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ABSTRACT

This disscrtation explores the use of free liquid jets for high speed immunoassays.
Fluorcscence and surlace-cnhanced Raman scaticring (SERS) arc employed for recadout. A
frec liquid jet was first used to speed incubations in an agsay for rabbit 1gG with
fluorcscently-tagged anti-rabbit I1gG as label. Theoretical underpinnings of this method are
put forward to explain the basis for the dramatic reductions in sample and label incubation
times through comparisons in surface accumulation. Immunoassay incubation by free liquid
jet was extended to detect a simulant for biowarfare agents with SERS detection. The
theoretical model of accumulation via quiet solution and free liquid jets is extended to
account for the observations in sample capture and labeling efficicncy therein. The SERS-
based immunoassay with free liquid jet for sample delivery was also applied to detect porcine
parvovirus (PPV), an analyte with larger size than those previously used. The successful
capture of PPV through jet incubation led to a study of SERS label size and its effect on
labeling by jet. Finally, extremely sensitive detection of pathogenic bacteria, E. coli
O157:H7, was demonstrated by free liquid jel. The low levels of dztection achieved in this
assay were attributed to an enhancement mechanism in the way of detection of protein shed
{rom the cells. This was supported by scanning electron microscopy (SEM), used to image

the immunoassay substrate surface.




CHAPTER 1: GENERAL INTRODUCTION

Dissertation Organization

The widespread use ol immunoassays for analyte detection in clinical and
environmental scttings fucls ongoing rescarch to develop sensitive, specilic, rapid, low cost,
and high throughput methods. One scrious limitation of heterogencous assays is the long
incubation times often required. This dissertation secks to overcome this challenge via the
investigation of free liquid jets as a new strategy for sample and label delivery.

This dissertation is organized into [ive sections. The first chapter gives an overview
of immunoassay methods and readout schemes. It also includes a discussion of mass
trangport limitations and the resulting long analysis times, and techniques developed to
overcome this limitation. Four original rescarch chapters follow the introduction, each a
separate manuscript Lo be submitled for publication.

Chapter 2 presents results ol our first exploration of frec liquid jet incubation in a
sandwich immunoassay for rabbit IgG with fluorescence detection. This chapter includes the
investigation of parameters affecting delivery of the antigen [gG and the fluorescently-tagged
anti-1gG label, as well as a comparison to an assay cmploying quiet solution exposures of
antigen and label.

Chapters 3-5 extend the use of free liquid jets in immunoassays to the detection of a
biowarfare agent simulant and viral and bacterial pathogens, respectively. The work in
Chapter 3 also replaces fluorescence readout with surface-enhanced Raman scatlering
(SERS) and assesses an alternative means to speeding incubation times for SERS-based gold

nanoparticle labcls.
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Chapter 4 describes an assay [or porcine parvovirus (PPV) with [ree liguid jet
incubation and SERS readout. An examination of the effcct of size on antigen capture and
labeling is also presented. Several sizes of gold nanoparticles were used to construct SERS-
based labels, and labeling of captured 1gG protein by jet was conducted.

Chapter 5 reports on the detection of K. coli with a comparison between incubation
employing quict solution and [ree liquid jets. Evidence is presented for an enhancement
mecchanism in the form of detection of protein shed from the bacteria, which enables
cxtremely low levels of detection.

A final chapter gives a summary of the work presented herein.

Literature Review

Immunoassay Overview.

Immunoassays, and more generally, biosensors, are used to detect the presence and/or
determinc the quantity or activily of analytes in a wide range of scttings. Hospitals,
wastewater treatment plants, and even patients at home routincly usc bioscnsors Lo make
thesc analytical measurments.' An ideal bioscnsor would incorporate such characteristics as
sclectivity, sensitivity, low cost, rapidity, and high throughput and would be easy to use
and/or automated. Since the carliest reports on biosensors? and immunoassays3 were made,
an extremely vast array of biosensors has been developed. While the existing technologies
cach have their strengths and weaknesses, it should be recognized that few analyte detcction

schemes effectively integrates all of the aforementioned attributes.




(98]

Immunoassays arc bioscnsors that rely on the specific interaction of an antibody and
its target antigen. Antibodics arc immunoglobulin (Ig) proteins made up of heavy and light
polypeptide chaing with molecular weights of ~53 kDa and ~22.5 kDa, respectivel y." % The
number of heavy and light chains divides the molecules into subclasses, and [gG, with two
heavy and two light chains, are used throughout «he research presented in subsequent
chapters. The sequence of the first 110 residues (counting from the amino terminus of the
chain) of each IgG molecule is referred to as the variable region, and it is this region which
conlers specificity for a target antigen.* The antigen-antibody “bond” is made up of
clectrostatic, hydrogen, hydrophobic, and Van der Waals interactions. Long range forces
such as hydrogen bonds and clectrostatic interactions contribute to the rate of complexation
at the points of contact, while the short range forces impart bond strength that reduces
dissociation. Dissociation constants for antibody-antigen binding are typicaily greater than
107 M.

Immunoassays configurations can be broadly divided into two classes: competitive
and noncompetitive. As illustrated in Figure 1 A, competitive assays expose analyte along
with labeled analyte as a tracer. Analyte and tracer compete for a limited number of antibody
binding sites on the solid phase substrate. After washing the solid phase to remove unbound
analyte and tracer, the signal from the tracer is measured, which is inversely proportional to
analyte concentration. Variations on this theme include using an immobilized analyte to bind
a labeled antibody that has not complexed with analyte in the sample, and employing a solid
phase coated with anti-immunoglobulin to capture the specific antibody, bound to either free

analyte or labeled analyte (lracer).
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Figure 1. Schemalic of (A) competitive and (B) noncompetitive immunoassays.

Noncompeltitive (sandwich) assays (Figure 1B), use an antibody-coated substrate,
which specifically captures analyle from the sample. Alter incubation and washing away the
unbound analyte, labeled delection antibodies are introduced and complexed to captured
analyle. The measured signal is proportional to the amount of analyte in the sample. While
competitive assays have fewer steps and thus, are potentially faster than noncompetitive
methods, the latter offers better specificity as it 1s unlikely that non-target entities will be
both captured and labelcd.

Similar general steps are employed in both types of assays. After immobilization of
antibodies, typically by adsorption or covalent means, the remaining substrate surface is
usually blocked by a solution containing proteins and/or detergents. This step limits
nonspecific binding of analyte, label, ana potential interfering species. The substrate is then

exposed to sample for target analyte, or analyte and tracer, extraction in noncompetitive and
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competitive assays, respectively. For sandwich assays, the final step exposces label to the
captured analyte. Rinsing is performed following cach step to remove remaining reactant,

Limitations to the usc of antibodics ay recognition clements in immunoassays include
the loss biological activity upon surface immobilization.® Due to this, and the possibility that
a portion of the antibodics arce tethered Lo the surface in such a way that the antigen binding
sites are unavailable, ~23% of surface-bound antibodies bind antigen from sample solution.’
Also, the use of animals or production creates difficulty in developing antibodies against
non-immunogenic .spu:ius.8 Onc way to overcome these challenges is through the usc of
aptamers, which arc artificial nucleic acid sequences generated against analyte molecules. In
Aptamers are isolated from libraries of multiple sequences by a technique of repeated cycles
of adsorption, recovery, and amplification termed SELEX (systematic cvolution of ligands
by exponential enrichment). Aptamers, like antibodies, have high specilicity and aflfinity, but
offer several advantages over the lalter. First, the usc of animal production is eliminated and
thus, aptamers against any type of molecule can potentially be developed. Moreover,
aptamers can be synthesized with less variability than is somctimes obscrved from batch to
batch in antibodics. Second, some antibodics can recognize targets only under physiological
conditions, whereas aptamers can be selected under less restrictive conditions to offer more
flexibility.®

Whether employing aptamers o1 antibodies, competitive or noncompetitive methods,
immunoassays rely on a wide varicty of readout methods. Long standing techniques include
fluorescence, chemiluminescence, colorimetry, and clectrometry.” Some of the more recently

9-12

reported developments in readout include the use of quantum dots (QDs),” “ surface plasmon

13-16 17-19

resonance (SPR), ", giant magenctoresistance (GMR), and surface-enhanced Raman
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. . AR , .
scattering (SERS).2? SERS-based readout has been employed in our laboratory for the
detection of 1gG proteins, prostate specific antigen (PSA), and viral and bacterial

224,20, 30,
pathogens.? 24,20, 30

3 The theoretical origins of SERS are outlincd below,
Surface-Enhanced Raman Scattering and SERS-based assays.

When light is incident on a molecule, scattering can occur. Most photons are scattered
with no change in energy and this inelastic process is Rayleigh scattering, However, clastic
scattering can occur when an incident photon cxcites an clectron into a virtual state. [f the
electron relaxes to an clectronic state with different ecnergy from the original state, the gain or
loss in energy results in Stokes and anti-Stokes scattering, respectively, with shifted
frequency from that of the incident photon.” The cvolution of Stokes and anti-Stokes lincs is

depicted in Figure 2.

Lowest excited .
clectronic state Raylcigh Raman Raman Spectrum
scattering scatlering Rayicigh
E=hv E=hv + AE linc
g - ——————— - -
Virtual States  _ _ _F _ _ _______ I B
‘@
5 | Stokes
E linc :
Vey = ! Anti-Stokes
line
Ground
electronic | v . Vor Vo Voo VetV
state 0 : X ban- vy Frequency

Figure 2. Photon origin of Raman scattering.

Raman scattering is an inherently weak process because, as mentioned above, most

incident light is scattered inelastically. However, Fleis man and coworkess achieved Raman




intensities higher than thosc expected for pyridine adsorbed on silver electrodes,™ and later
Jeanmaire and Van Duync—:34 and Albrecht and Creighton35 independently showed that the
observation was not due increasing the number of adsorbates on the surface of the
intentionally roughened electrodes. Jeanmaire and Van Duyne proposed t... ¢ an increase in
the electromagnetic field at the surface led to the enhancement.™ While still debated today,
electromagsuetic enhancement is generally recognized as the major contributor to SERS,
accounting for enhancements on the order of 10” to 10°,*® Light incident on rough metal
surfaces or small metal particles can generate a surface plasmon by exciting electrons in the
conduction baud. The particle ¢ roughness feature becomes polarized and the
electromagnetic field experienced by nearby molecules is much greater than that of the
applied field. The magnitude of enhancement depends on the size and shape of the particle or
feature and the incident wavelen gt11.36 A smaller contribution arises from charge transfer

between the metal and adsorbate, resulting in 10- to 100-fold enhancements.”® >3

SERS-based Immunoassay Detection.

SERS was incorporated into readout for immunoassays in our laboratory by the
development of a sandwich assay employing gold nanoparticle-based labels, illustrated in
Figure 3. This extrinsic Raman labcel, or ERL, consists of a gold nanoparticle, coated with a
Raman reporter molecule (RRM). The RRM frequently used in our work is derived from

5,5’-dithiobis(succinimidyl-2-nitrobenzoate) (DSNB), shown in Figure 4.




O,N
N-Q ==
Yaw,
S
\
S
O 0o
O—-N
NO,
Figure 4. DSNB. °

The DSNB-based adlayer provides strong Raman signals from its symmetric nitro
stretch (v(NO,)). It also chemisorbs to the gold nanoparticles via cleavage of the disulfide
linkage and furthermore, covalently immobilizes antibodies via succinimidyl ester chemistry.
Antibodies are immobilized on capture substrates through a similar reaction with the
succinimidyl ester of a dithiobis(succinimidyl propionate) (DSP)-based monolayer on gold-

coated glass slides. As described above, analyte and ERLs are exposed to the assay substrate




in successive steps and SERS readout is performed to quantify the concentration of analyte
contained in the samplc.

A sample spectrum, collected from an assay substrate with captured 1gG labeled by
DSNB-modified ERLs is given in Figure 5. Evident in the spectrum are characteristic
fecatures denoting the presence of DSNB. The most prominent of these is the v,(NO») at 1336
cm™. Other features include a nitro scissoring band at ~850 cm™, an aromatic ring mode at
1556 cm™, and the band at 1079 cm", attributed to the overlap of an N-C-O stretch with an
aromatic ring modec.”* The intensity of the v,(NO,) is proportional to the cxtent of ERL
labeling, and therefore captured analyte. The intensity is measured from pcak to base and is

plotted against analyte concentration to give a dose-response curve.

5000 cts/s

SERS Intensity (cts/s)

T T

400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm-1)
Figure 5. Representative SERS spectrum from 60-nm DSNB-based ERLs.

Overcoming long incubation times.
Immunoassays that rely on the diffusion-based delivery of analyte and label to a solid

substrate often require long incubation times.> *0 This is exacerbated by the small diffusion




10

w o o 2 ‘ ' s '
coefficients (e.g.. 10”7 em?/s) of large analytes such as proteins, virus, and bacteria. Becausc

antibody-antigen binding is often mass-transfer limited,*'*

several approaches to overcome
this limitation have been investigated.
The use of electric fields to drive charged species to substrates in microfluidic

547 or on electronic chips™ has resulted in total assay times of several minutes, but

systems”
these methods must adjust for the differences in the charge and size of analytes and labels.
Elevations in temperatures can increase diffusion coefficients and induce convection through
thermal gradients, thereby shortening assay times.*® "% However, this method can lead to
decreases in binding constants, which may reduce sensitivity.

Another approach, developed in our laboratory,™ > is based on rotating disk
electrodes used in electrochemistry. Substrates are rotated in sample and label solutions,

setting up an immobile layer of solution, or diffusion layer, at the surface. Analyte and label

must diffuse through this layer to bind to their targets on the substrate.

m|
g Rotating
T — ] <—
— Capture Disk

T Teflon

./ 0
4— Direction of
o Solution Flow

Y anti-analyte antibody
¢ analyte

Figure 6. Capture substrate rotation for immunoassays (from reference 51).
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The implementation of a rotated substrate is depicted in Figure 6. The successful
incorporation of this technique in an assay for PPV with atomic force microscopy (AFM)
readout resulted in a reduction in incubation time from 12 h to 10 min, with a 10-fold
improvement in limit of detection when compared to an assay relying on diffusional mass

transport.

Free liquid jets.

The work herein explores the use of free liquid jets for analyte and label delivery in a
sandwich immunoassay. The term free liquid jet refers to a stream of liquid traveling through
ambient gas. Free liquid jets were developed as a strategy to cool electronic devices. In 1986,
a workshop was sponsored by the National Science Foundation o assess the need for
improved techniques to meet increasing electronic cooling needs.”” It was recognized that the
trend in miniaturization of devices resulted in increased levels of power dissipation. Liquid
jets are an attractive means to address this issue as large heat fluxes can be removed.” Since
this time, liquid jets have also been employed for cooling of lasers and in metals and plastics
manufacturing.> >

When a jet impinges on a surface, a thin hydrodynamic boundary layer is formed. A
free liquid jet and the resulting boundary layer are shown in Figure 7. The thickness of the
diffusion layer depends on the thickness of the hydrodynamic layer created by the impinging
jet.> In this way, diffusion layer thicknesses can be greatly decreased, increasing mass
transport of species to the surface impinged by the jet. Submerged jets, directed through
liquid, have been used to increase reactant mass transport in heterogeneous electron-transfer

reactions.”™’




M~
b
! ]
' !
__.__\\-_._—
D,
[/
alr
..__Fl’ee
> Surface
—1177 kD
il I
/ %li, K M
............ 8;1-;&-----
- )
Tafget/ :
Stagnation |
Boundary
layer region

Figure 7. Schematic of a free liquid jet (from reference 52).

However, to the best of our knowledge, this dissertation describes the first use of jets
for decreasing immunoassay incubation times by enhancing mass transport. This thesis
reports on the detection of several classes of analytes: proteins, virus, and bacteria, via
sample delivery with free liquid jet. Also, a theoretical basis for the ability to employ such

rapid incubations is presented.
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Abstract

Long incubation times are often an impediment to the application of heterogeneous
immunoassays in disease profiling and biowarfare agent detection. Thi situation is usually a
consequence of the slow, diffusion-based delivery of antigen to the capture solid phase, and
is magnified further by the need for a labeling step in the case of sandwich assays. The work
reported herein sought to enhance the flux of both antigen and label to the capture surface by
use of a free liquid jet, thereby reducing assay time. To this end, the impact of the conditions

for jet operation (e.g., sample volume, flow rate, and label concentration) were examined
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with respect to the rapid delivery of antigen and label. Thesc tests employed rabbit [gG as the
lest antigen, immobilized goat anti-rabbit 1gG in the formation of the capture substrate, and
CyS-tagged goat anti-rabbit IgG as a fluorcscent label. Based on these findings, comparison
of performance (e.g., limit of detection (LOD)) was then made between assays carried out in
stagnant solution (20.0-pL sample and label volumes and 24-h total incubation time) and
those conducted with a free liquid jet (500-pu L sample and label volumes and 6-s total
incubation time) via a sandwich-lype heterogeneous assay. The results showed that while
using a 25-times larger sample volume, the overall assay time was decrcased by more than
14,000 times with no loss in LOD. The potential to widely apply this technique for the
creation of near “real time” immunoassays is briefly discussed, along with a qualitative

modeling assessment in how the two approaches differ in the rate of reactant delivery.

