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1. Introduction

The lateral flow assay (LFA) is a simple paper-based test that enables the rapid
visual detection of specific biomolecules in a complex sample matrix. Industrial
use of LFAs has been vast over the years, including practical applications in
point-of-care (POC) clinical diagnostics,! pathogen identification,>® biomarker
detection,* and food safety evaluation,” among others. Since its first introduction to
the industry in the 1980s and 1990s, the LFA has continued to evolve into a
multibillion-dollar industry.® In 2006 alone, more than 200 companies worldwide
were involved in the development of LFAs for various applications with an
estimated value of $2.1 billion.® The industrial gravitation has continued to
increase, likely as the result of the significant underlying advantages of the LFA,
including low cost of production, little waste generation, and ease of use compared
with traditional biodetection modalities.” These advantages are particularly
promising for Army operational environments and can enhance the effectiveness of
the warfighter by assisting with decision making in regards to Soldier health and
performance and allowing the rapid identification of potentially hazardous foreign
substances in the field without the burden of heavy gear or the accumulation of
chemical waste products.

Structurally, the LFA is composed of four distinct paper components assembled in
an overlapping fashion to ensure continuity of the flow path against a plastic
backing. An example of a LFA is shown in Fig. 1.
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Fig.1  Components and principle of the LFA® (reproduced with permission under a
Creative Commons License 4.0)

The first element is the sample pad, which, as the name suggests, is where the
sample of interest is introduced, flowing through the paper via capillary action. As
the analyte leaves the sample pad it contacts the second element, the conjugate pad,
where a reporter is housed. This reporter remains embedded in the conjugate pad
and is tethered to an antibody that is specific to a target analyte potentially in the
sample. Upon resuspension by the matrix flow, the analyte becomes labeled with
the detectable reporter through interaction with the antibody. As this
analyte-reporter complex migrates, it is transitioned over to the third element, the
porous nitrocellulose membrane, where the labeled analyte migrates and is captured
by a second antibody deposited downstream at a site commonly referred to as the
test line. The fourth element, known as the absorbent pad, is used as a reservoir for
fluid collection and helps drive capillary action by preventing saturation of the
paper components.

Each of the elements in the LFA can be customized to accommodate different
applications and optimized to meet the user-defined performance expectations.
Modifications can be made to the sample matrix, predried buffer composition,
reporter types, and nitrocellulose pore size, among others. While this versatility
makes the LFA quite promising and robust, it also lends itself to increasing
complexity given the sheer number of possible variations.



Antibodies remain the gold-standard biorecognition molecules used in the
traditional LFA for labeling and capturing targets. This is primarily because of the
strong, highly specific binding interaction antibodies have with their respective
antigens. However, there are limitations associated with antibodies, including the
time-consuming production process, batch-to-batch variability, and poor
thermostability, all of which can diminish the efficacy of LFA in the field. To
maintain appropriate functionality of the assay in various environments, it is
necessary to incorporate capture agents that are not susceptible to the confines
posed by traditional antibodies.

To address the shortcomings of antibodies, many different classes of
nonimmunoglobulin (non-Ig) biosensors have been developed over the years.’
Some non-Ig affinity ligands include affimers, affinity clamps, aptamers, avimers,
DARPins, fluctuation-regulated affinity proteins, knottins, monobodies, and
protein-catalyzed capture agents (PCCs). General properties of these molecules are
shown in Table 1. Most non-Ig affinity ligands are produced using the common
strategy of tethering variable binding motifs to small, stable, protein-based
scaffolds.”!! Thus, by producing a library of stable scaffolds with random diverse
binding motifs, and subsequently screening these compounds against a target, novel
binding domains can be elucidated. Given the majority of non-Ig affinity ligands
retain an amino acid foundation, have low molecular weights, and generally lack
intricate secondary structure,'®!! we investigated the efficacy of integrating
peptides, which exhibit similar properties, into the LFA.

