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This work outlines the synthesis of a non-emissive, cyclometalated Ir(lll) complex,
Ir(ppy)2(H20)2+ (Ir1), which elicits a rapid, long-lived phosphorescent signal when
coordinated to a histidine-containing protein immobilized on the surface of a magnetic
particle. Synthesis of Ir1, in high yields, is complete overnight and involves splitting of
the parent cyclometalated Ir(l1l) chloro-bridged dimer into two equivalents of the
solvated complex. To confirm specificity, several amino acids were probed for
coordination activity when added to the synthesized probe, and only histidine elicited a
signal response. Using BNT-II, a branched peptide mimic of the malarial biomarker
Histidine Rich Protein Il (pfHRP-II), the iridium probe was validated as a tool for HRP-I|
detection. Quenching effects were noted in the BNT-Il/Ir1 titration when compared to
L-Histidine/Ir1, but these were attributed to steric hindrance and triplet state quenching.
Biolayer interferometry was used to determine real-time kinetics of interaction of Ir1
with BNT-Il. Once the system was optimized, the limit of detection of rcHRP-II using
the probe was found to be 12.8nM in solution. When this protein was immobilized on
the surface of a 50um magnetic agarose particle, the limit of detection was 14.5nM.
The robust signal response of this inorganic probe, as well as its flexibility of use in
solution or immobilized on a surface, can lend itself toward a variety of applications,
from diagnostic use to imaging.
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Cover Letter

Professor David W. Wright
Vanderbilt University

Department of Chemistry

Phone: (615) 322-2636

Fax: (615) 343-1234

Email: David.Wright@vanderbilt.edu

To whom it may concern,

We wish our manuscript, “Iridium (III) Luminescent Probe for Detection of
the Malarial Protein Biomarker Histidine Rich Protein-II ” to be considered for
publication in an upcoming issue of the Journal of Visualized Experiments.

While use of colorimetric and fluorescent probes has become a critical technique
for rapid detection of biomarkers in well-equipped, first world laboratories, this need also
extends to low-resource areas. Having a robust and sensitive reagent is one of the main
necessities for low-resource diagnostics to succeed in the third-world disease
management. In this submission, we demonstrate the synthesis and application of an
emerging class of Ir(111) cyclometallated probe for detection of the malarial biomarker
Histidine Rich Protein Il (HRPII). Ir(ppy)2(H20)," (1rl) is a unique probe in that it is
non-emissive in the solvento state. Only upon binding the imidazole side chains of
histidine does this probe emit a long-lasting blue green signal. We demonstrated low
nanomolar limits of detection of Irl toward HRPII when bound to the surface of a
magnetic microparticle. This ELISA-based assay takes only 1.5-2 hours, compared to 5+
hours for a traditional ELISA. By integrating the probe with particle-based separation
techniques, we envision coupling this detection method with readily available diagnostic
designs.

This is a highly visual technique in that simply using a black light excites the
probe. With the naked eye, the user is able to visualize a concentration dependent blue-
green luminescent response of this probe with histidine rich peptides. Additionally, the
probe can be imaged on the surface of magnetic particles when the biomarker is bound to
the particle surface. Keersten Davis synthesized the probe and conducted the in-solution
and on-bead titration experiments, while Anna Bitting assisted with these experiments.
Christine Markwalter and Westley Bauer assisted with the biolayer interferometry
experiments. The manuscript was written by Keersten Davis, with assistance from Anna
Bitting.

| would like to suggest Dr. Dik-Lung Ma (edmondma@hkbu.edu.hk) of Hong
Kong Baptist University, Dr. C. Bor Fuh (cbfuh@ncnu.edu.tw) of National Chi Nan
University, Dr. Blake Peterson (brpeters@ku.edu) of the University of Kansas, Dr. A.
Prasanna da Silva (a.desilva@qub.ac.uk) of Queen’s University, Dr. Ola Soderberg
(ola.soderberg@igp.uu.se) of Uppsala Universitet, and Dr. Ramon Martinez-Manez
(rmaez@qim.upv.es) of the Univeridad Politencnica de Valencia as people well suited to
review and edit this material.

