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Abstract

Microbial contamination is alobal challenge facingnot only the food and
pharmaceuticaindusties but alsowater safety and clinical hygiene controladitional
microbial identification methods suffer from costly and tiomsuming process. Rapid
microbial screening assaysvercome these limitations, howeverery few rapid
microbial screening assays areailable on the markeRapid microbial screning refers
to the detection of theotal microbial load in samplesithout specifying the strains or
species The primary goalof this study is to develop rapid microbial screeningssay
that yields accurate and quantifiable results in less than 30 min

Nanocoating of single microbial cells with gold nanostructures can confer optical,
electrical, thermal and mechanical propertieth outer layers ahicroorganisms, thus
enabling new avenues for their control, study, application and detection. Gatloading
is often performed using layéy-layer (LbL) depositiorof functional materialsLbL is
time-consuming and relies on nonspecific electrostatic interactions, wtach be
unstable in adversamipleenvironmens and limit itspotential applicatios for microbial
diagnostics.This thesisshows that by taking advantage of surface molecules densely
present in the outemembrandayers, cell nanocoating with gold nanoparticles can be
achieved within seconds

The objective of tis thesis is to develop rapid microbial detection system by
coating the densely populated surface molecules on the outer layer of microbes with gold
nanoparticles. These surface molecules include disulfide-bomzining (Dsbc) proteins

and chitin, which can be activated wilsimple one step process. This activation leads to



subsequent interactions with gold nanopartictBat allow for specific microbial
screening and quantification of bacteria and fungi within 5 and 30 min respeciilaely.
transduction methods such as ptasics and fluorescenaaffers a limit of detection

below 35 cfu.mt! for bacteria and 1500 cfu.rifor fungi using a portable reader
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CHAPTER 1 Introduction

Microbial contamination is aorldwide challenge facingnot onlyfood industry, but
water safety andlinical hygiene control as welllhe United States Centers for Diseases
Control and Prevention (CDC) reported that about 9.4 million people become iib due
31 major foodborne pathogemsd 1,351 people diannually (Scallan et al., 2011)
World Health Organization (WHO) also estimated thainldng water that is
contaminated due to poor sanitation caus@2,000 deaths every ye@QVHO, 2017)
Over the years, there are significant improvementsiicrobial detection methods for
microbial control, and variougsnumeration method€¥)NA-based andmmure-based
assays, and other biosensors havenbevelopedHoweverthese detection methods are
generally based on specific detection, whdomg incubation timeand sample
pretreatmentpreventthese methods fromapid tests at large scalate countingsuffers
from prolonged incubation peripthigh specificity of DNAbased and immunoassays can
turned to be downside, admost half of themicroorganismsrelated toall disease
outbreaksare notidentified (Kaaden & Czemy, 1997)Thus, a microbialdetection
method that is rapid, cheap and applicable for most microorganisms can be very helpful
to evaluate the rarobial content in the samples.

Rapid microbial screeningefers to thedetection of the presence of a certain type of
microorganism without specifying tregrairs or specieswhichis an important aspect in
microbial diagnostics. Not only can it save time and resources in decision making before

engaging in costly and timsnsuming microbial identification, but it can also meet



numerous industrial needs where the main concern ipréfgence of a certain class of
microorganisms in the product regardless of the spgtiasteria contaminationin
pharmaceuticalsfungal contaminationn some food products, or situations where the
microbial load is a relevant clinical indicator of infiec or contamination

Very few rapid microbial assays are avaii@lbin the mardt nowadays. These been
namely,the Limulus Amebocyte Lysate (LAL) test for the screening of gnagative
bacteria and endotoxinSeiter & Jay, 1980pand the adenosine triphosphate (ATP)
bioluminescence assay largely used for the evaluation obt@aination, but not
specifically for the presence of microorganisr(Bottari, Santarelli, & Neviani, 2015)
Both testscangenerate false positivesuls due to weak sp#icity caused by indirect
detectionand suffer from variability issues across instrumerkge limit of detection
ranges between 30and 10 cfu.mL?! (Fulford, Walker, Martin, & Marsh, 2004;
Omidbakhsh, Ahmadpour, & Kenny, 2018Regardingfungi (yeast and mold), there is
currently no available rapid detection test, andent methods are based on cell plating
and incubation for a few days followed by colony count.

