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1. Abstract

Citrus greening, or Huanglongbing (HLB), is curtgnthe most devasting disease of

citrus, creating unprecedented crisis for the rulion-dollar global citrus industry. To-date,
there is no effective cure and disease managenadint ron early detection and removal of
infected trees. Thus, it is imperative that ac@jrditmely, and robust disease detection and
diagnosis technologies are available to minimize spread of disease. This study reports a
sensitive and selective label-free biosensor thathines the physical and chemical advantages
of carbon nanomaterials like single-walled carb@matubes (SWNTSs) field-effect transistor
(FET) / chemiresistor with selective antibodies iagia Sec-delivered effector 1 (SDE1), a
secreted protein biomarker, for the detection oBHLhe biosensor detected SDE1 biomarkers
for citrus greening in plant tissue extracts with tlynamic range over three orders of magnitude
in the low nanomolar to micromolar concentrationga and limit of detection of 5 nM. The

study also demonstrated the use of the standarnticaddassay method with the biosensor to
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attain a 90-percent signal recovery in concentratedt tissue extract, allowing for quantitative
detection without an external calibration. Adoptithge novel detection strategy targeting the
secreted protein biomarker, SDE1, addresses sothe ahallenges faced by current methods of
nucleic acid-based assays and symptom-based diagadsch have been found prone to false
negatives and misdiagnoses, respectively.

Key Words: Citrus huanglongbingCandidatusLiberibacter asiaticus; Chemiresistor;

Single-walled carbon nanotubes; Secretory biomafkandard addition method.

1. Introduction

Citrus greening disease, also known as Huanglogg@tiB), is posing a worldwide
threat to the multibillion-dollar citrus industrg6ttwald, 2010). Infected trees show dramatic
fruit losses and will eventually decline. Otheritg disease symptoms include yellow shoots,
mottled leaves, and small, lopsided fruits that green in color, hence the name *“citrus
greening”. These fruits can often be off-tastingaga et al., 2016). HLB is associated with the
bacterial specie€andidatusLiberibacter, which colonizes the phloem tissues {asculature)
of infected plants (Bové, 2006; Gottwald, 2010;xEdria et al., 2008)CandidatusLiberibacter
spp. have yet to be obtained in pure culture, Ksh’s postulates have not been fulfilled and
their association with HLB disease is based on getamic sequencing data and 16S rRNA
analysis (Tyler et al., 2009). There are three iggeof CandidatusLiberibacter found to be
associated with the diseaggandidatusLiberibacter asiaticusQlLas), CandidatusLiberibacter
africanus CLaf), andCandidatusLiberibacter americanu€am). The various species are not
constrained to the geographical regions based ein tespective names witBLas being the

most globally rampant in Asia and the Americas. pheary mode of transmission of the HLB
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associated-pathogenic agents is through insecorgegiredominantly by the Asian and African
citrus psyllids,Diaphorina citri and Trioza erytreag respectively (Gottwald, 2010; Teixeira et
al., 2008).

To-date, there are no cures for trees already tedflewith CLas. Management of the
disease is focused on controlling its spread bdieasion of infected trees and vectors (Bové,
2006; Gottwald, 2010; Pagliaccia et al., 2017). Sfhimely and accurate detection of infected
plants is crucial. However, currently employed deten methods based on disease symptoms
and nucleic-acid assays remain unsuccessful. Syngpbased qualitative diagnosis of infected
plants lacks accuracy due to variable latency aiggms and similarity of symptoms to other
citrus diseases and nutrient deficiencies (Bovd)620Assays for detection of nucleic acid
biomarkers ofCa. Liberibacter could generate false negative resocause they require the
presence of the bacterial cells which are oftenvenky distributed and exhibit low titers in
infected plants (Teixeira et al., 2008; Irey ef 2D06; Ding et al., 2015). Furthermore, nucleic
acid-based assays require laborious sample preparahd are costly and time-consuming,
making these tools prohibitive for wide applicagoior disease management, especially when
multiple samples need to be tested from one treee@@ndo Valdés et al., 2016; Sankaran et al.,
2010). Therefore, the detection of secreted, pmetased biomarkers ofLas provides a
promising alternative to the current detection ¢étsgA secreted protein @Las, termed Sec-
delivered effector 1 (SDE1), was discovered andistuby our group as a biomarker for HLB.
SDE1 is unique t€Las and conserved acrdSkas isolates (Pagliaccia et al., 2017). This gene
is highly expressed in infected citrus tissue atlatively early infection stage, supporting early
detection of HLB (Pagliaccia et al., 2017). Complate theCLas bacterium, secreted SDE1

proteins are potentially systematically distributedoughout the infected trees via the phloem
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flow. This wider distribution of SDE1 consequentiyould reduce the number of samples
required to be collected from each tree. Thus, digpting an affinity-based detection strategy
using SDE1 as a biomarker, facile and reliablemtiags of infected plants can be achieved.