Introduction

Techniques such as enzyme-linked immunosorbent assays (ELISA), fluorescence
immunoassays (FIA), and DNA arrays play increasingly important rolcs in the diagnosis of
human and animal disease and the detection of biowarfare agents. 6 Examples of recent
devclopments include advancements in throughput, easc-of-use, and limits of detection,7'14
along with a growing focus on miniaturization'> and simultaneous multianalyte
detection.?' > However, the lengthy incubarion times often associated with hetcrogeneous
immunoassays remains a long-standing challenge, especially in instances that demand bot
rapid sample turnaround and low limits of detection.

Heterogeneous assays involve the delivery of antigen to a capture substrate, and in the

case of sandwich immunoassays, the capture step is followed by a labeling step. Both steps
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arc frequently carried out in quict solution through which both antigen and label are delivered
by diffusional mass transfcr. However, the large sizes of biological targets (c.g., proteins,
viruses, and bacteria) translates to small diffusion coclTicients (e.g., 107 cmz/s), and, as a
conscquence, potentially lengthy incubation times. The development of methodologics to
reduce incubation times without degradution in other analytical figures of merit (e.g.,
sensitivity and limit of detection) arc therefore of fundamental and technological importance.

o - 26+
As detailed in carlier reports, 6-30

onc pathway to lowering incubation times ariscs
{rom the fact that the ratc of antigen-antibody binding is generally limited by mass transport
rather than protein-prolein recognition, i.c., binding kinetics. For this rcason, a wide range of
strategics have been examined as approachcs to increase the delivery (i.c., flux) of the
antigen or label to the capture substratc and, thus, dccrease incubation times.”"™ These
techniques include the use of electric ficlds to enhance the transport of charged antigens
and/or labels, and the application of magnetic [ields to drive the movement of
superparamagnctic labels. Approaches relying on clevations in temperature and rotation of
the capture substrate, both of which result in increases in flux of antigen and/or labels, have
also been reported.

The usc of electric fields has resulted in total assay times of several minutes, and has

3 or active clectronic chips33 in order to

. . . ‘g 2
been implemented with microfluidic systems™>
precisely deliver and localize antigens and/or labels at a given address. These methods,
nonetheless, must be adjusted to account for differences in the charge and size of the target.
Magnetic labels and substrates have also been employed to lower times to a few

- 34,38, 39 ' . . : SN el
minutes. Other techniques to shorten assay times, such as elevations in temperature

3437 and fluidic confinement of 1eagents to small volumes,” have been reported. Elcvated




temperatures, though, may Iead to decreased sensitivity because the dissociation rate of the
antigen-antibody complex often undergoes a larger increase with temperature than the
corresponding association rate, resulting in a decrease in the binding constant.’’ Microfluidic
systems have a propensity for clogging, cspecially in the analysis of complex sample media.
Our laboratory has recently described an assay format that utilized capture substrate rotation
as a means o achieve incubation times of ~25 min, whilc also lowering the LOD with
respect Lo assays that were carricd out in quiet solution and required ~24 h of total incubation
time,»?

[n building on our work, this paper describes a novel method to decrease the overall
incubation time for hetcrogencous immunoassays by application of a frec liquid jet to both
analyte and label delivery. Free liquid jets have been used for cooling in metal and plastics
manufacturing, lascrs, and elcctronic cquipmcnl.‘m“42 Liquid jets have also found important
applications in clectrochemistry in which a wall-jet electrode is employed to increase reactant
mass transport in, for example, studies of heterogeneous electron-transfer reactions B e
wall-jet is, however, conceptually differcnt from the free liquid jet. The frec liquid jet drives
a stream of fluid through air, whereas that frorn a wall-jet is dirccted through a stagnant
liquid. To our knowledge, this work represents the first cxtension of free liquid jets to
heterogeneous immunoassays for the explicit purpose of decreasing incubation times by
increasing the flux of the antigen and/or label to the surface of a captlure substrate.

We show herein that a free liquid jet is easily adapted to heterogeneous
immunoassays, can dramatically reduce the time required for sample and label incubation,
and has the potential to simultancously lower limits of detection. The following scctions

support these claims by using a sandwich immunoassay for rabbit IgG and Cy5-tagged goat
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anti-rabbit IgG as a fluorescence label. We therzfore examined the effect of a variety of
experimental parameters (e.g., sample volume, fluid flow rate, and label concentration) on
the speed and detection limits for the assay. We also performed a direct comparison to an
assay with stagnant capture and labeling incubations, and carried out a qualitative modeling
assessment on how the two approaches differ in the rate of reactant delivery. The potential to
widely apply this technique for the creation of near “real time” immunoassays is briefly

discussed.

Experimental Section

Reagents. Octadecanethiol (ODT), dithiobis(succinimidyl propionate) (DSP), and
phosphate buffered saline (PBS) packs (10 mM, pH 7.2) were acquired from Sigma.
SuperBlock and BupH Borate Buffer Packs (50 mM, pH 8.5) were obtained from Pierce. All
buffers were passed through a Steri-Cup GP Filter Unit (Millipore). Glass substrates were
cleaned with Contrad 70 (Decon Labs) prior to coating with chromium and gold.
Poly(dimethyl siloxane) (PDMS, Dow Corning) was used to prepare microcontact printing
stamps. Polyclonal goat anti-rabbit IgG antibody, polycional Cy5-labeled goat anti-rabbit
IgG, and whole molecule rabbit IgG were purchased from US Biological. Polyclonal goat
anti-rabbit IgG and polyclonal CyS-labeled goat anti-rabbit IgG were purified prior to receipt
by immunoaffinity chromatography, and received as 0.5 mg/mL solutions in PBS (pH 7.2);
both solutions contained 0.01% (w/v) sodium azide and 40% (v/v) glycerol; the Cy5-labeled
antibody solution also included 10 mg/mL bovine serum albumin (BSA). Whole molecule
rabbit IgG, 10 mg/mL in PBS (pH 7.2), was purified prior to receipt by Protein A affinity

chromatography. The as-received rabbit IgG was diluted with 10 mM PBS.
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Capture Substrate Preparation. Gold-coated glass slides served as the substrate for
assembling the capture surface. First, ~10 nm of chromium was resistively evaporated onto
glass squares (1 x 1 cm) at 0.1 nm/s using an Edwards 306A resistive evaporator, Next, ~300
nm of 99.9% pure gold was deposited at the same rate.

The gold-coated glass substrates were exposed for 20 s to an octadecanethiol (ODT)-
saturated PDMS stamp, with a 3-mm hele cut in its center.*** The substrates were then
rinsed with ethanol, dried under a stream of high purity nitrogen, and immersed in a 0.1 mM
ethanolic solution of dithiobis(succinimidyl propionate) (DSP) for 12 h. These steps created
an ODT-derived monolayer that acted as a hydrophobic barrier in order to localize reagents
on the DSP-coated portion of the substrate. The DSP-derived monolayer served as a coupling
agent for tethering the poiyclonal capture antibodies via the amide linkage that forms from
the reaction of its succinimidyl terminus with the primary amines of the protein. Next, 20.0
uL of goat anti-rabbit IgG, diluted to 100 pg/mL with 50 mM aqueous borate buffer (pH
8.5), was pipetted onto the substrate and allowed to react for 8-12 h in a humidity chamber at
room temperature. The substrate was next washed three times by brief immersions (~5 s) in 2
mL of 10 mM PBS to remove unreacted antibody. After rinsing, 20 uL. of SuperBlock buffer
was pipetted onto the capture surface to block any unreacted succinimidyl terminal groups.
After 12 h, the substrate was rinsed using the above procedure.

Protocol for Quiet Assay. For assays carried out in quiet solution, 20.0-tL aliquots
of varied concentrations of rabbit IgG, diluted in PBS, were exposed to separate capture
substrates for 8-12 h, as noted. Next, the substrates were rinsed by three imersions in 2 mL of

fresh 10 mM PBS. Finally, 20.0 pL of 10 pg/mL Cy5-labeled goat anti-rabbit IgG was
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pipetied onto each substrate. Following incubation, the rinsing procedure described above
was repeated.

Protocol for Jet Assay. For assays conducted with free liquid jeu delivery, rabbit IgG
solutions in PBS were delivered by a syringe pump. The same procedure was used for
exposure to Cy5-labeled goat anti-rabbit IgG. The above rinsing protocol was cmployed after
both the antigen dclivery and labeling steps.

For delivery of the antigen and label, a 3-mm distance between the jet nozzle and
capture surface was used. The jet nozzle was defined by 0.5-mm internal diameter PEEK
tubing (Upchurch Scientific) that was attached 1o the end of a syringe by standard fluidic
adapters. As depicted in Scheme 1 (not to scale), the jet was directed normal to the substrate
surface (arrows indicate flow in radial direction). The flow was driven by a PHD2000
Programmable syringe pump from Harvard Apparatus.

Instrumentation. Fluorescence images were collected with a Nikon Eclipse TE200
inverted microscope mounted on a Prairie Technologies epifluorescent system, which
consisted of a UNIBLITZ shutter, a mercury lamp with a Prairie Technologies filter wheel,
and a Hamamatsu C4742-95 CCD camera (6.7 x 6.7 pm pixels in a 1280 x 1024 pixel
format). An XF110-2 filter cube set from Omega Optical was used to match the fluorescence
wavelength of the Cy5-labeled antibody. Each sample was imaged at three different locations
with 1-s exposures or less. Image analysis was accomplished with MetaMorph Version 6.3
software (Universal Imaging Corporation). The average intensity per pixel was measured
from each image and the overall average from all pixels is reported. After correction for
hackground, measured from a gold-coated slide, all fluorescence intensities were normalized

to 1 s and are reported with arbitrary units (AU).




Results and Discussion

Preliminary Findings. (a). Development of quiet solution assay. A sandwich-typc
immunoassay [or rabbit 1gG that used quiet solution cxposurcs of both antigen and tabel
antibody was performed Lo serve as a basis of comparison to thosc carricd out with delivery
of antigen and label by free liquid jet. In past work, we typically conducted protein assays
with 8-12 h incubation times for the antigen capture step and 12-16 h for the antigen labeling
step.”‘ 93! However, the latter step employed labels based on 30-60 nm gold particles. Since
the nanoparticles arc much larger in size than the CyS-tagged antibodies, a study was carried
out to ascertain the appropriate label incubation time for a quict assay, i.e., an assay relying
on diffusion for the mass transport delivery of the fluorescently-tagged tracer antibody.
These tests therefore entailed a stagnant, 8-h cxposure to either 20.0 uL of a 1000 ng/mL
solution of rabbit IgG or 20.0 uL of a blank solution (i.e., 10 mM PBS). These samples weie
then incubated for varying times (4, 6, 8, and 12 h) with 20.0 pL of 10 ug/mL of CyS-labeled
goat anti-rabbit IgG.

Figure | shows the fluorescence intensitics measured from cach experiment. In the
case of the incubations with the rabbit IgG solutions, the fluorescence signal increases with
increasing labeling time. Using 4 h as a referencc point, the signal increases in strength by
21, 125, and 210% with the 6-, 8-, and 12-h incubations, respectively. Moreover, the signal
evolution for the blank exposures also undergoes an increase with time. The increases in the
blank signals are 268, 329, and 483% for the 6-, 8-, and 12-h incubations with respect to that
performed in 4 h. These data signify that the labeling equilibrium has not been reached for

the 8-h incubation, and probably not at 12 h. While not fully optimized, all the comparative




25

stagnant solution experiments that ave detailed later will be carried out with an 8-h capture
step and a 12-h label step.

(b). Jet assay optimization. Scveral parameters were studied in an cffort to
determine the key operational conditions for the free liquid jet assay, including sample
volume, flow rate, and label concentration. First, the effect of flow rate on the amount of
antigen captured was examined. Flow rates of 10.0, 20.0, 30.0 and 40.0 mL/min were used to
deliver 10.0 mL of 1000 ng/mL. rabbit IgG, followed by labeling with 20.0 uL of Cy5-tagged
anti-rabbit IgG (10 pg/mL) in quiet solution for 12 h, There was, however, no statistical
difference between the measured signals and therefore in the amount of captured rabbit [gG
(results not shown). We attribute these findings to saturation of the capture surface. A
comparison of the capture surface area (7.07 x 102 nm?) to the footprint of a single 1gG
protein (78.5 nm?) indicates that the amount of IgG in each 10.0 mL sample is in huge excess
(~4000 fold) of that required to theoretically saturate the surface if we assume a 100%
capture efficiency. From these data, we opted to employ a flow rate of 10.0 mL/min in all
subsequent experiments.

Second, the effect of sample volume on the resulting fluorescence signal was
investigated. Volumes of 100, 500, 1000, and 2000 uL of rabbit IgG (1000 ng/mL) were
delivered by jet, followed by stagnant labeling with 20.0 puL of 10 pg/mL of the Cy5-tagged
antibody for 8 h. The results, given in Figure 2, indicate that the amount of labeling antibody,
and therefore captured rabbit IgG, approximates a linear increase with sample volume. We
therefore selected a sample volume of 500 pL for the subsequent investigations, which
represents a balance between signal strength and sample. However, the signal obtained using

a 100-uL sample is much higher (~30 times) than that expected from a blank (see data from
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Figurc 6, which shows that the intensity of the blank [rom the assay performed with free
liquid jet delivery of antigen and quict solution labeling was ~0.3 AU). These results
therefore point o the potential use of smaller sample volumes, albeil at the cxpense of the
LOD.

Next, the concentration of the CyS-tagged antibody was varicd to determine if a
solution morc dilute than the 10 pg/mL level used thus far could be employed. This
concentration, along with a serics of dilutions from 1 to 0.001 pg/mL, was investigated for
labeling the captured rabbit IgG with the jet. The substrates were first exposed to 20.0 uL.
samples of rabbit IgG (1000 ng/mL) via quict solution for 8 h, followed by labeling by the jet
delivery of 1.0 mL of Cy35 anti-rabbit 1gG of varicd concentration. The results arc shown in
Figure 3. As is cvident, there was virtually no detectable signal Irom the samples labeled at
the two lowesl concentrations of Cy5 anti-rabbit IgG. A relatively weak signal, slightly
greater than that expected from a blank sample collected under similar conditions (~0.06 AU,
sec Figure 6), was achicved from the sample labeled with the 0.1 pg/mL solution. The use of
I pg/mL CyS5 anti-rabbit [gG resulted in a much higher level of labeling, but becausc roughly
twice as much fluorescence was detected with the 10 pg/mL labeling solution, that
concentration was adopted for the following comparison studics.

Comparison of quiet and jet assays. With operational conditions selected, assays
for both types of delivery pathways were carried out for comparison. The quiet exposure
assay was completed with 12-h incubations for 20.0-uL volumes of both rabbit IgG and Cy5
anti-rabbit IgG, translating to an overall time of 24 h. The jet assay was performed with 500-

uL samples of rabbit IgG and CyS5 anti-rabbit IgG, both delivered at 10 mL/min, for a total




cxposure time of 6 8. The jet assay, while employing a sample volume 25 times that of the
quict assay, was therelore over 14,000 times faster than the stagnant assay.

The results for the quict and jet assays arc shown by the representative fluorescence
micrographs for cach assay in Figure 4 and the dose-response curves in Figure 5. The first
notable obscrvation is the difference in fluorescence intensitics for the two experiments. The
stagnant assays gencrally had much stronger signals than the jet assays. The intensity, for
example, of the quict assay for the 500 ng/mL sample of rabbit IgG is ~23 times that of the
jet assay. Additionally, the sensitivity (i.c., the change in intensity with respect to
concentration) of the quict assay is also greater than that of the jet assay for concentrations
ncar 3000 ng/mL. Furthermore, the blank for the quict assay is much stronger (~100 times)
than that for the jet assay. The result of the cxtremely low signal for the blank in the jet assay
is that the LOD is comparable to that of the jet assay. If LOD is defined by the concentration
that would yicld an intensity equal to the intensity of the blank plus three times the standard
deviation of the blank intensity, an analysis of the data for the quiet assay and the jet assay
yields LODs of 60 ng/mL (400 pM) and 50 ng/mL (330 pM), respectively, Thus, a free liquid
jet assay was performed with an increase in sample size of ~25, but with a dramatic decrcasc
in incubation time and no loss in detection limit.