Sincerely,
David Wright
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labeling, malaria

SHORT ABSTRACT:

Robust detection reagents are of increasing necessity for developing new malaria diagnostic
tools. An iridium(lll) probe was designed that emits long-lasting luminescent signal in the
presence of a histidine-rich malarial protein biomarker. Detection of the protein either in
solution or immobilized on a magnetic particle affords flexibility in application.

LONG ABSTRACT:

This work outlines the synthesis of a non-emissive, cyclometalated Ir(lll) complex,
Ir(ppy)2(H20)," (Ir1), which elicits a rapid, long-lived phosphorescent signal when coordinated to
a histidine-containing protein immobilized on the surface of a magnetic particle. Synthesis of
Irl, in high yields, is complete overnight and involves splitting of the parent cyclometalated
Ir(111) chloro-bridged dimer into two equivalents of the solvated complex. To confirm specificity,
several amino acids were probed for coordination activity when added to the synthesized
probe, and only histidine elicited a signal response. Using BNT-II, a branched peptide mimic of
the malarial biomarker Histidine Rich Protein Il (pfHRP-Il), the iridium probe was validated as a
tool for HRP-Il detection. Quenching effects were noted in the BNT-II/Irl titration when
compared to L-Histidine/Irl, but these were attributed to steric hindrance and triplet state
guenching. Biolayer interferometry was used to determine real-time kinetics of interaction of
Irl with BNT-Il. Once the system was optimized, the limit of detection of rcHRP-II using the
probe was found to be 12.8nM in solution. When this protein was immobilized on the surface
of a 50um magnetic agarose particle, the limit of detection was 14.5nM. The robust signal
response of this inorganic probe, as well as its flexibility of use in solution or immobilized on a
surface, can lend itself toward a variety of applications, from diagnostic use to imaging.

INTRODUCTION:

Colorimetric and fluorescent labeling is an important method for the detection and
tracking of biochemical molecules and processes.l’2 The most common fluorescent markers are
low molecular weight organic dye53’4, but these molecules do not always have ideal optical
properties. Fluorescent dyes are prone to photobleaching, often have small Stokes shifts, and
may have overlapping excitation and emission spectra. Colorimetric labeling is often achieved
by the use of enzymatic labels, which have an amplified signal useful in immunoassay
quantification.s'6 These enzymes also have their drawbacks, including photosensitivity, reaction
conditions, and short substrate shelf life. These properties tend to require immunoassays and
protein labeling methods to be done under well-controlled conditions using costly reagents.

Emissive transition-metal complexes have been explored as an alternative labeling
approach for biochemical detection. In particular, cyclometalated Ir(lll) has been studied in the
context of organic light emitting diodes (OLEDs)”® oxygen sensing’®, catalysis*', and protein/cell
staining.’>™* High photostability and quantum efficiency make this class of probes a good
candidate for biomolecule detection.™® It was previously found that cyclometalated Ir(lll)
complexes, of the form [Ir(CAN),(solv),]", irreversibly bind histidine and elicit a blue-green
signal response.’*'” These complexes are non-emissive in the solvento state, but when histidine
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displaces the solvent molecules and binds to the metal center, they release an intense
phosphorescent signal after long-wave UV irradiation. This signal only occurs after ligand
substitution, and is the result of a triplet state electron relaxing to the ground state through the
activation of metal ligand charge transfer (*MLCT) and ligand centered transfer (’LC)
pathways.g'15 These complexes can potentially be used as detection probes for histidine-rich
proteins.

Histidine-rich proteins and their regulation levels are important in many diseases,
including liver cirrhosis, cancer, and thrombic disorders.® Plasmodium falciparum Histidine Rich
Protein Il (pfHRP-II) in particular is a well-validated biomarker for malaria parasite infection.
This protein is 67 kDa and contains 34% histidine, mostly within characteristic AHHAHHAAD
repeating motifs.'® These histidine repeats can bind free metal ions'® and heme complexes® in
host blood. pfHRP-Il is commonly detected in low-resource settings using
immunochromatographic rapid diagnostic tests (RDTs), but these tests are often inaccurate due
to sample conditions, low biomarker concentration, poor manufacturing standards, and
antibody degradation.?