In field-effect transistor (FET)/chemiresistor-bddgiosensors utilizing semiconducting
single-walled carbon nanotubes (SWNTSs), the sitger surface atoms of the carbon
nanomaterials are directly exposed to the enviranipgeich that small alterations at the interface
result in large changes in electrical propertiesttd nanomaterials (Liu and Guo, 2012).
Furthermore, the nanoscale dimensions of theseocananostructures are comparable to the
Debye length, the distance away from the sensdaciwhere the net electrostatic effects of
charged molecules persist, ensuring successfulrielctransduction of physical and chemical
interactions at the SWNT surface. Biosensors enmpdpyn FET architecture and operation
differ from conventional three-electrode electrauleal biosensor setup and operation, which
typically has a working electrode, a reference tebele and a counter electrode
(Balasubramanian and Burghard, 2006; Thévenot .et2@8D1). The three-electrode setup of
electrochemical biosensors are commonly utilizedrieasurement modes such as amperometry
and potentiometry. The aforementioned electrochainmethods require electroactive species or
biocatalytic elements to generate electrical respsr(Lee et al., 2009; Thévenot et al., 2001).
However, FET-based biosensors yield electrical aesps upon affinity-based binding or
adsorption of charged biomolecules with the sendoeting (transducer) channel without
requiring electroactive analytes or biocatalytieneénts, which highlights the potential of this
biosensor architecture for label-free and affilised sensing. The electric field generated by
charged biomolecules near the interface of the aamducting material provides electrostatic

gating effects on the channel that resemble thectsfffrom applying a voltage potential to the
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gate terminal of a transistor (Chen et al., 20180 ldt al., 2019). Other electrical phenomena can
result from such interfacial molecular interactioeach as modulation of the Schottky barrier
(where metal-semiconductor junctions are presemd) cgharge scattering (Heller et al., 2008).
Similarly, a variation of the FET-biosensor arctitee, is that of a chemiresistive biosensor
which omits the gate electrode, allowing the motioe of the semiconducting channel
conductance by the same mechanisms as in tradittd&iB-based biosensors with the external
gating solely by the charged molecules near therfexte of the semiconducting channel (He et
al., 2012; Kaisti, 2017; Katz, 2004). Changes iectlcal properties of the device, such as
conductance or resistance, indicate physical aethidal alterations—due to analyte binding—
of the surface properties of the carbon nanomadg(dili et al., 2011).

In order for biosensors to have specificity to &rgnalytes, biorecognition elements such
as binding peptides, antibodies, aptamers, enzymesiplementary DNA oligomers, and
molecularly imprinted polymers are required (Basale 2015; Chen et al., 2019, 2017; Das et
al., 2019; Gao et al., 2016; Kaisti, 2017; Okon &mhkainen, 2017; Saylan et al., 2017; Terse-
Thakoor et al., 2019). For SWNT-based FET and ctessitive immunosensors, biorecognition
elements are functionalized onto the surface ofttaesduction element, such as SWNTSs, to
specifically capture analyte molecules onto thdaser of the transduction element (Tran and
Mulchandani, 2016). The specific and selective liaadon of target analyte molecules at the
surface and especially within the Debye lengthhaf BWNT surface is essential for effective
electrical transduction of analyte-capture evenkas, the binding affinity and selectivity of the
biorecognition molecules are critical to the ovesansor performance. Antibodies have been
widely integrated in commercial immunoassays anfhigf-based biosensor platforms for

detection of biomarkers in complex samples (Corgbwl., 2009; Jain et al., 2019). Custom
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novel antibody generation can be achieved withaseeable costs and time, where large-scale
production methods are available, making antiboalseld detection a rational and viable strategy
in biosensor development (Conroy et al., 2009; Bhagt al., 2016).

Thus, this study reports a sensitive antibody-baseniresistive biosensor for detection
of SDE1 biomarkers for citrus greening. Applying tadvantages of nanoscale chemiresistor-
based biosensors using semiconducting SWNTs amdporating the biomarker strategy using
the CLas-specific SDE1 protein allowed the developmena amovel label-free chemiresistive
biosensor platform for the detection Gtas. To impart specificity to the biosensor, SWNTs
were functionalized with custom-generated anti-Spelyclonal antibodies (Pagliaccia et al.,
2017). The biosensor showed high sensitivity andcifipity for the SDE1 biomarker in

phosphate buffer and citrus plant tissue extradts dose-dependent response.

