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Abstract

The utility of heat and cold at mukicale has ledthumerous breakthroughs in biomedical
researchThis dissertation foceson the pint-of-care(POC)diagnosis ananicroscale
biomaterials cryopreservationapplications. Specifically, wtrification, a solidification
process from liquid to glass phase bgpid cooling, is a promising icdree
cryopreservation approach to achieve high post cryopreservation viability for microscale
biomaterialsHowever traditional vitrification methodsausing the convective heat transfer

for cooling and warmingre limited b process smatlropletsizes(i.e., picc to nanaliter).

This is due to the intrinsic constrésron thesize dependent cooling and warming rate by
convetive heat transfelherefore, it remains a major challenggtocess large amount

of biomaterialausingthe traditionalvitrification approachks

POC diagnostics are designed to provide fast and simple measurements to facilitate timely
medical decisio making to improve clinical outcomdsateral flow assays (LFAsysing

gold nanoparticles (GNPs}¥ dhe contrast labehave dominated POC diagnostics in the

last three decades due to their low cost, simplicity, and robust oper&immetheless,

LFAs ae approximately 1006bld lower in sensitivity than laboratottyased techniques

such agnzymelinked immunoassay (ELISAyvhich constrains their impadh a positive

test, the GNPs accumulate at the test line of the LFA, leading to a redl¢@aolkective
nanoscale heating of the GNiPsthe LFA bylaser irradiationresults in a macroscale
temper#&ure changen the LFA. This temperature change was capturethbyR camera

in the thermal contrast amplification (TCA) readdéeading toimproved sensitivity of

i v



commercial LFAs by 82 foldscompared tdahetraditional visual detection of the GNPs
To further close the gap with ELISAgedigning a customized LFA for the TCA reader

holds great promise

First, | studied the role of GNP sigeon the analytical performance of LFA. Analysis of
transport and reaction kinetics revealed that the reactioheisrdte limit term that
determins the numberof GNPs captured on the test linearger sized GNPs can carry
more antibodies on the surface ¢nhance the reactioim addition, thermal analysis
showed that larger sized GNPs provide higher temperatureageunder the same laser
irradiation. Altogether, the use of 100 nm GNPs and TCA reader provide®ld56
improvement in the sensitivity cqrared to the traditional 30 nm GNPs and visual
detection. Further, to optimize other components of the LFA forraabsignal to noise
ratio, | developed a figure of merit named binding ratio (BR). The BR represents the ratio
of specific binding (i.e., ghal) to norspecific binding (i.e., noise) in the LFA and can be
guantitatively compared among various LFA comtifiusing the TCA readewhich is
beyond the capabilities dlfie traditional methodsThe BR was used to provide decisive
and efficient guidnce for optimizing the LFA running buffer and membrane blocking
buffer. The customized TCA LFA for HIV p24 protentetection achieved 8 pg/ml

detection sensitivity, which is comparable to the standard laboratory ELISA tests.

Then, | applied the GNRaser heating to improve the droplet vitrification based cell

cryopreservation. To overcome the droplet size limat,(pice to nanaliter) in traditional

\



methods that use convective heat transfer, microliter size@medipsulated droplet was

printed ond a cryogenic copper dish for vitrification. With the enhanced cooling by
conduction, the minimal concentration pérmeable CPA to achieve vitrification is

reduced by > 20%, compared to the traditional convective cooling method by direct
printing into LNb. In addition, Aser nanowarming provides > 400 folds faster warming rate
compared to the traditional convective mmng method. Altogether > 90% post
cryopreservation viability using 2 M per me
with human umbilichcord blood stem cells (UCBSC). This improves the throughput of

droplet vitrification approach from pL/min (tradihal methods) to mL/min.

Finally, | developed a universal cryopreservation methoBfosophilaembryos (500 um

* 180 um * 180 um ellipsad). We significantly improve the robustness of the embryo
permeabilization, cryoprotectant agent loading and rewaymprocesses. We develop a
cryomesh approach which allows the sagpeto process large number of embryos (>
1,000), and importantly, proved fast warming rate (> 220, 000 °C/min) that favors high
survival. In addition, we demonstrate that flies retaimn@chal sex ratio, fertility and SNP
markers after successive generations of cryopreservation and months of storage in liquid
nitrogen. Impotantly, we successfully validated our protocol with 25 wild type and mutant
strains includingdrosophilastocks fran the Bloomington stock center, as well as other
labs. We report that > 50% embryos hatch and > 25% of the resulting larvae develop into
aduls (normalized survival to control embryos) after cryopreservation. We also

demonstrate that low survival strairende improved by outcrossing to mitigate the effect



of genetic background. Lastly, we show that two-spacialists are able to successfully
execute our protocol with consistent results, demonstrating the simplicity and robustness

of the methodologies
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Chapter 1. Introduction and Background

1.1Point-of-care diagnosis

Pointof-care(POC)diagnosis is defined as medical testing at the time and place of patient
carel* Compared with the tratibnal laboratory based diagnostic testing, POC diagnosis
provides rapid decisiemaking, reduced operating timasad cost, therefore leading to
improved heah and econoi outcomes:® For broad applications inath resourceich

and resorce limited setting the ideal POC testg should follow the ASSURED
(affordable, sensitive, specific, udeiendly, rapid and robust, equipmeinte and
deliverable to end users) criteria outlined by the World Health Orgamz@ivHO)./1°

One of the most widely used POC testindai®ral flow assay (LFA)with a classial

example being the pregnancy test.

A standard LFA is performed on a pajesedsuostrateconsising of a samplepad, a
conjugation pad, aitrocellulosemembrane, and an absorbent pad on a plastic backing card
(Figure 11). Antibody-labelledgold nanoparticlesGNP9 are usedisthe contrast agent

to provide a red color as an indication of postnesultson the &st line.Specifically,
antibody-coated GNPs arffow throughanitrocellulose(NC) membrane through capillary
action after the sample solution is introduced onto the sapgud. When present the
sample the target analyte binds tmtibodylabelled GNPs. This bound complex stops
wicking up the membrane, when capture antibody on the membrane recognizes the antigen

antibodyGNP complex. This recognition event leads to augation of GNPs at the test



line of the LFA, thereby creatingvasually positive est resultThe LFA test issompleted

in ~ 15 minutes. Howevet,FAs are approximately 100@ld lower in sensitivity than
alternative laboratorpased technigquesuch aspolymerase chain reaction (PCR) or
enzymelinked immunoassay (ELISA}'2The poor snsitivity of LFA (~ng/ml) has led
to extensive research on various way to improve the perform&oceexample, silver
enhancemert!® enzyme catalytic amplificatiot;'# surfaceenhanced Raman scattering
(SERS¥>*®and electrochemical amplifigah'’ have beenxplored to provide 2 orders
of magnitudesensitivityimprovement by signal amplification. New particles such gl
sized GNP$? magnetic particle€!® and gold nanoshefi$ have als been studied to
enhance the detection signal. Furthermore, sample pretreatment methods including
dialysis?* magneticfield®?>?*and electric fielé* assisted preconcentration have dsen
investigated However, most of the methods add extra test ssigsificantly increase the
assaytime or change the contrast labétgreasinghe difficulties for clinical translation

of the current commercial LFA products.
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Figure 11 Working principle of lateral flow assay (LFA) andhermal contrast
amplification (TCA). Adapted with permissiofrom Qin et af®, copyight 2012 John
Wiley and Sons

In our previous studies, we developed a thermal contrast amplification (TCA) reader to
read the thermal signal obmmercial LFAS(Figure 1.1¢>?°The resonant oscillation of
incoming light with the free electrons in the GNPs, known as SPR, greatly enhances the
absorption of thenergy from theight (i.e., lase), and convesion intoheat (Qanoin Eq

1.2).2” with many nanoparticles (N = particles)together in one systerthe nanoscale
heatgeneration lead® a collectivespecific absgation rate(SAR, W/n?) at micre and

macre scalesas fiown below in Equation The laser fluence rate, | (WAnvaries as the

laser light attenuates inside the specimen. The (@) term represents the absorption
cross section of a single nanopasdiclThe bs (cn?) represents the bulk absorption
coefficientfor the entire absorbing systemand c represent the density and specific heat

of the GNP embedded systeraspectively
312.1 # ) A ) M — (Eq. D

The TCA reader collects thmacroscalegemperéure changes othe LFA upon laser
irradiation in the test siteand provides improved sensitivity-{8ld) and quantitation of
the analyte over traditi@h visual reading of the commercial LFAs built with ~30 nm GNP
contrast® Despite that, istill remains a challenge tmatchthe sensitivity of laboratory
tests (i.e., 1000 fold lowerThe strategy of designing customized LFAs for TCA retaler

maximize the benefits of thermal sigmaéxplored in this dissertation.



1.2 Cryopreservation of microscalebiomaterials

Cryopreservation of mroscale biomaterialscluding cells,cell aggregates (i.e., islets),
gametesand embryosetc. hasserves as an important cornerstone in the supply ahain
researchglinical and industrial setting€>® Two man strategies have been employed for
cryopreservation othose microscale biomaterialslow cooling and rapid coolingf.
Conventional cryopreservation approaches utilize slow codlirg, ~1 °C/min) of
biological substances. Under these conditions ice formation is allowed but is kioniked
extracellular spaces. Addition ofyapreservation agents (CPA)(, DMSO, glycerol) can
help protect andstabilizethe cells from lethal ice formatiorduring cryopreservatiof?
Conventionaklow cooling methogrovidessuboptimaliahility due to the presence of ice

crystals in the systedi-3¢

An attractive alternative tslow cooling basedryopreservation igsingvitrification i the

process of rapid cooling of a liquid substance such that it does not undergo phase transition
from liquid to crystalline structur&-3?If cooled fast enough, the liquid will enter into a
state where the viscosity of the solution is too high to allow the molecular rearrangements
required for phase transition to occur. Instead, the substdm=eda an amorphous glass

like consistency and behaves as a solid, but without the destructive formation of ice crystals.
The temperature at which this happens is the glass transition tempergtutn{Eer these
conditions,biomaterialscan be maintaineth a stable cryogenic statedefinitely 3. For

each biological solution there is both a critical cooling rate (CCR) and a critical warming

rate (CWR). CCR is theate of temperature changejuired to cool a liquid to a stable

4



vitrified state (<T, glass transition temperatyr@ithout forming ice. CWR is the inverse,
the rate of temperature rise required to avoid ice crystals during rewarraihgre to
rewarm thebiomaterials above the CWRill leads to devitrification (i.e., ice formation).
The CWR is ofteri00i 1000 foldshigher tharCCR®*®, andincreases with decreasing CPA
concentratior?® High CPA concentratioteads to high toxicity, especially at suprazero
temperature. In addition, microscéli®materials such as single cedl® more sesitive to

high CPA concentrations (> 4 M) thamacroscale biomaterials such as tissues and organs.
Therefore, in order to using low CPA concentration to minimize the CPA taxiciygh

cooling rate and ever higher warming rate are required.

Onepromising approach to achieve fast cooling rate is to use dsaplirtg to thelarge
surface area to Wme ratio Droplet vitrificationusingconvective heat transfer has been
demonstrated for cell cryopreservation using ptomane litter sized dropts to achieve
the fast cooling and warming raf€$°However, those droplets are imaptically small to
process the bulk scale cell suspensions needeckfiotherapies (i.e., usually dits)304
Due to the intrinsic constramof droplet size dependectoling and warming rates using
convective heat transferachieving high post cryopreservation viability using low

permeable CPA concentratioma larger sized droplet remains a major challenge.

To achieveevenfaster warming rates, Mazat aldemonstratedltra-rapid warmingates
by addingIndia-ink (i.e. carbon black)to the droplet to absorthe laser energy for

rewarming This work demostrated excellent postarming viability of mouse oocytes (D
5



= 80 em) vitrified by rapid cool i ngvthwi t h
the estimatedwvarming rate reaching 10,000,0@min.*?> Our previous studieseplaced
India-Ink with more biocompatiblgold nanorods (GNRs)ith a1064nm resonance peak.

This modified laser warming approlawas used to sucessfully rewarm cryopreserved
zebrafish embryog- millimeter scalepy injectingGNR into the embryot allow amore
uniform warming. Importantly, the GNRs can be placed intracellularly and/or
extracellularly without any toxicity to &eve fast and uform warming depending on the

size of the biomaterials (Figufe?).

GNR

Cryogenically stable biomaterial

Figure 12 Schematics of using laser nanowarming to cryopreserve microscale biomaterials
Adopted from Khosla et @with permissionCopy right 2018 American Chemical Society.

1.3Thesis overview

Motivated by these issues, my dissertation research focuses on theotitiést and cold
at multiplescales for POC diagnosis and cryopreservation applicati@pcifically,
nanoscale heating from the GNd3er interactiorwas used to provide a macroscale

temperaturerise in the LFAs for improved analytical performanceThe design and
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optimizationof the GNPsas well aghe LFA architecture were investigated to maximize
the benefits of the thermal enhancement. Furttieés, nanosale GNP-laser heating was
apdied to rewarm themicro-scalecryopreserved biomateriatt ultrarapid rate, leading

to improved survivalOn the other hand cryomesh approach was developed to improve
the microscale coolingnd warmingoerformancdor the cryopreservation obrosophila

embryos.