Metal-based phosphorescent probes such as the cyclometalated Ir(lll) complexes
described above are attractive options for the detection of pfHRP-Il due to their selective
binding of histidine and their stabile and efficient emission properties. In this paper, the use of
[Ir(ppy)2(H20),]" (Irl) to detect BNT-II, a branched peptide mimic of pfHRP-II is explored.?
Kinetics of this interaction were monitored in real-time using biolayer interferometry
techniques. The assay was also adapted to an on-bead ELISA-type format, where nanomolar
limits of detection were achieved. This assay holds advantages over traditional ELISAs because
it can be performed in under 2 hours with antibody-free reagents, instead of the 4-5 hours and
biological reagents required with typical ELISAs.

PROTOCOL:
1. Synthesis of Iridium(lll) Complex

1.1) Weigh out 53.6mg (50umol) of [Ir(ppy),-Cl], and dissolve in 5 mL of methylene chloride.
Add this solution to a 50 mL Erlenmeyer flask equipped with a stir bar.

1.2) Weigh out 26.2 mg (100 umol) of AgOTf and dissolve in 5 mL of methanol.

1.3) Add the dissolved AgOTf to the [Ir(ppy),-Cl], solution and stir for 1 hour. Note: A cream
colored slurry should result.

1.4)  After 1 hour, filter the slurry through silica gel into a 25x95mm dram vial and evaporate
off remaining solvent using a rotary evaporator (5-10 minutes).

1.5)  Once most of the solvent is removed, check that an oily yellow residue remains in the
vial. To this residue, add 1mL of methanol to re-dissolve the product and lyophilize 1-2 days to

yield the yellow solid product.

1.6)  Characterize the Ir(ppy)2(H,0)," product (Irl) by H'NMR (in CDCl3), ESI and UV-Vis as
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described previously.?®
2. Interactions of Irl with Various Amino Acids

2.1) Prepare a 2 mM solution of Irl in methanol (MW 537.10 g/mol). Vortex to ensure
complete dissolution of the solid.

2.2) Prepare 100 uM solutions of the following amino acids and biomolecules in HEPES
buffered saline (HBS, 100mM HEPES, 137mM NaCl, pH 7.4) Ala, Asp, Cys, His, lle, Lys, Ser, Try,
Val.

2.3) Pipette 100 pL of each amino acid into a black 96-well plate. Add 100 uL of HBS to the
plate to serve as a blank.

2.4) Add 2.5 uL of the 2 mM Irl solution to each sample and shake the plate on a plate
shaker for 10 minutes.

2.5) After 10 minutes, acquire the emission spectra of the samples using a 96-well plate
reader (365ex/400-700em).

2.5)1. Place the plate in the instrument and open the plate reader software to set up a new
experiment.

2.5)2. Set the new experiment to read a fluorescence scan with an excitation wavelength of
365 nm and a slit width of 9 nm with the optics at the top position.

2.5)3. Read the emission from 300-700 nm with a step size of 5 nm.
2.5)4. Export the data for data analysis.

2.6) Transfer the samples to a clear 96-well plate and image the emission using a UV
Transilluminator.

3. Titration of Ir1 with BNT-II

3.1) Prepare a 1 mM stock solution of BNT-Il (MW 8233.6 g/mol) in HBS as well as a 2 mM
solution of Irl in methanol.

3.2) From the stock solution, prepare 1 mL of 100uM BNT-ll in HBS. Vortex the
microcentrifuge tube to ensure the sample is mixed.

3.3)  Serially dilute the 100 uM BNT-II by half in HBS to a final concentration of 1.56 uM BNT-
1.
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3.4) Add 100 pL of each dilution, in triplicate, with HBS serving as a blank, to the wells of a 96
well plate. To each sample, add 2.5uL of 2 mM Irl.