2. Materials and Methods
3.1 Reagentsand Materials

All materials and chemicals were purchased fromhdtisScientific unless specified
otherwise. Recombinant HLB biomarker, SDE1, and-8BE1 polyclonal antibodies (pAb)
were prepared according to previously reported otetfPagliaccia et al.,, 2017). 95% 3-
Aminopropyl-triethoxysilane (APTES), 1-Pyrenebutyacid N-hydroxysuccinimide ester (95%)
(PBASE), anhydrous N,N-dimethylformamide (DMF), aathanolamine were obtained from
Sigma-Aldrich (St. Louis, Mo, USA). Tween-20 wadahed from Bio-Rad (Irvine, CA, USA).
Highly p-doped 4-inch silicon wafers with 300 nnetinmal oxide layer were purchased from
Ultrasil Corporation (Hayward, CA, USA). 95% seomducting SWNTs solution supplied at

10 ug/mL was purchased from Nanolntegris, Inc. (Quel@anada). SWNTs solution was
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further diluted in the same surfactant solutiorofpiretary information) to 2.ng/mL for device
fabrication. 10 mM phosphate buffer (PB) pH 7.4 vpaspared from monobasic and dibasic

sodium phosphate salts and pH-adjusted with dilytiochloric acid and sodium hydroxide.

3.2 Device Fabrication

As presented in the scheme in Figure S1, photgitquhy and lift-off processes were
used for patterning of 10m gap gold (Au) microelectrodes onto Si/gMaafer in the cleanroom
at the Center for Nanoscale Science and Engineddinigersity of California, Riverside (UCR).
Briefly, microelectrodes with 10 um by 10 um gapeswere defined onto Si/SjQvafer using
photolithography with Shipley 1813 positive phosise. E-beam evaporation was employed to
deposit 10 nm thick chromium (Cr) adhesion layed 4600 nm thick Au followed by acetone
wash to remove excess photoresist and Cr-Au layleaying multiple patterns of the
microelectrodes. After cutting individual chips fnothe wafers, the chips were cleaned with

acetone and isopropyl alcohol (IPA) and then dueder a stream of nitrogen.
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Next, to prepare SWNT transduction channels actbsspatterned source and drain
electrodes, the SiOsurface was first functionalized with a self-asbled monolayer of (3-
aminopropyl) triethoxysilane (APTES) which aidsthre assembly of SWNT network on the
surface of our sensor as shown in Figure 1. AffBTBS functionalization, a 10 pum by 50 pm
rectangular region of APTES overlapping two eled#®was photolithographically patterned by
first using Shipley 1813 photoresist to protect teetangular region, followed by reactive ion
etching on an Oxford Plasmalab 100/180 etcher gfratected surfaces to remove excess
APTES outside of the 10 um by 50 pum regions. Sub=mty, the protective Shipley 1813
photoresist was removed to re-expose 10 um by 5@gectangular region of APTES using an
acetone bath, followed by washing with IPA, andrmgywith nitrogen.

Five uL SWNT solution was drop-casted onto the patterABTES region and the
droplet was allowed to dry in air overnight. Theiomic surfactant molecules, which are
physisorbed to the SWNTs, are electrostaticallyaeteéd to the amino groups of the APTES
covered surface, which consequently anchors the B8Mito the APTES-functionalized SiO
surface (Choi et al., 2000; Liu et al., 1999; Sakad Daniels-Race, 2013). Washing the device
with distilled water removes excess unbound andklydaound SWNTs and excess surfactant
molecules from the sensor surface. The assembledTSWere then annealed in air at 2500
burn off detergent molecules coating SWNTs leavisgrfaces free for further
bioreceptor/antibody functionalization. Next, theldy source and drain electrodes were
passivated by incubating the device with 100 mM é&gapto-1-hexanol diluted in anhydrous
ethanol (200 proof) for 1 hour at room temperatfodpowed by rinsing in ethanol and blow-
drying under a stream of nitrogen. The functioralan of SWNT surfaces with antibodies was

started with modification with PBASE linker moleesl by incubation with 3.0 mg/mL of
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PBASE reagent in DMF for 1 hour at room temperatot®wed by drop-casting 20L of 50

pg/mL of anti-SDE1 antibody in PB onto the SWNT seggegion and incubated overnight at

4°C. The biosensor was then blocked with bovine seallmamin at 10 mg/mL in PB for 1 hour,

followed by reaction with 100 mM ethanolamine in B, 10 mM phosphate buffer to quench
unreacted succinimidyl esters and then bare andngtibnalized SWNT regions were blocked

with 1% (w/v) of Tween-20 surfactants for 1 hourheBe quenching and blocking steps

minimize non-specific binding of biomolecules te thensor.