The following paragraph provides autline for the hsertation work, composed of four
standalone publicationss four chapters. Chapters 1 and 2 have pablishedin well-
known journals after peageview process. Chapter 3 anbalve been written with the same

level of scrutiny andeady for submission

Chapter 2 focuses orinvestigatingthe role of nanoparticle design determining the
analytical performance afFAs. The transport and reaction kinstid the GNPsandtarget
analytesinside the LFAs were thoroughly analyzed via modeling and expetsmEme
TCA reader was used to amplify the thermal sigabfSNPs therefore providg enhanced
sensitivity. The study demonstrated that larger sized GNiRs, 100 nm GNPsyith the
TCA readercan significantly improve the limit of detection of the LFé@mpared to the

traditionally used 30 nm GNRwgth visual detection



Chapter 3describes a novel figure of meriitg(, binding ratiojo optimize the customized
LFAs for the TCA readelUsing larger sized GNPs (i.e., 100 nrfje running buffer and
blocking buffer in the in the LFAs need to be optimized to achieve Ihiigding ratio(i.e.,
the ratio ofspecific bindingto non-specific binding) therefore high sensitivityrhe TCA
reader was employed tmantitativédy measure the binding ratimder varios running and
blocking buffers which was traditionally conducted via qualitative visual inspectite.
developed the optimized TCA LFA faultrasensitivedetection of HIV p24 protein

reaching the sensitivity of the ELISA (i.e., 8 pg/ml).

Chapter 4 ill ustrats an advancement idroplet vitrification based cryopreservation by
overcoming convective hewtainsfer barriersl'o achieve a higher viability, a faster cooling

and warming rate were required in order to use a lower concentration of cryoprotectant
agent (CPA). However, traditional droplet vitrification methods using convective heat
transfer areinited by the droplet size dependent cooling and warming rate. For example,
using traditional approaches with minimally toxic permeable CPA (i.e., < 2.ard)
yielding > 90% survival, droplet size needs to be 180 pL, which is imprdgtgrahll to
proces billions of cells needed for cell therapyo address this 8D droplet printing,
conduction heat transfer ar@lNR-laser warmingapproachcombinedto ovecome the
traditional convective heat transfer barriers.We demonstrated> 90% post
cryopreservation i abi |l ity using 2 M permeabl e CPA

than the 180 pL droplet).



Chapter 5 outlinesa universal cryopgservation protam for the Drosophilaembryos.A
simple, robust and universal cryopreservation methodDiasophila melanogaster
embryoscontinues to be a critical bottleneck ttee Drosophilacommunity. More than
160,000 unique strains have been generated over a ceht@search and this number is
growing rapidly.The enormous benefits of cryopreservation include: (1) reduction of labor
and stock maintenance costs by limiting the frequent, manual, transfer of breeding adults
to fresh food, (2) protection of stable gtogenotypes against geneticfgrand (3)
reduction in the risk of stock loss due to contamination or accidental mixing of séocks.
cryomesh approacivas developed to allowhe scaleup to process large number of
embryos (> 1,000), and importantty, providefast warming rate (> 22@00 °C/min) that
favors high survivaltherefore outperforming the traditional vitrification tadlge report

that > 50% embryos hatch and > 25% of the resulting larvae develop into adults
(normalized survival to control dimyos) after cryopreservatiowe also demonstrate that

low survival strains can be improved by outcrossing to mitigate the effect of genetic

background.

Chapter 6finally provides a summary of the major conclusions demonstrated through the

dissertation wrk.



Chapter 2. The Role d Nanoparticle Design in Determining Analytical

Performance of Lateral Flow Immunoassays

The following chaptehas beepublished irthe following articleand reproduced here with

the permission of the journplblisher:

Zhan L. et al. The role of nanoparticle design in determining analytical performance of

lateral flow immunoassayslano lettersl7, 72077212 (2017).

2.1 Abstract

Rapid, simple,andcost ecti ve diagnostics are needed t
of care (POC)However , t he most widely wused POC
immunoassay (LFA), i®1000times less sensitive and has a smaller analytical range
than | aboratory tests, requiring a conyr ma
a rationd and systematic strategy is used to design the LFA contrast label (i.e., gold
nanoparticles) to improve the analytical sensitivity, analytical detection range, and antigen
guantiycation of LFAs. Spe@Q60c0d00Inm)ofthwe di s
gold nanoparticles is a main contributor to the LFA analytical performance through both

the degree of receptor interaction and the ultimate visual or thermal contrast signals. Using

the optimal LFA design, we demonstrated thaitglio improve the analytical sensitivity

by 256fold and expand the analytical detection range from @ tog logo for diagnosing
patients wi t h i npammat o rrgactive notdin. tThisowosk by r

demonstrates that, with appropriateigesof thecontrast label, a simple and commonly
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used diagnostic technology can compete with more expensiveobthieart laboratory

tests.

2.2 Introduction

Pointof-care (POC) diagnostics are designed to provide fast and simple measurements to
facilitate timely medical decision making to improve clinical outcorffe8. Although
numerous POC tests have beainoduced, none are currently able to provide sensitivity
and quantitation comparable to laboratbgseddiagnostics, such as polymerase chain
reaction (PCR) or enzymimked immunoassay (ELISA), which constrains their imgact.

4% For instance, lateral flow assays (LFAs) have dominated POC diagnostics in the last
three decades due to their low cost, simplicity, portability, and robust operation. However,
LFAs areapproximately 100@old lower in sensitivity than alternative laboratdygsed
techniques®® This gap has drive the development of other diagnostic technolqgies
including papert°% and chipbased microfluidic$;>®surface plasmon resonaré@® and
biobarcodes! 8 Although some of these techniques dachieved comparable sensitivity

as PCR or ELISA, they remain in developmental stages rather than commegaalfeta

POC application8®®° An alternative approach, explored here and in other ffrk24.69

%2 focuses on the redesign of LFAs in an attempt to achieve comparable performance to

laboratoy-based approaches.

During sandwichLFA testing,theanalyte flovs through the LFA by capillary force and is

first cgptured bydetectionantibodylabeledsphericalgold nanoparticles (GNPg) form a
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complex(Figure 2.1 a). This complex isthen capture by antibodes on the membrane
leading to accumulation of GNR&the test site. The test siisuallyturnsredi indicating
a positive test, when there are sufficient GNPs present. TraditioB&#0 nm diameter
GNPs ae used as visuddbek inLFAs; however, LFAs suffer fromow GNP capture rate
(<5%)*+5% and low GNP visualcontrastdetection leading to suboptimasensitivity?’
Approaches to improve label capture and/or label detebtime been develope&or
instancenew contrast labels includirgiantum dts,%° upconvertingphosphor reporter®,
magnetic particle&%* and surfaceenhanced Raman scaitey GNP$® have all been
apgied. Isotachophoresi$ and dialysi$-based sample treatments cancpreentrate
analyte andimprove label captureSignal amplification methods such aslver
enhancemeft and enzyme catalytic antification®® have alsobeen exploredThese
improvanents inLFA performancdead toadditional costlabor, complexity, ofoss of

portability that may hindepoint-of-care deployment

In our previous studiesye developed a thermal contrast amplification (TCA) reader to
read the thermal sigihof commercial LFAS®2’ The TCA reader collects the temperature
changes of GNPsgpon laser irradiation in the test site and provides improved sensitivity
(8-fold) and quantitation of the analyte over traditional visual reading of the commercial
LFAs built with ~30nm GNP contrast Here, we shift dcus to redesign of the LFA for
improved analytical performance using the thermal contrast reader. Our goal is to assess
whether redesign of the LFAs for thermal contreat @achieve competitive analytical
performance with laboratory techniques. To achits, we first modeled the entire

process and identified important parameters such as GNP size and concentration, reaction
12



rate constant (antibody binding), and flow spéedction time) that determine the limit of
detection of the thermal signal fronethFAs. We then tested the findings from the model
with experiments to achieve a 2&fld higher analytical sensitivity with thermal contrast
than traditional 30 nm GNP LF#isual contrastthereby achieving a range ofr€active
protein (CRP)detection cmparable tothat of ELISA-based laboratory diagnostics.
Specifically, we chose tetudy the impact of nanoparticlsize on GNP detection and
captureas they relate to thenalytical performance dheLFA. Larger size GNPs with 60
and 100nm diameters wergtroduced in additiorio thetraditional 30nm GNPs The
larger size GNP®xhibit higherreactionaffinity as they carrymore antibodiesthus
increasing GNP captu(€igure2.1 c). In addition, the largesizeGNPshavestronger light
absorption and scatteringroperties, thus improvingsNP detection (Figure2.S1).
Importantly, the modeling and experimentation processes presented here can be used in the
future to optimizehe analytical performance of other nanopartiidsed assays such as

microfluidic, biobarcodes detectioand so forttp:>+5357.58
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Figure 2.1 Scaling analysis of the effect ofNP size on LFA sensitivity. (a) Architecture

of lateral flow assay with test line width assuming that the nitrocellulose membrane is
conceptually simplified as bundles of cylindrical pores with ra8iuscale bais 5 mm.

Ctrl is the control line of th LFA. (b) Peis the ratio of diffusion time to convection time

of a GNP, wher&e>> 1 in LFA implies the transport of GNP to a test site is diffusion
limited, andDa s the ratio of reaction flux to diffusion flux, wheb&a << 1 in LFA implies

the ratdimit of GNP capture at the test site is reaction (detaiSupplementary materil
section 8). (c) Comparison of 30, 60 and 100 nm diameter GNPs indicates 100 nm GNPs
can improve LFA sensitivity due to higher reaction rate and signal per GNP.
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2.3 ResUts and Discussion

To studythe detectiorsensitivity of different sized GNPs, weeded to deposttitrate
stabilized GNPs (30, 6Q and 100nm diametes) onto theLFA membrane uniformly,
guantitatively and without aggregation. Theettes and EpsoXP310 inkjet printers were
usedbut resulted in nonuniformi c o f f €@ a n c g deraggregatop, reapectively
(Figure2.S2) For this to beaddressedGNPs weravashed andlispersed in 65% (w/w)
glycerol and printed using a 3D printer and syringe punapachieve uniformity and
quantitation (Figure2.2 a, method details inSupplementary material3.®® The
monodisperse (i.e. neseggregated) status of printed GNPs was confirmed wéhrsog
electron meroscopy (Figur@.S3). After printing at knowrGNP concentratiog, pumping
rateg and printing timewe used a scanner (Epson X310) and a TCA readelilboata the
visual(i.e., greyscale intensitgnd thermafi.e., temperature changayjnals respectively,
of the deposited GNPEigure2.2 b). The quantitation of GNP amount vs visual or thermal
detection ispresented in Figure€.2 c. For instance, 24 and 19%fold sensitivity
improvement for visual and theaidetection of 106m GNPsover visual detection of 30
nmGNPsis shownn Figure2.2 d. Thevisual and thermal detection threshabdiglifferent
sized GNPare listed in Tabl@.S1.Additionally, this 3D printingtechnique can serve as
a platform to quaiitatively study and compare the laser heating, (hermal performance)

of different types of nanoparticles such as gold nanocubes, gotitadsand others
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Figure 2.2 Visual and thermal detection of GNPs of differsizes. (a) GNPs were printed
onto a membrane using a 3D printer: 1, syringe pump; 2, syringe; 3, membrane; 4, 3D
printer; 5, capillary tube; 6, rubber to fix the capillary tube. (b) Visual and tiekstection
methods of printed GNPs. (c) Quantitativerthal and visual detection of 30, 60, and 100

nm diameter GNPs, where A and A’ stand for 100 nm GNP thermal and visual signal, B
and B' for 60 nm GNP thermal and visual signal, C and C' for 30 nm tG&ifmal and

visual signal, respectively. (d) Thermal aridual detection limits of printed 30, 60, and
100 nm diameter GNPs.

We next used scaling and modeling, followed by experimentatiomyestigatehe impact

of nanoparticle size IlGNP capture We studiedtwo LFA cases case 1,diffusion,
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convection andlirect GNPbinding LFA (biotin-streptavidin) case 2diffusion, mnvection

andsandwichGNP binding LFA with CRP as analyte

To begin, we scaled theeclet numberRe) andthe Damkohler numbgiDa) for these
casedo assess the importanaediffusion to convection angkaction in the LFAs (Figure

2.1 b). The nitrocellulose membrane is conceptually simplified as a bundle of cylindrical
pores of radiuR (Figure 2.1 a).5” The Peclet numbePE&=UR/De), theratio of diffusion

time to convection tine of a GNP with effectiveiffusivity De, was calculated, wheté is

the convective velocity (Figui21 b). A further calculation of the Damkohler numf@a
=kon'CR/Ds) compares the reaction flux (of a given test site capture antdmuhentration

C) to diffusion flux (Figure2.1 b). Here, the effective forward reactioateconstant Kon)

for antibodylabeled GNPs is assumed tdbe

Kon' = N-Kon (1)

wherekon is the forward rate constant for a single antibadyigen interactiom the LFA
membrane environmenandn is the effective number of eihodiesper GNP With the
calculatedPe >> 1 (convection dominates diffusion) anBa << 1 (diffusion dominates
reacdion) shown in Table€.S2; thusreaction isthe ratelimiting stepto improve GNP
capture(details inSupplementary materiglshNe hypothesize thdargersized GNPs (60
and 100 nmgould improveGNP capturesn increasesn eql due to larger surface ae

(Figure2.1 c).
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We then developed a COMSOL model to extend the above scaling analysis and predict
LFA performance prior to experimentthereby guiding LFA design for bothcases
(Supplementarymaterial3. We performed a parametric study to assess the impact of
varying theconvective velocityas well asGNP diffusivity andeffective forward rate
constant on GNP capture using the parameters listed in Z&3eThe model shows that
reaction andonvection hae a higher impact on GNP capture than diffusion (FigRi®4

and 5) Indeed, reaction ancbnvecton are linked as reducingelocity increases the time

for reaction(i.e., residence time in the test sjtefderscoring again thegaction ighe rate
limiting phenomenon in GNP capture. In addition, we studied the impact of GNP
concentration used in the conjugate pad on the final test line signal (i.e., captured GNP
amount) using the model. The model shows that as the GNP concentrationemciteas
testline captured GNP amount will first increase and then reach a plateau (Ei§aje

The modeling helps to identify key parameters such as GNP size and concentration,

reaction rate constant and flow speed that determine the analytical pexderaid FAs.