How, then, do the two declivery mechanisms translate to the observed differences in
Figure 5?7 Two approaches werc taken to gain a qualitative perspective of the basis for the
differences, recognizing that the lower signal strength found for the jel assay ariscs could be
a conscquence of the antigen incubation step, the label incubation step, or a combination of
both steps. To determine the impact of each step, two sets of experiments were performed.

The first set used a quiet incubation for the capturc of rabbit IgG, but jet incubation for




lMuorescence labeling, The second sct reversed the conditions, with rabbit 1gG and CyS anti-
rabbit 1gG incubations performed with jet and quict delivery, respectively. Figure 6 plots the
results,

Ol the two experiments, the sct that applicd jet incubation to rabbit [gG capture and
quict incubation for labeling the captured IgG yiclded stronger signals at IgG concentrations
well above background levels. This result argues that jet incubation is more effective when
applicd to the antigen capture step than the labeling step.

We next applied models from the electrochemical arcna to gain qualitative insights
into differences in the rates of mass transfer, and thercfore, the accumulation of antigen and
label at the capture surface. In both models, we assume that: (1) the bulk concentration of
reaclant is invariant over the course of the experiment; (2) the rate of the reaction at the
surface of the capture substrate is mass transport limited; and (3) the surface concentration of
frec binding sites is not changed as a consequence of binding/labeling. Therefore, the
diffusion layer thickness in quict solution (dyiy,4) is given by:52

B =V 2DI ()
where D is the diffusion coelTicient of antigen or label in cm*s (D = 4.9 x 107 for 12G™),

and { is time in 8. Furthermore, the accumulated surface concentration of antigen or label

(particles/cm?) under quiet solution conditions, I’ ¢ can be expressed by Equation 2,8

A
r,= 2/1[2) 2)

T

wherc 1 is the bulk antigen or label concentration with units of, for cxample, particles/cm”.




A parallel treatment of the situation for the free liquid jet delivery of antigen and label
starts with a calculation of the thickness of the hydrodynamic layer, dygg, created by the jet at

the substrate surface. For a free liquid jct:s‘|

5. =204 2 ’ 3)
Ind T = Vv

'.
. v . . . . . . . ) 2 . .

and « is the radius of the jet, v is the kinematic viscosity (1.0 x 107 cm?/s), and V; is the jet

impingement velocity in em/s. Then, lor low past a flat plate, gy is related to djyq according

to Levich by:™

A
D .
5{1"1/ = (—] ()h\d (4)

v

Substitution of Equation 4 into Equation 3 gives:
%
a
Syp 5 = 2.88D% A — (5)
\ vi
Finally, if we apply the Nernst diffusion layer treatment to determine the (lux of reactant
across the diffusion layer, the accumulated surface concentration can be approximated as:™

nDi
) dilf

I =

/

(6)

Equations 5 and 6 can be used to approximate the differcnce in antigen and label
accumulation for the two modes of reactant delivery under our experimental conditions.
These results are shown in Table 1. As is evident, the values under our experimental
setup for I, are ~20 limes those for [;. These data begin to explain the basis for the
differences in plots in both Figures 5 and 6, noting that the labeling efficiency by jet is

compounded by the lower level of antigen accumulation by jct. Furthermore, the lower level
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ol potential accumulation, which can also be viewed as the number of collisions for the
reactant with the surface, suggests a possible explanation lor the lower blank response with
jet delivery. If the binding constant for nonspecific adsorption in cither the capture or
labeling steps is lower than that for specific binding or proceeds at a rate below the mass
trans(er limit, then the level of nonspecific adsorption would be lower than that observed lor

the stagnant solution cxperiments.

Conclusions

This paper has demonstrated the incredible potential of assays using [ree liquid jets to
deliver antigen and label in heterogencous assays. Our results showed that high speed assays
could be realized with total incubation times of only a few seconds. At a more quantitative
level, we were able to decrease the assay incubation time by 14,400 times from 24 h to just 6
s with no compromise in limit of detection. However, our free liquid jet setup employed 500-
uL sample volumcs, whereas our earlicr work with a stagnant solution format called for 20-
uL samples. Experiments are currently being designed for hardware that can be readily
adapted to work with smaller sample volumes, and span a wider range of flow rates. This
method for assay incubation has potential applicability to all assays that require the delivery
of antigen and/or label to a substrate surface. Furthermorc, the lower signal from blank with
the jet assay, which signals lower non-specific binding, is an intriguing consequence of the
use of jets for label delivery. Work to gain insight into the origins of this observation is also

underway, and could lead to a new pathway to further lower LODs.
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Figure Captions

Figure 1. The fluorcscence intensity measured with 25-ms integrations, normalized to 1 s,
for cach 1000 ng/mL rabbit IgG and blank sample as a function of labcling time. Both the
antigen (20.0 pL, 8 h) and label incubation steps (20.0 uL, 10 pg/mL Cy35 goat anti-rabbit
IgG) were carried out in quiet solution. The error bars represent the standard deviation of
three measurements taken at different locations on each sample. The standard deviations for
the blanks with 4, 6, 8, and 12 h binding were 0.01, 0.05, 0.03, and 0.09 AU, respectively;
those for the 1000 ng/mL rabbit IgG samples with 4, 6, 8, and 12 h binding were 0.12, 0.02,

0.16, and 0.06 AU, respectively.

Figure 2. The fluorescence intensity measured with 100-ms integrations, normalized to 1 s,
for each 1000 ng/mL rabbit IgG sample of veried volume delivered at 10.0 mL/min by jet.
Labeling was completed via an 8-h quiet incubation (20.0-uL of 10 ug/mL Cy5 goat anti-
rabbit IgG). The error bars represent the standard deviation of three measurements taken at
different locations on the sample. These signals are attributed to specific binding, with the
signal from the corresponding blank sample below 0.3 AU. The gray, dashed line is a linear

fit to the data and has an r* value of 0.97.

Figure 3. The fluorescence intensity measured with 1-s integrations for 1000 ng/mL rabbit
IeG samples (20.0-uL aliquots with 8-h incubation) labeled by 1.0 mL of varied
concentrations of Cy5-tagged goat anti-rabbit IgG. The error bais represent the standard
deviation of three measurements taken at different locations on the sample. The inset shows

the lowest three label concentrations along with a dashed line, which represents an expected
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value for a blank sample (based on the data from Figurc 6 with quict sample exposure,

followed by free liquid jet label incubation).

Figure 4. Represcntative fluorcscence micrographs (4 x 10° pm?) for assays in quiet solution
(A-D, 50-ms integration) and with free liquid jet assays (E-H, 500-ms integration). (A) 500,

(B) 250, (C) 100, (D) 0, (E) 5000, (F) 1000, (G) 500, and (H) 0 ng/mL. rabbit IeG.

Figure 5. Dose-response curves for assays performed with either 12-h quiet (20.0-pL
samples) or 3-s jet (500-pL samples) exposures for both rabbit IgG and CyS-labeled goat
anti-rabbit IgG (10 pg/mL). Intensities are normalized to 1 § integration, from 50 ms and 500
ms for quiet and jet assays, respectively. The error bars represent the standard deviation of
fluorescence intensity measurements from three locations on the surface. The black and gray
dashed lines represent the lowest detectable signal of the quiet and jet assays, respectively
(i.e., the blank signal plus three times its standard deviation) and are at 2.00 and 0.02 AU,

respectively.

Figure 6. Dose-response curves for assays performed with either 12-h quiet exposure for
rabbit IgG (20.0-pL samples) and a 3-s jet exposure for Cy5-labeled goat anti-rabbit IgG
(500 pL, 10 ug/mL) (400-ms integrations normalized to 1 s), or 3-s jet exposure for rabbit
IgG (500-pL samples) and 12-h quiet exposure for Cy5-labeled goat anti-rabbit IgG (20.0
uL, 10 pg/mL) (150-ms integrations normalized to 1 s). The error bars represent the standard
deviation of fluorescence intensity measurements from three locations on the surface. The

dashed lines represent the lowest detectable signal (i.e., the blank signal plus three times its
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standard deviation) and are at 0.06 AU for the quict/jet assay and at 0,27 AU for the jet/quict

assay.

Table 1. T, as a function of incubation time and I'; as a function of sample volume, flow rate,
and delivery time; each for conditions employed cxperimentally and other hypothetical

parameters.
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Concentration ry '
Reagent ng/ml.  IgG/mL 12 h 3s
Rabbit 1gG 100 4.0x10" 6.6 x 10" 3.3x 10

250  1.0x 10" 1.6 x 10" 8.1x 10

500 20x10%  33x10" 1.6 x 10"

1000  40x 10"  6.6x 10" 33x 10"
5000 2.0x 10" 3.3 x 10" 1.6 x 10"
Cy5 anti-rabbit 1gG 10,000 4.0x 10" 6.6 x 10" 33x 10"

Table 1

a) Based on packing density and binding activity analysis, the surface concentration of active
T -13 2 12 2
capturc IgG antibodics is 6.7 x 107 mol/cm” (4.0 x 10°" molecules/cm®).
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CHAPTER 3: SURFACE-ENHANCED RAMAN SCATTERING-BASED
IMMUNOASSAY FOR OVALBUMIN WITH HIGH SPEED

INCUBATIONS BY FREE LIQUID JET

A manuscript in preparation for submission to Analytical Chemistry

Jill M, Uhlenkamp,l’2 Robert J. Lipcrt,2 Michacl C. Grangcr,' and Marc D. Porter'*

'Center for Combinatorial Scicnees, the Biodesign Institute, and the Department of

Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287-6401

*Institute for Combinatorial Discovery, Departments of Chemistry and of Chemical and
Biological Engineering, Ames Laboratory-U.S. DOE, lowa State University, Ames, lowa

50011-3020

Abstract

An extremely rapid and sensitive immunoassay for ovalbumin has been developed.
Ovalbumin is a simulant for ricin and botulinum toxins. The assay employs a free liquid jet
for enhanced mass transfer of antigen, which decreased the antigen incubation time from 8 h
to 6 s or less. The labeling step, performed via incubation with quiet solution, was shortened
from 12-16 h to 35 min by increasing the label concentration from our earlier SERS-based

assays. Assay readout was performed with surface-enhanced Raman scattering (SERS
y Y g
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detection. This assay was first optimized for rabbit I1gG and was then cxtended to the
detection of ovalbumin in phosphate buffercd saline (PBS) and non-fat milk. The limits of
detection achieved for ovalbumin in PBS and milk were 34 ng/mL (790 pM) and 12 ng/mL

(280 pM), respectively.

Introduction

The detection of biowarfare agents (BWAs) i an increasingly important issue in
public safety.' There arc, however, a wide range of challenges to realizing this capability.
Some of these challenges include the necessity of large sample volumes, low throughput, and
the performance of existing labeling methods for the detection of multiple biomarkers.

Two examples of possible BWAs are ricin and botulinum toxins, which could
potentially be aerosolized or introduced into food or water supplies. Thesc agents have
median lethal doses (LDsg) of 30 pg/kg for ricin and 1 ng/kg for botulinum toxin. While
accidental exposure to ricin is highly unlikely, botulinum toxin poisoning, or botulism,
readily occurs through exposure to contaminated food products.>*

The Centers for Disease Control (CDC) currently specifies the use of time-resolved
fluorescence as the immunoassay for the detection of ricin in suspect sample:s.“l There are,
however, several other reported approaches,l including enzyme-linked immunosorbent
assays (ELISA),>® a colorimetric assay,’ fluorescence-based assay,s"o
immunochromatographic assay,'" and a planar array immunosensor.'* These methods have
limits of detection (LOD) ranging from 1.5 to 400 pM. These assays were typically
performed in clean buffer; however, one test was carried out in river water with an LOD of

15 pM."? The best LOD (1.5 pM) was achieved with an enhanced colorimetric and




48

chemiluminescence BLISA," a fluorescence-based fiber optic imnmnoussay,m and an
immunochromatographic sandwich assay format employing two monoclonal antibodics and
silver enhancement.'' The main drawback of many of these detection methods is a long
incubation time, often on the order of several hours,

Mecthods for the detection ol botulinum toxin arc less well developed. The CDC lists
amousc assay as the currently accepted method.® Several groups have developed alternative
techniques for this toxin, but none appear to have yet gained widespread adoption.'™'” Tests
based on polymerase chain rcaction (PCR) have also been reported, but that can detect
Clostridium botulinum, the bactcrium that produces botulinum toxin, not the toxin itself. 16-
"These detection modes have a similar set of strengths and weaknesses as those outlined
above for assays.

We propose to surmount sevetal of the difficulties in BWA detection by employing a
rapid, sensitive sandwich immunoassay with {ree liquid jet incubation and SERS readout.
Previously, we reported on an assay for rabbit IgG that required an incubation time of 6 s
with free liquid jet delivery of antigen and fluorescently-tagged antibody labels. " The work
described herein examines the replacement of fluorescence readout with SERS. SERS is a
new addition to the techniques used for readout in ilnmL||10assays.20'27 Our laboratory has
reported on the use of SERS readout for the simultaneous detection of several 1gGs with
extrinsic Raman labels (ERLS).24 ERLs consist of gold nanoparticles which are modified by a
layer of chemisorbed Raman scatterers, followed by a coating of antibodies. This
construction places the scatterer near the nanoparticle surface, to maximize the Raman signal
intensity,”® and imparts specificity for the target analyte. SERS-based detection has several

advantages over fluorescence. One of these advantages is that SERS bands are 10-100 times
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narrower than those of fluorescence, potentially simplifying multiplexed detection. Very low
LODs are also achicvable with SERS, and we have demonstrated femtomolar detection for
prostate specific antigen™ and single-digit binding event recognition.”’

We thercfore show that by integrating SERS detection with free liquid jet incubation
in a heterogeneous assay, a rapid and sensitive assay for ovalbumin, a simulant for ricin and
votulinum toxin, can be developed. The elfects of several assay paramceters (e.g., flow rate
and samplc volume) were first explorcd with the detection of rabbit IgG as a model system.
Then, hy drawing on the insights gained from that study, an assay for ovalbumin was
designed and carried out. We also investigated an alternative means to specd label incubation
via ERL concentration. The extension of this mcthod to real-world matrixes was also

demonstrated by the detection of ovalbumin in milk.

Theoretical Considerations

In earlier work, we described the use of a rotating capture substrate to increase the

3%31 which led to a reduction in the total

flux of antigen and iabel to a capture surface,
incubation time from ~24 h when employing quiet incubations to 25 min. This method,
heavily used 1n electrochemistry to control the flux of reactant to a rotating disk electrode
(RDE), creates a thin diffusion layer adjacent to the rotating surface, the thickness (d,i;) of
which is inversely proportional to the rotation rale (w). Analyte {rom the bulk solution is
therefore continuously presented to the outer boundary of the diffusion layer through
convective transport. As a result, the flux of analyte to the surface is defined by the rate of its

diffusive mass transport through the diffusion layer, and is inversely proportional to dyyp;, and

directly proportional to @”.
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An alternate means to increase the flux of an analyte 1o a surface is through the use of
a free liquid jet, which is the focus of this paper. By directing a strcam of solution normal
toward a surface, a hydrodynamic layer is created adjacent to the surface which has
propertics similar to that with the rotating disk system. A schematic of the hydrodynamics
involved in a free liquid jet system is shown in Figure 1. The thickness of the hydrodynamic

. . - . . 32
layer (dyq) is nearly uniform across the stagnation zone and is given by:

2av %
5,,'\,‘, =2.04 ” ()

i

where « is the radius of the jet, v is the kinematic viscosity (v=0.010 sz/S), and V; is the jet
impingement velocity in cm/s. The radius of the stagnation zone, r,, can be reasonably
approximated as 0.7D,,* giving a stagnation zone with a diameter of 0.7 mm for the 0.5-mm
diameter jet employed in our experiments. As depicted in Figure 1, the hydrodynamic
boundary layer, and therefore diffusion layer, increases as the radial distance from the
stagnation zone increases.