Patterned

APTES in SWN..I:S
Sensing Deposition
Channel ki
Photolithographic Passivation of
APTES
and RIE Au Electrodes
Functionalization Patterning of I
of SiO, Surface APTES “R

)

Sensing Region
(Cross-Section View)

Whole Device

(Top View) PBASE
" Functionalization
Quenching Antibody of SWNTs

PBASE with Functionalization
Ethanolamine i1y Ly - onto PBASE NI
Ju_‘.: — u A =

ULV
227

Blocking with
BSA and
Tween-20
CI)/\ CHg
Gold Source & Chromium (Cr) APTES H3CAO_§iW\NH
Drain Electrodes | | Adhesion Layer HsC._ O :
3-Aminopropyl-triethoxysilane
(o}
o
et ] IR
Single-Walled Carbon 1 b ic acid
6-mercapto-1-hexanol -Pyrenebutanoic aci
\_  Nanotubes (SWNTs) J succinimidyl ester (PBASE)
(Y,
Anti-SDE1 x HO :] Bovine Serum
YY Polyclor?al x& \/\NHZ W [:]:][:] Albumin (BSA)
q Antibodies Ethanolamine Tween-20 Surfactant

Figure 1: Schematic diagram illustrating fabrication andnfitionalization process for
SWNT-based chemiresistor devideégures are not drawn to scale.

3.3 Electrical M easurement and Biosensing Protocols
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Electrical measurements were performed using a hksit 2636B source and
measurement unit. Measurements were multiplexedsaamultiple devices using an in-house
built multiplexer system based on the Arduino M&$60 microcontroller and relay boards.
LabVIEW software was used to control measuremestruments and for data acquisition.
Current versus time (I-t) measurements were peddrat a fixed source-drain potentialg)y/of
+0.1 V. I-t measurements were achieved by sequlntieeasuring each biosensor at 0.5-second
intervals using the multiplexer unit. Resistancesus time (R-t) curves values were then
obtained by dividing the 0.1 V (appliedsd) by each measuredd value at each time. Current
versus voltage (I-V) measurements were obtainedppyying a sweeping source-drain potential
(Vsp) from -0.1 V to +0.1 V with 0.01 V step size, whiineasuring source-drain currerygpjl
Back-gated FET measurements were conducted by tlsthg-doped silicon as the bottom gate
electrode and sweeping the gate potentialssMvith a constant ¥, bias of 0.1 V and
measuringdp and gate-drain leakage curremtathgd-

R-t measurements were used to monitor real-timeenturresponses of each SWNT
biosensor to various samples and concentrationsSIOE1 protein. Prior to biosensing
experiments, a silicone well with pressure sensitdhesive was placed over the biosensor to
prevent overflowing of samples outside the sensiegion. Biosensing experiments and
measurements were conducted at room temperatardimid chamber. For SDE1 detection in
PB, 15uL of PB was initially drop-casted gently onto thensing area. After allowing SWNT
biosensor current response to stabilize withindl03 minutes, sequential additions of 1 tpl2
of samples were pipetted into the dl5PB drop with gentle mixing by aspiration with tekame
micropipette. SDE1 samples in PB with increasingcemtrations were sequentially added this

way in 15- to 30-minute intervals to allow for d&alkeurrent responses. For SDE1 detection in
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plant tissue extract, SDE1 proteins were spiked 1% plant tissue extract to simulate real
samples. Firstly, 15L of PB was drop-casted gently onto the sensing.arke sensor was then
pre-conditioned to the sample matrix by adding lheotl5-uL drop of the plant tissue extract
(without SDE1 protein) into the droplet with gentiexing by pipette aspirations. After allowing
SWNT biosensor current response to stabilize wiBininutes, additions of 1 top2 of SDE1

in plant tissue extract were pipetted onto the isgnarea with gentle mixing by aspiration with
the micropipette. Total SDE1 concentrations weteutated for each sample addition to account
for changes in volume of the sample solution onbibbeensor.