Table 1 Properties of some antibody mimetics that have been developed

Antibody

: Structural components Production strategy Reference
alternative

Protease inhibitor scaffold

. . . . Genetic engineerin;
with variable (nine amino & &

. 12
Affimer acids) presenting region used and expression mn Kyle 13
. . bacterial culture Klont et al.
to generate a diverse library .
) . (E. coli)
for screening against targets
Enhancer linked to a known
Affinity clam peptide motif and screened Evolved and selected Koide and
Y p against targets to generate through phage display ~ Huang'*
high-affinity variants
Peptide or DNA/RNA Developed using
component tethered to a systematic evolution Thivivanathan and
Aptamer protease inhibitor scaffold of ligands by yane 15
. . . Gorenstein
designed using exponential
bioinformatics enrichment




Table 1 Properties of some antibody mimetics that have been developed (continued)
Antlbod‘y Structural components Production strategy Reference
alternative

Independently folded binding
domain from different cell ) ' )
surface receptors consisting Genetic engineering Simeon and
Avimer of conserved (~35 amino and expression in Chen!®
acids [aa’s]) and variable bacterial culture Silverman et al.'6
regions (~12 aa’s) modified  (E. coli)
for targeted affinity
Native ankyrin repeats of 33 Genetic engincering
aa’s contain seven variable .
DARPin residues from which a library and expression m Stumpp et al."”
. bacterial culture
is prepared and screened (E. coli)
against targets '
After computational IOI; Zﬂ‘ticgoei rliisrileiﬁgon
Fluctuation- g?rslfjsi;mer(l)télz}elf (?F:fen pockets, followed by Kadonosono
regulated e b genetic engineering 18
. . antibody is grafted to a . et al.
affinity proteins . and expression in
non-Ig scaffold to essentially .
. . bacterial culture
mimic a truncated antibody (E. coli)
Exceptionally stable . .
30-residue protein fold with ir}llrjtlli(;g i%tlllgfve d by Simeon and
Knottin several surface-exposed oxidation to vield Chen'?
loops substituted with ligand cvsteine cros}sllinkin Richards'!
binding motifs y &
Comblnator}al modification Yeast surface display .
Monobody of fibronectin type-III and phaee displa Sha et al.
domain as a scaffold phag play
Library of fully synthetic In vitro peptide
Protein- cyclic peptides screened synthesis used to
catalyzed against synthetic epitopes produce a synthetic Coppock et. al 202!

capture agents

and selected using click
chemistry

epitope and the cyclic
peptides

In this report we present the preliminary results for the integration of peptides into
the LFA by using streptavidin-binding-peptide (SBP) as the model peptide. SBP
was previously characterized to bind streptavidin with a dissociation constant (Kq)

of 15 nM as determined by surface plasmon resonance immunoassay, which is
comparable to the binding affinity of most non-Ig ligands as well as some
antibodies. Additionally, SBP binds streptavidin at an allosteric site, thus
preserving the biotin binding sites for use in characterizing the sandwich assay. By
using SBP as a proof of concept, we can demonstrate that peptides are a viable
substitute to antibodies in the LFA and pave the way for future studies
implementing other non-Ig affinity ligands with real-world applications.



Perhaps the biggest consideration is the difference in size between peptides and
antibodies, which can be nearly 1-3 orders of magnitude larger than most peptides.

This has implications on the test-line immobilization strategy. Traditionally,
antibodies are deposited onto the surface of nitrocellulose and remain adsorbed due
to the overwhelming electrostatic interactions with the positively charged surface.?
Because many peptides lack the intricate folding and secondary structure patterns
to remain adhered to the nitrocellulose surface, we predicted that they would likely
demonstrate mobility after being wetted at the test line by the sample flow. To
assess this, we evaluated both passive adsorption and covalent linking strategies at
the test line.

Furthermore, two different reporter options were explored: carboxylate-
functionalized red latex beads and gold nanoparticles. The red latex bead reporter
was chosen due to the vibrant, high-sensitivity signal produced at the test line in
addition to the robust coupling potential made possible through the free carboxylate
groups. Similarly, gold nanoparticles were also used due to the ease of generating
a self-assembled monolayer using the gold—sulfur coordinate—covalent interaction,
as well as their simple in-house synthesis protocol, which allows for cheap, reliable
production of nanoparticles.

We characterize some of the challenges associated with incorporating peptide
capture agents into the LFA with hopes of using other non-Ig affinity ligands in the
same capacity. The results describe the workflow and troubleshooting of the assay
performed in-house during characterization. Note that to finalize an LFA for use,
assays must be taken to appropriate LFA vendors for optimization, scaling, and
functional development followed by characterization of sensitivity and specificity
prior to use in either diagnostics or biomolecule/organism identification.