According to I evich,™ the thickness of the diffusion layer for flow pest a flat plate is

related to dpy g by:

%
D
5df/] 5(7) 511\[1 (2)

where D is the diffusion coefficient of the reactant (D = 4.9 x 107 for IgG™ and 7.6 x 107 for

ovalbumi1135). It follows then, that

0

) 1 a
i = 2.881)@4(7) (3)

i
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The Nernst diffusion layer model can be used to determine the flux of reactant across the
diffusion layer and the accumulated surface concentration, I'; (particles/em®), can then be
approximated as:

r = nbt )

i T e
Qg
where 71 is the bulk antigen or label concentration with units of particles/cm® and 1 is time in

s. Expressions for 8 and I in quiet solution assays similarly evolve from models from the

clectrochemical ficld. In quict solution, the diffusion layer thickness, (duiyq) Th
(51/1[[‘1/ =~/2D1 (5.)

Morcover, I" under quict solution conditions can be expressed by:™

4
r,= 2/1(2-) (6)
T

These formulations assume that: (1) the bulk concentration of reactant does not
change over the course of the experiment; (2) the rale of reaction at the surface of the capture
substrate is mass transport limited; and (3) the surface concentration of available binding
sites is not changed as a consequence of binding/labeling.

Figures 2A plots duy, for IgG (D = 4.9 x 107 em%s) and ovalbumin (D = 6.7 x 107
cm?/s) as a function of mcubation time. As expected, Ouilpq increases with time. Figures 2B
and 2C plot the resulting I', for IgG and ovalbumin, respectively. As is cvident, the predicted
accumulation for ovalbumin, a smaller protein, is close to ten times higher than that for IgG.
These data highlight the significance of incubation times and demonstrate the need for

enhanced mass transport in order to achieve high speed assays without increasing LOD.
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.

Figure 3A gives dgyj for 18G and ovalbumin as a function of jet flow rate. At higher
flow rates, dap; becomes increasingly smaller, However, as is scen in Figures 3B and C, a
smaller gy, does not translate to increased antigen or label accumulation, This is because at
a given flow rate, incubation time is determined by the sample volume used. Therefore, at
higher flow rates, increasingly smaller exposure times result in lower accumulation of
antigen or label, The application of free liquid jet delivery for our heterogencous
immunoassay therefore accomplishes very short incubations because dyyy is dramatically

smaller than in quict solution.

Experimental Section

Reagents. Gold nanoparticles with a diameter of 60 nm (<8% variation) and a
concentration of 2.6 x 10" particles/mL were acquired from Ted Pella. Octladecancthiol
(ODT), dithiobis(succinimidyl propionate) (DSP), bovine serum albumin (BSA) and
phosphate buffered saline (PBS) packs (10 mM, pH 7.2) were obtained from Sigma.
SuperBlock and BupH Borate Buffer Packs (50 mM, pH 8.5) were purchased from Picrce.
DSNB [5,5’-dithiobis(succinimidyl-2-nitrobenzoate)] was synthesized in housc following a
previously published method.” All buffers were passed through a 0.22-um pore size Steri-
Cup GP Filter Unit (Millipore). Prior to coating with chromium and gold, glass substrates
were cleaned with Contrad 70 (Decon Labs). Microcontact printing stamps were fabricated
from poly(dimethyl siloxane) (PDMS, Dow Corning).

Polyclonal goat anti-rabbit IgG antibody, whole molecule rabbit IgG, polyclonal
rabbit anti-chicken ovalbumin, and ovalbumin were obtained from US Biological. Polyclonal

goat anti-rabbit IgG was purified prior to receipt by immunoaffinity chromatography, and
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supplicd as 0.5 mg/mL in PBS (pll 7.2). The solution contained 0.01% (w/v) sodium azide
and 40% (v/v) glycerol, Whole molecule rabbit 128G was purified by Protein A affinity
chromatography and provided at 10 mg/mL in PBS (pH 7.2). Rabbit IgG was diluted with 10
mM PBS. Polyclonal rabbit anti-chicken ovalbumin was purified by delipidation,
fractionation, and ion-cxchange chromatography and supplicd at 10 mg/mL in PBS (pH 7.2)
with 0.01% (w/v) sodium azide and 40% (v/v) glycerol. Ovalbumin (99% purity, determined
by SDS-PAGE) was shipped as a neat, lyophilized powder, Rabbit 1gG solutions were
preparcd in PBS. Ovalbumin solutions were made using cither PBS or milk, Non-fat milk
(Shamrock Farms) was purchased and used as a biological matrix.

Capture Substrate Preparation. Inmunoassay capture substrates were prepared on
glass slides coated with a thin layer of evaporated gold. First, ~10 nm of chromium were
resistively deposited onto glass squares (1 x 1 cm) at a rate of 0.1 nm/s using an Edwards
306A resistive cvaporator, followed by ~300 nm of 99.9% purc gold in the same manner.

A PDMS stamp with a 3-mm diamecler hole cut in its center was soaked in | mM
ODT, dried under a strcam of high purity nitrogen, and exposed to the gold-coated glass
squares for 20 s.*”*° This procedure created a hydrophobic barricr at the edges of the circular
address [or localization of samples and reagents within the address. The substralcs were then
rinscd with cthanol, dried under a strcam of high purity nitrogen, and immersed in a 0.1 mM
ethanolic solution of DSP for ~12 h. The last step creates a DSP-derived monolaycr in the
unstamped center of the substrate. The terminal succinimidyl ester of the resulting monolayer
served to covalently couple to primary amincs of capturc polyclonal antibodics.

Next, 20.0 pL of antibody, diluted to 100 pg/mL in 50 mM aqueous borate buffer (pH

8.5), was pipetted onto the substrate and allowed to react for 8-12 h in a humidity chamber at
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room lemperature. The substrate was then immersed three times in 2 mL of {resh 10 mM
PBS to remove unrcacted antibody. Alter rinsing, 20.0 uL of blocking solution was pipetted
onto the capture surface to block any remaining suceinimidyl ester. Finally, the substrate was
rinsed as described above after an 8-12 h exposure o the blocking solution,

SERS Label Preparation. ERLs arc designed o provide large Raman signals and
immunospecilicity.™ * The former is attained by using a DSNB-derived Raman reporter,
which has an intrinsically strong Raman scattering cross-section from its symmetric nitro
stretch (v (NOy)), DSNB also has the ability to chemisorb to gold nanoparticles. The latter is
rcalized by the immobilization of the trace antibody at the terminus of the DSNB-based
adlayer, which acts to covalently immobilize antibodics onto the particles. Overall, this
design minimizes the distance between the v,(NO,) and the surface ol the gold nanoparticle
in order to maximize the surface enhancement, and provides a basis for molecular
recognition by the polyclonal antibody coating.

ERLs are constructed by first adding 40.0 uL of 50 mM borate bufler to a 1.0-mL
suspension of 60-nm gold nanoparticles to adjust the pH to 8.5. At this pH, the aminc
[unctionalities of the antibody are deprotonated, facilitating reaction with the succinimidyl
ester of DSNB. Next, 10.0 uL of 1.0-mM DSNB in acetonitrile was added to thc nanoparticlc
suspension. After ~8 hours, 20 ug of antibody was added to the suspension, and incubated for
~12 h. To block any unreacted succinimidyl ester groups, 100.0 pL of 10% BSA in
2 mM aqueous borate buffer was added and allowed to react for ~8 h. The nanoparticle
suspension was then centrifuged at 2000¢g for 10 min (o remove unreacted DSNB and
antibody. The supernatant was decanted and the nanoparticles were resuspended in 1.0 mL of

2 mM aqueous borate buffcr with 1% (w/v) BSA. This process was repeated two more times
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and the final resuspension volume was adjusted 1o give the desired coneentration. Next, 1S
M NaC'l was added 10 bring the final salt concentration to 150 mM, imitating physiological
conditions. Finally, the suspension was passed through a 0.22-pm syringe tip filter (Costar)
to remove aggregates,

Immunoassay Protocol for Quiet Assay. Assays in quict solution exposed 20.0 pL,
aliquots ol varied concentrations of antigen to the capture substrates for a controlled amount
of time. The antigenic solutions were cither rabbit 1gG diluted in PBS or ovalbumin diluted
in PBS or in non-fat milk, After antigen capture, the substrates were rinsed by immersion
three times in 2 mL of fresh aqueous 2 mM borate (150 mM NaC'l). Next, 20,0 pL ol ERLs,
constructed with cither goat anti-rabbit 1gG or rabbit anti-chicken ovalbumin, was pipetted
onto the substrates. After label incubation, the rinsing procedure described above was
repeated.

Immunoassay Protocol for Jet Assay. A syringe pump delivercd 500 L antigen
samples for assays conducted with free liquid jet incubation, Labeling was achicved in quict
solution as described above. The same rinsing protocol was used after the antigen delivery
and labeling steps.

The jet nozzle was offset {rom the surface of the capture subsirate by 3 mm. The jet
nozzle was delined by 0.5-mm (internal diameter) PEEK tubing (Upchurch Scientific), which
was attached to the end of a syringe by standard [luidic adapters. The flow was driven by a
PHD2000 Progtammable syringe pump from Harvard Apparatus. Figure [ again illustratcs
the delivery of antigen to the capture surface by jet.

Instrumentation. Raman spectra were collected with a NanoRaman 1 (Concurrent

Analytical) employing a 30 mW, 632.8-nm He-Ne laser. The spectrograph is comprised of a
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moditied 172.0 Czetny=Turner imaging spectrometer and has a resolution of 6-8 em ', "The
laser light is focused to a 25-pm diameter spot on the surface using an objective with a
numerical aperture of 0,68, The scattered light is colleeted with the same objective and

deteeted with a thermo-cleetrically cooled (0°C) Kodak 04011 CCD. All spectra were

collected with an integration time of | ».

Results and Discussion

Assay optimization for antigen delivery by jet. Based on our first report on assays
with free liquid jet delivery,'” the amount of antigen captured will increase with sample
volume, potentially until reaching cquilibrium, Therefore, the effect of sample volume for the
SERS-bascd jet assay was investigated. Sumples of 1000 ng/ml rabbit 1¢G in PBS with
volumes ranging from 0.1 and 5§ mL were exposed 1o an anti-rabbit capture substrate by jet at
10 mL/min. These samples were then labeled with 20,0 uL of 5.2 x 10" ERL/mL anti-rabbit
ERLs via quict solution for 16 h.

These data arc presented in Figure 4. Representative SERS spectra are shown in
Figurc 4A, and cxhibit features diagnostic ol the presence ol DSNB-labeled ERLs. The most
promincnt band is the v,(NO,) at 1336 cm™ 2R gurc 4 shows the average SERS intensity of
the v (NO») tom five locations on the substrate versus sample volume. The results arc
similar to those we reported previously for a [luorescence-based assay'9 in that thc amount of
caplured rabbit IgG initially increased as the sample volume increased and then leveled off at
volumes greater than 1.0 mL. We believe the leveling off in signal is because of capture
substrate saturation. That is, the number of 1gG proteins delivered in a I-mL volume (i.e., 4 X

20 . - ‘
10'%) is much greater than the theoretical number that would cover the capture surface (i.c., 9
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% 10'% based on 1gG footprint, A sample volume of 500 pL was chosen for use in most of
the subsequent studies as a compromise between volume and signal strength, ‘The sample
volume is therefore half of that which resulted in the highest intensity (iic., 1.0 mL), whilc
still obtaining 78% of the muximum signal.

There is another interesting observation from these data. The standard deviations of
the SRS intensity measurements from five different locations on the capture surface are
similar (o those of our previous work on SERS readout. These results represent
measurements taken beyond the 0.7-mm diameter of the stagnation zone (Figure 1), The data
thercfore indicate that sampling beyond the stagnation zone doces not appear {o have an
impact on the measurcment, possibly because any differences in dgyr are marginally small,

In order to assess the ability of the jet-based assay to employ smaller volumes, an
assay using 100-pL samples was conducted. Solutions of rabbit 1gG in PBS, ranging in
concentration (rom 50 ng/mL to 10 pg/mL, were used. These samples were delivered by jet
at 10 mL/min lor a total exposure time of 0.6 s. The substrates were then exposed to ERLs
via quict solution lor 16 h.

The dosc-response curve is given in Figure 5. For comparison, data from an assay for
rabbit IgG carried oul with an 8-h quict solution exposure ol 20.0 pL samples and a 16-h
exposure of ERLs arc also shown in Figure 5. Intercstingly, the intensitics lor the quict assay
arc very similar Lo those for the jel assay; however, the blank for the quict assay has a lower
intensity than that for the jet assay, highlighting the importance of controlling and
minimizing non-specilic binding. This situation translates to a slightly better LOD for the
quict assay than for the jet assay. The LOD is defined by the concentration that would yield a

signal equal to that of the blank plus three times the standard deviation of the blank signal.
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Thuy, the LOD for the jet assay was 35 ng/ml. (230 pM), while that for the quict solution
assay was 10 ng/ml. (70 pM). Nonetheless, with only five times more sample used in the
assay with jet incubation, the LOD was only 3.5 times higher and the capture time was
reduced by 48,000 times to less than 18, We note that the assay also demonstrates specilicity
as exposures to antigen other than rabbit 12G (c.g., human 12G) resulted in signals not
exeecding those of a blank sample (data not shown),

Extension of jet delivery to ERLs. Next, jet delivery of BERLs was explored to
further decrease assay time. Two capture substrates were exposed (o 20.0 pL of 100 ng/mL
of rabbit 1gG diluted in PBS and two were incubated with 20,0 pL of PBS, all for 9 h, Each
sct (sample and blank) was then exposed to 20.0 pl of ERLs via quict solution for 16 h or
500 L of ERLs via jet at 10 mL/min. Figure 6 presents the results. While the intensity of the
sample labeled via quict solution was ~29,000 cts/s, that labeled via jet was only ~460 cts/s.
A similar trend was found lor the blanks; the signal for the blank in quict solution was 1055
cts/s and there was no measurable SERS intensity for the blank treated by jet exposure. These
data show that the conditions uscd to successlully capture antigen via jet arc not dircctly
applicable to labeling with ERLs by jet.

Scveral other experiments were performed in an effort to achicve more clfective
labeling with ERLS by jet, including incrcasing ERL concentration and volume, adjusting the
ERL solution composition (c.g., BSA concentration), and increasing the surface
concentration of captured antigen. All these investigations yiclded very low levels of labeling
(data not shown). One possible explanation for this limitation is that the ERLs delivered by
jet dislodge the captured antigen. To test this hypothesis, a capture substrate was cxposed to

20.0 pL of 100 ng/mL rabbit IgG for 9 h in quict solution and then to 0.5 mL ol ERLSs by jet
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at a rate of 10 mL/min, A 20.0 pl aliquot ol ERLs was then added o the substrate for 16 h of
quict solution labeling, I the ERL delivery by jet is dislodging bound antigen, we would
expect to sce a lower SERS intensity than that observed for the sample in the previous
experiment, which employed only quict ERL binding.

These data are also presented in Figure 6. Since the SERS intensity (or the sample
exposed Lo ERLs delivered by jet (ollowed by quict solution ERLS is not statistically
different from that of the sample labeled with ERLs by quict solution alone, it is apparent
that captured antigen is not being removed by the jet exposure of the ERLs. Similarly, an
experiment was performed to determine whether the jet exposure of ERLs displaces
previously bound ERLS. Substrates with captured rabbit 1gG labeled via quict solution with
ERLs were thercfore exposed (o additional ERLS by jet. Again there was no statistical
dilference in SERS intensity was measured for these samples and thosc labeled with ERLs
via quict solution (data not shown).