3.5) Shake the plate for 10 minutes on a plate shaker.

3.6) After shaking, read the emission intensity at 510nm (excitation at 365nm) using a 96-
well plate reader.

3.6)1. Place the plate in the instrument and open the plate reader software to set up a new
experiment.

3.6)2. Set the new experiment to read a fluorescence endpoint with an excitation wavelength
of 365nm and emission wavelength of 510nm. Set the slit width for both wavelengths to 9nm,
with the optics at the top position.

3.6)3. Read the plate and export the data for analysis.

3.7) Transfer the samples to a clear 96-well plate and image the titration using a UV
transilluminator.

4. Real-Time Kinetic Analysis of the Ir1/BNT-II System using Biolayer Interferometry

4.1)  Add 200uL of kinetic buffer (KB; 1x phosphate buffered saline with 02% Tween-20) to 8
wells in the first column of a black 96-well plate and insert the plate into the plastic sensor
holder. Carefully transfer 8 Ni(l)NTA biosensors to the first column in the plastic holder such
that the tips are suspended in the wells of buffer. Place the plastic holder in the left side of the
interferometry instrument.

4.2) Prepare a2 mLof a0.5 uM solution of BNT-Il in KB.

4.3)  Prepare 500 uL of a 10 uM solution of Irl in KB, and serially dilute by half down to 0.156
MM in KB.

4.4) To anew black 96 well plate, pipette 200 puL of KB to all 8 wells in column A and C.
4.5) Inthe same plate, pipette 200 pL of the 0.5uM BNT-II solution to the wells in column B.

4.6) Pipette 200 pL of each dilution of Irl into column D, starting with KB as the blank in well
D1. Add the dilutions so that the wells increase in Irl concentration down the column.

4.7) Place this plate in the instrument to the right of the plate containing the pre-wetting
sensors.

4.8) In the biolayer interferometry software, set up a basic kinetic experiment by defining
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the plate, assay, and sensor tips.

4.8)1. To define the plate, select a column on the screen, right click, and choose the
appropriate definition for the wells. Select “Buffer” for columns A and C, “Load” for column B,
and “Sample” for column D.

4.8)2. Define the assay in the next tab by adding the following steps (Click “Add”):
Equilibration (Custom), 60 seconds; Loading, 120 seconds; Baseline, 60 seconds; Association,
120 seconds; and Dissociation, 300 seconds. Select the Equilibration step and double-click on
column A. Repeat for Loading (column B), Baseline (column C), Association (column D), and
Dissociation (column C). Select the Ni(ll)NTA sensors.

4.8)3. Move to the next tab and confirm that the sensors are in column A on the plastic sensor
holder.

4.8)4. Confirm the experiment is outlined correctly, insert a filename, ensure that “delay
experiment” is checked, and press “Go.”

Note: Due to the automated nature of the instrument, once the kinetic experiment is outlined,
the steps will occur as programmed.

4.9) Once the kinetic run is complete, process the data in the provided processing software.
4.9)1. Double-click on the folder with the filename of interest in the bottom portion of the
panel on the left. Then, double-click the corresponding folder under “Kinetics” in the top

portion of the panel. Move to the Processing tab.

4.9)2. Check the Subtraction box on the left to open the sensor selection screen. Right click on
well A4 and change the well type to Reference Well.

4.9)3. Check the box next to Align Y axis, and ensure the selected step is Baseline. Specify the
time range to be the last five seconds of the baseline (approximately 55 — 60 s).

4.9)4. Check the box for Inter-step Correction and select Align to Dissociation. Ensure that the
Savitzky-Golay Filtering box is checked and press “Process Datal!”

4.9)5. Move to the Analysis tab. Ensure that “Association and Dissociation” is the selection for
steps to analyze and that the Model is 1:1. Select a Local, Full fit and press “Fit Curves!”