Calibration curves for multiple biosensors were aoi#d by averaging normalized
resistance changedaR/R) at each sample condition. More specifically,issce over time
measurement for each biosensor was averaged ovee&urements (approximately 60
seconds intervals) and the resistance changescakerdated using the equation

AR . Rf_Ri

R R (1)

where Ris the equilibrated resistance after each adddiwh R is the equilibrated resistance of
the initial PB addition and the initial biosensoegondition step for detection of SDE1 in PB
and in plant tissue extract, respectively.
3.4 Citrus Sample Preparation

Stem samples from healthy young branches wermtmsmall sections and grounded to
fine powder as previously described (Pagliacciaalet 2017). Grounded tissue was then
suspended in PB at 1.0 g/mL and vortexed to mixpe®atants (i.e. extract) were obtained by
centrifuging the suspensions at 13,809fer 5 minutes. Supernatants were then syringerét
with 0.2um membrane pore size to remove large plant debos.biosensing experiments,

supernatants were then diluted in PB to 10% v/v.
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4 Resultsand Discussion

4.1 Device Char acterization

Carbon nanotubes can be considered a 1-dimensatioibbpe of carbon, which can be
described as a ribbon of graphene comprisirfghspridized carbon atoms with a hexagonal
lattice seamlessly rolled into a cylindrical tubgirfia, 1991; Watson, 2007). Single-walled
carbon nanotubes (SWNTs) have one single layepdtarbon atoms forming the nanotube
(lijima, 1991; Odom et al., 1998). SWNTs can haikes semiconducting or metallic electronic
properties depending on their chirality and diameidu et al., 2010). Back-gated FET
measurements of our SWNT devices confirms p-typagductor behavior of SWNTs where
the major charge carriers are holes (Figure S2§ iBhevident assh value increased with more
negative gate voltages which p-dopes the semicamdguSWNT channel enhancing the number
of hole charge carriers. Conversely, more posigate voltages n-dopes the SWNT channel,
leading to depletion of the major hole charge easras seen by lowespl values (Heller et al.,
2008; Ohno et al., 2010; Tran and Mulchandani, 201&akage current was shown to be
negligible (averaga dakage= 24 *+ 70 nA) compared to source-drain curress §l 1¢f nA). Using
scanning electron microscopy (SEM) on a Leo SUPRAHstrument at the Center for
Nanoscale Science and Engineering at UCR, therprefal deposition of SWNTs onto APTES-
patterned Si@surface of the biosensor was confirmed. As shawhkigure 2, monodispersed
SWNTs self-assembled onto the & by 50um rectangular APTES region with much higher
density and uniformity than SpOsurfaces without APTES. Thus, by photolithographic
patterning and RIE of the APTES self-assembled nayeo prior to dropcasting of SWNTSs,
preferential assembly of SWNTs at the microscalellen specific regions of the device is

attainable after washing away unbound excess SWHN& fabrication process allows for
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Figure 2. SEM image of SWNTs deposited onto APTES-patte8i€d surface with

preferential self-assembly on APTES-functionalemexhs versus bare Sj@reas.

To achieve specific detection of analyte moleculles, SWNTSs require functionalization

with the biorecognition elements (e.g. antibodieszymes, aptamers, and other binding

peptides, etc.). Modification of SWNTs with the t@oognition molecules is achieved through

various chemical means that can be categorizedrast @¢ovalent conjugation to the carbon

nanostructure or through non-covalent conjugatmthe nanostructure (Banerjee et al., 2005;

Sun et al, 2002; Tran and Mulchandani, 2016). Onajor disadvantage of covalent

functionalization of SWNTs

is the alteration ofeeronic structure and properties of the
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nanotubes due to disruption of carbofi lspnds (Banerjee et al., 2005; Georgakilas ep@ll).
Therefore, non-covalent functionalization strateggs selected. Non-covalent conjugation of
biomolecules onto $pcarbon bond-rich SWNT surfaces was performed bimitional linker
molecule, 1-pyrenebutanoic acid succinimidyl e§RBASE). Ther-electron-rich pyrenyl group
n-stacks with the carbon nanostructure while theisuidyl ester group specifically reacts with
amine groups on the biorecognition molecule to famamide bond. After functionalizing the
carbon nanomaterials with the desired biorecogmitimlecules, unreacted chemical moieties
and carbon surfaces were chemically quenched aysigattly blocked to block/minimize non-
specific binding during sensing procedure. Theawsifunctionalization steps were monitored
using I-V measurements as shown by I-V characiesistf a representative device (Figure S3).
Due to the sensitivity of the succinimidyl estelRBASE linkers to hydrolysis, I-V measurement
after PBASE functionalization was omitted to allder immediate incubation with the anti-
SDE1 antibodies for further bioreceptor immobiliaat After antibody conjugation to the
SWNT surface via PBASE linker, a large decreasthenslope of the I-V measurements (i.e.
increase in device resistance) from bare SWNTsalasrved. While PBASE linkers have been
shown to contribute to changes in p-type SWNT devesistance by electron donation and
charge scattering, subsequent biomolecule conpmatd PBASE consistently yield more
significant changes in the slopes of I-V curves ttuéhe much larger size of protein molecules
indicating increased device resistance (Garciardi al., 2010; Ramnani et al., 2013; Wasik et
al., 2018). Subsequent quenching and blocking deghdo additional increase in the device

resistance.
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4.2 Detection of SDE1 HL B Biomar ker