Assay for ovalbumin by jet. The SERS-bascd assay with jet delivery of antigen was
ncxt extended Lo the detection of ovalbumin, a simulant for bactcrial toxins. When an assay
for ovalbumin was lirst attlempted, abnormally high signals were observed for the blank
samples when our typical protocol using SuperBlock as a blocking solution was cmployed
(data not shown). In order to address this, the performance of an alternative blocking
solution, 1% BSA in aqucous 2 mM borate buffer, was studicd. Two capturc substrates were
preparcd with SuperBlock as the blocking solution and two substrates used 1% (w/v) BSA.
Each type ol capture substrate was then exposed to 20.0 pL aliquots ol blank PBS solution or
1000 ng/mL ovalbumin in PBS for 9 h via quict solution. After rinsing, the substrates were

labeled with 20.0 pL of 5.2 x 10' ERL/mL ERLs for 14 h. The results, shown in Figure 7,
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reveal that the 1% BSA solution is a more effeciive blocking agent. The signal {rom the
blank with 19 BSA blocking is lower than that of the blank employing SuperBlock, whercas
the signals from both of the 1000 ng/mL samples arc not statistically different. These data
show that the 1% BSA solution more effectively reduces non-specific binding and,
importantly, does not inhibit specific binding. Since this blank signal level is on par with that
usually obscrved with our other SERS-based assays,™ *' 1% BSA was employed in the
subscquent ovalbumin assays,

Free liquid jet incubation of 0.5 mL samples ol ovalbumin spiked in PBS, ranging in
concentration from 1 to 5000 ng/mL was performed to construct a dosc-response curve,
Labeling was completed with an 8-h quict solution exposure of anti-ovalbumin ERLs (5.2 x
10'Y ERLs/mL). The results arc shown in Figure 8. The LOD for this assay was 3 ng/mL (60
pM). An assay with 8-h quict solution incubation of ovalbumin and 8-h incubation of ERLSs
yiclded an LOD of | ng/mL (20 pM) (data not shown). The usc of jet exposure of ovalbumin
therefore decreases the assay time from 16 to ~8 h with only a small sacrifice in LOD.
Furthermore, the jet-based assay for ovalbumin was shown to be specific for only ovalbumin
when challenged with rabbit and human 1gG.

Since several experiments aimed at labeling with ERLs by jet had proven inelfective,
an alternative mcthod to speed the labeling step for the SERS-based assay was explored,
recognizing that the number of label impingements on ¢ surface is dircctly proportional to the
concentration of thosc gold particles in solution (Equatic .+ 6) This relationship indicates that
the label incubation may be enhanced by increasing the label concentration. To test this
hypothesis, the ERL concentration was increased five-fold to 2.6 x 10" ERLs/mL and 20.0

pL aliquots of thesc ERLs were then uscd to label four separate scts of samples; each sct
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consisted ol Lwo substrates with antigen incubation by jett one exposed to 500 pL of 1000
ng/mL of ovalbumin in PBS and onc to 500 pL of PBS buffer as a blank, ERL incubation
times of 15, 25, 35, and 45 min were investigated.

The resulting SERS intensities {from cach sample are plotted in Figure 9. As ERL
incubation time increased, the SERS intensity of the 1000 ng/mL samples initially increased,
but begins Lo level off at ~35 min. This situation reflects that the amount of captured ERLS
has reached closcst packed saturation (i.c., 2.5 x 10° ERLs at 100% coverage on a 3-mm
diamcter substrate), or that cquilibrium labeling has been reached. The SERS intensity of the
blank samples also increased as the incubation time incrcased. Based on thesc data and the
tradeoffs between gains in the signal strength for specific binding relative to the small
incrcascs in non-specific binding, 35-min ERL incubations will be used in the next
experiments, We add that these results support the potential use ol cven shorter ERL
incubation times, but no test have yct been performed along thesc lines.

Finally, a series ol assays at several concentrations of ovalbumin with jet exposure of
ovalbumin and shortencd ERL incubation with increascd ERL concentration were performed.
These tests also included assays {or ovalbumin spiked in non-fat milk, which acted to
simulate a rcal-world matrix. As before, 500-uL samplces of ovalbumin were delivered by jet.
Labeling was achieved by 35 min quiet solution exposure to 20.0 pL of ERLs (2.6 x to"
ERL/mL). Figure 10 displays both sets of results.

There are two notable differences in thesc results. First, the assay in milk has a lower
blank signal. Second, the responses from most of the spiked milk samples arc sttonger than
their analogs in PBS. As a consequence, the assay in milk has a slightly lower LOD and a

larger linear dynamic range. The LOD for the assay in milk was 12 ng/mL (280 pM), while




that for the assay in PBS was 34 ng/mL (790 pM). The lower signal for the milk assay blank
is attributable to the fact that milk is often used as a blocking agent in immunoassays and

appears 1o function similarly in these experiments,

Conclusions

This work combined iree liquid jet delivery of antigen in a sandwich-type
immunoassay with SERS readout. This technique yiclded an assay for rabbit IgG with a
reduction in antigen incubation time requirement {rom 8 h to just 600 ms. This jet-based
assay had an LOD of 35 ng/mL which was only a little higher than 10 ng/mL achieved with
an assay perlormed with an 8-h incubation of rabbit IgG. The antigen incubation time was
therefore reduced by 48,000 times with a loss of LOD of a lactor of about thrce.

An assay for ovalbumin, a simulant for ricin and botulinum toxins, was also
performed with free liquid jet. The LOD of 3 ng/mL was again only slightly higher than that
of an assay completed with quiet solution incubation (Ing/mL). Ovalbumin was also detected
in milk via free liquid jet, which represents a real-world sample matrix and demonstrates the
applicability of free liquid jet delivery to real samples.

Total assay incubation times were further reduced by increasing the concentration of
ERLs by 5 times that of our previously reported protocol. This increase enabled a reduction
in label incubation times from 8-12 h to only 35 min. Further reductions in label incubation
times could be achieved with a higher concentration but may come with an increased cost of
reagents (e.g., protein and gold colloids).

We believe that the inability to label with ERLs by jet with the conditions employed

here may be due to several factors. The most important factor is the difference in
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impingement values for ERLs incubated in quict solution and those delivered by jet. T for the
former is 3.7 x 10° ERLs/cm® while the latter is only 1.1 x 10* ERLs/em®.

Another contributing factor may be that the ERLs experience a shear force greater
than those of the initial interactions with captured antigen. Studies to probe this challenge are
underway. One possible way to increase the likelihood of ERL labeling by jet is to orient the
surface-bound antibodies in such a way that interaction with captured antigen is more
favored. ERL size will also be varied in a future work to determine if labeling is cnhanced
with smaller ERLs, which have larger diffusion coefficients.

Experiments are planned with assays employing quiet solution incubation and frce
liquid jet delivery, which will seek to make comparisons to the models presented herein with
respect to sample size, incubation times, and flow rates. These investigations may otfer
additional insight into the most effective means with which to apply free liquid jets for

sample and label delivery, potentially leading to even lower LODs.
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Figure Captions

Figure 1. Schematic of a free liquid jet depicting the hydrodynamic propertics of the jet and

resulting stagnation and boundary layer regions, adapted from reference 32,

Figure 2. (A) Predicted values of Sgirq as a function ol incubation time [or 1gG (D = 4.9 x
107 em®/s) and ovalbumin (D = 7.6 x 107 cmz/s). (B-C) I'y us a function of V; for

experimental concentrations employed in quict incubation of (B) 1gG and (C) ovalbumin.

Figure 3. (A) Predicted values of gy, as a function of V; for IgG and ovalbumin. (B-C) I';
as a function of V; for experimental concentrations employed in free liquid jet incubation of

(B) IgG and (C) ovalbumin.

Figure 4. (A) Representative SERS spectra for the delivery ol samples of rabbit IgG (1000
ng/mL), ranging in volume from 100-pL to 1.0-mL, by frce liquid jet at a flow rate of 10.0
mL/min, and then labeled by ERLs in quict solution [or 16 h. (B) The SERS intensity of

v, (NO») for cach samplc as a function of sample volume. The error bars represent the

standard deviation of five measurements taken at diflerent locations on each sample.

Figure 5. Dose-responsc plot of v,(NO,) intensity as a function of sample concentration for
an assay with [rec liquid jet delivery of 100-pL samples and an assay with 8-h quiet solution
incubation of 20.0-uL samples, both with 16-h quiet solution labeling with ERLs. The crror

bars represent the standard deviation of five measurements taken at different locations on
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cach sample, The dashed lines are the LODs (the blank signal plus three times its standard

deviation),

Figure 6. Comparison ol ERL binding by jet (0.5 mL at 0 mL/min), by quict solution (20.0
il for 16 h), and by jet [ollowed by quict solution, Tor rabbit 12G (100 ng/ml.) and blank
samples, SERS intensity is that of v,(NOjy). 'The error bars represent the standard deviation ol
five measurements taken at different locations on cach sample, There was no detectable

signal from the blank labeled with ERLs by free liquid jet.

Figure 7. Comparison of thc performance of SuperBlock and a 1% BSA solution used for
blocking in an assay for ovalbumin. SERS intensitics are those of v,(NOz). The error bars
represent the standard deviation of five measurements taken at different locations on cach

sample.

Figure 8. Dosc-responsc curve for an assay performed with 3-s [rec liquid jet exposure ol
500-pL samples of ovalbumin in PBS at 10.0 mL/min and 8-h quict exposurc {or anti-
ovalbumin ERLs. The error bars represent the standard deviation of five SERS intensity

mcasurcments made at differcnt locations on cach sample. The dashed linc represents the

LOD.

Figure 9. The SERS intensitics of v,(NO-) as a function of ERL (1.6 x 10" ERL/mL) quict
solution labeling timc ol substrates exposed to 500-pL samples of ovalbumin (1000 ng/mL.)

and blank delivered by free liquid jet at 10.0 mL/min.
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Figure 10. Dose-response curves for assays carvied out with 3-5 jet exposure (10,0 mL/min)
ol 500-pL. samples of ovalbumin in either PBS or non-fat milk; cach with 35-min quict
solution exposure of 20.0 pl. of BRLS (2.6 x 10'Y BRL/mL), The error bars represent the
standard deviation of five SERS intensity measurcments made at different locations on cach

sample. The dashed line is indicative of the LOD.
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Abstract

Current methods employed for viral pathogen detection often lack the full
complement of characteristics (e.g., specificity, sensitivity, speed, simplicily, and low cost)
needed for widespread applicability to early disease diagnosis and detection of agents of
bioterrorism. Immunoassays have many of these traits but frequently suffer from long
incubation times by reliance on diffusional mass transport to deliver antigen and label to a
solid substrate. The effect of antigen size will be investigated as we exlend the usc of a free

liquid jet, reported previously for the delivery of proteins such as IgG and ovalbumin in a




sandwich assay, to virus delivery, Label delivery by jet will also be explore by varying gold
nanoparticle size used for the construction of immunoassay labels employed in surface-

enhanced Raman scattering (SERS)-based readout.

Introduction

Immunoassays arc an important (ool in the diagnosis of human and animal discasc
and for the detection of agents of biowarfare."* As such, improvements in speed, cost,
scnsitivity, accuracy, and portability arc continually sought. The methods most often applicd
Lo viral pathogen detection, however, often do not meet all of these needs. These techniques
include enzyme-linked immunosorbent assay (ELISA), polymcrasc chain react on (PCR),
clectron microscopy, virus isolation, and serologic testing.™* One scrious drawback of many
of these modes of detection is lengthy incubation steps required due to reliance on diffusional
mass transport to solid substrates in heterogeneous assays. This problem is cxacerbated as
diffusion cocfficients for large biological targets such as viruses, bacteria, and proteins arc
relatively small (c.g., 107 cm¥s).

We have recently described detection of viral pathogens with a label-frce
hetcrogencous immunoassay and atomic force microscopy (AFM) readout.” This method
employed caplure substrate rotation to increase flux of antigen, thereby decreasing incubation
times from 12-24 h employed in quiet solution assays to 10 min. Whilc this result was a
dramatic improvement over assays employing static conditions, additional reductions in
incubation times could further increase the utilitly of thesc assays.

Another avenuc to incubation time reduction that we have reported on is the use of a

[ree liquid jet for the delivery of antigen and label in heterogeneous, sandwich-type
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immunoassays, ' Free liquid jets are frequently used in the cooling of clectronic equipment,
lasers, and metal and plastics manufacturing to achicve a very (hin, immobile layer of liquid
on a surface (i.c., hydrodynamic boundary layer) which oflers very low resistance (o heat
flow.® ! Similarly, applying free liquid jets to immunoassays decreases the thickness of the
diffusion layer (8yirr) compared to that of stagnant solution and increases the flux of analyte
and label 1o the substrate. Figure | depicts the hydrodynamic boundary layer resulting from
free liquid jet impingement. In our studics with proteins, the usc of free liquid jet for analyte
and label delivery led to the reduction in incubation times from 8-12 h (o just 3 s or less.™”

We have now uscd [ree liquid jet delivery for capturc of a virus 1o extend the
usclulness of this technique beyond capture and labeling with protein. Porcine parvovirus
(PPV) was uscd as a model virus lor capture via free liquid jet delivery in a sandwich
immunoassay. PPV is a 25-nm diamcter spherical virus with a capsid consisting of 60 copics
of a viral protein.'? Labeling of capturcd PPV was accomplished with extrinsic Raman labels
(ERLs), described in previous works with SERS-based readout.'*"” Thus, an assay
employing capture of PPV by jct was compared to that from quict solution.

Additionally, the cffcct of delivery by jet of several sizes of ERLs was also cxplored.
Past work with jet delivery of 60-nm diameter ERLs did not accomplish levels of fabeling
comparable o those employing stagnant solution incubations. Since the successful capture of
PPV demonstrates that jet delivery can be applied to analytes larger than proteins, ERLs

constructed of different sized nanoparticles (i.e., 20, 40, 60, and 80 nm) were tested for

labeling capturcd rabbit IgG to investigate a means lor SERS-bascd labeling by jet.




Experimental Section

Reagents. PPV (titer: 3.2 x 10" TCIDs¢/mL) was obtained [rom the National Animal
Discase Center (NADC). In previous work, we determined the conversion [actor from
TCIDsp/mL to numbcer of virus particles/mL to be ~ 1400 virug pm'lic]cs/'l‘(‘lD_c,-o‘S Monoclonal
anti-PPV antibodics, also provided by the NADC, were purificd to 99.9% with a protein G
column (Bio-Rad) and stored in 10 mM PBS,

Gold nanoparticles with diameters of 20, 40, 60 and 80 nm (<8% variation) and
concentrations of 7.0 x 10",9.0x 10'°, 2.6 x 10" and 1.1 x 10" particles/mL, respectively,
were acquired from Ted Pella. Octadecancthiol (ODT), dithiobis(succinimidyl propionate)
(DSP), bovine scrum albumin (BSA) and PBS packs (10 mM, pH 7.2) were purchased from
Sigma. SuperBlock and BupH Borate Bufler Packs (50 mM, pH 8.5) were obtained from
Picrce. DSNB |5,5°-dithiobis(succinimidyl-2-nitrobenzoate) | was synthesized according Lo a
previously published proccdum.l5 Buffer solutions were passed through a Steri-Cup GP Filter
Unit (Millipore) with a 0.22-um pore size.

Polyclonal goat anti-rabbit 1gG antibody, purificd prior to receipt by immunoaffinily
chromatography, and whole molccule rabbit 1gG were acquired from US Biological. The
solution of polyclonal goat anti-rabbit 1gG was provided as 0.5 mg/mL in PBS (pH 7.2) and
contained 0.01% (w/v) sodium azide and 40% (v/v) glyccrol. Whole molecule rabbit 1gG was
supplied purificd by Protcin A aflinity chromatography and purchased at 10 mg/mL in PBS
(pH 7.2). All rabbit 1gG and PPV solutions were prepared by dilution with 10 mM PBS,

which was also used as sample blanks.
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Capture Substrate Preparation. Gold-coated glass slides (1 em x | em) were used
to construct immunoassay capture substrates. These slides were prepared by the resistive
cvaporation of first, a ~10-nm layer of chromium at 0.1 nm/s and, next, a ~300-nm layer of
99.9% purc gold at 0.1-0.2 nim/s using an Edwards 306A resistive evaporator. Prior to the
deposition of chromium and gold, the glass squares were cleancd with Contrad 70 (Decon
Labs).

Poly(dimethy! siloxanc) (PDMS, Dow Corning) was uscd (0 create microcontact
printing stamps for depositing a hydrophobic barrier for reagent localization. A PDMS stamp
with a 3-mm diameter hole cut in its center was soaked in 1-mM ODT in ethanol and dried
with high purity nilrogcn.'s'zo The gold-coated glass squares were then “stamped™ for 20 s,
rinsed with cthanol, and dried under a strcam of high purity nitrogen. Next, a DSP-derived
monolayer was formed in the uncoated gold address by immersion in a 0.1-mM cthanolic
solution of DSP for ~12 h followed by rinsing with cthanol and drying with high purity
nitrogen.

Next, 20.0 pl of antibody, diluted to 100 pg/mL with 50 mM aqucous borate buffer
(pH 8.5), was pipetted onto the center of the substrate and allowed to react Tor 8-12 hin a
humidity chamber at room temperature. The {ree ammes of the antibody covalently couple to
the terminal succinimidyl cster of the DSP-based monolayer. The substrate was then brielly
immerscd three times in 2 mL of fresh 10 mM PBS to remove unrcacted antibody. After
rinsing, 20.0 pL. ol SuperBlock was pipetted onto the capture surface. Finally, the substrates
were rinsed as described above altet an 8-12 h exposure to the blocking solution.