4.9)6. Highlight all curves in the table and right click to set all curves to one color. Next, select
a Global (Full) fit, grouped by color and Rmax Unlinked by Sensor. Press “Fit Curves!” to obtain

global kinetics data.

5. On-Bead Detection of BNT-Il and rcHRP-II with Irl
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5.1) Prepare 1 mL each of a 1 uM solution of BNT-Il and rcHRP-II in HBS with Tween (HBST;
HBS with 0.025% Tween 20).

5.2)  Serially dilute each protein by half in HBST to a final concentration of 15.6 nM.

5.3)  Pipette 100 pL of each dilution, in triplicate, into a white 96-well plate, with the dilutions
in order from lowest to highest concentration down a column.

5.4)  Pipette 10 pL of 50 um Ni(I)NTA magnetic agarose particles into each dilution well.

5.4)1. Vortex the microcentrifuge tube containing the magnetic particles after each pipetting
to ensure the particles stay suspended.

5.5) Place the plate on a plate shaker for 15 minutes to incubate the samples with the
particles.

5.6)  After this incubation period, place the plate on a 96-well plate magnet and wait 30
seconds for the particles to pull out of solution.

5.7)  Using a multichannel pipette, pull off the original sample and discard as waste. Remove
the plate from the magnet.

5.8) Add 200 pL of HBST to each well using the multichannel pipette. Pump the buffer up and
down several times to wash the magnetic particles.

5.9) Place the plate back onto the magnet and wait 30 seconds for the particles to pull out of
solution.

5.10) Using the multichannel pipette, pull off the 200 uL of buffer and discard as waste.
Remove the plate from the magnet.

5.11) Repeat steps 5.8 through 5.10 two times to complete three washings of the particles.

5.12) Add 100 pL of HBST to each well containing magnetic particles followed by 2.5 uL of 2
mM Irl.

5.13) Incubate the particles with Irl on a plate shaker for 1 hour.

5.14) After 1 hour, read the emission intensity at 510nm (excitation at 365nm) using a 96-well
plate reader.

5.14)1. Place the plate in the instrument and open the plate reader software to set up a new
experiment.
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5.14)2.Set the new experiment to read a fluorescence endpoint with an excitation wavelength
of 365nm and emission wavelength of 510nm. Set the slit width for both wavelengths to 9nm,
with the optics at the top position.

5.14)3. Read the plate and export the data for analysis.

5.15) Transfer the samples to a clear 96-well plate and image the titration using a UV
Transilluminator.

REPRESENTATIVE RESULTS:

As shown in Figure 1, synthesis of the [Ir(ppy).(H,0),]" (Ir1) solvento-complex involved splitting
of the chloride bridge in the parent dimer by precipitation of the chloride in the form of
insoluble AgCl and association of water molecules to the metal center. The formation of Irl was
confirmed by H'NMR and ESI. Additionally, UV-visible bands characteristic of metal ligand
charge transfer and m-m* transitions were assigned to the spectrum, further validating the
formation of Irl. This solvated complex exhibits no emissive character when excited at 365nm.

[Place Figure 1 here]

Once the complex was synthesized and characterized, the amino acid selectivity was analyzed,
as previously described using a similar iridium analog.17 Figure 2A shows that only histidine
elicited a signal response at 510nm, when excited at 365nm.

[Place Figure 2 here]

This “on-switch” of the phosphorescence of the iridium probe occurs because the singlet
excited state (*MLCT/XLC) of the Ir(lll) bioconjugate undergoes intersystem crossing to the
triplet excited state (3MLCT), when histidine is coordinated to the metal center. This probe was
applied to BNT-Il a peptide mimic of the malarial biomarker Plasmodium falciparum Histidine
Rich Protein Il (ofHRP-II). In a titration of BNT-Il with Irl, a concentration dependent signal
response was observed (Figure 2B). Recombinant HRP-II (rcHRP-II) also exhibited a similar
response in solution. The limits of detection of BNT-Il and rcHRP-II in solution were 54.8nM and
12.8nM, respectively. Using biolayer interferometry techniques, the Kp of Irl binding to BNT-II
immobilized on a Ni(ll)NTA surface was found to be 2.05uM (Figure 3).