2. Materials

2.1 LFA Components

CF4 sample pad paper (22 mm x 50 m), Standard 14 glass fiber, and FF120HP
nitrocellulose rolls were obtained from GE Healthcare Life Sciences (Marlborough,
Massachusetts). Plastic backing cards (80 mm wide) were obtained from
DCNovations (Carlsbad, California).

2.2 Reagents

Bovine serum albumin (BSA), Tween20, sucrose, 2-(N-morpholino)ethanesulfonic
acid (MES), divinyl sulfone (DVS), N,N-dimethylformamide (DMF), dimethyl



sulfoxide (DMSO), B-mercaptoethanol (BME), EZ Link NH»-polyethylene glycol
(PEG)2-biotin, streptavidin from streptomyces avidinii, imidazole, calcium
chloride, cobalt chloride, sodium carbonate, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N-hydroxysulfosuccinimide sodium
salt  (sulfo-NHS), mercaptoundecanoic acid (MUDA), hydrogen
tetrachloroaurate(IIl) hydrate (HAuClys), and sodium citrate trihydrate (NaCt) were
all obtained from Sigma-Aldrich Chemical Company (Milwaukee, Wisconsin).
Amine polyethylene glycol bicyclononyne (exo) (NH2-PEG3-BCN) and azido
polyethylene glycol biotin (N3-PEG-biotin) were both purchased from Conju-Probe
(San Diego, California). Biotinylated anti-streptavidin antibody was purchased
from Vector Laboratories (Burlingame, California). Streptavidin-HRP conjugate
and SuperSignal West Femto Maximum Sensitivity Substrate were purchased from
ThermoFisher Scientific (Waltham, Massachusetts). Thiol polyethylene glycol
carboxylate (HS-PEG-COOH; molecular weight (MW)5000 and MW 10,000), and
thiol polyethylene glycol biotin (HS-PEG-biotin; MW 1000 and MW5000) were all
purchased from PurePEG (San Diego, California). Red carboxylate latex beads
(red-COOH) and red streptavidin latex beads (red-streptavidin) were both
purchased from Bangs Laboratories (Fishers, Indiana). All chemicals purchased
were American Chemical Society reagent grade, >95% pure, and all solutions were
prepared in 1X phosphate buffered saline (PBS) using high-performance liquid
chromatography (HPLC)-grade (18.2-MQ) water unless otherwise specified.

2.3 Instrumentation

Chemiluminescent imaging was performed using a Molecular Imager VersaDoc
MP4000 obtained from Bio-Rad (Hercules, California). UV-visual data were
measured and collected using a DS-11 series spectrophotometer obtained from
Denovix (Wilmington, Delaware). SBP having the amino acid sequence
AWRHPQGG and thiolated SBP (HS-SBP) having the amino acid sequence
CAWRHPQGG were synthesized using an automated microwave peptide
synthesizer, as reported in Coppock and Stratis-Cullum.?

3. Methods

3.1 Preparation of Gold Nanoparticles

Gold nanoparticles (AuNPs) were synthesized in-house using the Turkevich
method as described by Kozlowski et al.>* to produce approximately 14 + 1.4-nm
citrate-stabilized particles. Briefly, HAuCls (0.0197 g; 0.0579 mmol) was dissolved
in 50 mL of pure water with vigorous stirring and heated until boiling. A 5-mL



solution of 3.67-mM NaCt was then prepared and quickly added to mixture. Several
transient color changes were then observed. Before the addition of NaCt, the
HAuCly solution was gold-colored. Following the addition of NaCt, the mixture
became clear, then black, and then a vibrant purple before finally settling on a
dark-red tinge. After recognition of this red hue, the reaction was timed for
15 min to ensure completion. The mixture was then allowed to cool to room
temperature before being filtered through a 0.2-pum sterile filter. The nanoparticles
were kept at 4 °C until further use. Due to instrument limitations, the mean
nanoparticle size was not characterized.