After SWNT biosensors were functionalized with #BIDE1 antibodies and blocked, the
devices were then used for biosensing experimé&igsire S4 shows a representative real-time
response of a single biosensor for detection of BBtked in PB. The sensor respornsB/R)
was normalized to the resistance of the initialitmidl of 15 uL PB. Electrical responses were
measured for each biosensor in response to theugaddditions of negative controls samples
and/or SDE1 proteins. Upon specific intermolecimderactions between SDE1 molecules with
functionalized anti-SDE1 antibodies at the surfatéthe SWNTSs, one or more of the following
mechanisms are known to contribute to the modulatib electrical properties (i.e. measured
electrical responses) of SWNT-FET biosensors: (Iffase charge-induced gating effect or
electrostatic gating, (2) charge transfer betwéenbiomolecules and the carbon nanomaterials,
(3) charge scattering across the carbon nanomlateand (4) Schottky barrier modification
occurring between the carbon nanomaterials andl eletztrodes (Byon and Choi, 2006; Chen et
al., 2005; Heller et al., 2008; Liu and Guo, 2000hno et al., 2015; Tran and Mulchandani,
2016). To elucidate which mechanism(s) contribateliserved sensor responses and the degree
to which the mechanism(s) influence our sensoraesgs requires extensive mechanistic study
and modeling. However, through systematic invetttiga of SWNT-based FET biosensors,
Heller et al. had suggested that the two majorisgnaechanisms of these biosensors are from
electrostatic gating effect and modulation of tlead@tky barriers (Heller et al., 2008).

From the R-t measurements, it was observed thaé tbequential additions of l. PB
(blank controls) produced little to no change inss® response after allowing for 10 minutes for
stabilization from the physical perturbation. Fertnore, as summarized in Figure 3, even after

additions of much higher concentrations of bovieeum albumin (BSA) negative controls at



308 790 nM and 1500 nM, average sensor responsesdevises AR/R, = 0.04 + 0.02 andR/R =
309 0.05 + 0.02, respectively) were significantly lonarmpared to sensor responses to 34 nM of
310 SDE1 AR/R = 0.23 £ 0.08). This is indicative of the spedtficof our biosensors for SDE1. A

311  calibration curve was generated from the averagechalized resistance responses

312
0.35
0.30
0.25 +
g-— 0.20
d
<
0.15
0.10 +
0.05 T |
000 T T T T T
BSA 790 nM BSA 1500 nM SDE1 34.0 nM
Figure 3: Normalized resistance responses of SWNT bioserisohigh concentrations of
nonspecific bovine serum albumin (BSA) proteing& nM and 1500 nM compared to much
lower concentration of SDE1 antigen. Devices wevactionalized with anti-SDE1
antibodies. Each data point represents the averagemalized resistance from multiple
independent biosensors. Error bars represent £hdémd deviation from 5 biosensors (n =
5).
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323

of these 5 sensors as shown in Figure 4. The datdspwere fitted to a 4-parameter logistic

model using the following function

y= 2224 A2 )

x\P

[+
as recommended for ligand-binding assays (Fakanhyd.,e2014; Findlay and Dillard, 2007,
O’Connell et al., 1993), wherg represents the normalized change in resistanee §gnsor

response)x is the independent variable (SDE1 concentratidd)is the maximum value of the

calibration curve, A2 is minimum value of the caditton curve,Xy is the concentration

0.7 1 T
0.6
0.5 1
[
by 4
d
< 044 \
T n =5 replicates per concentration
Model Logistic
0.3 Equation X,; A2 + (AL-A2)/(1 + (x/x0)
Reduced Chi- 0.00551
7 Adj. R-Square 0.99717
Value Standard Er
| Al -0.20863  1.00525
0.2 - A2 2.40379 11.1207
DeltaR/Ri X0 125991.672 4.57399E6
4 p 0.19283  0.50025
EC50 125991.672 4.57399E6
0-1 T T IIIIIII T T IIIIIII T T lllllll
10 100 1000 10000

SDE1 Concentration (nM)
Figure 4: Calibration plot of SDE1 proteins in 10 mM phosaph buffer, pH 7.4. Resistance

changes were calculated using the equatﬁéf& %where Ris the equilibrated resistance
after each addition, and;s the equilibrated resistance of the initial PBd&ion. Data was
fitted using 4-parameter logistic regression analysData points represent the averaged
normalized measurements from 5 (n = 5) independ@WNT biosensors. Error bars

represent +1 standard deviation.
at EGyo, andp is the slope ak = X,. From the calibration curve in Figure 4, the brosgs
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showed a dynamic response range of tens of nanonahaicromolar concentrations of SDE1
biomarker. The limit of detection, based on the¢htimes the signal-to-noise of the blank (0 nM
SDE1), was estimated to be less than 1 nM of SDEL1.