[Place Figure 3 here]

When transitioning from a solution-based assay to a magnetic particle platform, the added
complexity of the particle in the system had to be taken into account. It was known from
previous work, that these particles efficiently bind the malaria biomarker pfHRP-11.** Black
fluorescent plates worked well for the solution assay describe above, but white plates were
better suited for the on-particle detection platform, as seen in figure 4A. In a white plate, the
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light is reflected back into the sample, thus allowing for better absorbance by the Irl bound to
the surface of the particle. In the on-particle assay, the limit of detection of rcHRP-Il was
determined to be 14.5nM (Figure 4B). The limit of detection for rcHRP-II in-solution and on-
bead were statistically the same based on an unpaired t-test (p=0.731).

[Place Figure 4 here]
Figure Legends

Figure 1: Synthesis and Characterization of Irl. Chloride bridge splitting reaction of
Dichlorotetrakis(2-(2-pyridinyl)phenyl)diiridium(lll) to create the aquo complex Ir(ppy).(H,0),"
(Irl). Upon addition of L-His to the aquo complex in aqueous buffer, luminescent signal is
switched on.

Figure 2: Amino Acid Selectivity and Titration of Irl with Histidine Rich Peptides. A)
Interaction of 200 uM of various amino acids (Cys, Ser, Asp, Glu, Phe, Lys, Arg, Tyr, Trp, His)
with 50 uM Irl in HBS. Spectral scans were taken from 400-700 nm at an excitation wavelength
of 365 nm in a black 96 well plate. Signal in relative fluorescence units (RFU) from all amino
acids besides histidine (dashed black trace) was negligible. B) Nanomolar concentrations of
BNT-II (M) and rcHRP-II () were titrated with Irl in HBS. The histidine rich peptides were
incubated with the probe for 15 minutes in solution before reading the emission at 510 nm
after excitation with 365 nm light. Limit of detection was calculated as the value of x when

Y=30plank-

Figure 3: Real-time Kinetic Analysis of Irl with BNT-Il. Biolayer interferometry for kinetic
analysis of various concentrations of Irl binding to BNT-Il on the surface of a Ni(ll)NTA glass
sensor. After equilibrating the sensors in KB (Region A), the sensors are loaded with 0.5 uM
BNT-II (Region B). Once the peptide is loaded on the sensors, a baseline is established (Region
C) prior to measuring the association of Irl to the BNT-Il (Region D). After a period of
association, the sensors are placed back into KB to measure dissociation (Region E). The whole
kinetic analysis process takes less than 30 minutes.

Figure 4: On-Bead Detection of BNT-Il and HRP-II. A) Difference between the signal detected
from Irl bound to BNT-Il on the surface of 50 um Ni(ll)NTA magnetic agarose particles in a black
96-well plate (solid line) versus a white 96-well plate (dashed line). The particles were excited
with 365 nm light, and emission was measured at 510 nm. B) Titration of rcHRP-Il immobilized
on the magnetic particles and detected using Irl. Limit of detection was calculated as the value
of x when y=30ypank.

Figure 5: Schematic Representation of the On-Bead Detection of rcHRP-II with Irl. General
scheme of HRP-II binding to the surface of Ni(ll)NTA particles and labeled with Irl. The particles
are incubated with a histidine rich peptide for 15 minutes. After this incubation period, the
particles are washed with HBST using a magnet, in order to pull the particles out of solution.
Finally, the peptide bound particles are incubated with Irl for 1 hour prior to reading the
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emission at 510 nm after excitation with 365 nm light.
DISCUSSION:

As microparticle-based diagnostic tools come to the forefront of modern diagnostic technology,
detection of target biomolecules directly on the surface of the particle is a major advantage.
Traditional molecular detection methods, such as ELISA and PCR, are advantageous, in that they
can achieve very low limits of detection. > However, these assays require extensive reagents
and lengthy protocols. This assay was designed to mimic ELISA-type sandwich interactions
without the time and reagent requirements (Figure 5). Additionally, the cost of the Irl probe
per sample was estimated to be around a penny, whereas the cost of antibodies for a typical
ELISA is $S0.20-0.30 per sample.