Since the first report on cell nanocoating two decades @gvis, Burkett,
Mendelson, & Mann, 1997¥liverse applicationsf cell nanocoatindgpave been proposed
including biotemplating forhierarchical nanoparticle assemil¥. Li, Chung, Nam,
Ginger, & Mirkin, 2003) environmental remediatioKonnova, Lvov, & Fakhrullin,
2016) nanoparticle delivery( D2 wl 2t ki na, Mi nul | jané the &
fabrication of hybrid bioelectronic devicégikas Berry & Saraf, 2005)Microbial cell

nanocoating has so far mainly been achieved using -laylryer deposition of
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polyelectrolytes (Rawil F. Fakhrullin & Lvov, 2012; Park et al., 2014gither
functionalized or intercalated with the desired inorganicostinctureqVikas Berry &
Saraf, 2005; Rawil F Fakhrullin, GareAddonso, & Paunov, 2010; Rawil F. Fakhrullin et
al., 2009; Konnova et al., 2016; Sung Ho Yang et al., 2@®)er less common methods
include surfacenduced ion reduain (biomineralization) on bacterigReith, Rogers,
McPhail, & Webb, 2006pr growthdriven assembly on fungg process that typically
requiresa long timeto complete(Z. Li et al., 2003; Sugunan, Melin, Schnirer, Hilborn,
& Dutta, 2007) LbL deposition relies on electrostatic interactibeswvesn the deposited
materials and thmicrobial surface. Such interactions are not specific to microorganisms,
which explains why inorganic cell nanocoating with gold nanoparticles (AuNPs) and
other materials has so far not been explored for microbial sogeendetection.

In this work, we introduce a novel concept for microbial screebasgd orselective
cell nanocoating. Besidantigenic molecules that are specific to the microbial species
or strains and that are usually targeted in immunoassays,ongarosms exhibit surface
molecules that are characteristic of the microbial class. These surface molecules include
chitin in fungi (BartnickiGarcia, 1968) hydrophobin in filamentous fungfLinder,
Szilvay, NakarSetald, & Penttila, 2005)ipopolysaccharides in gramegative bacteria
(Luderitz et al., 1982)and lipoteichoic acid in graipositive bacterigWeidenmaier &
Peschel, 2008) Targeting the molecules that are populated densely on the surface of the
microorganisms to induce ¢elanocoating would provide the necessary specificty
target microbedrom background cellsThe process can then enalpépid microbial

screening without using antibodies or other bioreceptstsch reducescosts and



accelerating detectio.hus, wehypothesize thatging plasmonicAuNPs as a coating
material would offer a rapid, versatile and sensitive transduction sy#teker et al.,
2008) The object of this study is to develop a rapittrobial screening assay by coating
the surbce of microorganisms with AuNPs via the surface molecides develop

transduction systems sxcuratelyquantify thenumber of cells in sample



CHAPTER 2 Literature Review

Microbial detection methods can be classified as either microbial identification
methods or microbial screening methods. Microbial identificatidhdspecific detection
of microorganismgo identify the strainsor species. In contrast, microbial screeni
allows the analysis of total microbial load instead of specifying species or strains. In this
section, major microbial detection assays tha aommonly used in research or
industrial settingsre introduced and compared.
2.1Methods for Microbialldentifi cation
2.1.1. Enumeration Assays

The most traditional and the most tho@nsuming microbial detection method is
cell countingon nutritive media orselective media, which generally takes aboutd&2
hours for bacterido several weeks for fungi because of thewgh capabilities of the
cultures In additionto the long culturing timesometargeed microorganism maynot be
isolated or culturedwhich leads to false negative resulBavey & Kell, 1996) In
contrastto the various screening mebds forbacteria few assaysareavailablefor fungi
(yeast and mold), and the most prevalent detection test still relies on colonjngount
after several days or weeks requireddelt growth

Flow cytometry is another enumeration method for microtaéening In this
system, mall volumes ofmicrobial samples are driven into the system with a laminar
flow before encountérg the focused light beanhight scatteringcan be measured ihe
system accor di ng sizes, andiueresceacke Intérsity sah bepserteda n d

into different channels and detected based on the ubexs This method avoglsample



isolation andfuture culturing, and can be used for both qualitative and quantitative cell
detectionanddifferentiation(Laplacebuilhe, Hahne, Hunger, Tirilly, & Drocourt, 1993)
Gunasekera et al. has reported the detection défiibicrobial contaminatiomn milk to
be smaller than 1Dbacteria per milliliter of milk using flow cytoetry within 45 to 60
minutes. Although this technique allows direct detection of individual cells, # tfail
detect small amourdf microorganisms with high accuracy due to the ktnins on the
volumes of the sampleer tes{Gunasekeax, Attfield, & Veal, 2000)
2.1.2. Immunoassays

Immunoassaydor microbial detectionrely on the highly specifianteraction
between antibodies and antigens. Enzyme linked immunosorbent assay (ELISA)
combines an immunoassay with an enzyme assay. Target antigens in the sample will bind
to theantibodiesmmobilizedon a surface 096-well microtiter plate. After incubation,
unbound mateals are washed away and a secondary antibody targeting the antigen is
added to form a Holewed bythe addition &f & secondary enzyme
labelled antibodywhich will bind to the previous antibodythe unbound secondary
antibodieswill be rinsed awayThe final step requires the addition of a substrate for the
enzyme to generate signals for detecti@asson, Jacxsens, Luning, Rajkovic, &
Uyttendaele, 2010)