SERS Label Preparation. ERLs arc designed to package immunospecificity and

large Raman signals. The latter entails use ol a DSNB-derived Raman repotier, which has an
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intrinsically strong Raman scattering cross-section from its symmetric nitro streteh,
(M(NO>)). DSNB also has the ability to chemisorb to gold nanoparticles and subsequently
covalently immobilize antibodies via succinimidyl ester chemistry, which achicves the
[ormer, Morcover, this design maximizes the surface enhancement as it minimizes the
distance between the Raman scattering mode and the gold nanoparticle.

To create ERLs, the pll ol a 1.0 mL suspension of gold nanoparticles is {lirst adjusted
to 8.5 by the addition of 40.0 uL ol 50 mM aqucous borate buffer, This pH encourages the
deprotonation of the (rec amines of antibodics added later for coupling to the succinimidyl
csters of DSNB. Next, 10.0 uL of 1.0-mM DSNB in acctonitrile was added to the
nanoparticle suspension, Al ~8-12 h of reaction, 20 pg ol antibody was added and the
suspension was allowed to incubate overnight. To block unreacted succinimidyl ester groups,
100.0 L of 10% BSA in 2 mM aqucous borate bulfer was added and allowed to react for 3-8
h. Following incubation with BSA, centrifugation was performed to remove unrcacted DSNB
and antibody. Centrifugation was performed at 2000g for 10 min for 60- and 80-nm particles
and at 10,000¢ for 20 min for 20 and 40 nm particles. The supcrnatant was removed and the
nanoparticles were resuspended in 1.0 mL of 2 mM aquecous borate buffer with 1% BSA.
This process was repeated two more times and the final volume was adjusted to give the
desired concentration. Next, concentrated NaCl was added to bring the final salt
concentration to 150 mM, imitating physiological conditions. Finally, the suspcnsion was
passed through a 0.22-pm syringe tip filter (Costar) to remove aggregates.

Assay Protocol. Samplcs of PPV were delivered by a syringe pump (PHD2000,
Harvard Apparatus). The jet nozzle was delined by PEEK tubing (Upchurch Scieutific) with

0.5-mm internal diameter that was attached to a syringe by standard (luidic adapters and
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positioned 3 mm (from the sample surface. All PPY samples delivered by jet were 0.5 mil.
Following PPV delivery, substrates wete rinsed by three suceessive immersions in 2.0 mL ol
fresh 10 mM PBS. Labeling was achicved in quict solution with 20.0-pL aliquots ol ERLs
(3.2 x 10" GRL/mLY exposed for the times indicated. These samples were then rinsed with
2 mM aqueous borate bulter with 150 mM NaCl as described above, The rabbit 12G and PPV
samples used in quict solution assays were 20.0-uL aliquots with exposure times noted.
Rinsing for these substrates was performed as described above.

Prior to delivery of ERLS of varied size by jet. substrates were exposed to 20.0 pL
samples of 1000 ng/mL via stagnant solutions for 8 h. Quict solution and jet-based delivery
ol various sizes ol ERLs were completed as described above {or PPV samples with 20.0-pL
and 0.5-mL samples of ERLs used for quict and jet exposures, tespectively. To lacilitate
SEM imaging, the samples were chemically fixed with glutaraldehyde, which forms cross-
links between neighboring proteins by formation ol methylene bridges via the {ree amine
groups.” Fixation was nccessary in order to allow for rinsing with water, to remove salt
residucs lelt by buffer rinses. To this end, samples to be imaged were rinsed as described
above and then exposed to 20.0 uL of 10% (v/v) glutaraldchyde in water for 30 min after
ERL cxposure. The substrates were then rinsed by two successive immersions in 2 mL of
fresh 2 mM aqueous borate bulfer with 150 mM NaCl, and finally with a gentle stream of
decionized waltcr.

Instrumentation. (i) SERS Measurements. Raman spectra were collected with a
NanoRaman | (Concurrent Analytical) employing a 30-mW, 632.8-nm He-Ne laser with
incident power of 2-3 mW. The spectrograph is comprised of a modificd 172.0 Czerny-Turner

imaging spectrometer and has a resolution of 6-8 em™. The las:r light is focused on the
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surface (o o 25-pm spot using an objective with a numerical aperture of .68, and the
scattered light is collected with the same objective, A thermo-cleetrically cooled (0°CY Kodak
0401E CCD was used. All speetra were collected with an integration time of |8 unless
otherwise noted.

(i) Scanning Electron Microscopy (SEM). SEM imuages were acquired using a
Philips FEI XL30 ESEM FEG Environmental scanning clectron microscope. Samples were
sputter coated with ~100 A of gold prior to imaging. An accclerating voltage of

25 kV was used. The images were collected from secondary clectrons.

Results and Discussion

PPV assay by jet. Free liquid jet delivery was first compared to quict solution
cxposure for PPV incubation at a single concentration, 3.2 x 10’ TCIDsp/mL. A 0.5-mL
sample of PPV in PBS and a 0.5-mL blank sample were cach delivered to a capture substrate
at 10.0 mL/min. Since ERL delivery by jet proved only partially cflective in work with
1gGs,” and we subscquently found a similar problem with anti-PPV ERLSs (data not shown),
these samples were labeled with a 20.0-pL aliquot of anti-PPV ERLs lor 16 h via quict
solution. For comparison, 20.0-pL samples of the PPV and blank solutions were cxposcd to
capture substrates for 9 h, followed by labeling with 20.0 uL. of ERLS for 16 h, both via quict
solution. These data arc shown in Figure 2. Representative spectra for each of the four
samples arc shown in Figure 2a with SERS intensity plotted versus Raman shift. Spectral
features characteristic of the DSNB-based Raman reporter molecule are clearly evident."”
The most prominent band 1s at 1336 cm’', which arises from 1, (NO,). The intensities of this

feature for the 3.2 x 10’ TCIDsy/mL PPV samples, delivered by jet and in quiet solution. are
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plotied in Figure 2b. The responses for the blank samples are not discernable from the
measurcment noisc. While lower than that from quict solution, the signal for the sample with
jet delivery is significantly higher than that of the blank, indicating that PPV incubation can
be accomplished by jet delivery, We note that the signals result from the specific capture of
PPV since substrates exposed to other species (e.g., feline calicivirus) did not result in
intensitics greater than thosce ol blank samplcs,

Next, an assay for PPV in PBS at a range of concentrations was performed in order to
construct a dosc-response curve, Five samples, ranging from 6.4 x 107 to 6.4 x 107
TCIDs¢/mL, and a PBS blank were used. Each 0.5-mL sample was delivered by jet at 10.0
mL/min. Labeling was achicved by 16-h quict solution exposure ol 20.0 uL aliquots of anti-
PPV ERLs. The resulting dose-response curye is shown in Figure 3. Each point represents
thc average signal of five spectra collected with 1-8 integrations at diflcrent locations on the
capture substrate and the crror bars correspond to the standard deviation of the
measurements. The average signal mcasured for the blank sample was 9248 cts/s. 1l we
definc the LOD by the concentration that would yicld a signal cqual to that of the blank plus
three times its standard deviation (1 16 cts/s), these results yicld an LOD of 4 x 10°
TCIDs¢/mL. In comparison, the LOD achicved with quict solution assays utilizing 12-h
exposures of 20.0-pL each of PPV and ERLs was 2 x 10’ TCIDsy/mL (data not shown).22 Jet-
based delivery of PPV therefore results in lower LODs than those for quiet solution assays
while simultaneously decreasing the incubation time by a factor of 14,400.

ERL delivery by jet. The success of PPV capture shows Lhat incubation by jet
delivery can be realized for objects larger than proteins (e.g., IgG and ovalbumin). In a

previous work, 60-nm diameter ERLs were delivered by jet to label captured rabbit IgG, with
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very low levels of BRL binding observed.” The level of bound BRLs was comparable to that
which is seen due to non-specific binding (i.c., the signal from o blank sample) when quict
cxposuic of BRLs is cmployed.

One fuctor considered that could prevent the binding ol ERLs by jet is the large size
(60 nm diameter) compared Lo the size of an 1gG protein (14,5 nm x 8.5 nm x 4.0 nm).** The
force experienced by an object in flowing liquid is proportional to its diameter.™ At issuc
then is whether the impact of a 60-nm diameter ERL is large cnough (o overcome the binding
force of the interaction with captured antigen. Since the success ol PPV (25 nm diameter)
capture by jet shows that objects larger than 10 nm can be used with this technique, ERLS ol
a comparable size (i.e,, 20-nm diameter) were studied with respect to delivery by jet and
compared to the perlormance of larger ERLs (40-, 60-, and 80-nm diameter).

To explore the clfect of ERL size on labeling efficiency via jet delivery, gold
nanoparticles with diameters ol 20, 40, 60, and 80 nm were used to construct anti-1abbit-
coated ERLS, all at a linal concentration of 5.2 x 10'” ERL/mL. Anti-rabbit gG capture
substrates were exposed to 20.0-uL aliquots of 1000 ng/mL rabbit 1gG in PBS [or 8 h. After
rinsing, hall of the capture substrates were exposed to ERLs by jet and hall were exposed to
ERLs via quict solutior. Quiet solution studies employed 20.0 uL. of ERLs and incubations
ol 16 h. The jet studics delivered 0.5 mL of ERLs at 10.0 mL/min lor an incubation timc of 3
s. Fixing with glutaraldehyde, as outlined above, was used to allow for rinsing with water to
facilitate SEM. SEM images were collected at five locations on each substrate and
representative images for each ERL size are shown for both cases in Figure 4. For all
cxposures of ERLs via quiet slution (Figures 4A-D), a large number of objects, with

dimensions characteristic of the ERLs employcd, bound to the captured 1gG. In contrast, the
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micrographs in Figures 4E-H reveal that very few ERLs label bound 1gG when delivered by
jet. It appears evident that, regardless of size, jet-based ERL cxposure cannot equal the level
of labeling acquired via quiet solution.

The ERLS in each image were enumerated and the number was extrapolated to the
number bound per 3-mm diameter capture area. Those data arc shown in Figure 5 in which
the average number of ERLs per capture area from [ive images is plotted and the error bars
represent the standard deviation. There were no detectable 20-nm ERLS in the images for jet
delivery. The number of ERLs captured in the jet experiments are roughly equal for 40-, 60-,
and 80-nm diameter ERLs. Like that for jet delivery, the number of ERLSs per capture area is
roughly equivalent for all sizes tested with the exception of the 40-nm ERLs. The reason for
this in unknown but may relate to poor performance of fixing for this sample, resulting in
loss of bound ERLs upon water rinsing.

Nonetheless, the results indicate that delivery by jet is only marginally effective for
any of the investigated anti-rabbit ERL concentrations and sizes. Additionally, 60-nm anti-
PPV ERLs did not successfuily label captured PPV when delivered by jet (results not
shown). Because capture of PPV via jet was achieved while labeling with 20-nm ERLSs
proved difficult, it is apparent that the size of the object, has only a small (if any) impact on
the ability of an object to bind to its target through jet exposure.

There are, however, important differences in the surface characteristics of the viruses
and the ERLSs. As mentioned above, PPV has a capsid consisting of 60 copies of a viral
protein, and the antibody used in these studies is a monoclonal antibody against that protein.
In contrast, ERLSs are constructed with polyclonal goat anti-rabbit IgG antibodies and these

antibodies are in various orientations on the surface ot the gold nanoparticle. It is possible
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that PPV successtully binds by jet because the correct orientation for binding to anti-PPV
(assuming the anti-PPV antibody is tethered to the surface in such a way that it is active) is
more probable. The anti-rabbit ERLs, on the other hand, may have only a portion of surface
bound antibodies in active orientations and these antibodies may come into contact with
epitopes on surface bound rabbit [gG against which they are not specific. Furthcrmore, PPV
is exposed to a capture substrate, whereas ERLs target captured analyte, which would only
occupy a portion of the original capture sites on the substrate. There are therefore fewer
binding sites available to ERLs than PPV. Further studies are needed to investigate these
hypotheses to understand the reason for the lack of ERL labeling by jet.

As mentioned above, the drag force on an ERL may be enough to overcome the initial
interactions between the antibodies on the ERL and the captured IgG protein. This could be
less of a factor for the PPV assay because the interaction between anti-PPV and PPV may be
stronger. This stronger interaction, however, may be overcome in the case of anti-PPV ERL
labeling captured PPV as the force would be greater on the larger ERL. Further studies are
needed to understand whether the force on the object delivered by jet is a factor in binding,
and to what extent. Also, studies with ERLs of different sizes constructed with anti-PPV may
clarify the roles of size and antibody-antigen interaction strength on the success of binding

with jet delivery.

Conclusions

We have demonstrated the use of a free liquid jet for incubation of PPV in a sandwich
immunoassay. This technique allowed for the capture of PPV from 0.5-mL samples in 3 s,

which represents a reduction of over 14,000-fold in incubation time from an assay relying on




93

diffusional mass transport. SERS readout was employed for an immunoassay for PPV with
jet incubation, resulting in an LOD of 4 x 10 TCIDsy/mL which betters LODs achieved in
quiet solution assays. As we have shown in previous work, readout for an assay for PPV can
also be achicved by atomic force microscopy (AEM) without a labeling step,” therefore a
total incubation time of only 3 s could potentially be realized in an assay for PPV.

We have also determined that size is not the only factor precluding the usc of jet
delivery for ERLs. This result may lead to an improved design for ERLS, allowing for
delivery by jet and for the completion of SERS-based sandwich-type immunoassays in under
I minute. One possible way to increase the likelihood for ERL binding by jet may be to use
antibody fragments to raise the probability that a favorable interaction will occur when

delivered to the substrate surface.

Acknowledgements

This work was supported through grants from CEROS-DARPA and the NADC and
by the Institute for Combinatorial Discovery of Iowa State University and the Biodesign
Institute at Arizona State University. The Ames Laboratory is operated for the US
Department of Energy through Iowa State University under contract No. W7405-eng-82. We
gratefully acknowledge the use of facilities within the Center for Solid State Science at

Arizona State University.




94

References

(M

(2)
3)

“4)

)

(6)

()
@®)

9)
(10)

(1)
(12)

(13)

Diamandis, E. P.; Christopoulos, T. K. In Immunoassay;, Diamandis, E. P,,
Christopoulos, T. K., Eds.; Academic Press: San Diego, CA, 1996, pp 1-3.

Sokoll, L. J.; Chan, D. W, Anal. Chem. 1999, 71, 356R-362R.

Elnifro, E. M.; Ashshi, A. M.; Cooper, R. J.; Klapper, P. E. Clin. Microbiol. Rev.
2000, 13, 559-570.

Storch, G. A. Essentials of Diagnostic Virology; Churchill Livingstone: New York,
2000.

Driskell, J. D.; Kwarta, K. M.; Lipert, R. I.; Vorwald, A.; Ncill, J. D.; Ridpath, J. F.;
Porter, M. D. J. Virol. Methods 2000, 138, 160-169.

Uhlenkamp, J. M.; Lipert, R. 1.; Granger, M. C ; Porter, M. D. Manuscript in
preparation.

Uhlenkamp, J. M.; Lipert, R. I.; Porter, M. D. Manuscript in preparation.

Baonga, J. B.; Louahlia-Gualous, H.; Imbert, M. Appl. Therm. Eng. 2006, 26, 1125-
1138.

Fabbri, M.; Dhir, V. K. J. Heat Transfer 2005, 127, 760-769.

Incropera, F. P. Liouid Cooling of Electronic Devices By Single-Phase Convection;
John Wiley and Sons, Inc.: New York, 1999.

Lienhard, J. H. V. Annu. Rev. Heat Transfer 1995, 6, 199-270.

Simpson, A. A.; Hebert, B.; Sullivan, G. M.; Parrish, C. R.; Zadori, Z.; Tijssen, P.;
Rossmann, M. G. J. Mol. Biol. 2002, 315, 1189-1198.

Driskell, J. D.; Kwarta, K. M.; Lipert, R. I.; Porter, M. D.; Neill, J. D.; Ridpath, J. F.

Anal. Chem. 2005. 77, 6147-6154,




(14)

(15)

(16)

(17)

(18)

(19)

(20)

24

95

Driskell, J. D.; Uhlenkamp, J. M.; Lipert, R, J.; Porter, M. D. Anal, Chem., 2007, 79,
4141-4148.