3.2 Conjugation of Gold Nanoparticles

Prior to functionalization, AuNPs (ODs3s = 3) were washed by pelleting using
centrifugation at 6000 xg for 30 min, decanting to remove any free citrate, and
resuspending in an equal volume of pure water. This wash step was repeated two
more times before resuspending the AuNPs in the desired functionalization solvent
(which varied depending on the desired thiolated ligand solubility; usually either
pure water or DMSO was used unless otherwise specified). Then the desired ligand
was added to the suspension of AuNPs and allowed to functionalize overnight with
agitation. To determine the ratio of ligand to AuNP, the packing density (ppacking)
was computed using an average AuNP radius (7) of 60 nm:

ligand molecules moljigang * 6.022E23 molecules/mol

Ppacking = A NP surface area 4112

After overnight functionalization was performed, the AuNPs were washed into
LFA buffer (1.0% BSA, 0.1% Tween20 in 1X PBS, pH 7.4) for use in the assay.

3.3 Conjugation of Red Carboxylate Latex Beads

Red carboxylate latex beads were modified to bear various ligands using EDC/NHS
coupling. Briefly, 0.2 mL of beads was pelleted using centrifugation at 17,000 xg
for 15 min. The supernatant was decanted, and the remaining pellet was
resuspended in 1 mL of coupling buffer (0.1 M MES, pH 6.0). This wash step was
performed three times before resuspending to a final volume of 1-mL coupling
buffer. Then EDC (prepared in water) and sulfo-NHS were added to the solution to
a final concentration of 1 mg/mL each and agitated for 30 min at room temperature.
The beads were then washed as done previously, resuspended in coupling buffer,
combined with the desired ligand, and allowed to react for 3 h at room temperature
with agitation. After 3 h the beads were washed into LFA buffer (1.0% BSA, 0.1%
Tween20 in 1X PBS, pH 7.4) for use in the assay.



3.4 Test-Line Modification

3.4.1 Passive Adsorption

Passive adsorption was performed by depositing 1 pL of ligand at the test line in a
linear fashion and drying for 5 min at room temperature before use.

3.4.2 Covalent Linking Strategy

Covalent immobilization of ligands at the test line was performed by using divinyl
sulfone DVS, which, as demonstrated by Lauritzen et al.,?> can displace the nitro
group on nitrocellulose and provide an arm for nucleophilic attack by
amine-containing compounds to facilitate a covalent linkage to the surface. To
maintain the same flow properties of homogenous nitrocellulose, only the test line
was exposed to DVS. Briefly, a strip of nitrocellulose was first washed with pure
water and dried at 37 °C for 3—5 h. Then a test line was demarcated and thinly
blotted with 5 uL of DVS solution (10% DVS, 5% DMF in 50-mM sodium
carbonate, pH 10). Five blotting steps were performed with 10-min intervals
between each step. The activated test line was then immediately blotted with 1 uL
of  different  amine-containing  compounds  (NH2-PEGz-biotin  and
NH:-PEG3-BCN, 1 mM each in pure water) for a total of five blotting steps with a
10-min drying interval at room temperature in between each step. The membranes
were then blocked using blocking buffer (1.0% BSA, 0.1% Tween20 in 1x PBS,
pH 7.4) for 3 h and subsequently rinsed with pure water. Membranes were prepared
in duplicate for use in LFA and chemiluminescence analysis. NH>-PEG3-BCN was
linked to the surface of nitrocellulose for use as an alkyne click handle? to
N;3-PEG-biotin, which was blotted to the BCN-modified surface in the same amount
and same manner as the NH>-PEGo-biotin control described previously.
Chemiluminescence was measured by probing the strips with streptavidin-HRP
(1:10,000 dilution in 1x PBS) and developing the signal with a SuperSignal West
Femto substrate for 5 min before exposing and the capturing images.

3.5 LFA Preparation and Assembly

Prior to running an assay, both the sample pad and conjugate pad were saturated
with buffer to prevent reporter aggregation throughout the test. The sample pad was
saturated with sample pad buffer (0.1% BSA, 0.01% Tween20 in 1x PBS, pH 7.4),
and the conjugate pad was saturated with conjugate pad buffer (1.0% BSA, 0.1%
Tween20, 10% sucrose in 1x PBS, pH 7.4). Saturation was achieved by adding
droplets of solution to the appropriate paper component with a micropipette until
the paper was completely soaked. After saturation the pads were dried at 37 °C for



3-5 h until completely dry. After drying, the sample pad is ready for use. The
conjugate pad must then be saturated with reporter conjugate for use in the assay
(either functionalized AuNPs or red latex beads), and further dried an additional
3-5 h at 37 °C before being ready to use. All LFAs were run using 100-uL LFA
buffer (1.0% BSA, 0.1% Tween20 in 1x PBS, pH 7.4), which was deposited
directly onto the sample pad of an assembled LFA to begin the assay.