Immunoassays We been applied to arious food samples likeeafood and
poultry products for microbial control and allergen tests. Togl time for ELISA
detection is about hours, but the sample enrichment can vary significantly from 5 hours

to 5 daysdepending orthe sample matrix with a detection limit ranging fronm?-10°



CFUmL™(Croci, Delibato, Volpe, & Palleschi, 2001; B. K. Kumar et al., 2Qifja &
Hanninen, 2001) The major drawback for the immunologitased detection is the
prolonged sample enrichment time, and relatively low sensitMgiusamy, Arshak,
Korostynska, Oliwa, & Adley, 2010)
2.1.3. DNA-basel Assays

Polymerase Chain Reaction (PCR)one of the mosividely used molecular
based techniqueto detectfoodborne bacterial pathogens. This approach has been
availablefor about 30 years and caitefally detecta single bacterial cell by amplifying
the target DNA sequence with a thhgep cycle procesdBatt, 2007) One PCR cycle
includes denatation of doublestranded DNAto two singlestranded DNA sequences
under hight e mper ature (95 ), t hen fanmealtathd and
template strands ataround6@66 , f ol |l owed by el ongat-ion pr
ribonucleotides complementary to the template strand arddold DNA polymerase in
the 53" dire¢ i on at 72 . T h e copymumber ot NA tgeneratedd s u n't
during amplification is suffcienfior detectionallowing for the productgo be visualized
by gel electrophoresigBartlett & Stirling, 2003) The specificity, accuracy and
sensitivity features of PCR approachvéanadeit very competive among the available
detection methods. Kumar et al. have showed that PCR assay was more sensitive than
conventional culturing and immu+msed assay (ELISA) when detectiBgimonella
typhimuriumin seafoodR. Kumar, Surendran, & Thampuran, 20a8pwever PCR can
also detect nowiable microbedy only targeting thegenetic materialwhich makes it

hard to differentiate live and dead cdll®sephson, Gerba, & Pepper, 1998)addition,



the total time required for sample preparation, PCR cyclegeinelectrophoresis makes
this method not ideal for rapid detection.

Quantitative reatime PCR can be a good alternative approach in this regard, as it
eliminates the need for peBCR processing, which can reduce the chances foiRgci’t
contaminationand sae time (Valasek & Repa, 2005False negative PCR results can
occur for both assays if there is inhibitory component (phenolic compounds) in food
samplesas well astie carryover of background DNA contamination, which resultthim
need formore extensive sample preparati@ricker, 2002; David & Relman, 1999;
Wilson, 1997)
2.2.Microbial Screening methods

The other track in microbial detection microbial screeningwhich allows the
analysis of total microbial load instead of specifying species or strAgsliscussed
previously, microbial screening preferredas it save time and s®ources in decision
making, and it works best when only a certain class of microorganisms in the product
(regardless of the species)tiee main concernlThe next section introduces sometloé
few rapid microbialscreening assaywailabk in the market.

2.2.1. Adenosine Triphosphate (ATP) Bioluminescent Assay

Adenosine Triphosphate (ATP) Bioluminescent Assay was used to detect
microbial content in food back ttB70s(Sharpe, Woodrow, & Jackson, 1978psed on
the oxidative dearboxylation ofluciferin to oxyluciferin, the reaction icatalyzed by
luciferase ands driven by the energy released from ATP hydrolysis. The product of this

reaction also includes liglthatcan be measured with a luminometer for quantification.



Sincethe bioluminescence reaction can be initiated &ithinimal amount of ATP, it is
possible that the assay can be used to detect low concerstrafiomicrobes in
contaminated sampldkyman & DeVincenzo, 1967)The limit of detection for current
commercialkits varies greatly from 10to 13 cfu.mL?! due to differences between
sample matdesand instrument sensitiviés (Bottari et al., 2015; Fulford et al., 2004,
Omidbakhsh et al., 2014)

A significant advantage of this method over the previous assays is ¢httah
time of the assay is short, even less than 30 mir{Bsari et al., 2015; Hawronskyj &
Holah, 1997) However, the fact that ATP is present in both-naorobial (somatic cells)
and microbial cells can cause false positive results, and thus requires sample pretreatment
to extracttargetintracellularATP from microbial cellsIn addition, a standarchlibration
curve for microbial quantification is hard to develop, asitikacellular ATP content is
different between the species, between the cells of the same species, and even between
different growirg stages of the same céBottari et al., 2015)When this system is
applied to realvorld samples the disinfectants and cleansing agents that are regularly
used in food industrgnd clinical settingsan also act as AFReleasing agents, and thus
affect the accuracy of the bioluminescence i&ateen, Russell, & Fletcher, 1999;
Lappalainen et al., 2000J here are currently lots of commercial produotsio bacterial
ATP-basedbacterial test on surfacesn these products,swals are used to collect
samples from surfaces and are then suspended in testing foedieasurement, and
samples in solution can be directly applied to the sygtéavronskyj & Holah, 1997)