Grubisha, D. S.; Lipert, R. 1.; Park, H.-Y.; Driskell, 1.; Porter, M. D. Anal. Chem.
2003, 75, 5936-5943.

Ni, 1.; Lipert, R. J.; Dawson, G. B.; Porter, M. D. Anal. Chem. 1999, 71, 4903-4908.
Park, H.-Y.; Driskell, J. D.; Kwarta, K. M.; Lipert, R. I.; Porter, M. D.; Schoen, C.;
Neill, J. D.; Ridpath, J. F. Top. Appl. Phys. 2006, 103, 427-446.

Chen, C. S.; Mrksich, M.; Huang, S.; Whitesides, G. M.; Ingber, D. E. Biotech. Prog.
1998, 14, 356-363.

Kumar, A.; Whitesides, G. M. Appl. Phys. Lent. 1993, 63, 2002-2004.

Libioulle, L.; Bietsch, A.; Schmid, H.; Michel, B.; Delamarche, E. Langmuir 1999,
15, 300-304.

Lopez, O.; Lopez-Iglesias, C.; Cocera, M.; Walther, P.; Parra, J. L.; de la Maza, A. J.
Struct. Biol. 2004, 146, 302-309.

Kwarta, K. M., lowa State University, Ames, 2007.

Silverton, E. W.; Navia, M. A.; Davies, D. R. Proc. Natl. Acad. Sci. U. S. A. 1977, 74,
5140-5144.

Batchelor, G. K. An Introduction to Fluid Dynamics, Cambridge University Press:

Cambridge, 2000.




96

Figure Captions

Figure 1. Schematic of a free liquid jet depicting the hydrodynamic properties of the jet and

resulting stagnation and boundary layer regions. Adapted from reference 10,

Figure 2. (A) Represcntative spectra for cach sample, offsct for clarity. The top two spectra
are from the PPV samples with concentration of 3.2 x 10 TCIDso/mL, and the bottom two
are from the blank samples. (B) The SERS intensity of the v,(NO,) measured for cach 3.2 x
10’ TCIDso/mL PPV sample. The error bars represent the standard deviation of five
measurements taken at different locations on the sample. The signals due to the blank

samples are not shown as they were not discernable from the peak-to-peak noise.

Figure 3. Dose-response curve for 0.5-mL samples of PPV in PBS delivered by jet at 10.0
mL/min. Labeling was achieved via 16-h quiet solution exposure of ERLs. The SERS
intensity of the v,(NO») was measured for each sample at five locations on the capture
surface and the average is plotted. The error bars represent the standard deviation of five
measurements taken at different locations on the sample. The dashed line represents the limit
of detection, defined by the signal of the blank plus three times the standard deviation of the

blank signal.

Figure 4. Representative scanning electron micrographs for substrates with captured rabbit
IgG labeled by quiet solution for 16 h with 20.0 pL of ERLs (A-D) and by jet at 10.0 mL/min

with 0.5 mL of ERLs (E-H); ERLs made with nanoparticles of diameter (A) 80 nm, (B) 60
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nm, (C) 40 nm, (D) 20 nm, (E) 80 nm, (F) 60 nm, (G) 40 nm, and (H) 20 nm. Thc scalc barg

in each image are 500 nm.

Figure 5. Number of ERLs bound in the capture area by size, for quict exposure and jet

delivery. The crror bars represent the standard deviation from five measurements,
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CHAPTER 5: LOW-LEVEL DETECTION OF SHED PROTEIN FROM
PATHOGENIC BACTERIA WITH FREE LIQUID JET SAMPLE

INCUBATION AND SERS READOUT

A manuscript in preparation for submission to Analytical Chemistry
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Abstract

A sensitive and rapid hetcrogeneous sandwich-type immunoassay with free liquid jet
sample incubation and SERS rcadout is applied to the detection of heat-killed E. coli
O157:H7. Frec liquid jet incubation is extremely rapid as a consequence of the development
of a very thin (e.g., 1-2 pm) diffusion layer, resulting in increased sample accumulation at the
substrate surface. Free liquid jel incubation for 3 s at 10.0 mL/min with 500-pL samples was

compared to 8-h quiet solution-based exposure of 20.0-uL sample. The limit of detection
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(LOD) lor the quict sobution assay was 107 cells/mL, while that for the assay employing free
liquid jet was less than | cell/mL. Evidence for the detection of [ree protein, shed by the
bacteria, is presented and accounts for the very low LOD achicved by free liquid jet sample

incubation,

Introduction

The infectious dose of E. coli O157:H7 is exceedingly low, about 10-100 cclls.! £,
coli O157:H7 produce toxins that damage the intestinal lining and can lead to a life-
threatening condition known as hemolytic uremic syndrome (HUS), highlighting the nced for
rapid, sensitive detection methods for this and numerous other pathogens. The current
diagnostic standard for E. coli and many other bacteria-based infcctions is stool culturing, a
sensitive but time consuming technique.? Outbreaks of E. coli O157:H7 infection can also be
triggered by consumption of contaminated water, and, while typically problematic in
developing countries, have also recently occurred in Canada, and causcd six deaths and
illness to thousands.® The development of sensitive and accurate pathogen detection is
thercfore requisite for the effective monitoring of water, wastewater, and environmental
samp]es.4

Many of the direct, whole organism detection modes that have been developed,
however, often lack sensitivity, involve complicated sample preparation, require
sophisticuted instrumentation, or long assay times. These include potentiometric biosensors,”
% flow injection immunoanalysis,’” fluorescent nanoparticle labeling,® and enzyme-haszd
methods.” These techniques often requirc several hours or have high LODs (e.g., 5 x 10’

cfu/ml * There are also several reports on the use of polymerase chain reaction (PCR) for
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measurement of E. coli O157:H7 and other bacterial pathogens.'®!"* While extremely
powerful, the routine use of PCR can be complicated by the occurrence of false positives due
to contamination, high cost, and lengthy sample extraction and purification steps.” There is,
therefore, still a strong neeu, therefore, for the developmeant of an effective technology that
incorporates speed, sensitivity, low cost, and accuracy for disease diagnosis and wastewater
treatment monitoring.

Herein, we describe a method to achieve extremely low limits of detection (LOD) (or
E. coli through the use of a heterogeneous sandwich immunoassay with rapid incubation of
sample using a free liquid jet and surface-enhanced Raman scattering (SERS)-based
detection. This work extends our recent efforts on the use of free liquid jet for sample and, in

one case, label delivery,"”

which we applied to the detection of IgG, ovalbumin, and
porcine parvovirus (PPV) with total assay incubation times (i.e., both sample and label) as
short as 6 s and little or no compromise in LOD.

The more common use of free liquid jets has been in cooling in metal and plastics
manufacturing, lasers, and electronic equipment.'**! Liquid jets have been employed in
investigations of heterogeneous electron-transfer reactions.” ! In applying a free liquid jet to
incubation of sample or label in immunoassays, a hydrodynamic boundary layer is formed at
the substrate surface with thickness dy,¢ (Figure 1). The thickness of the diffusion layer, duy,
depends on dje and is greatly reduced from that of quiet solution (e.g. by a factor of ~500).
In this way, mass transport is increased, opening a pathway for reductions in incubation
times.

The detection of 500-uL samples of heat-killed E. coli O157:H7 with free liquid jet

incubation was accomplished via SERS readout of extrinsic Raman labels (ERLSs), resulting
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in an LOD of less than | cell/mL, a 3-s sample incubation step, and a total assay time of ~16
h. ERLs consist of a gold nanopatticle modified with a layer of a Raman reporter molecule,
which also forms covalent links to monoclonal or polyclonal antibodies as specific
recognition elements. As a basis of comparison to the results from the free liquid jet-based
assay, an assay for E. coli O157:H7 was performed with 8-h quiet solution incubation of
20.0-u L samples and 24-h total incubation time and resulted in an LOD of 10° cells/mL.
Evidence is also provided for an enhancement mechanism, in the form of the detection of
protein shed from the bacteria, which accounts for the improvement in LOD of over 10° via

the use of free liquid jet sample delivery.

Experimental Section

Reagents. Gold colloids with 60-nm diameter (2.6 x 10'° particles/mL) were
purchased from Ted Pella. Octadecanethiol (ODT), dithiobis(succinimidyl propionate)
(DSP), and phosphate buffered saline (PBS) packs (10 mM, pH 7.2) were obtained from
Sigma. SuperBlock and BupH Borate Buffer Packs (50 mM, pH 8.5) were acquired from
Pierce. All buffers were passed through Steri-Cup GP Filter Units (Millipore).

Polyclonal goat anti-E. coli O157:H7 antibody was procured from US Biological as a
liquid in PBS and, prior to receipt, was purified by affinity chromatography. Heat killed E.
coli 0157:H7 (10® cells/mL in PBS) was generously provided by Nancy Cornick of ti
Department of Veterinary Microbiology and Preventive Medicine at Towa State University.

Capture Substrate Preparation. Assay capture substrates were constructed from 1 x
1 cm glass squares, cleaned with Contrad 70 (Decon Labs), coated with thin layers of

chromium and gold, and modified with proteins linked by coupling through a DSP-derived
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monolayer. First, ~10 nm of chromium was rcsistively evaporated onto the glass squarcs at
0.1 nm/s using an Edwards 306A resistive evaporator. Next, ~300 nm of 99.9% purc gold
was evaporated at the same rate. An ODT-derived monolayer was then created for the

25-27

localization of immunoassay reagents. A microcontact printing stamp=""" was fabricated
from poly(dimethyl siloxane) (PDMS, Dow Corning) with a 3-mm hole cut in its center. The
PDMS stamp was soaked in 1 mM ODT for ~1 min, dried under a stream of high purity
nitrogen, and exposed for 20 s to a gold-coated glass chip. The substrates were then rinsed
with ethanol, dried under a stream of high purity nitrogen, and immersed in a 0.1 mM
ethanolic solution of DSP for 12 h to create a DSP-derived monolayer in the bare gold center.
The succinimidyl esters at the terminus ol the monolayer act to immobilize polyclonal
capture antibodics via an amide linkage that forms from the reaction with primary amines of
the protein. To this end, 20.0 pL of goat anti-E. coli O157:H7, diluted to 100 pg/mL with 50
mM aqueous borate buffer (pH 8.5), was pipetted onto the substrate and allowed to react for
8-12 h in a humidity chamber at room temperature. The substrate was next washed three
times by brief immersions in 2 mL of fresh 10 mM PBS. After rinsing, 20.0 pL of
SuperBlock buffer was pipetted onto the capture surface to block any unreacted succinimidyl
groups. After 12 h, the substrate was again rinsed using the procedure described above.
SERS Label Preparation. ERLs have been designed to give large Raman signals
and immunospecificity and as such, were optimized in previous works.”® ** ERLs therefore
incorporate a DSNB-derived reporter, which has an intrinsically strong Raman scatterer in
the form of a symmetric nitro stretch, v(NO,). The DSNB-based moiety also serves to
couple monoclonal or polyclonal antibodies through succinimidyl ester chemistry, which

imparts molecular specificity toward the antigen.
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The first step in the assembly of ERLS is to alter the pH of a 1.0-mL suspension of
60-nm gold nanoparticles to 8.5 by the addition of 40.0 1L of 50 mM aqueous borate buffer.
This step will deprotonate the primary amines of antibodies added later, which facilitates the
reaction with the succinimidyl ester of DSNB. Next, an ~8-h incubation with 10.0 pL of 1.0
mM DSNB is carried out. Subsequently, 20 pg of goat anti-E. coli O157:H7 was added to the
suspension and allowed to react for ~12 h, The subsequent step adds 100.0 uL ol 10% (w/v)
BSA in 2 mM aqueous borate buffer to block unreacted succinimidyl ester groups. After ~5
h, the suspension was centrifuged at 2000g for 10 min to remove supernatant containing
unreacted DSNB and antibody. The ERLs were resuspended in 1.0 mL of 2 mM aqueous
borate buffer containing 1% (w/v) BSA. This process was repeated two more times, with the
final volume for resuspension adjusted to give a final ERL concentration of 5.2 x 10'°
particles/mL. Finally, 100.0 uL of 1.5 M NaCl in water was added to bring the final salt
concentration to 150 mM in order to mimic physiological conditions, with the suspension
then passed through a syringe tip filter (0.22-um pore size, Costar) to remove aggregates.

Protocol for Quiet Assay. For assays carried out in quiet solution, 20.0-uL aliquots
of varied concentrations of heat killed E. coli, diluted in PBS, were exposed to capture
substrates for 8 h. Next, the substrates were rinsed by three brief immersions in 2 mL of fresh
2 mM aqueous borate buffer with 150 mM NaCl. Finally, 20.0 pL of ERLs was pipetted onto
each substrate. Following a 16-h incubation, the rinsing procedure described above was
repeated.

Protocol for Jet Assay. Free liquid jet delivery of E. coli was performed with
500-pL samples delivered by jet at 10.0 mL/min. Rinsing and quiet exposure of ERLs (16 h)

were accomplished as described above for the quiet assay. The jet nozzle, held 3 mm from




109

the sample surface, was defined by 0.5-mm internal diamcter PEEK tubing (Upchurch
Scientific) that was attached to the end of a syringe by standard fluidic adapters. As depicted
in Figure 1, the jet was dirccted normal to the substrate surface and the flow was driven by a
PHD?2000 Programmable syringe pump {rom Harvard Apparatus.

Instrumentation. (i) SERS Measurements. A NanoRaman [, cquipped with a 30
mW, 632.8-nm He-Ne laser, a spectrograph consisting of a modified Czerny-Turner imaging
spectrometer with a resolution of 6-8 cm™, and a thermoelectricall y cooled (0 °C) Kodak
0401E CCD, was used to collect all Raman spectra. The laser light, with normal incidence, is
focused to a 25-um diameter spot (2-3 mW) by an objective with a numerical aperture of
0.68. All spectra were collected with an integration time of 1 s.

(ii) Scanning Electron Microscopy (SEM). A Philips FEI XL30 ESEM FEG
Environmental scanning electron microscope was used to acquire all SEM images. Prior to
imaging, samples were sputter coated with a thin (~100 A) layer of gold. Images were

collected from secondary electrons and an accelerating voltage of ~25 kV was used.

Results and Discussion

Comparison of quiet and jet-based assays. Assays for E. coli, performed with quiet
solution and free liquid jet incubation, were compared. E. coli samples were diluted with
PBS from a stock concentration of 10° cells/mL to a range of concentrations from 10* to 10’
cells/mL, and mixed by vortexing for ~3 s. The quiet solution assay used 20.0-uL samples,
incubated for 8 h. The free liquid jet assay employed 500-uL samples, delivered by jet at
10.0 mL/min for a sample incubation time of 3 s. Labeling for both assays was carried out

with quiet solution exposure of ERLs for 16 h. The results from these assays are presented in




110

Figure 2. Shown in Figure 2A are representative spectra, including the blank, from both the
quict solution and frec liquid jet assays. These spectra have features characteristic of the
DSNB-derived adlayer on the ERLs, most notably v,(NO»), at 1336 cm’. The intensities of
v,(NOy) for the samples from both assays are plotted against the log of the sample
concentration in Figure 2B. Concentrations of 10%, 107, 10, and 10° cells/mL arc plotted for
the quiet solution assay; lower sample concentrations did not yicld SERS intensitics
distinguishable from the blank. Conversely, the samplcs ol lower concentrations, 10°, IO“,
10°, and 10° cells/mL arc plotted for the free liquid jet assay as the SERS intensitics leveled
off for samples with higher concentrations. The crror bars represent the standard deviation of
five mcasurements taken at dilferent locations on the substrate surface. The dashed lines
represcent the LOD, defined by the signal from the blank plus three times its standard
deviation.

There are several important observations Lo notc about these results. First, while the
two assays have almost the same SERS intensity for the 10° cells/mL sample, the overall
trends are much different. Moreover, the signal from the jet blank is markedly lower than that
of the quiet solution assay (292 cts/s compared to 695 cts/s). As a result of the lower blank
signal, the free liquid jel assay has a remarkably low LOD. The LOD for the free liquid jet
assay is less than 10 cells/mL while that for the quiet solution assay is 10° cells/mL.

This striking difference in LOD is noteworthy, especially when determining a
theorctical L.OD for each assay condition. If the LOD is defined as the ability to detect the
presence of one bacterium in a laser spot, and assuming every bacterium is captured from a
sample, the lowest concentration that would ensure interrogation of at least one bacterium by

the laser is 7 x 10° cells/mL for a 20.0 uL sample and 3 x 10" cells/mL for a 500 uL sample.
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An LOD lower than that of the quict assay is thercfore expected for the free liquid jet assay.
However, the LODs for both assays arc much lower than predicted.