3.6 Dipstick Assays

To rapidly screen for bead mobility and functionalization efficacy, dipstick assays
were used. Briefly, a capture ligand is blotted onto the test line of a nitrocellulose
strip and allowed to dry. It is then “dipped” into a well on a 96-well plate containing
50 uL of modified reporter that will migrate up the strip and bind to the capture
ligand. This method allows for the quick assessment of reporter and capture ligand
interaction without the burden of complete LFA assembly.

4. Results and Discussion

Given that biotin, much like SBP, is a small compound with even higher affinity
for streptavidin, experiments were frequently performed in tandem with a biotin
control. This provides a means for measuring the impact of affinity on the setup.
SBP was trialed at both the reporter interface and the test line surface to determine
the extent of peptide binding when placed in different portions of the assay.
Additionally, the efficacy of copper-free click chemistry (where an azide [R-N3]
and strained alkyne [C=N] react to form a covalent bond through a triazole [Tz4]
linkage via 1,4 dipolar cycloaddition?®) was assessed at the test line surface. The
general reaction scheme for copper-catalyzed click reaction is shown in Fig. 2.

N
|| Cu! N—=N
N

F /
| + RZ —_— H o N
N- R1 e / R2

1,4-1somer only

R1

Fig.2  General reaction scheme for a copper(I)-catalyzed click reaction

4.1 Covalent Immobilization of Biotin

Using DVS, NH2-PEG3-BCN was covalently linked to the test line to provide an
alkyne handle for click chemistry. The reaction was then performed by adding
N3-PEG-biotin to generate NH>-PEG3-Tz4-PEG-biotin at the surface. Additionally,



NH2-PEG:-biotin was also included as a control, and the biotin amounts were
identical between click reaction and control to ensure both samples could be
directly compared. This scheme was performed in duplicate to assess both LFA
characteristics as well as to assess levels of biotin at the surface using a
streptavidin-HRP probe, as shown in Fig. 3.

Selective
DVS
Activation NH,-PEG,-Biotin
LFA Assembly
&
Streptavidin-HRP
Probing
NH,-PEG;-BCN
N;-PEG-Biotin
(click rxn)

Fig.3  General schematic depicting the pathway used for covalent modification at the
test-line surface of nitrocellulose

Results are shown in Fig. 4. The chemiluminescence data demonstrated that
covalent immobilization and surface click reaction provided better surface
biotinylation than either of the adsorption controls. However, in both cases, surface
biotin failed to capture the red-streptavidin reporter beads. This suggests that the
amount of biotin linked to the surface was either not enough to bind streptavidin or
was inaccessible for chemistry by the beads. These results prompted further
investigation of passive adsorption.

Ligand Attachment Lateral Flow Chemiluminescence
NH,-PEG,-
Biotin
Adsorption
(control)
NH,-PEG;-
Trz-PEG-
Biotin .
Adsorption
(control)

Fig.4  Results from the covalent immobilization of ligands and in situ click reaction at the
test line of nitrocellulose using DVS. Chemiluminescence was measured after probing with
streptavidin-HRP and developing the signal using a SuperSignal substrate.
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4.2 Investigation of Passive Adsorption

To evaluate the necessity for a covalent linking mechanism, passive adsorption was
further characterized. Several small biotinylated compounds were passively blotted
at the test line and used to capture a red-streptavidin reporter. The compounds are
listed in Table 1.

Table 2 Small compounds chosen to be passively adsorbed to the test line

MW
(g/mol)
GTP-biotin 848

Compound

NHS-LC-biotin 556
HS-SBP 1011

As shown in Fig. 5, despite being relatively small compounds, all of the biotinylated
ligands were able to successfully capture red-streptavidin latex beads. This suggests
that the ability to capture ligands is independent of the size of the molecule
adsorbed to the test line surface, and that the interaction between the reporter and
capture agent will generate a positive signal so long as the adsorbed capture agent
is deposited beyond the threshold concentration. The background smearing of the
red-latex reporter was significantly higher than typical capture of
red-streptavidin antibody; however, as the concentration of small ligand increases,
the smearing becomes less prominent.