This assay has also been included in Hazard Analysis and Critical Control Points



(HACCP) measurementshich is the system recommended by the Food and Drug
Administration (FDA) and the United States Department of Agrical{WSDA) for food
production plants to implement for hazard analysis and control for food BfSDA,
2000)(Osimani, Garofalo, Clementi, Tavoletti, & Aquilanti, 2014)

2.2.2. The Limulus Amebocyte Lysate Assays

The Limulus Amebocyte Lysate (LAL) test is for the screening of gnagative
bacteria and endotoxing/henamebocyte lysatextractdfrom the Limulus Polypémus
(horseshoe crab) in the presemf endotoxin on the surface of gramegative bacterja
gel formation will be observeflLevin & Bang, 1964; Seiter & Jay, 198@ndotoxin can
trigger a cascade reaction of serine proteases, which ragsthis formation of a gel clot
(Ding & Ho, 2010) This test habeenimplementedn the pharmaceutidandustry as an
alternativeassayo replacetherabbit pyrogen test becauseitsfsensitivity and accuracy
(Devleeschouwer, Cornil, & Dony, 1985)he assay has also been agxgbto endotoxin
detectionfor water and food quality control. Jay &t hasreported usinghe test to
measure the endotoxin contentground beef(Jay, Margitic, Shereda, & Covington,
1979)

Over the years, the LAL test has been improved and simplified for commercial
usefor protein detection. However, results for LAL test are mainly reported as- mass
based, which makes quantitati of cells difficult due to the variations the amount of
reactiveendotoxinson the microbial surfacander same preparatiqday et al., 1979)

The cascade reactions of several enzymes are very sensitive to pH, protein content and

the presence of inhibitors in the sample, which adfdéfo¢ reproducibility of the assay
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(Novitsky, 1998) Besidegshat overharvesting of horseshoe crabs tbe fishery and
research purposes within biomedicadierces has also decreased the populatmin
horseshoe carlie potential extinctiorfWidener & Barlow, 1999)

The assays mentioned above are some of the most widely used methods, but there are
other developed methods like optical sens@sed orsurface plasmon resonance (SPR)
effects Fourier transform infrared spectroscopy {IR]), and Raman spectroscol -
Holy, Lin, Cavinato, & Rasco, 2006; Sullovitch et al., 2005)Taylor et al., 2006)
Other sensors, likpiezoelectric senssrare mass basedbut these assays are less
commonly used for commercial purpo$8a & Li, 2005).
2.3Cell nanocoating

Cell coating, or cell encapsulations defined as thedepositon of a
semipermeable membrane on the cell surf&i®ang, 1964)Coatingisolates the cell
from its surroundingasa physical barrier while maintainirtge insidecell viability and
permeability (Uludag, De Vos, & Treco, 2000) This technique can have significant
therapeutic applications as it can protect transplanted cells from immune rejection
without suppressing the immune syst$on, Ma, Zhou, Vacek, & Sun, 1996)

Cell nanocoating refers tthe application of an ultrathin film composed of
nanomaterials (<100nm) on the cell surfa@@ark et al., 2014)This research field has a
relatively short history, but has made impressive development over thgjagtst al.,
2014) The major rnicrobial cell nanocoating strategy leyer-by-layer (LbL) deposition
of polyelectrolytes, namparticles or proteins, by whiclayers ofcharged materiahre

deposited on theoppositely charged cell surfacehrough bindingby electrostatic

11



interactiong(Rawil F. Fakhrullin & Lvov, 2012; Park et al., 20149ell nanocoating can
be also achieved by some less common methdds-electrostatic LbL cell coating on
yeast was achieved using hydrogen bogd (Kozlovskaya et al., 2011)
Biomineralzation isanother example of cell nanocoating basedswriece-induced ion
reductionof materialson bacterigReith et al., 2006)Growth-driven assembly of gold
nanoparticles on microbial cell surface has alsenlveported; this method is based on
the concept whictiungal cells arecultured ina colloidal medium containing unreacted
precursors for gold nanoparticle synthesisthe medium, lasorption of nutrierstdrives
and assembles the nanoparticlestioe cell surfacgZ. Li et al., 2003; Sugunan et al.,
2007)

The advantagesf cell nanocoating made this technique a good alternative to the
traditional cell adhesion or surface coatififne increasedurface area to volume ratio
due to nanoparticle sizesmakesthe coated surface more available for chemical
manipulation atthe single cell level(S. H. Yang, Hong, Lee, Ko, & Choi, 2013)
Moreover, there are numerous combinati@fiscoating materials available that allow
functionalizing the microbiatell for various applicatia(Rawil F. Fakhrullin & Lvov,
2012) One of the useful application is biotemplating, where cells serve as destroyable
templatesand will be sacrifice@fter coating, thus forming hollow capsules with ordered
nanastructure(hierarchical nanoparticle assemb{y) Li et al., 2003)