In case 1, we used COMSOL to modiect bindingof strepawvidin-coated GNPs to the
test dotcoated with excess biotiirigure2.3a). The model predicted that the majority of
the GNPs are captured at the front arc of the test dot duegko binding afinity
(Kq =101 M) of the excess biotin to the streptavidin (Fig@r@a). In Figure2.3b, the
model showed that the GNP capture increaseskas increases, indicating sensitivity
improvement with larger GNP (largksy'’). Importantly, beause of the enhancedpture

of larger size GNRsve expect greater sensitivity improvement between visual detection
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of 30 nm GNP and thermal detection of 100 GNP in a binding LFA(.e., cases 1 and

2) vs printed GNPs in the membramkere noGNP bindirg exists (Figur@.S7).

To experimentally testase 1 model predictions, we conjugated streptavidin to GNPs to
bind a test dot coated with excess biotin in tR&ALWe tested different concentrations of
streptavidincoated GNPsAs predicted by the modebnly a red arc at the test dot edge

was observed after an LFA test (Fig@r8a,2.S8). The quantitative correlation between

GNP concentration and thermal sigff = 0.96)as well as visual signal R 0.95) are
presented in Figurg3c. A 2506fold improvement in sensitivity is illustrated in Figuiz&d

for thermal detection of 1200 nm GNP over visual detection of 30 nm GiNfughFigure

2.54 demonstratesends for our model, absolute agreement between the model and
experimental results requirestifilg certain parameters, most importantlye reaction

term. We fittedkon' of differentsizzl GNPs usi ng the ther mal sign
the AaeT to GNP concent r a22¢ igure2.58).arherdsulta t i o n
indicate that 100 nm GNPs have more th&ol8 higherkon than 30 nm GNPs (2.5x10

vs. 7.5x10 M1s?), implying that larger GNPs have highein eq 1

In case 2, we used COMSOL to modahdwich bindingpf GNP in the test dot of a CRP

LFA. We noted different test dot patterns for different CRP concentration, indicating
semiquantitative visual readings (Figured.AVe showed that these test dot patterns can

be used to expand the LFA analytical rangeobayd t he fAhookodo effect,
excessively high analyte concentrations, leading to a reduction in GNP cafure.

i nstance, just bef oraevismabsigralfvalie can betradateditb o o k 0
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two different analyte concentrations, i.e., S and S' in Figure 2.4c. The model predicted
differ ent test dot patterns such that we can
(bef ore t he eihthephHawe the dJamhesvisual)signalavetaged across the dot
(Figure 2.4a, c). Importantly, the model also revealed that this apprapctesion > 10°

M-s? which suggests a failure criterion when using low affinity antibodies or sparsely
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Figure 2.3 Largersize GNPs can be detected at lower concentrations in streptavidin/biotin
direct binding LFAs. (a) Schematics of streptavidin/biotin LFAs. The experimental and
modeling results of the LFA test showed GNPs were captiréie front arc of the test

dot. (b) Modeling results of quantitative 30 nm GNP capture for different effective forward

reaction constant values. (c) Experimental thermal and visual signals of 30, 60, and 100
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nm diameter GNP streptavidin/biotin LFAs; AdaA' stand for 100 nm GNP thaeal and
visual signal, B and B' for 60 nm GNP thermal and visual signal, C and C' for 30 nm GNP
thermal and visual signal, respectively. (d) Experimental thermal and visual detection

limits of streptavidin/biotin LFAs with 300, and 100m diameter GNPs.

coated GNP labels (FigugeS10. The sensitivity and linear quantitation range (before the
Ahooko effect) of tkdn €FigureR2Ab). Spesificallych dighern d s o
effective forwardrate constant increas GNP capure, and therefore LFA gsitivity.

Usingthe thermal detection limif 100 nm GNPs (1X6.0%nM, Table2.S1), a>4 logio

linear visual detectiomange could be expectathenko, = 10°Ms?, wheras the linear

detectionrangeincreases te'5 logio whenkon' = 10° Ms? (Figure 2.4b).

Finally, we experimentallyevaluatedvhether themprovements irdirect binding LFAs
(case 1) could be extendedsandwichLFA (case 2). We constructed a sandwich LFA to
detect CRP an important clinicalbiomarker of inflammation®® A point-of-care
guantitative CRP asgavould be highlyuseful to distinguish bacterial from viral infections

to guide antibiotic use considering that the current multiple hour turnaround time for a
laboratorybased CRP assay is impractical in an outpatient setting to affect medical
decision naking® To allow quantitative comparison between different size GINRS,

we used the same nuetbof GNPs per LFAi.e., 6x16). We performediilution testing

with standard human CRP reference. @ifeerent patternsof test dotbinding (bottom to

topinfowlas predicted by the model enabl e the
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effect (Figure2 4a). This effedvely extends the visual analytical rangesttogio (10° to

> 10 mg/L) using 100 nm GNPs (Figur4c, Table2.S4). Further,thermal contrast
achieves one lagsensitivityimprovemenbver visual contragor all GNPsizesjncluding

30 nm as previouslghownin commercial LFAS® Therefore, 6 log detection range (10

4 to> 10° mg/L) in CRP LFA was dematrated wih 100 nm GNP and a TCA reader. In
sum, the 100im GNP vyields 256-fold sensitivity improvement usinidpermal detection
versustraditional 30 nm GNP visual detection (Figure .4d, Figure2.S1J). In the future,
another logo improvement usingTCA with differentshaped nanoparticles such as

nanorods or nanoshells with thermal contdesectionmay bepossible?’
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Figure 2.4 Combination of 100 nm GNPs and TCA dea provides 25%old sensitivity
improvement in CRP LFAs. (a) Modeling and experimental results of test dot visual
reading and ability to compensate for the
concentrabns. (b) Modeling results of quantitzei 30 nm GNP capture for different
effective forward reaction rate constant values. (c) Experimental visual and thermal signals
of CRP LFAs; A and A' stand for 100 nm GNP thermal and visual signal, B and B’ for 60

nm GNP thermal and visual signal, C antdf@ 30 nm GNP thermal and visual signal,
respectively. (d) Experimental thermal and visual detection limits of CRP LFAs with 30,

60, and 100 nm diameter GNPs.

To improve translation and demonstrate clinical useala@tested a humaerum sample

The resultsaligned well with the calibration curvesbtained with standard human CRP
reference samples (Riges2.S12 and2.S13). Similar to case 1, we fountbOnm GNP
havea more tharg-fold higherkon than 30nm GNP (6.5x10 vs. 2.8x10M1s?, Figure
2.514). Wefurthernoted that the ratio d&n' (100 vs 30 nm GNP) ioasel is greater than

the ratio incase2. We attribute this to the extra curvature and molecular length that would

impede binding irsandwich(case 2)sdirect binding ¢asel).

Theaetically, increasingsNP size above 10Gm could further increase LFAensitivity.
However, GNP capture will be rate limited by diffusidda(>>1) askon increases with
GNP size Therefore further inceasing GNP size will decrease GNP capture as larger
GNPs have slower diffusiorates. In addition, the cost of gold and especially antibodies
needed to coat this gold increases dramatically as the GNP size increase.83ble
Furthermore, we use modeling to demonstrate that larger GNPs (for exampien A9

settle within the pores of the membrane within 50 s, the time necessary for a GNP to travel
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from conjugate pad to test line (FiguBeS15, details inSupplementarymaterialg.
Impotantly, this effect will be compounded by the increased chanoenspecific binding
of largersized GNPantibody conjugates to either the test line antibody or background
membrane of the assay. Tha#thoughlarger GNPs can improvedlimit of detection
they may also cause false positive results that decreasedbeacy of detectiofdetails

in Supplementary materiglsThus, for GNPs beyond 100 nm, tthetection accuracys
considered more important than simply achieving highesigeity (i.e., limit of detectioi).
We expect that this traetf will yield a unique maximum GNP size limit depending on
antibody selection, membrane selectiand tolerance of false positives for any newly
designed assays. Furthdirectly measung kon' of GNPs within LFA environments using
radioactively labeledntibodies will ke useful to improvéhe model and find the ultimate

limits of this LFA technology?

2.4 Conclusion

In conclusion,we studied how GNP design, specifically size and contrast (visual

thermal), affects LFA analytical performance. We scaled and modeled the transport and

reaction processes in the LFA. We found tihat sensitivity greatly depends on B&lP

binding processOur model campredict LFA performance based on nanoparticlsigie

thus helping to reduce excessive experimentation and more quickly identify and

experimentally verify optimum LFA designBor instance, our model shows that larger
size GNPs havkigher binding affinity and aréetected at lower concentration. Usik@p

nm GNPs withthermal contrast detectipour LFAswere then experimentally verified to
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detect CRP oveapproximatelya 6 logio concentration ranggpanning the range of both
laboratory and POC CRP assays on the market in one simpl&abstZ.S6). Thus,the
modified GNP labels witlboth visual andhermal contrast detecti@howgreatpromise
in creating aPOCdiagnostic phtformthat is competitive in sensitivityanalytical range

and quantitation with ladratorybased technologies.

2.5Materials and Methods

Synthesis and characterization of GNPs

Monodisperse 30, 60 and 100 nm GNPs were synthesized using citrate redondtgaed
mediated growth method®Briefly, 15 nm seeds were synthesized as previously described
by Frens et al' 100 mL of 0.25 mM HAuGlIwas boiled with hot plate temperature set to
300 °C. Next, 1 mL of 3% (w/v) sodium @te was added under vigorous stirring. The 30,
60 and 100m GNPs were then synthesized by hydroquinone reduction of ionicAdtad.
synthesis, GNPs were characterized by-isible spectroscopy (Synergy HT, BioTek),
and transmission electron microscodfEM, Tecnai G2). We determined the
concentration of GNP 0Oa c Qo dvhereg is tthe goBle er 6 s
nanoparticle local surface plasma resonance (LSPR) absorbance measureeviy UV
spectroscopy (Synergy HT, BioTelk)is the gold nanoparticle concentratious the light

path length (cmy i s t he g ol sImolaraextincioa edécient (M@é-@nt):"°

Gold nanoparticle concentration can thereby be determineddirordj § - .
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Computation of GNP optical properties

Mie theory was employed to cgute and compare the optigatoperties (extinction,
scattering and absorption spectrum) of GNPs in different size 480 nm). An open
source Mie theory Fortran code from Oregon Medical Laser Center was utilized for GNP
optical properties calculatioifhe surrounding media of GNFas set to water (refractive

index = 1.33).

Visual and thermal detection of GNPs in solution

340puL 30, 60 and 100 nm GNP solutions were loaded in-aé&6plate separately, and
extinction spectra were read by bINsible spetroscopy. The peak extinctioalues were
utilized to determine the visual detection limit of GNPs in solution. Polystyrene cuvettes
were filled with 1.5 mL of serial diluted 30, 60 and 100 nm GNP solutions separately and
irradiated with 280 mW 532nm laggtltraLasers) from the sid&he cuvettes with stirring

bar inside were placed above a stirring plate to guarantee uniform temperature distribution.
The temperature within cuvettes was recorded by fetyp& thermocouples distributed at

four corners (Figre 2.516b)!* The solutions were heated from room temperature for 45
min to reach steady state. The temperature rise from room temperature was used to

determine the thermal detectitimit of GNPs in solution.
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Visual and thermal detection of GNPs on nitrocellulose membrane