2

(A) Red-Shep  Gre-bobis 2.5 mM, (©) Rod-Seep  MMS-bik, 10 mn
e » _ _—
InPES Expt P8BS o Ever .
(8) Red-shep  SBF 100 mM, ‘(D) FRed-Segp T s bt I mM
. » — || __
IxPES B | B 3P0 -

Fig.5  Capture of red-streptavidin latex beads by small biotinylated molecules (MW <1000
g/mol) that were passively adsorbed to the test-line surface: A) GTP-biotin at 2.5 mM,
B) HS-SBP at 100 mM, C) NHS-biotin at 10 mM, and D) NHS-biotin at 1 mM

It was predicted that the net charge of the molecule had implications on the strength
of adsorption to the test line. To evaluate this, the pH was screened from pH 5 to
pH 9 using SBP and an anti-streptavidin antibody as capture ligands for a
red-streptavidin reporter. Results are shown in Fig. 6. The antibody demonstrated
similar capture of reporter throughout the pH range. HS-SBP on the other hand,
showed promising capture at pH 7 and seemingly haphazard capture at all other pH
values. This suggests that the ionization state of the adsorbed capture ligand has
drastic effects on its ability to bind the reporter.
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Fig. 6  Red-streptavidin latex beads captured by (left) an anti-streptavidin antibody and
(right) HS-SBP ranging from pH 5 to pH 9 (top to bottom)

HS-SBP showed promising retention and binding at pH 6 and 7 when captured by
red-streptavidin beads. To determine if the signal can be further increased using
passive adsorption, a layering strategy was investigated. Briefly, test-line ligand
was deposited in thin 1-pL steps for a series of blotting events until a desired
saturation was achieved. Layering was performed up to four times for HS-SBP and
NHS-biotin at the test line and evaluated using red-streptavidin as the reporter.
Results are shown in Fig. 7. Layering appears to be an effective strategy for
increasing the load of capture agent at the test line. For both ligands the signal
strength seemed to increase with increasing layers, and four layers visually captured
more red-streptavidin reporter molecules than a single layer of deposition. Because
of this result it was decided that passive adsorption was a reasonable mechanism
for depositing SBP at the surface, and covalent modification methods at the test line
were no longer being pursued.
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Fig.7  Layering of (left) NHS-biotin and (right) HS-SBP. A control is included in the first
row (BSA at the test line for NHS-biotin and red-COOH unfunctionalized beads for HS-SBP).
Stock concentrations were 10 and 100 mM for NHS-biotin and HS-SBP, respectively. Layering
is shown from one to four layers (top to bottom).

4.3 Characterization of Red-Carboxylate Latex Beads

Red-carboxylate beads were functionalized with SBP using EDC-NHS coupling
and were used to detect 1-uM streptavidin in a sandwich assay using
anti-streptavidin antibody as the capture agent, shown in Fig. 8. This demonstrates
that the N-terminus of peptides can be covalently linked to red latex beads without
interference of binding to the intended target. Note SBP does not contain any lysine
residues, thus facilitating the use of EDC-NHS coupling.
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Fig.8  (top) Streptavidin used to capture red-SBP reporter deposited at 187 pM. (bottom)
Sandwich assay detecting streptavidin at 1 pM using a red-SBP reporter and anti-streptavidin
antibody as the capture agent.

During the characterization of red latex beads, it was noticed that the carboxylate
beads would bind to seemingly random targets and demonstrated many false
positives. This prompted testing of many different ligands against native,
unmodified carboxylate beads to determine the etiology of nonspecific binding.
The ligands used at the test line include anti-streptavidin, streptavidin, HS-SBP,
nonstructured proteinl-Hiss (nSP1-Hiss), catabolite control protein A-Hise
(CcpA-Hiss), and HPr Kinase-Hiss (HprK-Hiss). Note Hiss refers to a
poly-histidine tag used for affinity purification. The native beads likely bind the
affinity tag through a charge interaction, as shown in Fig. 9.

A Red-tooH ~ Anhi-Step ; hirE- 3
BEIE e K.
- —
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Fig. 9  Evaluation of nonspecific binding by native, unmodified carboxylate beads. Native
beads appear to have affinity for His-tagged constructs (right).