Another major field of single cell nanocoating is artificial spores. Bucgjls are
known to be dormant in a state ealli s por ul at i on oandsorvivpinot ect

nutrient deprived harsh environmeast Since ultraviolet (UV) radiation, extreme pH
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conditiors, osmotic pressuredehydrationand other physical andchemical stresses can
greatly impact the growth and viabyliof cells protective endospores camablethe
cells to persist longer(McKenney, Driks, & Eichenberger, 2013 the caseof artificial
spores layers of nanostructure coating around living cells can mimic the fusabion
sporulation, and proveladditional protection while maintaining selective permeability
and cell viabiliy (Rawil F. Fakhrullin et al.,, 2009)Moreover, the shell can be
functionalized to facilitate cell interaction with controlled degradability, sottietell-
coating structure can bmanually controlled whetthe exposure of the original cell is
needed(Hong, Hyea Ko, & Choi, 2014)

Biosensors can incorporate nacmated cells into the detection system. Some
studies have reported the use of bacteria cells coated by nanoparticles as part of the
hybrid bioelectroits devices due to the enhanced conductivity after cogiinderry,
Gole, Kundu, Murphy, & Saraf, 200%jkas Berry & Saraf, 2005)Gold nanorod coated
cancer cells can be visualized in the near IR range and allow visualization under
microscope(X. Huang, EiSayed, Qian, & EBayed, 2006)Genetically nedified green
fluorescent protein (GFP) reporter yeaséive been studied for tans or other chemical
detectionafter being functionalized with magnetic nanopartiql@arciaAlonso et al.,
2011)
2.4Rapid microbial screening with nanocoating
2.4.1. Properties ofGold nanoparticles in biosensing

AuNPs have been studied extensively for biomolecular sensing including

colorimetric, fluoometrig electrochemicalandplasmon resonandesedsensing(Saha,
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Agasti, Kim, Li, & Rotello, 2012) Gold nanoparticles are characterized to have Surface

Plasmon Resonance (SPR), whislftaused by theesonance betweehe incidentlight

and the collective oscillation of thesuface electronsof nanoparticleGhosh & Pal,

2007) When gold particlesre small in thenanescale the increased surface area to

volume ratio due to nanoparticle sizes makes the coated surface more available for

chemical manipulation at the single cell lette¢ strong absorption of green light in the

visible range at about 520 nm leads taly red color in solutioiiGhosh & Pal, 2007)

If gold nanoparticles aggregate, a red shift (52@%0 nm) in the surface plasmdand

will result in color changdérom ruby red to dark blue due to plasmon couplirgfects

between particle§Srivastava, Frankamp, & Rotello, 2005%ince the color change can

be visualized, AuNPs can be used focolorimetric sensorsCurrently, AuNPsbased

colorimetricassay has been applied to detect toxic metal ions, DNA, psawah cells

(Aili, Selegard, Baltzer, Enander, & Liedberg, 2009; Elghanian, Storhoff, Mucic,

Letsinger, & Mirkin, 1997YGuo, Wang, Qu, Shao, & Jiang, 2011; Medley et al., 2008)
Fluorescence quenching is often observed when fluorophores are added to AuNPs.

Molecular beacon, &RET-based system for DNA sensing, is based on this principal

(Saha et al., 2012Yhe fluorophore and the AUNP are brought close to each other within

a few angstrom by the hairpin structure of the single strand DNA, and AuNP quenches

the fluorescence of the fluorophore. If the tar@@nglestranded DNA is hybridized

with the hairpin structure, the conformation changes saphrate the fluorophore and

the AuNP fa from each other to restore the fluorescerfbeibertret, Calame, &

Libchaber, 2001)This approach has been used to detect RNA, DNA, amino acids and
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metal iongDubertret et al., 2001; T. Huang & Murray, 2002; Lin, Chang, & Tseng, 2010;
Prigodich et al., 2009)El-Sayed et alhave also reportedh possibility to detect cancer
cells by coating cancerous cell surfaces witbligonucleotide functionalized gold
nanoparticle¢El-Sayed, Huang, & Ebayed, 2005)
2.4.2. Single cell nanocoating with AUNPs

As mentioned in the previous section, there are significantly increasing number of
studies about the use of nanoparticles in nanoapdtn cellular modification. Gold
nanoparticles are among the most promising tools and has been applied to construct
hierarchical assembly, electrically conducting devices and sensor develqpmBatry,
Rangaswamy, & Saraf, 2004; X. Huang et al.,, 2006; Z. Li et al., 2008png the
various ways that gold nanoparticles can be coated on cell surfaces, LbL is still the
dominant strategy. HowevekbL deposition based on electrostatic interactioasnot
differentiate microorganisms from somaticllsein the matrix which requires cell
purification to avoid false positive respons@siNPs can also be functionalized with
antibodies or oligonucleotides, but thetypes of coating methods are already time
consuming before further applicatio(@/. Li et al., 2015)(Keeney et al., 2015(El-
Sayed et al., 2005 hus, specifically coating target microbes with AuNgle utilizing
the moleculesnay offer a rapid, versatile and sensitive transduction syGteker et al.,
2008) In the rest of the paper, microbial screening methods that detect target microbes
coated with AuNPs via the surface molecules taadsduction systems that are rapid and