We hypothesize that the basis for the observed LODs is the detection of shed protein
[rom the E. coli cclls. We recently reported on an assay for the detection of Mycobacterium
avium subspecies paratuberculosis (MAP), the causative agent of Johne’s discase, in which
the observed LOD was lower than that for a prediction based on the exhaustive removal of all
the microorganisms in a sample.™ Further experimentation showed that the lower than
expected LOD originated from the presence of shed surface protein from MAP. Other recent
reports have also detailed the occurrence of protein shedding from bacteria,*"*
demonstrating that detachment could be induced by sc nication.™

The LODs achieved for the frec liquid jet assay argue that the presence of shed
protecin dominates the responsc at low concentrations. However, the capture of whole bacteria
may play a role in the response found at higher sample concentrations. To explore this issue,
scanning electron microscopy was used Lo image both types of capturc substrates.
Representative results are presented for several different concentrations of E. coli by the
micrographs exemplified in Figures 4 and 5.

The micrographs for assays for E. coli incubation in quiet solution are shown in
Figurc 4. The SEM images in Figures 4A-D are of scparate locations on a capture substiate
exposed (o 10% cells/mL. Figures 4A-C were obtained at 20,000x magnification spanning an
area of 25.8 umg, which is a [actor of 19 less than the area (491 pm?) irradiated by the
focused laser source. Figure 4D, on the other hand used a 5000x magnification, imaging an

area of 413 pmz, which is 18% less than that of the laser spot. E. coli microorganisms,

characterized by their rod shape and dimensions (~2 pum x 0.8 pm),33 can be seen in three of




the four images. Much larger numbers of spherically shaped objects, but much smaller, arc
also cvident in all four images. These objects arc consistent with the size of the gold
nanoparticles which form the cores of the ERLs, noting that there are particles in arcas well
beyond the footprint of the bacteria. In fact, the arc imaged in Figure 4C contains a large
number of ERLs (~250), but is devoid of bacteria. In Figure 4D, which was taken at 5000x,
several bacteria, along with large areas populated only by ERLs, are apparent.

A substrate exposed to 107 cells/mL produced the four images shown in Figure 4E-
4H. Figures 4E and 4F show that bacteria can also be captured at this concentration. The
larger area imaged in Figure 4H, however, reveals that while there are fewer bacteria
captured at this concentration, there are still a large relative number of ERLs bound to the
capture substrate.

Images from the substrate exposed to 10° cells/mL are given in Figures 41 and 4J.
There are no microorganisms found on the substrate surface at any (>5) of the examined
sample locations. Likewisc, the images for the substrawe exposed to PBS only (blank), shown
in Figures 4K and 4L, are also devoid of observable bacteria.

The images for samples exposed to E. coli by jet are presented in Figure 5. These
images are for substrates exposed to 10° cells/mL. (5A and 5B), 10° cells/mL (5C and 5D),
10* cells/mL (5E and 5F), and 0 cells/mL (blank) (5G and 5H). None of these images contain
footprints diagnostic of whole bacteria, a result repeated upon scanning more than a 100-um
diameter area on the substrate. The lower than expected LODs for both quiet and jet assays,
along with substrate images clearly showing labeling of areas devoid of captured E. coli,

point to protein shedding as the mechanism resulting in these observations.
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To investigatc whether our approach to sample handling could induce protein
shedding, the free liquid jet assay was repealted by omitling the vortexing step after sample
dilution. Instead, the samples were mixed more gently by manual inversion. Thus, 500-uL
samples of K. coli in PBS, ranging in concentration [rom 1 cell/mL to 10° cells/mL were
delivered by free liquid jet at 10.0 mL/min, followed by quict solution labeling by ERLS for
16 h. The SERS intensitics of the v,(NOy) are plotted against the log of E. coli concentration
in Figurc 3A. There is not a strong predictive trend of SERS intensity with increasing samplc
concentration, which argues that sample handling plays an important role in the successful
capture of E. coli delivered by free liquid jet.

The assay for E. coli with {ree liquid jet incubation was conducted a third time with
vortexing of the sample. The assay was performed with an extended concentration range of |
cell/mL to 107 cells/mL and the 500-pL samples were vortexed for ~5 s prior to delivery by
frec liquid jet. These data are presented in Figure 3B, plotted with the results for the first
assay employing sample vortexing. As in the first assay in which vortexing was used for
sample preparation, the repeated assay resulted in a lincar trend with an increasc in SERS
intensity with incrcasing sample concentration. Intercstingly, the two trends have very
similar slopes but have very different levels of non-specific binding (i.e., signals {rom the
blank sample, illustrated by the dashed lincs, which represent the signal of the blank plus
threc times 1ts standard deviation). When the level of non-specific binding is subtracted from
the data for each assay, the SERS intensities from the second trial are shightly higher than
those of the first trial. While these diffcrences are small, the result is a slightly better LOD of

less than 1 cell/mL.
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Together, the results from the three assays with free liquid jet delivery of sample, and
the micrographs presented in Figures 4 and 5, argue that sample handling (i.c., vortex
mixing) causcs protein shedding from the E. coli cellg, and that it is these proteing that are
captured and detected in the free liquid jet assays. Additionally, increasing the time of sample
vortexing may increase the number of proteins shed by the E. coli as the 5-s vortexing used
in the second trial resulted in slightly higher SERS intensities than the first trial, which
cmployed 3-s vortexing. We arc presently designing experiments to further investigate the
rclationship between sample handling procedures and the resulting SERS intensitics, with the
goal of ascertaining whether inducement of protein shedding can be exploited mc ¢ broadly
and quantitatively as a rapid and highly sensitive approach to indirect microorganism

detection by increasing the level of shed protein.

Conclusions

The work herein is the first report on the use of free liquid jet sample delivery for the
detection of pathogenic bacteria. 1t relics on the detection of protein shed from the bacleria,
rather than by the direct detection of whole cells, which yielded LODs of a few bacteria per
1-mL sample. This cnhancement mechanism resulted in an LOD less than 1 cell/mL with a
500-uL sample delivered by (ree liquid jet for 3 s. While more sample was used than that for
an assay employing 8-h quiet solution cxposure of 20.0-uL samples (LOD=1.4 x 10’
cells/mL), the LOD and sample incubation time were improved by 400,000 and 9600 times,
respectively. Thus, a basis for the rapid and extremely low level detection of E. coli has been

developed. The LODs achieved can potentially accomplish dctection at a level of the
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inlcctious dose. We are presently exploring various pathways to harness this new and

cxciting capability.
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Figure Captions

Figure 1. Schematic of a free liquid jet depicting the hydrodyuamic propertics of the jet and

resulting stagnation and boundary layer regions. Adapted [rom reference 20.

Figure 2. (A) Representative specira (olfset for clarity) of several E. coli concentrations for
assays with quict solution incubation (top three spectra) and free liquid jet delivery (bottom
three spectra). (B) Dosc response curves for E. coli assays using the intensity of v,(NO,).
Assay with quict solution incubation used 20.0-pL samples and 8-h incubations. Free liquid
jet delivery was accomplished with 500-puL samples delivered at 10.0 mL/min for 3 s.
Labeling was carried out with 16-h exposure of 20.0 uL of ERLs for 16 h in both cases. Error
bars arc the standard deviation of live measurements made at different locations on the
substrate. The dashed lines represent the LOD defincd by the signal of the blank plus three

times its standard deviation.

Figure 3. (A) Dosc-response curve for an E. coli assay performed without vortexing for
mixing of samples. (B) Dose-rcsponse curve of a second trial of the {ree liquid jel assay for
E. coli (500-uL samples delivered at 10.0 mL/min) using samplc vortexing, plotted with the

data from Figure 2B.

Figure 4. Sample scanning electron micrographs for E. coli assay using quiet solution
sample and label incubation. (A-C) 108 cells/mL, 20,000x magnification; (D) 10® cells/mL,

5000x magnification; (E-G) 107 cells/mL, 20,000x magnification; (H) 107 cells/mL, 5000x
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magnification; (I) 10° cells/mL, 20,000x magnification; (J) 10° cells/mL, 5000x

magnification; (K) Blank, 20,000x magnification; (L) Blank, 5000x magnification.

Figure 5. Sample scanning clectron micrographs for E. coli assay with sample delivery by
free liquid jet and quiet solution label incubation. (A) 10° cells/mL, 20,000x magnification;
(B) 10° cells/mL, 5000x magnification; (C) 10° cells/mL, 20,000x magnification; (D) 10°

cells/mL, 5000x magnification; (E) 10* ¢ *1s/mL, 20,000x magnification; (F) 10t cells/mL,

5000x magnification; (G) Blank, 20,000x magnification; (H) Blank, 5000x magnification,

Table 1. Values of SERS intensity per ERL for quiet solution and free liquid jet samples.
Number of ERLs per laser spot calculated by enumerating ERLs in five images (20,000x;

25.80 um?) and extra olating to laser spot size (490.87 um?).




Free
|
S Surface

ZAN N

-
Target/

Stagnation
region

Boundary
layer region

Figure 1




SERS Intensity (cts/s)

-

= 10% cells/mL A
w407
102
- 10
10* 2000 cts/s
3
2 10
7]
c
8
£
2 RN
% AT S ST S o St g st K WAL 0 oSN, e e
N
st A i SRR G SR RN G T R B B W ot 4 e B B0 RS KLY 9 RERD S
¥ T T T ¥ T 1
400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)
10000
® Quiet Assay B
O Jet Assay
8000 A
6000 - E
4000 -
a T
2000 - .0
£
L o e e o e o e ]
O T T T
2 4 6 8

Log (E. coli Concentration, cells/mL)

Figure 2




SERS Intensity (cts/s)

SERS Intensity (cts/s)

A
4000
9
3000 - [ )
(]
[} [] [)
2000 { @
1000 -
O T T T T T T T
0 1 2 3 4 5 6
Log (E. coli Concentration, cells/mL)
O Trial1 B
4000 1| @ Trial2
3000 - [
0 [
=
2000 > o
L = _
1000 -
o T T T T T T T
0 1 2 3 4 5 6

Log (E. coli Concentration, cells/mL)

Figure 3




N
e

¥

SR
T s

Lo

Figure 4 (continued next page)




Figure 4 (continued from previous page)




I

PRSI T S BN 3
A R e o
2 IR R AN P

\, &&

>

¥

8, 8
e

WA

1 Mage et il
AL Skt




126

Supplemental Information

Evaluation of SEM images. The ERLs in cach scanning clectron micrograph were
cnumerated to ascertain the SERS intensity per bound ERL. Five images rom different
locations on the substrate were collected for quict solution assay samples with concentrations
of 10%, 107, 10%, and 0 cells/mL; and for free liquid jet assay samples with concentrations of
10% 10%, 10", and 0 cells/mL. The average number ol particles per imaged arca (25.80 umz)
was extrapolated to the arca interrogated by the laser upon collection of SERS spectra
(490.87 m2). These data, along with the average SERS intensity from five locations on the
substrate, are presented in Table S| and were used to calculate the SERS intensity per
particle,

There are several noteworthy observations from these data. The first is that the SERS
intensily per particle varies between and within the quiet solution and free liquid jet
experiments. The substrates for which E. coli was incubated in quiet solution have more
surface-bound ERLs than the substrates for which free liquid jet was used for E. coli
delivery. This resull is expected as it follows the data for SERS intensity. The intensity per
particle within the two experiment types varies as well. This number differs more within the
quiet solution data than the free liquid jet data. The intensity per particle for the free liquid jet
assay is very similar for all samples except the blank, which is about five times below that of
the other samples. The intensity per particle for the blank is also lower than the other samples
in the quiet solution set, however the other vary to a greater extent than those with jet

delivery.




This inconsistency in the samples with non-zero concentrations could be attributable
to an imaging artifact. The initial aim in collecting these images was to determine whether
intact bacteria arc captured from the samples, Because of this, it is highly likely that these
images arc fully representative because captured K. coli tend to be more heavily labeled with
ERLs than the surrounding substrate. In fact, when images taken with lower magnification
(i.c., 5000x) of the substrates that were exposed to 10% and 107 cells/mL arc enumerated, the
intensitics per particle at the two substrates arc much closcr in valuc to that for the substrate
incubated with 10° cells/mL. The values for intensity per particle then become 2.15, 1.97,
and 2.14 counts/s/particle for the 10%, 107, and 10° cells/mL samplcs, respectively.

In both sets ol assays, however, the difference in intensity per ERL between the
blanks and the other samples remains. We suspect that this may be due te the presence of
nonspccifically bound, non-active ERLs. That is, there may be a higher propensity for ERLs
that were not fully coated with DSNB and antibody to non-specifically interact with the
substrate surface in the absence of captured antigen. These "poorly" labeled ERLs would
then be counted in the SEM images but would not contribute, or would contribute to a lesser
degree, to the measured SERS intensity. Further studics are needed to support this

hypothesis.




k. coli Sample SERS # ERLs # ERLs per Intensity
Incubation  Concentration Intensity per image laser spot per ERL
Mcthod (¢ells/ml.) (cts/s) (ERLs) (ERLs) (cts/s/ERL)
Quict 108 7456 (£1223) 347 (x£58) 6606 (x£1101) [.13
107 5835 (£455)  210(x9) 3995 (x179) 1.46
10° 2815 (x£149) 69 (£9) 1308 (:179) 2.15
BRlank 695 (£59) 45 (x7) 856 (x£128) 0.81
Jet 1Q° 2727 (£157) 169 (x11) 3219 (+212) 0.85
10° 2319 (+44) 148 (£8) 2820 (x148) 0.82
10 1909 (£59) L6 (£7) 2213 (x£130) 0.86
Blank 292 (+46) 94 (=14) 1796 (£260) 0.16

Table S1
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CHAPTER 6: CONCLUSIONS

This disscrtation investigated the use of free lquid jets for sample and label delivery
in immunoassays, the main goal of which was to achieve rapid incubations. Chapter 2 began
the work towards this goal through the acvelopment of a protocol for free liquid jet sample
and label incubations. This was accomplished with the use of IgG and fluorescently-tagged
anti-IgG. The effect of sample volume and label concentration on assay performance was
studicd and a comparison was made between assays employing quiet solution and free liquid
jet incubations. Whilc the signals obtaincd with the free liquid jet assay were lower than
thosc from quiet solution samples, an extremely low blank signal was achieved and thus, a
comparable limit of delection (LOD). The LODs [or the quiet and free liquid jet assays were
400 and 330 pM, respectively. Additionally, while a larger sample was used for the jet
experiment, incubation times for both sample and label were decreased from the 12-h steps
used in the quiet assay to just 3 s each. This dramatic result achieved the goal set forth with
respect to implementation of a free liquid jet. A qualitative look at the theoretical
accumulation of antigen and label was also completed and begins to explain the basis for the
signals observed with quiet and jet assays.

Sensitive assays with surface-enhanced Raman scattering (SERS) readout have been
previously described by our laboratory. Thus, Chapter 3 extended free liquid jet assay
incubations with SERS-based readout for the detection of IgG and ovalbumin, a biowarfare
agent simulant. While effzctive delivery of SERS-based labels (modified gold nanoparticles)

by jet was not immediately realized, an alternative means to decrease labeling time was
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accomplished via concentrated labels. In this way, an assay for ovalbumin was performed in
under 40 min with a LOD of 790 pM. Ovalbumin was also detected in a complex matrix (i.c.,
milk) with a lower LOD of 280 pM.

Chapter 4 furthered free liquid jet capabilities to assays for porcine parvovirus (PPV),
This virus was detected with SERS readout with an LOD of 4 x 10° TCIDsy/mL, which was
lower than that of a quict solution assay at 2 x 10" TCIDsy/mL. This chapler also cxamined
the usc of smaller sized nanoparticles for the construction of SERS-basced labels, which were
used to label captured 1gG by jet.

Finally, Chapter 5 focused on the detection of pathogenic bacteria, namely E. coli
O157:H7. When a free liquid jet and quiet solution assay were compared, the LODs, while
very different, were both lower than that theoretically expected. The basis for this
observation was investigated using scanning clectron microscopy (SEM), which argued for
an enhancement mechanism by way of the delection of protein shed from the surface of
bacteria. Sample handling procedures further supported this finding. In this way, free liquid
jet incubation resulted in the indirect detection of E. coli O157:H7 with an LOD of less than

| cell/mL.
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