The promiscuous binding to His-tagged constructs presented new challenges with
using red latex beads in the LFA. His-tag affinity purification plays a critical role
in the production of PCCs. Therefore, several measures were studied in attempts to
mitigate the nonspecific binding. It was presumed that the binding event between
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the red carboxylate beads and the His-tag was primarily mediated through
electrostatic interactions. The nonspecific signal was evaluated at from pH 2
through pH 12. Additionally, if the mechanism for binding was through a pocket of
some sort, we also incorporated imidazole and divalent cations (CaCl, and CoCl)
to potentially inhibit the interaction competitively. Results for the quenching
attempts are shown in Figs. 10—-12.

Fig. 10 Evaluation of nonspecific binding of native red carboxylate beads to a His-tagged
construct from (left) pH 2 through pH 6, and (right) pH 7 through pH 12

Screening through a wide pH range revealed prevention of nonspecific binding only
at the extremes, pH 2 and 12. For applications beyond nonspecific binding, these
extreme pH values would likely denature target, thus making pH a parameter that
does not avert nonspecific binding.

Fig. 11 Evaluation of various measures taken to mitigate nonspecific binding of red latex
beads to a His-tagged construct. (left to right) Each column consists of nSP1-His6 at 1, 10, and
20 pM. The top row is a control, the middle row includes the addition of 100-mM imidazole,
and the bottom row includes the addition of 100-mM CaCl..
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Fig. 12 Prevention of nonspecific binding of unmodified native latex beads to CcpA-Hise
using cobalt(II) chloride as a divalent cation inhibitor at (top to bottom) 100, 500, and 1.0 M

As shown in Figs. 10—12, attempts at quenching the nonspecific binding event of
red carboxylate beads to His-tagged constructs was unsuccessful. Because the
development process for PCCs involves the use of His-tags for affinity purification
of targets, it is necessary to investigate reporters that do not demonstrate
promiscuity and potential off-target effects. Thus, red latex beads were no longer
being considered as a reporter for the LFA.

4.4 Characterization of AuNPs

AuNPs were investigated as a reporter for use in the LFA after red carboxylate latex
beads were ruled out due to issues with nonspecific binding to His-tagged
constructs. Among the first characterization tests performed with AuNPs included
the use of citrate-capped native AuNPs against various poly-histidine proteins to
ensure there is no nonspecific interaction, results of which (shown in Fig. 13)
demonstrate persistent nonspecific binding to one of the His-tagged constructs.
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Fig. 13 Capture of citrate-capped native 40-nm AuNPs using CcpA-Hiss, HprK-Hiss, and
nSP1-Hiss

Of the three different His-tagged constructs, citrate-capped AuNPs demonstrated
nonspecific binding only to nSPI1-Hise. Structural investigation revealed that
nSP1-His¢ contains 16 cysteine residues, while the other two constructs
(CcpA-Hiss and HprK-Hiss) do not contain any cysteine residues. It is likely that
the nonspecific binding is due to interaction with the thiol group in cysteine. We
therefore predicted that promiscuous binding would be inhibited upon
functionalization with ligands containing PEG, which is well-characterized in the
literature to be an excellent AuNP stabilizer and can densely pack the surface of
gold.?’

Initial functionalization efforts were focused on producing biotinylated AuNPs
using HS-PEG-biotin MW5000. This required a few optimization steps to maintain
AuNP stability throughout modification. Specifically, to determine the optimum
ligand concentration for AuNP functionalization, various concentrations of ligand
were mixed with AuNPs at OD530 = 3. Then a fixed volume of 1% sodium chloride
(NaCl) was added to each sample. The absorbance at 530 nm was measured before
and after the addition of NaCl. The concentration of ligand corresponding to the
smallest difference in before and after UV-visual measurements was chosen as the
functionalization concentration. The same optimization described previously was
also performed for pH with native AuNPs. For HS-PEG-biotin MW5000, the
optimum functionalization was determined to be at 0.5 mg/mL at pH 8, as shown
in Fig. 14.
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Fig. 14 A) Ligand concentration screen for functionalization of AuNPs with HS-PEG-biotin
MWS5000. B) pH stability screen of native AuNPs.