sensitive will be discussed.
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CHAPTER 3 Experimental Section
3.1.Materials and instrumentations
Gold (Ill) chloride trihydrate, trisodium citrate dehydrate, trisodium citrate
dehydrate, tris(arboxyethyl)phosphine hydrochloride (TCERpdium lydroxide
(NaOH), rhodamine 6G, and-hercaptoethanol (BME) were purchased from Sigma
Aldrich (St. Louis, MO, USA)AIl growth media for microbial culture were purchased
from Aldrich-Sigma.All reagents were used as received unless otherwise specified. All

microorganismsvere purchased from thfemerican Type Culture Collectio®\TCC).

All fluorescence experiments were carried out with the GloMax® MultiJR
fluorometer with excitation wavelength of 525 nm. The gold nanoparticles and optical
density (OD) of microbes were characterizasing a U\visible spectrophotometer
(Shimadzu UW1800, Shimadzu Corp., USA). Centrifugation was performed with
microcentrifuge  (MiniSpin Plus, EppenddM, USA). Extrusion of bacteria for
fluorescence assays was achieved using the-ewinider kit from Avanti Polar Lipds,
Inc., USA. Raman and surfaemhanced Raman scattering analysis was performed using
Witec Alpha 300 R ©nfocal Raman microscope with UHTS300 spectrometer and

DV401 CCD detector.

3.2Preparation of gold nanopatrticles

Gold nanoparticles were prepared followitige protocol developed in the lab
based on a modi fi cat {(Boi,pAhnoedl, & Ahbask20hb;i Gtabad,s met
Freeman, Hommer, & Natan, 1995; Turkevich, Stevenson, & Hillier, 1¥xéfly, 1

mM of HAuCl4 solution was boiled on a hot plate for 5 min, followed by adding 10 mL
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of briefly preheated 38.8 mlglodium citrate solution. After 30 s stirring, the solution was
taken off from the hot plate and cooled to room temperature.coloe of thefinal
solutionis ruby redand hasa strong absorption peak at 520 nm as measured bydsJVv
spectrophotometer.hE size of AUNPs was characterized to be 12 £ 2 nm in diameter
using transmission electron microscopy (TEM, FEI Technai T12).
3.3Preparation of the microbial suspensions and cell nanocoating
Bacteria Samples

Escherichia coliCastellani and Chalmers (ATCC 2%&) were grown on tryptic
soy agar (TSA) andlactobacillus delbrueckisubsp.bulgaricuswere grown on th®e
Man, Rogosa and SharpMRS) agar at 37  overnightand store at 4 until use.
Before use, the concentration of the microbial suspension was evaluated by measuring
the optical density, and serial of terfold dilution was performed to prepare different
microbial concentratisfrom 10 to 18 cfu.mL?. The microbial conagrations were
confirmed using the BD Accuri E C6laflow
hematocytomer and plate counting methods.
Fungi:

Saccharomyces cerevisiae var. boulafdTCC MYA-796™) were grown in the
YM broth at 30 with 200 rpm shaking ovaeight. Mucor circinelloides
(ATCCRMY A- 3787E) wer eotampdextrosmgai(RDA)tmedia ap25 .
All samples were then centrifuged twice for 5 minutes at 10,060@move mediand
suspended in water. The microbial cultures were stored at#d reactivated at growth

temperature before use. For deacetylatio®,% (w/v) NaOH solution was added to
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samples at equal volume ratio. The mixture was vortexed well and rotated at BOapm
tube revolver for 25 minutes. Then, the solution was ceged at 6,700 rpm for 5
minutes and rsuspended in nanopure water. The solution pH was further adjusted to 7.0
using 1M HCI solution. The microbial concentration was evaluated and different
dilutions were prepared. The microbial concentrations were cosdirusing the BD
Accuri E cC6l fl ow cyt ome tachematgcBdmer Bndopkte i e n c e
counting methods.
3.4Cell nanocoating and microbial screening

For microbial screening using plasmonic detection (oruwiB/spectroscopy), 400
nmL of microbial sample w&s mixed with 80 of 10 mM TCEP solution and incubated
for 5 min. Then, 400rL of AuNP solution was added to, and templeabsorbancés
immediately measureat 600 nm using a UVisible spectrphotometer