In order to perform a quantitative comparison of visual and thermal detection limits of
different sized GNPs on LFA nitrocellulose (NC) membrane, we need to d€jdRi

onto the membrane uniimly, quantitatively and without aggregation. The citrate
stabilized GNPs were first washed with ultrapure water (Millipore) by centrifugation twice
and redispersed in 65% (w/w) glycerol solution. Then GNPs were printed ofto N
membrane (HF135, Milliporayith a syringe pump (NE010, Harvard) and a 3D printer
robot (Fisnar 5200N). The 3D printer robot controlled the movement of prii@bameter
nozzle connected to a syringe to print rectangles in spiral order (R@ae The serially
diluted 30, 60 ath 100 nm GNPs were printed intoy#m*10 mm rectangles on membrane
separately. The pumping rate of syringe pump wak/in and printing time for one 2
mm*10 mm rectangle wa24 s. The concentration of GNPs in membrane wagéated

by dividing the total number of printed GNPs with the membrane volume (216hm*
mm*0.13 mm). After printing, the NC membranes were dried in a vacuum desiccator
placed in a 65 °C oven for one day. Tdreed NC membranes were then scanned (Epson
XP310) and the mean greyscale intensity of rectangles were analyzed by ImageJ. The
thermal contrast amplification (TCA) reader equipped with a 30 mW 532 nm DPSS laser
(UltraLaser) was employed to heat printed GN#Ad record their temperature changes.
Pipettes ad an Epson X810 inkjet printer were also used to print GNPs for the same
purpose, however, both were inferior to 3D printing and were ultimately abandoned (Figure
2.52). Pipetting was used to deposijull of GNP in 65% glycerol solution onto the
membrae followed by subsequent drying in a vacuum desiccator placed in a 65 °C oven

for one day. The inkjet printer is unable to print with 65% glycerol solution due to high
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viscosity and surface tension. Thus\i&s were dispersed in water and then printed onto
membrane. Then the printed membranes were dried in ambient room environment
overnight. Platinum was coated onto the membrane prior to SEM observation. Fhe non
aggregated status of printed GNP in membrarre wenfirmed by SEM (Figur2.S3). The
somewhat sggad data points highlighted in yellow in Fig@&3a likely represent GNP
diffusion after printing and laser scattering during thermal reading. To define the detection
limits for thermal and visual analgs we tested 6 blank samples to establish a ivegat
control and performed 4 replicates for each positive sample. The detection limit of the
thermal analysis was defined according to the IUPAC method as the lowest concentration

tested whose thermal sigr(3'Y satisfies the following relation:

yy ¥y @
whereY"Y is the mean of the blank sample (for example, negative control sample) signal,
i is the standard deviation of the blank sample sigfas, the numerical factor in
acordance withhe confidence level (i.e. k = 3 for 95% confidence interval). As the blank

sample size (e.g. 6) is smaller thar3) the IUPAC definition suggests that we should

apply tstatistics, therefore we reported 95.2% confidence hereQvitlw.”>"3

Measurement of LFA flow velocity

Half strips consisting of only porous membranes and absorbent pads with backing material
were employed irthe flow velocity measurement studies. The dimensions of half strip
membrane and absorbent pad were both 3 mm*20 mm, which are the same as in

streptavidin/biotin LFAs and CRP LFAs. The flow in the LFAs were divided into two
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consecutive phase: Amembnrdanéabsor bent R8ldad). Frh a s e
Amembraned phase velocity measurement, hal
and the flow was recorded by a camera (Figug47b). The position of red liquid front

was extracted from threcorded vido based on the greyscale intensity difference in the
vicinity of liquid front by a customized M
was obtained by tracing the front of dye pulses generated by alternately dippinetiee

half strips in a rd dye reservoir for 2 s, and a water reservoir for 200 s. Thus, three pulses
were generated for each half strip and recorded with a digital camera (Eiglve). The
Amembraned phase flow is initiahtypadghpha
is more constant. Similarly, the position of a dye pulse front was identified by a customized
Matl ab script. The fAmembraneo phase veloc
Washburn equation (Figu&S17d)’* Three types of membranes with different pore sizes
including HF75, HF135 and HF240 (Millipore) were tested. Also, the effect of membrane
length on flow velocity was studidzbtween 2 and cm where 2 cm is a standard length,

and 4 cm would be unusually long (Fig@.&18). Further, as membrane length increases,

the fAabsorbent paddo phase velocity decrea

associated with longer membrdeagth (Figue 2.518).

Experiments of streptavidin/biotin LFAs

Functionalization of GNP surface

Streptavidin and biotin binding was selected owing to the strong interaction with extremely

low dissociation constattg= 10*M.”*As s mal | mol ecul es such a

29



nitrocellulose membrane directf3SA-biotin complex was use@.10 pL of 10 mg/mL
streptavidin (Sigma) was added tonL of 30, 60 and 100 nm GMNsolution, respectively.

The mixture was incubated for 60 min, thenudO0of 10 mg/mL BSA (Sigma) was added

and the mixture was further incubated for 20 min. The GNPs were washed through
centrifugation twice to remove unboundfin. The solution was gted at 4 °C prior to

use.

Fabrication and test of streptavidin/biotin LFAs

The LFAs were composed of conjugate pad (GE Healthcare), NC membrane (HF135,
Millipore) and absorbent pad (GE Healthcare). The conjugate pad is tratie@lQl M

PBS (pH=7.4), 1%w/v) sucrose, 0.5% (w/v) BSA, 0.01% (v/v) Tween 20 and dried at
37 °C in a humidity chamber (RH=20%) for 2 hrs. The conjugate pad, membrane and
absorbent pad were then assembled onto a polyester adhesive backing, allowing 1~2 m
overlap between adjacettmponents to facilitate the migration of solution. The assembly
was laminated and cut into individual strips with 3 mm width. Test dots were prepared by
pipetting 0.5uL of 4 mg/mL BSAbiotin (Sigma) onto the NC membrane. Fuoctlized

30, 60 and 100 nr&NPs were Zold serially diluted and 1QL of each was added to the
conjugate pad per LFA. The stock solution concentration for 30, 60 and 100nm GNPs are
2.5 nM, 0.4 nM, 0.08 nM, respectively. The LFAs were dried at 37 °C innaidity
chamber (RH = 20%ior 2 hrs and stored at 25 °C in a humidity chamber (RH = 20%)
prior to use. The tests were performed by dipping LFAs inta@6plates filled with 150

pL 0.01 M PBS (pH = 7.4). The visual signals of the LFAs were obtaineddraging
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test dot greyscalatensities of scanned LFA images using ImageJ. A TCA reader with 30
mW 532 nm laser was used to record the thermal signal along the longitudinal center line

of NC membrané®

Experiment of CRP LFAs

Two, 2, and [IL of antirCRP (Medix Biochemica) was added to 1 mL of 30, 60 and 100
nm GNP solution, respectively. The mixture was incubated for 60 min at 4 °C1Ukén

of 10 mg/mL BSA (Sigha) was added and incubated for 20 min. The GNPs were washed
through centrifugation twice to remove unbound proteins. The conjugate pad was treated
with 0.01 M PBS (pH = 7.4), 1% (w/v) sucrose, 0.5% (w/v) BSA, 0.01%(v/v) Tween 20
and dried at 37 °C in a midity chamber (RH = 20%) for 2 hrs. The conjugate pad,
membrane and absorbent pad were then assembled onto a polyester adhesive backing,
allowing 1~2 mm overlap between adjacent components. The assembly was cut into 3mm
width individual strips. Then 0.4iL of 0.27 mg/mL antCRP (Medix Biochemica) was
pipetted onto membrane as test dot, anduQ.4f 1 mg/mL antimouse IgG (Abcam) was
added onto membrane as a control dotul@unctionalized 30, 60 and 100 nm GNPs in

the same concentration were used pEAL(i.e., 6x18 GNPs per LFA). The LFAs were

dried and stored in a controlled humidity chamber (RH = 20%) prior to use. Standard
human CRP reference (HyTest) wafol serially diluted with 10 mM PBS. LFAs were
dipped inb 96well plates filled with 15QL CRP samples. Visual and thermal signals of

CRP LFAs were obtained using the same methods as for streptavidin/biotin LFAs. Also,
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one clinical serum sample, with CRP concentration 186 mg/L, walsl Zerially diluted

with 10 mM PBS and then tested wittbfecated LFAS.

Scaling and COMSOL modeling of LFAs

Scaling and model assumptions

The NC membrane (3 mm*20 mm) was selected as a region of interest (ROI) and
COMSOL was employed to simulate the diffusion, convectiontimaprocess within the

ROI. The asumptions include: (1) the solutions are dilute, (2) reactions are second order
reversible interactions, (3) convection velocity is uniform along the width of membrane,
(4) effective diffusivity De) in nitrocellulose mefrane is presented as the prodofict
membrane porosity/j] and diffusivity in norporous material[§), (5) Bare GNPs and
GNP-antibody conjugates have the same diffusivity, and (6) porous structures of
membrane are ignored such that surface reactions etirtgvsolid matrix are simplified

to volumetric reactios. Assumption (4) is derived from hindered diffusion theoi2gD

= f/t?, whereD is the diffusivity of GNPs in solution (Stok&instein equation) is the
tortuosity of membran&.For NC membranes in LFAs, their high porosity (~0.8) indicates

a tortuosity of ~1 based on the correlation described by Gomme& &his. also justifies

the assumption that nitrocellulose membrane can be conceptually simplified as a bundle of
cylindrical pores of radiuR (Figure2.1a)®’ The last assumption is justified by Damkohler
number,Da, which is a ratioof diffusion time to reaction timé® Da for the LFA was
calculated usin@a = kon'CR/De, wherekon' is effective forward reaction rate constant for

antibody labelled GNPs in LFA membrane environmenis testdots captureantibody
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surface density calculated from experimental data $-+d6l/m?), Ris the pore radius (5
pm), De is the effective diffusivity of GNPs in nitrocellulose membrane. The effective
forward reaction rate constari{) can be scaled dsn' = n-kn, Wherekon is forward
reaction constant for individual antibodytigen interactiorin nitrocellulose membrane
(~7.26x16M1s1),*83nj s expected to be O 1 as a refl
antibodies hat bind thdest line per GNP. To estimate the maximum possible value of

n, we first found that the docking area of one IgG molecule is 166% e then estimate

m by dividing GNP surface area by the IgG docking area (T282). Giventhe scaled

Da << 1, diffusion reaches equilibrium faster than reaction deescan assumspecies
depletion at theest site will not affect the concentration within membrane pdfiggi(e
2.1a)/° This allowsus to replace the complicated 3D pore structure of the membrane wtih
a 2D geometric modePefor the LFA was calculated & = UR/, U = 0.2mm/s is the
convective velocity measured from experiments (Figusd7),Ris the pore radius (@m),

De is theeffective diffusivity of GNPsPe andDa for different sized GNP were listed in
Table 2.52. The calculatedPe is >>1, demonstrating that diffusion is rate limiting the
delivery of GNPs to the test site. The calculaBalis <<1 for all cases (Tabl2.S2),
demonstrating that reaction ultimatelgnits the capture of GNPs to the test site as also

reported for other LFA systems.

COMSOL modeling of LFAs

Validation case: Diffusion and Direct Binding of Analyte Only
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First, a special case of LFA model was benchmarked with analytical solutions. Specifically,
only diffusion and reaction were considered by setting velodity). Two species
including analyte &) and receptorR) were involved in reactioty 0 # 'Y a Also the
concentration of analyte is much higher than that of the receptor. In this case, the

concentration of RA can be solved fréh$2

QYO . i . .
o5 @ B OY Yo @ o8 (Eq. S1)

whereAo = 10 nM, Ro = 10 nM, are the initial concentrations for analyte and receptor,

forward and backward rate constants lase= 10* Mst and k. = 103 s1.83 Analytical

solution for the concentration BfAis,

v QYo Q
0 06 0 p (Eq. S2)

The model simiation and analytical solution were compared and showed good agreement

in Figure2.S19.

Case 1: Diffusion, Convection and Direct Binding (Bighitneptavidin) LFA

Two species including particl®(i.e. GNRstreptavidin) and receptoRi.e. biotin) wee
involved in reactiolY 0 £ 'Y 0 The biotin test dot (radius = 1.5 mm) was located at the
middle of the membrane. Also the concentration of receptor is much higher than that of the
particle (i.e., excess biotin). Time dependent veloditynom/9 was obtained from our

flow velocity measurement experiment (Fig@817).

34



. Eq. S3
. p80 T o OR (Eq. 53)

YO Tmuyo o

whereto=50swas the transition point from fAmembr

The inlet & = 0 mn) conditions were,

. 0 o oh
"m0
(Eq. S4)

wheret, = 51swas the time during which the 1@ GNP-streptavidin on conjugate pad

wasexpended. At the membrane exit 20mn), conditions were,

CH

;— T—fb” n (Eq. S5)

8‘

And the initial conditionsvere

0 20 mh

. ., (Eq. S6)
Y 0QO6I0QQME ¢

2 T eI 0QI Q

To assess how diffusion,onvecti on and reaction affect t

was varied from 1€, 101, to 10'°m?s, velocityU was vaied from 10 times slower (i.e.,
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0.1U) to 10 time faster (i.e10U), forward reaction constant was varied fronf, @, to

10° Mis?, Other parameters were listed in TaRI83. The model shows that increasing
the forward rate constant or decreasingdbmsvective velocity by 1fold increases the
captured GNP amount by almost-fidd. This is in contrast to increased diffusyihat,
even when increased 1:00ld, has little effect on the GNP capture (Fig@rg4). To fit the
effective forward reactionanstants Kon') for different sized GNPs, we first converted
thermal signal &) of test dots to GNP concentration using the calibration curves from
Figure 2.2c. Thekon' was then found by fitting the GNP concentration using the model
(Figure 2.59). GNP difusivity value from Table2.S2 and experimentally measured

velocity (Eq. S3) wre used.

Case 2: Diffusion, Convection and Sandwich Binding (CRP) LFA

Reactions in CRP LFAs consist of free analygei ., CRP) binding to detection particles

5 o

(P, i.e., G\P-anti CRP) to form analytparticle complexesRd) 6 0 f 0 § receptors
(R i.e., antiCRP) on membrane capturing analjte ® f 'Yd&Y 0 6f YO pand
unbound particles interacting wiRAcomplexd Y & Y 0 &The diffusion, convection

and reaction processes were described using equations modifie@fan et &,

— Oonod Y O O (Eq. S7)
— 010 YR O © (Eq. S8)
— 01006 YR0OS O O (Eq. S9)
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— 0 O (Eq.S10)

— 0 (Eq. S11)

where reaction terms can be written as,

O MDY 0 Db (Eq. S12)
O Q B®OY YO YD Q OYo (Eq. S13)
O Q WOOY YO YOO Q OY06 (Eq. S14)
O N DI¥Y6 Q YD O (Eq. S15)
'O O "0 (Eq. S16)

herekon andkoss are forward ad backward reaction rate constams= 10°M is the initial

receptor concentration. Time dependent velocity (same as in Gdsenin/$ was,

. Eq. S17
. p80 T o OR (Eq.S17)

YO Tmuo o

~

whereto = 50swas the transition pointdrm A membr ane fl owo to fiab

The inlet & = 0 mn) conditions were,

0O 0 o0 0o (Eg. S18)
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O O Oh
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C

wheret; = 900swas the duration of a LFA test,= 51swas the time during wbh the D

pL GNP-ant-CRP on conjugate pad was expended. At the membranexexi2Qmn),

conditions were,

C

1610108 (Ea.
_‘__"r[

R o S19)

84

And the initial conditions were

0 0! 2! 20! mh
(EQ.