In order simulate detection of the SDE1 HLB proteiomarkers in real plant tissue
samples, plant extracts prepared from healthy fecied and hence without SDE1 proteins)
grapefruit leaves were used as the sample matBE1Sproteins were spiked into the plant
extract at various concentrations for biosensoegrent. The biosensors were conditioned by
adding 15uL of healthy plant tissue extract to the ib of PB on the sensing area for 30
minutes until the sensor response stabilized. Bywatg the sensor to equilibrate to the more
complex plant extract matrix, background resporfses) the biomolecule-rich extract were
avoided, reducing their interfering effects. Befpreceeding to additions of SDE1-spiked plant
extract samples, a stable baseline response wifieddry adding another 10L of plant extract
(without SDE1 proteins) and where no significantralle was observed for the normalized
sensor respons@R/R = -0.03 £ 0.05) from the baselin&R/R; = 0.00 + 0.01) for 5 devices (n
= 5). Next, sequential additions of samples withESpiked in plant extract were performed.
Figure S5 shows the normalized real-time sensqiorese for a representative biosensor for
detection of SDE1 biomarker in complex plant tisex¢ract. All biosensors showed similar
increase in resistance responses to each addifi@D&1 in plant tissue extract, which is
consistent with SDE1 detection in PB. Biosensirgylts in simple phosphate buffer and in plant
tissue extract showed that with increasing conegintr of SDE1 biomarkers, there is an increase
in device resistance suggesting there are netiyp®siharges presented on the surfaces of
antibody-bound SDE1 proteins which induced eletatas gating (via n-doping) of the p-type

SWNT channel causing the decrease in device coadcet(Heller et al., 2008). Furthermore,
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due to the chemical blocking of the gold electro3H to prevent non-specific binding at the
junction between the electrode and SWNT channi,rtfinimizes the contribution of Schottky
barrier effect in the overall electrical sensorpasses (Chen et al., 2004; Heller et al., 2008;
Wasik et al., 2018). The dose-dependent senspomsss to increasing concentrations of SDE1
biomarker in the presence of plant extract suggbstdhiosensors are indeed specific to SDE1
HLB biomarkers even in the complex plant tissuerixafA calibration curve was generated
from the averaged normalized resistance resporidbese 5 sensors (Figure 5). The data points
were fitted to a 4-parameter logistic model as meoended for ligand-binding assays with a
dynamic response range of few nanomolar to fewamaiar concentrations of SDE1 biomarker
in plant extract which is similar to that of SDE&tekction in PB (Fakanya et al., 2014; Findlay

and Dillard, 2007; O’Connell et al.,
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Model Logistic
06 — Equation :ylj/(\XZlXB)(,%-AZ)/(
Reduced Chi-Sqr 0.41289
Adj. R-Square 0.98857
Value Standard Error
Al -0.00266 0.00531
A2 1.57389 1.49029
Delta R/Ri x0 9485.20714  28178.27611
p 0.50896 0.10581
O 4 EC50 9485.20714  28178.27611
_ n =5 replicates per concentration
o
~
o
<
0.2+
Healthy plant extract (Blank):
AR/R =-0.001 + 0.008
_______ ~ *
0.0- ! LOD =5nM SDE1 at 3*SD,_
! (AR/R =0.023)
T IIIIIIII T IIIIIIII T IIIIIIII T T T 1
1 10 100 1000

SDE1 Concentration (nM)

Figure 5: Calibration plot of SDE1 proteins in 10 mM phogph buffer, pH 7.4.
Resistance changes were calculated using the em{uatﬁz% where R is the

equilibrated resistance after each addition, andsRhe equilibrated resistance after device
conditioning with healthy plant tissue extract. Batas fitted using 4-parameter logistic

regression analysis. Data points represent the ayed normalized measurements from 5
(n =5) SWNT biosensors. Error bars represehtstandard deviation.

1993). The limit of detection, based on 3 timesdigmal-to-noise (0 nM SDE1), was determined
to be 5 nM of SDE1. While the trends for the caltlon curves of SDE1 detection in PB and
detection in plant extract are positive, the twbbecation curves do not exactly align and have
different values for the four parameters Al, Ag, and p fitted using the 4-parameter logistic
function. This may be due to some persistent mafifect of the plant tissue extract.