For fluorescence detection, the reductionbatteria for 5 min is followed by
removing TCEP from the sample using a rertruder. This step is required because
TCEP interferes with the fluorescence signal of Rhodamine 6G., 28l of the
AuNP solution was added to 856 of reduced microbial saples. Then, 30 of
freshly prepared 1 mM solution of Rhodamine 6G was added to the mixture and the
fluorescence intensity was measured over time with a 3s interval for a period of 3
minutes. Control sample measurements were performed usingedoced o non

deacetylated microbial samples and AUNEEP samples as controls.
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CHAPTER 4 Results and Discussion
4.1.Disulfide-bond-containing (Dsbc)protein layers as a surface marker for microbial
screening

Initially, the goal for the study is tepecifically detect filamentous fungi in
environmental samples. Knowing that these fungi and spores are surrounded with a layer
of hydrophobinsvhich aresurface proteins that contain 4 disulfide bofidader et al.,

2005) we hypahesized that mixing the fungal suspension with a reducing agent would
reduce the disulfide bonds, yielding free reactive thiol groups. The subsequent addition of
gold nanoparticles (AuNPs) would cause the nanoparticles to interact with the thiol
groups ad spontaneously form a thin monolayer coating on the fusigdihce Figure

1a). At high microbial concentrations, the interaction would resul&inisible color
change of the suspension from red (singdispersednanoparticles) to dark blue
(nanoparticle assembly), caused by a plasmonic coupling of localized surface plasmon
resonance in gold nanoparticlgs Abbas, Kattumenu, Tian, & Singamaneni, 2013; Bui

et al., 2015; Ghosh & Pal, 2007)
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Figure 1. Plasmonic cell nanocoating using Dsbc surface protein lagiScheme
of plasmonic cell nanocoating of microorganisms by reducing the distlfidd
containing proteins on the microbial surfa@®.and(c) Pictures of AUNP solution
mixedwith either fungi Mucor) or bacteria. coli) showing the change in color aft
addition of a reducing agent TCEP.

To demonstrate this concept, a fungal suspensioklwfor circinelloideswas
prepared with a final concentration of®1€fu.mL?, andtris(2-carboxyethyl)phosphine
(TCEP) was used as reducing agent. As expergddction ofthe fungal suspensiomith
TCEPfor one minute followed byhe addition of AUNPs results ianimmediate color
change from red to dafdlue (Figure 1b). Control experimets containing AuNPs and
fungi or AuNPs with TCEP did not show any change in color of AuNPs. Replacing
TCEP with another reducing agent such ametcaptoethandBME) resulted in similar

aggregation.
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An interesting bioinformatics study by Dutton et piedictedthe formationof
disulfide bond in the cell envelope acrodi$ferent bacterial speciegDutton, Boyd,
Berkmen, & Beckwith, 2008) Based on this prediction along with othstudies
describing the important role of disulfide bonds on microbial cell stability and
functionality(Heras et al., 2009; Hogg, 2008% hypothesized that Dsbc proteins may be
ubiquitous in other microorganisms, andghean be used for rapid microbial screening
using cell nanocoating.

To test this hypothesis, we decided to extend the same experiment previously
performed onMucor circinelloides to nonfilamentous fungiSaccharomyces boulardii
gramnegative bactewmim Escherichia coli and grarnpositive bacterialLactobacillus
delbrueckiisubspbulgaricus Interestinglythe same reaction and color change was also
observed with the nefilamentous fungs and with both grammegative and gram
positive bacteriaKigure 1¢). Twenty species of bacteria, yeaanhd mold were tested
and all showed a positive reaction with gold nanoparticles after reduction with TCEP
(Table 1). These results reveal the existence of reducible moieties with high affinity to
gold surface. Surfaeenhanced Raman analysis of the coated microorganisms revealed a
peak at 317 crh assigned to AB bonds(Varnhdt et al., 2014)thus suggesting the

existence of thietontaining molecules on the microbial surfa€ggygre 1d).
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Figure 1. (d) Surfaceenhanced Raman spectra of a mixture of fungi
(Mucor) and AuNPs before (spectruahand after (spectruin) addition
of a reducing agent TCEP. The peak at 317 srassigned to A%
bonds

Table 1

Types ofMicroorganisms Names

Yeasts Saccharomyces boulardii, Torulaspora delbrugckii
Rhodotorula mucilaginos&ryptococcus carnescens
Candida kejfr. Ceratocystigsagacearum

Molds Penicillium communeAspergillus nigerCladosporium
spp, Penicillium roquefurtj Radopholus similis

Dimorphic fungi Mucor circinelloides
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Gram-positive bacteria | Lactobacilusdelbrueckiisubspbulgaricus Lactobacilus
acidophilus, Lactobacilus casei, Lactobacilus gasseri,
Methicillin-resistant Staphylococcus aurgiddRSA,

Listeriamonocytogenes

Gram-negative bacteria | Escherichiacoli, Salmonellayphimurium

Table 1 20 microorganisms tested for plasmonic cell nanocoatind:he
microorganisms in the table yielded a positive reaction when treated with TCEP and
mixed with gold nanoparticles