Y O 0Q0OIOQQME & S20)

2
T EGMi 0 QI Q

To assess how diffusion, convection and reaction affect test dot GNP capture, diffusivity
was varied from 1%, 10, to 10*°m?s, velocityU was varied from 10 times slower (i.e.,
0.1U) to 10 time faster (i.e10U), forward reaction constant was varied fronf, 1100, to

1P M1st. Other parameters were listed in Tab/®3. The model suggested that, for 30nm
GNP, increasindfon by 10fold (10* vs. 1¢ M-1s?) leads to 64old more GNPs captured,
while decreasing the cwactive velocity by 16old increases GNP capture by-f&ild. In

addition, diffusion had almost no effect even when increased byoldQFigure2.S5).
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The model shows thagaction and convection have a higher impact on GNP capture than
diffusion for boh Cases 1 & 2. Indeed, reaction and convection are linked since reducing
velocity increases the time for reaction (i.e. residence time in the test site), underscoring
again that reaction is the rate limiting phenomenon in GNP capture. To fit the effective
forward reaction constants for different sized GNPs, GNP diffusivity value from Table
2.S52 and experimentally measured velocity (Bd3) were used (Figur2.S14). In
addition, with the fitted effective forward reaction constants, detection limits of IGFRP
weresimulated using GNP detection thresholds in T&#d. The results were shown in
Figure2.520. In sandwich LFA, the impact of the concentration of GNP used in edajug

pad on the final test line signal (i.e., captured GNP amount) was predycted model.

The model shows that as the GNP concentration increases, the test line captured GNP

amount will first increase and then reach a plateau (FR8@).

Largest GNP size in LFA

Here we discuss the feasibility of using larger size GNP (abovarh)@nd their impact

on LFA analytical performance. It becomes challenging to synthesize and stabilize high
concentration monodispersed large GNPs. As the largesbt commercially available
monodispersed GNP is 400 nm (Sigma), we opt to focus onzbeange of 100 400

nm.

GNP detection
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Mie theory was used to calculate the optical properties of different GNP sizes (100, 150,
250 and 400 nm). As shown in FrglR.S21, the scattering cross section a@as) in

visible wavelength region increases @NP size increases, indicating stronger visual
contrast signal. In addition, the absorption cross section@sgpr(ses with growing GNP

size, specifically, &-fold increase oCansat 532 nm for 400 nm GNP over 100 nm GNP.
These enhanced visual atigermal signals of larger GNPs suggest that increasing GNP
size above 100 nm will further i mprove GNP
that 16006fold sensitivity improvement cabe achieved with thermal contrast over 30 nm
GNP visual contradiy using 150 nm GNPs printed into LFA membranes (FigRi&22).

More specifically, we demonstrate that 150 nm nanospheres have lower detection limits
than 150 nm nanoshell both in visualg§x1® nanospheres/fws. 4.5x16 nanoshells/i#)

and thermal conaist detection (1.2xPOnanospheresfinvs. 2.8x10 nanoshells/ri).
Importantly, the thermal detection of 150 nm sphere shows-fid@0mprovement over
visual detection of 30 nm GNP spherald 6fold improvement over the visual detection

of a 150 nm nanosre.

GNP capture

The amount of GNP captured at the test site depends on the transport and binding of GNPs,
both affected by GNP size. Specifically, as size increases, GNP diffusivitgades
(StokesEinstein equation) thereby slowing down diffusion.dddition, the convective

velocity is related with the viscosity of GNP solutions, which depends on the volume
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fraction § ) of GNPs. For dilute colloidal systems< 2%), the effective gicosity of GNP
solution (1t) can be found a®

¢ Z 3

P C® L (Eq. S21)

wheremis the viscosity of the solvent. Under the same GNP concentration as used in CRP
LFAs (0.1 nM), the volume fraction increases from 0.003% to 0.2% as size changes from
100nm to 400 nmwhich has egligible impact on GNP solution viscosity and thereby the
convective velocity. Hence thHee (=UR/DQ) is still << 1 and diffusion is rate limiting for

GNP transport as GNP size increases from 100 nm to 400 nm.

Larger size GNP will improve theiriding dueto enhancedkon asn increases in Egn.1

(kon' = n-kon) associated with larger surface area. HoweverDhg= kon CR/De) could

transit to > 1 at some point &s' increases anB. decreasing with increasing GNP size
rendering that diffusiomot reaction, becomes the rate limiting step of GNP capture. In
that case (Da >> 1), further increasing GNP size will decrease GNP capture as larger GNPs
have slower diffusion. Importantly, as the number of antibodies on GNP surface increases
for large GNP (i.e., 400 nm), the possibility of nespecific interaction between antibodies

on GNP surface and antibodies on LFA membrane rises, which could potentially lead to
false positive€.Thus, the benefits of using larger GNPs (above 100 nm) to improve GNP

capture requires further investigations in the future.

GNP settling
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To study the settling of different sized GNPs in LFA membraxe used COMSOL to
track the position of GNPs in membrane poregr(bradius) over the period when a GNP
travels from conjugate pad to test line (50s). Gravity, drag force and Brownian motion were
included in the modeling. 1000 GNPs distributed unifgrmithin the pore were released

at t = 0. Convective velocity was set to 0.2mm/s. The distribution of GNPs with different
sizes (including 30 nm, 60 nm, 100 nm and 400 nm) within the pore at t = 50s were
compared in Figur@.S15. Our results demonstratdtt 00 nm GNP will settle before

reaching test line, therefore will is likely to decrease the sensitivity of the LFA.

LFA cost

To evaluate the increased cost of using larger size GNPs in LFA, we calculated the cost for
antibodies and GNPs in our CRP LEAdarket price for gold ($ 40/g) and antibody

($ 100/mg) were used. As shown in TaBI85, the price for antibodies on membrane per
LFA (i.e., test and control dots) is $ 4.8 @hile the price for antibodies on GNP surface

per LFA increases from $ 340°%to $ 7.7x1¢ as GNP size grows from 30 nm to 100 nm.
However, even for 100m GNP, the price for gold per LFA is $ 2.3%1.0’he estimated

total cost of GNPs and antibodies for using 400 nm GNP is $ 1.3, 95% of which comes
from the antibody coatingn GNP surface. Thus, the cost of antibodies on large GNP

surface is the major contributor to the increased LFA cost.
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2.6 Supplementary Materials : additional results

3 " -
@ P £
= g . <
K<) 1 » >
E : / \g
] O 10] / \\ f0.04 °
w ¥ ~
5 — e
0 —_— 0 LT TP ol =¥ : , —L0.00
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000 20 30 60 100 130
Wavelength (nm) Wavelength (nm) GNP Diameter (nm)

Figure 2.3 Characterization of GNPs.-@ TEM of 30, 60and 100 nm GNPs, scale bars
are 100 nm. (d) UWis spectrum of 30, 60 and 100 nm GNPs with same concentration,
normalized by 30nm GNPs. (e) Mie theory calculatioG@gHf (scattering cross section area)

of 30,60 and 100 nm GNPs. (f) Mie theory calculatiof Cans (absorption cross section
area) anCandV (volume normalized absorption cross section area) of 30, 60 and 100 nm
GNPs.
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(a) Pipette  (b) Epson Inkjet Printer|(c) 3D Printer
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Figure 2.2 Comparison of methods for deposgitcNPs to membrane. (a) Pipette, (b)
Epson XP30 Inkjet Printer and (c) 3D Printer in terms of GNP uniform distribution, GNP
aggregation status and GNP quantitative deposition. For (a) and (c), GNPs are dispersed in

65% glycerol, for (b), in water.
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Figure 2.8 Printed GNPs on the nitrocellulose membrarje) Thermal signal across
printed GNPs demonstrates GNPs are uniformly deposited. Representative SEM images of
printed 65% glycerol solution with GNPs of increasing dieen&om: (b) 30 nm, (c) 60

nm, to (d) 100 nm. flese printed GNPs show no aggregation despite interrogating multiple

(n = 10) locations on each sample.
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Figure 2.9 Parametric study of Case 1: the impact of diffusion, cciime and reaction
on the captured GNP amount stneptavidinbiotin LFA test dot. Parameters are listed in
Table2.S3.
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Figure 2.5 Parametric study in Case 2: the impact of diffusion, convection and reaction
on the capturd@ GNP amount on CRP LFA test dot. The parameteréisted in Tabl2.S3.
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Figure 2.$ The impact of conjugate pad GNP concentration on the final test line signal

(i.e., captured GNP amount) with different forward reactaie (on).
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Figure 2.3 GNP detection and capture together determine LFA sensitivity improvement.
The GNP detection improvement for different GNP designs is obtained from printed GNP
calibration in Figure 2c. The final sensitivity improvement in direct/sandwich bindiAg

is the product of GNP capture improvement and GNP detection improvement.
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Figure 2.8 Experimental results of streptavidamotin LFA with 30, 60 and 100 nm GNPs.

(a) Scanner and TCA reader were used to obtain thd eisdahemal signal of LFAs. (b)

Scanned images and IR images of test dots in LFAs.
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@ Collect test dot thermal signal (AT) @ Convert AT to GNP concentration using

calibration curve (Figure 2c)
Flow HEE) - - & fit k',,, using COMSOL model
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Figure 2.9 Case 1. fitting of the effective forward rate const&it)from thermal signals
of streptavidirbiotin LFA test dot. The @P concentations for LFA tests are 4.8x%0
7.8x10% 1.6x10°nM for 30, 60, and 100 nm GNPs respectively.
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Figure 2.30In Case 2, the modeling reveals that sgomantitative visual reading of test
dots depends on treffectiveforward rate constankn). (a) For low value ok'on (i.€. 1G
M-1s?), test dots exhibit no semuantitative visual reading. (b) For high valuef (i.e.
10° M-1s?), test dots are filled from bottom to top as CRP concentration incpgasling

semi quantitative visual reading.
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Figure 2.91 Experimental results of CRP LFA with 30, 60 and 100 nm GNPs. (a) Scanner
and TCA reader were used to obtain the visual and thermal signal of LFAs. (b) Scanned

imagesand IR images of test dots in LFAs.
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Figure 2.32 Two-fold serial dilutions of one patient serum sample (186 mg/L CRP) with
10 mM PBS are tested with fabricated CRP LFAs. As traditional test lines are usually
thinner (2 mm) in the axial direction, they are less able to exploit this-sgiantitative

visual reading, an added advantage of using test dots.
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Figure 2.33 Comparison between thermal signals of LFAs tested with clinical CRP
sampeés and standard CRP reference.
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(@ Collect test dot thermal signal (AT) @ convert AT to GNP concentration using

. calibration curve (Figure 2c)
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Figure 2.4 Case 2 fitting of the effective forward rate constarktof) from thermal
signals of CRP LFA test dot. CRP concentrations are 3x3.0x10?, 4.7x10° mg/L for
LFAs with 30, 60 and 100 nm GNPs.
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Figure 2.85 Modeling of GNP stling in 5um radius pore over 50s. Each dot stands for
one GNP and the size of the dot is not the size of GNP. The color bar stands for the particle
position (y componengt time = 50s. Different GNP sizes including (a) 30 nm, (b) 60 nm,

(c) 100 nm andd) 400 nm are tested.
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Figure 2.96 Visual and thermal detection of GNPs as a function of concentration in
solution. (a) UMVIS spectrometeused to measure extinction of GNP solution (340 pL).
(b) Cuvette heating setup teeasure temperature change of GNPs in solution (1.5 mL). (c)
Results of visual and thermal detection limits of 30, 60 and 100 nm GNPs.
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Figure 2.88 The effect of nembrane lengthL(= 2 cm and 4 cm) and pore size (5, 10 and
20 um) on flow velocity (ac) SEM of membrane HF240, HF135 and HF75. (d) Flow
velocity in membrane vs. time for membrane HF240 (average pore diameter = 5um) with
different membrane length (e)Flow velocity in membrane vs. time for membrane HF135
(average pore diameter = 10pmith different membrane length. (f) Flow velocity in
membrane vs. time for membrane HF75 (average pore diameter = 20um with different

membrane length.
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Figure 2.21 Prediction of large size GNP (1000 nm) optical propertie&) Extinction

cross section @a Cext= Cscat Cang increases as GNP size increagby Scattering cross
section area(scy increases as GNP size increases, indicating stronger visual contrast
signal for larger size GNPs. (c) Absorption cross section &gg &t 532 nm (green $&r)
increases as GNP size increases, indicating strahgrmal contrast signal for larger size
GNPs.

6 3



Solid line: visual |
Dashed line: thermal
|

104 10° 106 107 108 10? 1010
GNP Concentration (#/mm?)