One strategy to resolve for matrix effects is te ube standard addition method
(Andersen, 2017; Ellison and Thompson, 2008). Bolke matric effect of plant tissue extract,

four solutions containing 0, 10, 20 and 30 nM ofE8Dproteins in healthy plant tissue extracts
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mixed with a simulated “unknown” plant extract saengpiked with 29.4 nM SDE1 were
prepared. Applying these samples onto the immursmssrand measuring the normalizde/R,
allowed generation of a standard addition curveafzulate the original concentration of the
“unknown” plant extract sample of 26.4 nM (Figure Bhe measured concentration using the
standard addition is within 90 percent of the tle¢ioal concentration of the simulated unknown
sample. This suggests that the method of standadditians is a viable assay method for

mitigating plant extract matrix effects without tégng an external calibration curve.



g 0.12 +
<
Solution Concentration of] Standard
Number Standard AR/Ri|Deviation
i Addition (nM) (n=>5) 0.10 +
1 0 0.032| 0.006
2 10 0.050 | 0.009
3 20 0.062 | 0.010 ®
4 40 0.085| 0.021 0.08 +
vy =1.30E-03x + 3.43E-02
R?>=9.91E-01
n = S replicates 0.06 +
Calculated

concentration of
unknown sample  0.04 +

(26.4 nM)
*
Sensor Response
0.02 + of unknown
sample
: Y Pz : : |
-50 -30 -10 10 30 50
SDE1 Added (nM)

Figure 6: Determination of SDE1 concentration in simulatachknown” plant extract
sample, with actual concentration of 29.4 nM. Mead(determined SDE1 concentration of
26.4 nM is the absolute value of x-intercept offttied regression line in nanomolar. Error
bars represent one standard deviation. Inset tatllews standard SDE1 concentrations
added to simulated unknown sample for analysiheystandard-addition methodR/R and
error bars (£l standard deviations) were obtained from 5 individsensors at each

concentration.
374

375 5 Conclusion
376 With the looming crisis caused by HLB diseases imperative that disease management

377 strategies address the challenges associated witlrade, timely, and robust detection and
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diagnosis of infected trees in order to curb theedse epidemic (Gottwald, 2010; Pagliaccia et
al., 2017; Teixeira et al., 2008). This work prdsea novel monitoring strategy based on the
detection of secreted protein biomarker, SDE1, idiog an additional tool to overcome
challenges faced by other detection methods, ssahueleic acid-based assays and symptom-
based detection which have been found prone te fadgatives and mis-diagnoses (Pagliaccia et
al., 2017). This research is the first of its kitml demonstrate label-free detection and
guantification of SDE1 biomarkers for citrus gre®niusing an SWNT-based chemiresistive
biosensor. In our previous publication, we have aestrated detection of SDE1 using an
indirect enzyme-linked immunosorbent assay (ELISA}he nanomolar range from 1.4 nM to
140 nM (Pagliaccia et al., 2017). The biosensdhexcurrent research demonstrated a dynamic
range in the nanomolar range from 3 nM to at |€a6tuM. Furthermore, by adopting the
standard additions assay method, we have dematstila¢ feasibility of the biosensor to be
used without requiring an external calibration eurv

While this work demonstrates the detection and tfieation of the HLB biomarker,
SDE1, in plant tissue using a chemiresistive bisgeradditional optimization for the sensor and
sample preparation methods is required to meemthre rigorous demands for field application.
Future work will address the engineering challenigesnake the biosensors with lower inter-
device variability, which can be achieved througtimization of scaled-up sensor fabrication
processes (Gao et al., 2016; Ping et al., 2016&)itibaally, to improve overall sensor limits of
detection and stability, higher-affinity and motalde monoclonal anti-SDE1 antibodies can be
developed and screened for use as the biorecogrétement in the biosensor. In addition to
small device footprint, another advantage of chesmtive sensors is the simplicity of the

accompanying measurement electronics, which caa benple ohmmeter circuit. Combining



401  simple measurement circuits with low cost, off-8relf microcontrollers such as the Arduino
402  open-source electronics platform, a portable bisseaystem is achievable for field use (Hwang
403 et al., 2019; Mathupala et al., 2016). Thus, agiet, facile, and label-free chemiresistive
404  biosensor platform for detection of HLB biomarkéos field application will be an impactful
405  addition to the current technology toolshed to ddspread of citrus greening.
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Highlights:

* Label-free biosensor for secretory biomarker of citrus greening was developed.

e Single-walled carbon nanotubes (SWNTs) were used as chemiresistive transducer.

* Polyclonal antibodies were used as the biorecognition element.

e The sensor was sensitive and specific, with 5-nM detection limit in plant extract.

* Quantitative detection in plant extract was attained with standard addition method.
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