AuNPs were functionalized with HS-PEG-biotin MWS5000 at the optimized
conditions (0.5 mg/mL at pH 8) overnight and evaluated using streptavidin as the
capture agent. Results are shown in Fig. 15. Streptavidin captured the biotinylated
AuNP reporter at 187 uM; however, the signal was lost at 18.7 uM. For the
sandwich assays, anti-streptavidin antibody captured the streptavidin—reporter
complex at 1 uM, whereas SBP failed to capture the streptavidin—reporter complex,
suggesting substrate accessibility issues or low amounts of SBP adsorbed to the
surface.
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Fig. 15 Capture of AuNP-S-PEG-biotin MWS5000 reporter using (top to bottom)
streptavidin at 187 pM, streptavidin at 18.7 pM, sandwich assay detecting 1-uM streptavidin
using anti-streptavidin as a capture agent, and sandwich assay detecting 1-uM streptavidin
using SBP as a capture agent

To evaluate the extent of blocking ability and ensure that intended targets were not
being quenched, a comprehensive study was performed to assess the effect of
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various ligand:blocker ratios on the reporter—test-line interaction. Specifically, two
ligands (HS-SBP and HS-PEG-biotin MW1000) and four blockers (HS-PEG-
COOH MW5000 and MW10,000, MUDA, and BME) were mixed at different
ligand:blocker ratios while maintaining a fixed blocker ppacking of
1.25 molecules/nm?. These were captured by nSP1-Hiss to assess nonspecific
binding in addition to being captured by streptavidin to evaluate intended binding.
Results are shown in Figs. 16 and 17.

nSP1 Capture (9.4 uyM)
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(B) Streptavidin Capture (200 pM)
Ligand:Blocker
Ligand Blocker 0.5:1 1:1
MUDA N | N
HS-PEG- | HspEGS5K !
Biotin
1000 HSPEG10k
B-ME

I

Fig. 16 A) Evaluation of nonspecific binding to nSP1-Hiss by AuNP-S-PEG-biotin MW1000
using various blockers and ligand:blocker ratios. B) Evaluation of intended target binding
using streptavidin as a capture agent to bind AuNP-S-PEG-biotin MW1000 using those same
blockers and ligand:blocker ratios.
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Fig. 17 A) Evaluation of nonspecific binding to nSP1-Hisc by AuNP-S-SBP using various
blockers and ligand:blocker ratios. B) Evaluation of intended target binding using
streptavidin as a capture agent to bind AuNP-S-SBP using those same blockers and
ligand:blocker ratios.

All four blockers appear to be effective at preventing nonspecific binding to
nSP1-Hiss. Both AuNP-biotin MW 1000 and AuNP-SBP begin to aggregate upon
increasing the ligand:blocker ratio to 5:1 while using MUDA and BME as the
blockers, as evidenced by the lack of mobility in the dipstick. The results herein
suggest that increasing the PEG linker length in the presence of an appropriate
blocking ligand helps facilitate stable functionalization and provides an arm for
ligand accessibility.

5. Conclusion

It is likely that using a long PEG linker on both the reporter AuNPs and the test line
will enable successful incorporation of other peptides and non-Ig reagents into the
LFA. Specifically, it may be fruitful to consider adding an N- or C-terminal
thiolated PEG linker during the peptide synthesis to allow for simple AuNP
modification. This may also have a positive impact on the passive adsorption of
ligands at the test line as well. The results presented in this report provide a
foundation for future experiments. More investigation is required to fully develop
a robust biosensing platform using non-Ig affinity ligands as the substrate for
detection.
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List of Symbols, Abbreviations, and Acronyms

aa amino acid

AuNP gold nanoparticle

BCN bicyclononyne

BME beta-mercaptoethanol

BSA bovine serum albumin

CaCl, calcium chloride

CcpA control catabolite protein A

CoClh cobalt chloride

COOH carboxylate

DARPin designed ankyrin repeat protein
DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DVS divinyl sulfone

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
GTP guanosine triphosphate

HRP horseradish peroxidase

HAuCl4 hydrogen tetrachloroaurate(IIl) hydrate
HprK Hpr kinase

LFA lateral flow assay

MES 2-(N-morpholino)ethanesulfonic acid
MUDA mecaptoundecanoic acid

MW molecular weight

N3 azide

NaCl sodium chloride
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NaCt
NH2
NHS
non-Ig
nSP1-His6
PBS
PEG
PCC
POC
RNA
SBP
HS-SBP
Tz4

uv

sodium citrate trihydrate

amine
N-hydroxysulfosuccinimde
nonimmunoglobulin
nonstructured protein 1
phosphate buffered saline
polyethylene glycol
protein-catalyzed capture agent
point of care

ribonucleic acid

streptavidin binding peptide
thiolated streptavidin binding peptide
triazole

ultraviolet
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