Figure 2.22 Visual and thermal detection limits of nanoparticles printed onto LFA
membranel50 nm nanosphere is sujerto 150 nm nanoshell both in visual and thermal
detection as predicted.
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Table 2.9 The sensitivity and quantitation of printed GNPs on membrane

30nm 60nm 100nm
Visual detection limit (#/mm3) 183x10°¢ 48.8x1086 7.6x106

Thermal detection limit (#/mm3) 23x108 6.1x108 0.96x 106
Thermal signal quantitation slope . _

3x108 2x10 8x10-

(AT/[GNP])
Visual signal quantitation slope
g P 10.53 13.05 18.27
(Greyscale intensity/logp[GNP])
Table 2.2 PeandDa for GNPs in different sizes
30nm 60nm 100nm
Effective Diffusivity
1.2x101t 5.8x1012 3.5x1012
(D, = ¢D) /m’s?!
Estimated maximum number of
17 68 189
antibodies per GNP (m)
Effective forward constant
1.24x104 4.95x<]104 1.37x10°
(on” = 1tk pp) /VE1s]
Pe=UR/D, 85 171 284
Da =k,,CRD, 5.28x%1073 4.22x102 1.95x10-!
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Table 2.8 Parametrs for validation case, Case 1 and 2

Validation
Case 1 Case 2
Case
Reaction rate k=104 M-151 k=107, 108, 10° M-It k=104, 10°, 108 M5!
constants®! Kog=10-3 571 kog=10-6s"1 Kos=10*51
Test site active
capture antibody 10-*M 2x10-M 5%10°M
concentration®
GNP
NA 10°M 10-100
concentration!®
GNP diffusi\-’it}’["] NA 10712, 101, 10-19 m2/s 1012, 101, 1010 m?/s
Analyte .
10° M NA 3x10°°M
concentration®
Analyte diffusivity!® 10-10 m?/s NA 1010 mi/fs
Flow velocity"’] NA 01U, U 10U 01U, U, 10U

[a] Reaction rateonstants for validation case, Case 1 and 2 are fror23Raid40.

[b] Test site active capture antibody concentrati®NP concentration and analyte
concentration are estimated from experimentthd) stands for measured convective
velocity (Eq.S3),0.1U and 10U stands for velocities are 10 times slower and faster,
respectively.

[c] Diffusivities are estimated from &te-Einstein equation.

6 6



Table 2.8 Test dots LFA seimquantitative visual reading of CRP concentration

Test dot shape &

i . 30nm 60nm 100nm
intensity
Front curves only 0.03~0.6mg/L 0.009~0.15mg/L 0.001~0.018mg/L
Dots with deep colored
1.2-4.8mg/L 0.3~4.8mg/L 0.036-4.8mg/L
front curves
Full dots
9.6~19mg/L 9.6~19mg/T 9.6~19mg/T
(before hook effect)
Lighter full dots
>19mg/L =19mg/L >19mg/L
(after hook effect)

Table 2.5 Cost of GNP and antibody in CRP LFA

30nm GNP  60nm GNP 100nm GNP 400 nm GNP

Gold (8) 0.2x104 5%10-3 2.3x104 1.5%102

Antibody on membrane (%) 4.8%102 4.8%102 4.8x102 4.8%102
Antibody on GNP (3) 3.4x103 2.7%1072 7.7%102 1.24
Total (%) 5.2x1072 7.5%1072 1.3x101 1.30

[a] Price for antibody on 400 nm GNPdstimated as 16 folds of the price for antibody on

100nm GNP
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Table 2.8 Commercial CRP detection methods

Vendors Technology Detection Label Detection Range
Milenia Biotec LFA GNP 8~100mg/L
BUHLMANN LFA Quantum Dots 1-250mg/L

Cholestech LFA GNP 0.2~10mg/L
Quantikine ELISA HRP & TMB 0.8~50ug/L
Abcam ELISA HRP & TMB 2.47-600ng/L
Roche Diagnostics  Immunoturbidimetry Latex particle 0.1-306mg/L
Stanbio
Laboratory Immunoturbidimetry Latex particle 0.05~15mg/L
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Chapter 3. Development andOptimization of Thermal Contrast
Amplification Lateral Flow Immunoassays forUltrasensitive HIV p24

Protein Detection

The following chapter has been published in thie¥ahg article and reproduced here with

the permission of the journal publisher:

Zhan, L, et al.Development and optimization of thermal contrastplification lateral
flow immunoassays for ultrasensitive HIV p24 protein detectinrosysems and

Nanoemineering6, 54 (2020).

3.1 Abstract

Detection of HIV p24 protein at single pg/ml concentration in pofrtare (POC) settings

is important as itan facilitate acute HIV infection diagnosis with a detection sensitivity
approaching laboratofyased assay However, the limit of detection (LOD) of lateral flow
immunoassays (LFAs), the most prominent POC diagnostic platform, falls short of
laboratory protein detection methods such as ELISA (enzlimeed immunosorbent
assay). Here, we report the developmant optimization of a thermal contrast
amplification (TCA) LFA that will allow ultrasensitive detection of 8 pg/ml p24 protein
spiked into humanesum at POC, approaching the LOD of a laboratory test. To achieve
this, we pursued several innovations inahgd a) defining a new quantitative figure of
merit for LFA design based on the specific binding to-specific binding ratio (BR); b)

using different size and shape gold nanoparticles (GNPs) in systematic optimization of
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TCA LFA designs; and c) explognnew laser wavelength and power regimes for TCA
LFA designs. First, we optimized the blocking buffer for membrane and running buffer by
guantitatvely measuring the BR using a TCA reader. The TCA reader interprets the
thermal signal (i.e., temperature) gdld nanoparticle (GNP) within the membrane when
irradiated by a laser at the plasmon resonant wavelength of the particle. This results in
higherdetection and quantitation of GNPs compared to traditional visual detection (i.e.,
color intensity). Furtherye investigated the effect of laser power (30, 100, 200 mW), GNP
size and shape (30 nm and 100 nm gold spheres, 150 nrsilgddshells), and ker
wavelength (532, 800 nm). Applying these innovations to a new TCA LFA design we
demonstrated that 100 nispheres with 100 mW 532 nm laser provided the best
performance (i.e., LOD = 8 pg/ml). This is significantly better than the current colorimetric
LFA and in the range of laboratory based p24 ELISA. In summary, this TCA LFA for p24

protein shows promise farcute HIV infection at POC settings.

3.2Introduction

Globally, there were 1.7 million new human immunodeficiency virus (HIV) infecases,
leading to 37.9 million people in total by the end of 2018, predominantly in resource
limited areas (i.e., suBaharan Africaf® Accurate diagnosis of HIV at pokatf-care (PO

is the essential gateway to control the pandespecially in patients with acute infection
before seroconversion occi¥fsPOC diagnostic technologies enable rapid scregeoin
disease analytes in individuals outside of traditional laboratory settings. When combined

with appropriate followup, POC testing can facilitate a faster diagnosis, leading to
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improved health outcomé$® Among the current commercial POC diagnostic devices,
the lateral flow assay (LFA) is the most extensively used platform due to speexhdw
robustness, and eastuse®®® LFA testing of HIV antibody is widely employed in
resource limited areas and in adinical settings-°* Nonetheless, HIV antibodies usually
appear in blood ~21 days after infectidinis of considerable importance yet challenging
to identify acute infections that carry high viral loads but atdady negative at POC. In
fact, in HIV infected individuals, the p24 protein (i.e., viral capsid protein) is present in the
serum or plasia 7- 10 days earlier than antibo&/%>**The physiologic concentratiasf

p24 protein is in the pg/ml range, and will first rise with time post infection, then drop
after antibody production is initiatéd Prompt diagnosis within this window period (i.e.,
within 21 days post infdion) can provide a critical opportunity to prevent transmission
and facilitate dective antiretroviral treatments for potential c@fén addition, successful
early detection of p24 protein would be transformative in the diagnosis ofsnfduutse

mothers are HIV positive, where antibody tests of the infant are unegifabl

However, the poor limit of detection (LOD) to analytes of conventional LFAs (i.e., on the
order of ng/ml) restricts their ability to detect p24tpnoe during acute infection (i.e., on

the order of pg/ml), therefore, more compted laboratory tests such as enzymieed
immunoassay (ELISA) are requirét?*During traditional LFA tests (Figur®.1), the fluid
sample is first added to the sample pad, then flows through the LFA by gafoliees,
interacting with detection antibody labelled gold nanoparticles (GNPs) from a conjugate

pad and then capture antibodiesmnocellulose membrane. Positive detection occurs if

71



the target analytes the sample are captured by antibgéiP conjgates and anchored

by the antibodies on the membrane, leading to accumulation of GNPs on the test line. The
test line will develop dor if enough GNPs are present. To significantly improve the LOD

of traditional LFAs, various approaches have been developemplify the resultant signal
and/or increase the specific binding (SB) of the sandwich structure involving the GNPs
(Table 3.51). For instance, silver enhancemett,enzyme catalytic amplificatiot;°
surfaceenhanced Raman scattgy (SERSY**®and electrochemical amplifigan’’ have

been explored to provide-2A orders of magnitude LOD improvement by signal
amplification. New particles such as larger sized GNRsagnetic particle¥**°and gld
nanoshell€ have also been studied to inase SB and thereby enhance the detection signal.
Furthermore, sample pretreatment methods including didlysiagnetic fieldf>22 and
electric field* assisted preconcentration have also destrated the ability to boost SB at

the test line. Numerous modifications on LFA design have been investigated to achieve
LOD for p24 protein in the range of 0.&0 pg/ml (Table3.1), many of which still requires
multiple extra steps, trained personned @emplex equipment:®>*Therefore, a simple

and rapidmethod leveraging the simplicity, lewost and robustness of existing LFA with
ultra-sensitive LOD (i.e., < 10 pg/ml) would considerably benefit acute HIV diagnosis at

POCY97
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Table 31 p24 proteindetection using laboratory and POC techniques

LOD Detection Detection Assay Vendor/
(pg/ml) range (pg/ml) methods Time (min) Reference
469 4.69 — 300 Colorimetric g0 Abcam
6.5 6.5 — 1500 Colorimetric 285 RayBiotech
Laboratory ELISA
7.8 7.8 -500 Colorimetric 270 R&D
15.63 15.63 - 1000 Colorimetric 200 Sino
CLIA-
) 25 N/A Colorimetric 20-30 Abbott
waived
Catalyti
0.8 0.8 — 10000 atayte 20 Ref. 66
colorimetric
POC ) 2 N/A Fluorescent 40 Ref 72
Literature
30 30— 1000 Magnetic 40 Ref.73
50 50 — 1000 Colorimetric 40 Ref. 61

Importantly, depite all the methods for enhanced LFAs, fsprecific binding (NSB) is

one of the major limiting factors for detecting lower analyte concentrattdrise LOD is
defined as the loest analyte concentration to be distinguished from the negatiaples
containing no analyte at a certain confidence level (i.e., > §5%he signals from
negative samples can bttrédouted to the NSB, which can deteriorate the LOD of the assay
For example, as the final signal is contributed by both SB and NSB, at low analyte
concentration, if the NSB dominates the competition with SB, the resultant signal will not
be distinguishdle from the negative samples. This can be addressed by redSiBg
and/or improving resolution of signal detection methods to differentiate the SB signal. For
GNP-based LFAs, various NSBs occur on thigrocellulose membrane (FiguBl). In

areas outsidehe test and control lines, NSB between antib@GiNP conjugatesand
nitrocellulose membrane is the major cause, which includes but is not limited to the

hydrophobic antibody nitrocellulose membrane interaction and electrostatic interaction
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between thexposed GNP surface and nitrocellulose membrane. Inside tHanéeatea,
additional NSB between antibodyNP conjugates and capture antibody leads to higher
signals for negative samples. In addition, GNP conjugates and possibly GNP aggregates
can be phgically trapped inside the nitrocellulose membrane during tke ffurthermore,
analytes can nespecifically bind to the nitrocellulose membrane, which could therefore
capture GNP conjugates. To reduce those NSBs, blocking of nitrocellulose membrane,
suiface blocking of GNP conjugates and optimization of runningebuffeed to be
performed. Specifically, nitrocellulose membrane blocking involves preparing the
membrane in buffers containing surfactant and inert macromolecules. Bovine serum
albumin (BSA) isthe most popular inert macromolecule to block free GNP corgugat

surface. The pH of the running buffer and inclusion of surfactant, macromolecules (i.e.,

protein and/or polymer) need to be optimized. Importantly, some treatments to reduce NSB

(a) ¢ ‘T —Laser—
+

Non-specific binding Specific binding + Non-specific binding

Binding ratio (BR) = Specific binding (1) / Non-specific binding (1+2+3+4)

& Analyte ® GNP Y Detection antibody Y Capture antibody & Blocking agent ./u Surfactant cﬂ-Denatured antibody
1. NSB between GNP conjugates, analyte and membrane 2. NSB between GNP conjugates and membrane
3. GNP conjugates physically trapped in the membrane 4. NSB between GNP conjugates and capture antibody
1'. Specific binding among GNP conjugates, analyte and capture antibody
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Figure 3.1 Thermal contrast amplification (TQAeader can be used to probe specific
binding (SB) and nowspecific binding (NSB) at various locations of LFA membrane. (a)
Background and test line areas on LFA membrane are irradiatedasah resulting in
different temperature rise due to distin& &d NSB events and therefore establishing an
SB/NSB ratio, which we defined as a new figure of merit called the binding ratio (BR). (b)
For background area on LFA membrane, analytes canspexifically bind to the
nitrocellulose membrane, which couldetkfore capture GNP conjugates. NSBs occur
between GNP conjugates with nitrocellulose membrane via hydrophobic and electrostatic
interactions. In addition, aggregated GNPs can also be traped the nitrocellulose
pores. (c) For test line area, SB refto the sandwich interaction between GNP conjugates,
analyte and capture antibody on the membrane. Besides all the possible NSBs for
background area, another important NSB case in tesalegeis between GNP conjugates

and capture antibody.

can alsampair the SB between analyte and antibodies. These optimization procedures are
normally conducted in a tri@nderror manner. For instance, after testing various
membrane blocking buffer,see ar cher s choose the ones wit
strong tes and control lines based on the visual color intensity for further iterations.
However, this fails to provide definitive conclusion and rule out cases witlvisual

signals, leading to exssive experimentations and soptimal final performance.

