailed investigation, seve@be QD-peptide-AuNP nanoconjugates
were designed by varying the length of the peptath@in used as linker, size, and
concentration of AuNPs, and the resulting changdkiorescence intensities were examined.
Theoretical simulation is performed to validate éx@erimental separation distance between
the terminal nanoduos. The close interaction of €€d@s and AuNP shows a strong
guenching effect of QDs fluorescence, which gradgugiiows enhancement of fluorescence
with the increment of distance. Depending on th&came of spectroscopic studies, two
systems were chosen for the application and suittkgsapplied for the sensing of NoV and
influenza virus, respectively, using two differesized peptides, following exactly opposite
sensing mechanism. In both cases, excellent lityeaas observed with virus concentration
with LODs of 124 fg mL! for NoV-LP and 14.6 fg mL* for the Influenza virus. In this
emerging field of LSPR-based biosensing, we hojpe tte thorough investigation of this

present study can give a useful direction in thergu
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Figure captions

Fig. 1. Characterizations of different sized AuNPs. TEMagas of &—f) 15, 25, 35, 45, 60,
and 80 nm AuNP with their corresponding daylightiges and size distributiong) UV-Vis
spectra andh) DLS measurements of as-synthesized AuNPs, gnze(a potential values
and comparative size variation of AuNPs obtainedmfr TEM, UV-Vis, and DLS

measurements.

Fig. 2. Fluorescence spectral bar diagram of CdSe QDsuilows CdSe QD-peptide-AuNP
nanoconjugates. Six different sizes of AUNPs ah®0@), 60 ©), 45 €), 35 d), 25 €), and

15 nm €) combined with six different peptide length proddaorarious fluorescence intensity
changes.d) Effect of AUNPs concentration of 0 10°, and16 mL™ on the nanoconjugates

where all other parameters are constant.

Fig. 3. End to end distance calculation of the smalleptige of CDDK (X)), (a-C) stepwise
conjugation with CdSe QD and AuNRJ)(simulated structure of CdSe QD-peptidg- X
AuNP, and é) fluorescence spectra of the CdSe QDs and its L&t after the formation

of CdSe QD-peptide XAuNP nanocomposite.

Fig. 4. Characterizations of CdSe QD-peptide-AuNP nanagmatp: & TEM image b)
HRTEM image of CdSe QD-peptide-AuNP, showing thewn fringes, ¢€) STEM
mapping of CdSe QD-peptide-AuNP with Cd and A#%) ETIR spectra d) DLS
hydrodynamic distributionh) XPS deconvoluted Cls spectra, andXPS deconvoluted

Au4f spectra.

Fig. 5. Virus detection with the sensor probe varying geptide length: & schematic
illustration for the virus sensing using CdSe QIpime-AuNP system for two modes of

detection, I¢) fluorescence emission spectra, anyl dorresponding calibration curve for

22



504

505

506

507

508

detection of 10" — 5x107 g mL™* NoV-LP, (d) fluorescence emission spectra, amjl (
corresponding calibration curves for the detectbri0**— 10"° g mL*influenza viruses.
The red circle in the calibration graphs indicatee blank point. Error bars denote the

standard deviation of 3 replicate measurements.
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509

510 Table 1.Recovery of NoV-LP in 10% serum samples (n = 3Cohse QD-peptidexXAuNP

511  sensing system.

Spike concentration  Detected concentration Recovery + R.S.D.

Sample z _
P (g mLY (g mL™Y) (%)

Sensor 0 - -
10°%? 1.06 x 102 106 + 2.5

5x 10 5.2 x 10%? 104 +1.5

101 9.6 x 10%? 96 +1.5

NoV-LPs

5x 10 5.1 x 10%* 102 +2.3

10710 9.7 x 10! 97 +1.4

5x 1010 5.3 x 10%° 106 + 3.7

512
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519  Fig. 3.
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Highlights:

* A tunable system of AuNP influenced CdSe QDs fluorescence by L SPR.

»  Separation between the AUNP and CdSe QDs are varied by different length peptide
linkers.

» Construction of various sensor systems by detailed optimizations and simulated results.

» Application of sensorsin virus detection with low LOD.
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