For macroscopic organisms, such as animal and plant tissues, disulfide bonds are
generally present in lysosomal proteins, secretory proteins, and in some membrane
proteins(Regeimbal & Bardwell, 2002However, theipresence in the outer layers does
not seem to be ubiquitous in a way that can cause nanoparticle assembly withrsjert
plasmonic coupling. In fact, the plasmonic coupling that causes a change in color
vanishes exponentially with the increasing distabetween the nanoparticles, and
becomes weak or inexistent beyond 20 nm distancevas previously reported
(Abdennour Abbas Fei, Tian, & Singamaneni, 2013While further study and
characterization of these reducible surface molecules is an interesting endeavor, this work
focuses on using these molecules for rapid diagnostic purposes
4.2 Chitin layers as a surface marker fdungal screening.

In addition to total microbial load, it is useful in rapid screening to know the
microbial type present in the sample. Here, we show how this can be achieved by taking

fungi as an example. To enable specific detection of fungi nmukispeciesmicrobial
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suspension, it is important to first identify a surface molecule that is specifically present
on fungi. Chitin is a rigid polysaccharidmsed threelimensional network, unique to
fungal cell walls and the exoskeletons of arthropadsge, 2007)Hence chitin could be
considered as apecific marker for fungal screening in a complex robtal sample.
Similar to the disulfide bonds, chitin requires activation to enable its interaction with gold
nanoparticles. The activation is obtained by converfimggal chitin into chitosan
through a deacetylation process bineubating thesample with 50%sodium hydroxide

for 30 min. The reaction yieldddee reactive primary amine groups at the fungal surface.
The subsequent addition of AUNPs to deacetylated fungi spontaneously results in very
dense and highly stable celanocoating Kigure 2a). The same color shift from red to
dark blue can be seen in the fungal suspension at high concent(gtgure 2b and 24.
Although the cell wall in grasmegative bacteria contains-Acetylglucosamine(a
monomeric unit of the polymehitin), the deacetylation of both gramegative and
grampositive bacteria does not yield any color change, indicating that the test is specific

to fungi (Figure 3).
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Figure 2. Plasmonic cell nanocoating using chitite) Scheme of plasmonic ce
nanocoating ofudngi by converting chitin layers into chitosan through deacetylafmn.
Pictures of AuNP solution mixed with fungW(cor), showing the change in color aft
fungi deacetylon by 50% NaOH. When a large piece of fungi is usgdtle yellowish
substane (Mucor) turns dark by assembling the nanoparticles on its surface after 5
The solution becomes transparent once all the nanopatrticles are assembled on th
surface. The microbial concentrations used in all these pictures are at fezfatrh0™.
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Figure 3. Effect of the deacetylatiobactobacillusdelbrueckiiand
Mucor circinelloideson the assembly of gold nanoparticles.

To confirm that the color shittl.e nanoparticle assembly) In the microbial
solutions is the result of cell nanocoating, bacterial and fungal samples were prepared and
analyzed by scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and energydispersive Xray spectrosopy (EDX). As shownn Figure 4, cell
nanocoating can be clearly observed in all microorganisms. Additgisl images are
shown inFigure 5 andTEM images are presentedfigure 6. It is important to note that
it was relatively difficult to obtain some of the SEM and TEM images of nanocoated cell.
While fungal deacetylation results in highly stable nanocoating due to the covalent
bonding of chitin to other components in the fungdil walls, bacterial reduction yields
less stable samples. In fact, the Dsbc protein layers seem to easHgffpatkr
nanocoating, suggesting noovalent bonding of Dsbc proteins layers to the bacterial

cell wall (Figure 7 and Figure 8. The images ohanocoated actobacillusdelbrueckii
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were successfully obtained only after reducingphkieof the solution to 4, which likely
strengthened electrostatic interactions betweerDitac proteinsand the bacterial cell
wall. This challenging experiment remind$ the difficulty of observing and imaging

microbial Slayers.
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Figure 4. Scanning and transmission electron microscopy imaging (SEM, Tk
andenergydispersive Xray spectroscopy mapping (EDX) microbial cells
coated with gold nanoparticleBhe images depict cell nanocoating a¥ . coli
(gramnegative bacteria)bj Lactobacillus(grampositive bacteria),d) Mucor
circinelloides(fungi). The yellow patterns in the EDX mapping images shows
presence of gold and reveals the distributbgold nanoparticles on the surface
of microorganisms. ThE. coliandLactobacilusmages were obtained after
adjusting the pH of the reaction solution to 4.
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Figure 5a. SEM images of AuNRoatedE. coli(top) and at
higher magnificationt{ottom)

28



SEI 15.0k¥ X15,000 Tum
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Figure 5¢c. SEM images of AuNRoatedMucor circinelloides
(left) and at higher magnificationght)
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Figure 6a. TEM images of AuNRcoatedE. colinanocoatingE. coliwith
AuNPs before the addition of TCE®p) and after coatingopttom left and
right)
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