In this report, we presented the development and thorough optimization of a thermal
contrast amplification (TCA) LFA for ultrasensitive p24 protein detection. TCA reader
measured the temperatuteanges of the membrane with GNPs when irradiated by a laser

ugng an infrared camera. The temperature changes are proportional to GNP number
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concentration (i.e., # GNPs/mm3). In addition, as infrared cameras can accurately detect
slight changes intempeert ur e ( i . @isual GNPs Withi€ the memhrane can be
guantitatively detected, leading to enhanced thermal LOD compared to visual LOD. To
develop ultrasensitive TCA LFAs, we pursued several innovations including: a) defining
a new gquantitativeigure of merit for LFA design based on a specific binding to- non
specific binding ratio (BR) of GNPs; b) using different size and shape GNPs in systematic
optimization of TCA LFA designs; and c) exploring new laser wavelength and power
regimes for TCA LFAdesigns. First, we demonstrated a simple and novel strategy to
improve LOD by optimizing BR as the figure of merit during screening of membrane
blocking buffer and assay running buffer. Based on the BR, we rapidly identify the optimal
buffer recipes and pwed a 4fold improvement in thermal LOD using recipes with opl

BR, compared to recipes selected using traditional methods such as naked eyes.
Furthermore, to maximize the performance of TCA LFAs, we studied the effect of laser
power, laser wavelengtiGNP size and shape on the LOD. We showed that 8 pg/ml p24
protan spiked in human serum can be detected with TCA LFAs using 100 nm gold spheres
and 100 mW 532 nm laser. Overall, we developed ultrasensitive TCA LFA by optimizing
the designs of BR, GNP afakser. This TCA LFA with ultrasensitive p24 protein detection

holds great promise in improving acute HIV infection diagnosis at POC.
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3.3Results andDiscussion

GNP synthesis

Citrate stabilized 30 nm and 100 nm spheres with highly uniformdsszgébution were
synthesized using se@dediated growth method. Analysirem TEM images revealed the

GNP size to be 28.6 £ 0.8 nm and 98.2 = 2.4 nm for 30 nm and 100 nm spheres/edgpecti
(Figure3.2ab). The size of nanoshells purchased from nanoComposix are 146 + 4.7 nm
(Figure 3.2c). The normalized spectrum of three GN#?s shown in Figur&.2d. The
resonant oscillation of free electrons in the gold with incoming light, knownréescsu
plasmon resonance (SPR), greatly enhances the optical properties (scattering and
absorption) of GNP$. The UV-Vis spectrometer measures the extinction (i.e., sum of
scattering and abgation) of GNP solutions. The peak extinction (shown in FiQutd as
Absorbance) wavelengths are 534 nm, 565 nm and 810 nm for 30 nm siléresn
spheres and 150 nm shells respectively. The unique optical properties render different color
for variousGNPs. For instance, the aqueous solutions of 30 nm sphere, 100 nm sphere and
150 nm shell are pirked, muddy and blue (FiguB2). To maximdly harness the GNP
photothermal conversioability (i.e., absorption), lasers with matching wavelength with
GNP gectrum peak should be used. For example, we chose 532 nm laser for 30 nm and

100 nm spheres, 800 nm laser for 150 nm shells.

GNP7 1E5 mAb onjugations
The GNP conjugate plays a vital role in determining the ultimate LOD and specificity of

LFAs. Succedsl GNP conjugates should have specific and high binding affinity to the
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target analyte to achieve low LOD, meanwhile low 4specific interagbns with
nitrocellulose membrane and test line antibodies to avoid false positives (i.e., high
specificity). Forcitrate stabilized GNPs, antibody can adsorb strongly to GNP surface to
form stable conjugates while retaining its binding activity. In génehas passive
conjugation can be attributed to electrostatic interaction (i.e., negatively charged GNP
surfaceand positively charged sites on the antibody), hydrophobic attraction (i.e., the
antibody and the gold surface) and covalent bonding betweegold atoms and sulfur
atoms from the antibody. The electrostatic and hydrophobic interactions are usually the
major considerations for optimal conjugation. Tchiave that, the pH needs to be
maintained at or slightly higher than the isoelectric point of the antibody. Isoelectric point
is the pH at whih a molecule carries no net electrical charge. At higher pH, the antibody
carries a net negative charge. Posittharged antibodies will lead to aggregation among
negative charged GNPs. Neutral or slightly negative charged antibodies facilitate binding
to GNP surface and maintain interparticle stability. The pH can be tuned by adding 0.2 M
K2COs to GNP solution befre introducing the antibody. Another important parameter is
the amount of antibody used. Higher surface antibody coating density providegestro
SB. However, if ovecoated with antibodies, GNP conjugates can increase NSB and
therefore causing false ptges. To reduce this NSB, bovine serum albumin (BSA) is

commonly added to block the free surfaces on the GNPs.

We optimized the 1E5 antibodyGNP (30 nm and 100 nm) conjugation by varying pH

and the added 1E5 volume. For 1 misgathesized GNPs, 1L 6 pl 0.2 M K.COs was
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added to adjust the pH from 5 to 9. The 1E5 volume ranging fropd @1L0ul was added.

As shown in Figure8.2 e & f, results achieved by varying antibody ve(Q; addition
range from failure due to GNP aggregation and falsdip®egbd eventual success. For
instance, at low BCOsvolume (i.e., pH < 7), GNP aggregated likely due to the positive
charge of antibodies belothe isoelectric point. At mediumROzvolume (i.e., pH ~ 7),
GNP conjugates were stable and provided a ctghcolor on the control lines consisting

of p24 protein, indicating successful conjugations. Notably, control line color intensity
increased \th increasing antibody volume as a result of stronger SB. However, when the
antibody volume for conjugation wadso high false positives were noted (i.e. failure),
possibly due to increasing NSB between GNP conjugates and test line antibodies. Finally,
a high K:COs volume (i.e., pH > 7), higher antibody volume was required to obtain an
equivalent control line ashen pH was about 7, suggesting suboptimal conjugation and
unneeded antibody. For the following LFA optimization, we therefore used conjugation
conditions for 3ul 0.2 M K>COz adjusted to pH of 7 and the maximal allowable volume of

antibody prior to showinfplse positives.

Nitrocellulose membrane blocking buffer optimization

The membrane is the critical component of LFA and nitrocellulose namalis most
commonly used due to its adjustable pore size, high protein binding capacity and
controllable manufacture procedufé$Typically, proprietary chemical coatings from the

manufacturer were aed to modify the hydrophobic nitrocellulose to be hydrophilic for
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Figure 3.2 Characterization of various GNPs and optimizationrafb@dy conjugation.

(arc) TEM images of 30 nm, 100 nm gold nanospheres and 150 nm goldabsioEhe

inserts are the images of GNP solution showing red, muddy and blue color for 30 nm,
100nm gold nanospheres and 150 nm gold nanoshells respectivélor(dalized U\
Vis-NIR spectrum of 30 nm, 100 nm gold nanospheres and 150 nm gold nandstiglls.
Optimization of GNPs (30 nm and 100 ni)E5 antibody passive absorption by varying

the amount of 0.2 M ¥COs and antibody added to 1 ml GNP-asthesizedsolution.
Success conditions (star symbols) avoid GNP aggregation (cross symbols) and@evere
specific bindings at test line (i.e., false positives, square symbols). The circled success
conditions provide strongest control line (i.e, specific bindingf) wminimal consumption

of antibody.

capillary flow. Test line and control line proteins ito the nitrocellulose membrane by
electrostatic and hydrophobic interactions. In addition, GNP conjugates and even analytes
can nonspecifically bind to the nitcellulose membrane due to its protein binding

80



properties, causing a stained background. [Bakbthese extra protein binding sites, the
membrane is usually soaked in blocking buffer consisting of macromolecules and
surfactants before LFA assembly. On thieer hand, blocking agents can also be added to
the running buffer to block the membraneidgiLFA tests. High concentration of blocking
agents can reduce the NSBs but also interfere with the SB, therefore affecting the LFA
sensitivity and performance BANSB ratio). It is important to quantitatively compare the
effects of various blocking solohs on SB/NSB ration LFAs. This quantitative
comparison is impossible by tracking the color intensity of GNP on the membrane
background as it can be suitsualand the difference is below the resolution of a scanner

or naked eyes.

As SB and NSB alwas/caexist on test lines for positive p24 samples, by using negative
samples and spraying p24 on the control line, we can isolate the SB (i.e., control line) and
NSB (i.e., test line) in individual LFA test. Therefore, the ratio of control line signesto t

line signal represents the SB/NSB ratio (Fig8i&a). In Figure3.3b, we used the TCA

readerto quantitatively obtain GNP distribution across the test andraloimes after

testing the LFAs with running buffer precluding p24 protein. To obtain cserfi
temperature change (i .e., ®T) while avoidi
mW and 10 mW were used for test line and control line scan respecliealyterpret the

resultant temperature change curves shown in FigGke we first dividedhe curve to

two parts including background area and test (or control) line area. The NSB categories 1

(between GNP conjugates and membrane) and 2 (GNP conjugates physically trapped in
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the membrane) indicated in Figure 3.1b can beaprtated from the teperature rise in

the background area. Similarly, the extra temperature increases in the test line represent the
NSB category 3 (between GNP conjugates and test line antibody) indicated inFlidpure

To obtain the final thermal signal the testline,wei r st average the @T ¢
area, then subtract i1t from the average T
will be used to represent the NSB category 3 when a negative sample was tested. Similar

processvas done to the comtrline temperature curve to obtain the SB.

We used 30 nm sphere conjugates for optimization of membrane blocking buffer and
running buffer. To reduce the interference with SB, we chose to use minimal blocking
agents. We added varioosncentrations (i.€0.1%, 0.5%, 1%) of BSA to phosphate buffer
(PB) at various ionic concentrations (i.e., 10mM, 30mM). Running buffer composed of 60
mM Tris, 0.5% BSA and 0.5% Triton (pH=7) was used. The pictures of LFA strips are
shown in Figure 3.3dt is important to nte that most strips look similar based on visual
intensity (i.e., naked eye) inspection. Figure 3.3d demonstrated the advantages of TCA to
guantitatively compare SB and NSB when using different membrane blocking buffers. For
instancefor 10 mM PB, additia of 0.1% BSA led to higher NSB compared with 0.5%
and 1% BSA, however, 1% BSA led to a decrease in SB. Thus, addition of 0.5% BSA
provides the highest SB/NSB ratio when 10 mM PB is used. In addition, with the same
BSA concentration,nicreasing PB from 10nM to 30 mM reduces the BR by both
increasing the NSB and decreasing SB. There have been studies reporting that increasing
ionic strength tends to reduce antibeatytigen binding constant&! The increasing NSB

at high ionic strength may be caused by the chreimg@NP conjugatesd requires further
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Figure 3.3 Quantitative optimization of membrane blocking buffer and running buffer for
TCA LFA. (a) The architecture of TCA LFA used for SB/NSB optimization. (b) TCA
reader will scanhte test line and cordl line areas separately. The resultant temperature
curve was analyzed in two steps: the background temperature change was first averaged
and then subtracted from the averaged test line (or control line) temperature change. (c)
Pictures of LFA tested witlarious membrane blocking buffers and running buffers using
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negative p24 samples. Note that the test line and background stain were all invisible (i.e.,
subvi sual ) . (d) Test | ine temperatusigeal si gna
( T @ Ctheir rator(ie., 8/NSB ratio) were plotted against various membrane

bl ocking buffers. T @ TL represents NSB a
CL represents SB as p24 was sprayedthems t he
ratio were pbtted against various running buffers. Buffer with highest SB/NSB ratio was

marked with the star

investigation. Collectively, we identified 10 mM PB + 0.5% BSA with highest BR as our

membrane blocking buffer for further optimizatisteps.

Running buffer optimization

The running buffer is another critical component to modulate and reduce NSB. Various
salts, surfactant and macromolecules are usually included in the running buffer. In general,
the running buffer needs to be optindzéor each individualLFA. For the buffer
components, we tested various combinations of Tris (20 mM and 60 mM), BSA (0% and
0.5%) and Triton X100 (0% and 0.5%) at different pH (7 and 8). 30 nm GNP conjugates
and membranes blocked with 10 mM PB +0.5% BSérevused. Again, sintg visual
inspection based on color intensity fails to compare various running buffers quantitatively
(Figure 3.3c). As indicated in Figur8.3e, the combination of BSA and Triton-200
resulted in lower NSB (i.eqol @ TL) compared vih BSA or Triton X100 alone.
Increasing pH from 7 to 8 greatly reduced the NSB while also impaired the SB.
Furthermore, reducing Tris concentration from 60 mM to 20 mM caused raising NSB.

Therefore, 60 mM Tris + 0.5% BSA + 0.5% TritgeH=7) outperformethe other buffers
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with highest BR (i.e.gfl @ CL /gl @ TL). Indeed, these trends may be antibody
dependent and vary from assay to assay as each individual LFA uses different antibodies.
Each monoclonal antibody or set of polyclonatilzodies may behavdifferently in
response to changes in buffer composition, GNP conjugation conditions and nitrocellulose
membrane etc. Importantly, TCA reader allows quantitative analysis of GNP distribution
within individual LFA, which can provide vadible information ohow those SB and NSB

change under different assay configurations.

Optimizing LOD of p24 TCA LFA

To maximize the performance of TCA LFAs, we studied important parameters including
laser power, GNP size and shape, and laser waveld®ggiarding various 8P size and
shape, we found in our previous work that two orders of magnitude LOD enhancement in
LFA can be achieved by replacing visual color intensity detection of traditional 30 nm
spheres with TCA reader detection of 100 nm sphiérsvas later confirmed by other
studies that larger size GNPs can indeed improve the detection limit inLEAS?In
addition, we reported that further increasgmd nanospheres size above 100 nm could
lead to settling due to the heavy mass of the gold nanospheres, therefore dimineshing th
benefits of larger sizes beyond 100 th&old nanoshells with silica core carduee the
nanoparticle weight while maintaining the large size for better optical properties and higher
antibody load for superidsinding. This is due to the lighter density of silica (i.e., 2.65
g/ cm3) compared to gol d ( toldshelPlayeycachagined wh e r e

into the NIR range (i.e., 7802500 nm). This will reduce the laser absorption from the
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nitrocellulose membrane and LFA backing when a NIR laser is used for the TCA reader.
Here we selected 150 nm gold nanoshells with sticca together with 30 nm and 100 nm
gold nanospheres for comparison of LOD in the p24 TCA LFAs. Optimal nitrocellulose
membrane locking buffer and running buffer formulations are indicated in Figi8e
Negative samples (i.e., running buffer without p&4ére first tested to establish the thermal
signal of negative controls. LFAs with 30 nm spheres, 100 nm spheres and 150 sm shell
were then tested with-@ld serial dilution of p24 first using running buffer. The images

of these LFAs with labelled p24ncentration are shown in FiguBst ac. The visual
detection limits are: 250 pg/ml, 62 pg/ml and 62 pg/ml for 30 nm sphereaniBpheres

and 150 nm shells respectively.

Next, we explored whether increasing laser power can further improve the LlO®reat
generation by GNPs is proportional to laser pott@ifferent laser power including 30

mW, 100 mW and 200 mW were useditradiate the 100 nm sphere LFAs with various

p24 concentrations from 0 to 32 pg/ml. To determine the LOD, we chose k=8 ith E
meaning that the LOD sample will be above the averaged thermal signal of negative sample
plus 3 times its standard deviatigks laser power increased from 30 mW to 100 mW, the
LOD reduced from 16 pg/ml to 8 pg/ml yet remained at 8 pg/ml whendbepawer was
doubled to 200 mW (Figure 3.4g). This result indicates that turning up the laser power can
improve the LOD to a cain extent, but the limiting factor for improved p24 LOD is the
lack of specifically bound GNPs at the test line that can ibenduished from non

specifically bound GNPs (i.e., negative samples) using TCA. Additionally, we investigated
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the effect of lasewavelength on the enhanced performance of TCA LFAs. Specifically,
with laser power set to 100 mW, 532 nm and 800 nm laser wged separately for 30 nm
spheres, 100 nm spheres and 150 nm sliellmsed TCA LFAs. Indeed, the LOD
enhancement (i.e., compalto visual detection) reached maximum when laser wavelength
matched with the GNP spectrum peak. For example, 532 nm |as3 fon and 100 nm
spheres, 800 nm laser for 150 nm shells (Table 3.S2). Moreover, we performed p24 testing
with 30 nm spheres ugj suboptimal buffer selections suggested by traditional methods
(i.e., naked eyes). For example, based on the color interigést and control lines shown

in Figure 3.3b, membrane blocking buffer 1 (i.e., 10 mM PB +0.1% BSA) and running
buffer 1 (60 nM Tris +0.5% BSA) showed strong control lines and negligible test lines. In
this case, we demonstratedodd lower thermal L@ can be achieved with optimal buffer
selection (i.e., membrane blocking buffer 2 and running buffer 3) using BR as the figure
of merit (Figure 3.S1). This demonstrated that our new strategy of BR optimization can
simplify the LFA development process antbyide better ultimate LFA performance

(Table 3.S1).

For the comparison of various GNPs, the laser power was set to 100 m\ésilihe were
plotted in Figure 3.4 for three different GNPs. The thermal LODs are 32 pg/ml, 8 pg/ml
and 16 pg/ml for 30 nrmepheres, 100 nm spheres and 150 nm shells respectively (Figure
3.4h). In particular, the TCA reader demonstrated quantitatioB4fith all GNP types.

If one were able to continue to increase the GNP size without settling, one may expect the
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Figure 3.4 Ultra-sensitive p24 detection with optimized LFA and TCA readerc)(a
Pictures of p24 LFAs testeslith 2-fold serial dilutions of p24 using 30 nm spheres, 100
nm spheres and 150 nm shells, with visual LODs 250 pg/ml, 62| @ydh62 pg/ml
respectively. The numbers indicated in the picture are the p24 concentration in pg/ml.
Visual and thermal LODs armarkedwith one star and two stars respectively-f)(d
Quantitation of p24 concentration in LFAs with TCA reader. The thel@als for 30 nm
spheres, 100 nm spheres and 150 nm shells LFAs are 32 pg/ml, 8 pg/ml and 16 pg/ml
respectively. (g) For LFAs withGD nm spheres, increasing TCA reader laser power from
30 mW to 100 mW improved LOD from 16 pg/ml to 8 pg/ml. Further incrgaksiser
power to 200 mW resulted in the same LOD as 100 mW laser power, revealing that NSB
dominates SB at low p24 concentrati¢ns., < 8 pg/ml) and increasing laser power fails

to detect the SB. p<0.05. (h) Summary of visual and thermal LODs of p24 wiA 30

1000

100
p24 concentration (pg/ml)

nm spheres, 100 nm spheres and 150 nm shells.
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improvement in LOD to continue. Nevertheless, this did not omttrthe 150 nm shells

as lower LOD occurred with the 100 nm spheres instead. Specifically, higher temperature
change (i.e., 1 °C) &g¢st line (after subtracting the background) in 150stm@ll LFA was
noticed compared to the 100 rsphere LFA (i.e., 0.5C), indicating increased NSB
between nanoshell conjugates and test line antibodies (RBgumf). In all cases, we
showed that th SB/NSB ratio plays a determining role in detecting the lowest possible
analyte concentration using TCA LFAs. To demonstrthe practical usage of our
ultrasensitive p24 TCA LFA, we spiked p24 protein into human serum and performed the
dilution test usig 100 nm sphere TCA LFAs and 100 mW 532 nm laser. We confirmed
the thermal LOD remained unchanged compared to spiked btuBgyg/ml, indicating our

TCA LFAs performed well in complex biological environment (FigBi®2).

3.4 Materials and methods

Materials and reagents

For synthesis of 30 nm and 100 nm gold nanospheres, sodium citrate tribasic dihydrate,
hydrogen tetrachloaurate (HAuCl4), and hydroquinone were purchased from Sigma. 150
nm carboxyl gold nanoshells with silica core was purchased fraoQwmnposix. For LFA
fabrication, CN 95 nitrocellulose membrane was obtained from Sartorius. The sample pad,
conjugate padral wicking pad were purchased from GE healthcare. Mouse monoclonal
antibody (mAb) against p24 (referred to as 1E5) was developedi@ TPolyclonal

rabbit antip24 antibody was commercially produced @wpnthesis Inc, TX) and purified
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before use by affity chromatography. Recombinant p24 was purchased from Fitzgerald

Industries International, MA.

GNP synthesis and conjugation

To gynthesize monodispersed 30 and 100 nm GNPs, seed mediated growth methods were
used’® Briefly, 15 nm GNP seeds were first syntizesi by adding 1 ml of 3% (w/v)
sodium citrate to 100 ml boiling 0.25 mM HAuQinder vigorous stirring. The 30 and 100

nm GNPs were then synthesized by mixing the sodium citrate, HALEInm seeds
followed by adding hydroquinone for the reduction oficogold. After synthesis, GNPs

were characterized by UVisible spectroscopy (Synergy HT, BioTek), and transmission

electron microscopy (TEM, Tecnai G2).

Passive absorption of 1IE5 mAb to 30 and 100 nm GNPs was performed. Specifically, to
obtain the optimlaconjugation, various volume of 0.2 MxOz was added to 1 ml as
synthesized GNP solutions. Then various amount of 1E5 mAb was added to the mixture.
The solution was vortexed and incubated at 4°C for 2 hours. The free GNP surfaces were
blocked with 1% BSAor 0.5 hour at 4°C. The mixture was washed through centrifugation
for 20 min at 3000 and 400 g for 30 and 100 nm GNPs respectively to remove the unbound
proteins and suspended in 10mM phosphate buffer with 0.5% BSA and 3% sucrose. 1E5
antibodies were caently linked to 150 nm GNS through EDC/SulftHS chemistry

following protocols provided by nanoComposix.
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TCA LFA fabrication and optimization

Polyclonal rabbit antp24 antibodies (2 mg/ml) and recombinant p24 ((@0ml) were

striped onto nitrocellules membrane as test line and control line respectively. The
membrane was then blocked with different recipes of blocking buffer consisting of
phosphate buffer and BSA. The conjugate pad, membrane and absorbent pad were
assembled onto a polyester adhesiwking, allowing 1~2 mm overlap between adjacent
components. The assembly was cut into 3 mm width individual strips using a Kinematic
2360 programmable shearer (Kinematic Automation, Twain Harte, CAuULLQAES
conjugated GNPs were applied onto the conpipgatl. Different running buffers composed

of Tris, BSA and Triton at various concentrations and pH were test for optimal SB/NSB

ratio (Figure 3).

Thermal contrast reading

A TCA reader reported previously was used to collect temperature signal of thepeevel
LFAs to guide the assay optimization effdfigirst, the tested LFA was placed on the 3D
printed holder and inserted into the T@&ader. Then the reading area, for example, the
location of the area of interest, was typed in the software. With the positions of the laser
and IR camera fixed, the stepper motor moved the holder (i.e., the LFA) forward for next
reading after the tempedtae signal at the previous location was captured by the IR camera.
To collect the thermal signals of test line, we set the TCA measurement length to be 2.5
mm including the test line (~ 1 mm) and adjacent background area (~ 1.5 mm) across the

center lineof the LFA. The distance between reading spots is 0.125 mm (F3a
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Thermal signals of control lines were obtained in the same manner. The laser power can
be adjusted from 10 mW to 500 mW. Finally, the temperature rise at different locations on
the membrane was plotted. The thermal signals at test line and/or control line were
analyzed in a twstep manner: the background temperature change was first averaged and
then subtracted from thevemaged test line (or control line) temperature change (Figure
3.3a). To investigate the impact of laser wavelength used in TCA reader for different GNP
types, we compared the LOD enhancement (i.e., thermal vs visual) when different laser
wavelength (532 nm or 800 nm) was used for various GNPs (30 nm gold sphenmas, 100

gold spheres, or 150 nm gedilica shell).

p24 dilution test and LOD determination

100 uL 2-fold serial dilution of p24 spiked into running buffer was tested with optimized
LFA designs with 30 nm, 100 nm spheres and 150 nm shells respectivelyfifie tte
detection limits for thermal contrast reading, we tested 3 negative samples to establish the
baseline and performed 3 replicates for each positive sample. The detection limit of the
thermal analysis was defined according to the IUPAC method &swhet concentration

tested whose thermal signgb f satisfies the following relation:
P P+ ARs Eq. 1

whered¥ is the mean of the native sample signal,s is the standard deviation of the
negative sample signalis the numerical factor in accordance with the confidence level

(i.e. k = 3 for 95% confidence intervdh’3
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In addition, p24 protein was spiked into human serum and tested with TCA LFA using 100

nm gold spheres and 100 mW 532 nm laser.

3.5Supplementary Materials: additional results

Table 3.3 Methods to improve LODf LFAsS

Detection Optimized
Strategies label Extra steps? BR Ref
(SB/NSB) @
Silver enhancement GNP b Yes, silver staining no 1,2
SERS © GNP Yes, Raman signal no 3.4
collection
Enzymt.e catglytic GNP-HRP ¢ Yes, e.nzyn.'natic o 5
amplification amplification
Fluorescent Fluorescent Yes, fluorescent o 6
enhancement dye imaging
Platinum nanocatalyst Yes, oxidation of
e
amplification PINC CN/DAB substrate f no 7
tum dot Yes, UV-phot t
Quantum do Quantum dot es, i P .0 ometer no 8
enhancement imaging
Magnetic signal Magnetic Yes, magnetic signal o 9
enhancement particles reader
SB/NSB rati Vari GNP
ratio arious Yes, TCA reader Yes This work

optimization and TCA ¢

size and shape
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a. SB: specific binding; NSB: nespecific binding

b. GNP: gold nanopatrticle

c. SERS: surfacenhanced Raman scattering

d. HRP: horseradish peroxidase

e. PtNC: porous platinuoreshell nanocilysts

f. CN/DAB: (4-chloro1-n a p h t hdmmihoBenZdMg, tetrahydrochloride)

g. TCA: thermal contrast amplification

Table 3.2 LOD enhancement using TCA reader with different laser wavelength for
various GNP size anshape *

532 nm laser ** 800 nm laser
30 nm gold spheres 8-fold 2-fold
100 nm gold spheres 8-fold 2-fold
150 nm golesilica shell 2-fold 4-fold

* the LOD enhancement was compared to visual detectiotiola Berial dilution ofp24

was performed.

** the power of both 532 nm and 800 nm laser was set to 100 mW for this comparison.
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Figure 3.3. 4-fold improvement in thermal LOD can be achieved by using recipes with
optimized BR(i.e., membrane blocking buffer 2 and runningffer 3 in Figure3.3)
compared to recipes (i.e., membrane blocking buffer 1 and running buffer 3 in B§jure
selected using traditional methods such as naked eyes. LODs were indicated by the arrows.
In these tests 30 nm spheres were used in TCA LiFAdiated by 100 mW 532 nm laser.
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