[Place Figure 5 here]

Since the methods described above rely on a cyclometalated iridium probe for detection of the
malarial biomarker, this probe would not be susceptible to failure modes common to other
detection methods (i.e. fluorophore quenching and antibody/enzyme degradation). Histidine is
unique in its metal binding properties. The outlined work takes advantage of this phenomenon
by replacing the antibodies in a typical ELISA sandwich with metal containing complexes.
Ni(ll)NTA captures rcHRP-II on the surface of the particle and Irl signals the presence of the
protein. The most critical step in the assay is allowing the magnetic particles to mix with the
sample and the probe. In a 96-well plate ELISA, the biomolecules and reagents reach
equilibrium with the two-dimensional surface of the bottom of the well. Magnetic particles
have the tendency to settle out of solution due to their dense iron-oxide core, which would
reduce the available binding sites. Thus, the particles must be mixed during the assay time to
ensure maximal binding.

When designing a reagent for disease diagnostics, one must keep in mind the form of patient
sample as well as the physiological concentration of the biomarker. For malaria, the
concentration of pfHRP-Il in a patient’s blood can vary from low picomolar to high nanomolar.
While this assay is clinically relevant for higher levels of infection, the limit of detection needs
to be improved in order to detect asymptomatic patients with low picomolar circulating pfHRP-
II. In the methods outlined above, the “switch-on” signal generated by Irl occurs in the
presence of histidine. While the malarial biomarker is rich in histidine, other serum proteins,
such as human serum albumin and histidine rich glycoprotein, would elicit a signal response
with the probe. This would in turn lead to false positive diagnoses. This makes the capture of
the protein on the surface of the particle a beneficial step, in that the protein of interest can be
rapidly extracted from a patient sample. Additionally, designing a bifunctional probe, that
couples a histidine rich peptide to a robust molecular recognition element (i.e. aptamer), could
add another layer of specificity to the assay. The peptide would be loaded with iridium before
coupling to the aptamer. In such a design, the stable Irl probe can still be utilized while
achieving target specificity with the aptamer. This would allow for application of the probe to
detect native HRP-Il in a complex matrix (i.e. plasma or whole blood) and reduce non-specific
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binding effects. In order to further enhance the signal of rapid diagnostic tests, the assay could
be incorporated into an electrochemiluminescent (ECL) system, where pfHRP-II can be detected
on the RDTs as a electrochemical readout.?® This next generation iridium probe would greatly
enhance our on-bead ELISA assay for the detection of disease biomarkers.
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L-Amino acids

HEPES

BNT-II peptide

recombinant HRPII

Costar black polypropylene 96-well plate

Costar white polypropylene 96-well plate

Grenier black polypropylene 96-well plate
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Sigma-Aldrich 176435
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Synthesized in house N/A
Immunology Consultants Laboratory inc. AGPF-55
Fisher Scientific 07-200-567
Fisher Scientific 07-200-589
VWR 89089-582
Qiagen 36111
ForteBio 18-5101
ForteBio
Biotek
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means Mylove Corporation, a Massachusetts corporation and
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or by loVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video} or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in ({a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author,

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item

1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in

Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JOVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license {a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

612542.6

ARTICLE AND VIDEO LICENSE AGREEMENT

statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Llikeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’'s name, voice, likeness,

picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein, The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US51,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of

JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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Responses to Peer Reviewer Comments:
Editorial comments:

1) All of your previous revisions have been incorporated into the most recent
version of the manuscript. In addition, Editor revised steps 1.5, 3.6.2 and 5.14.2
so that they are written in the imperative tense. On the JOVE submission site, you
can find the updated manuscript under "file inventory" and download the
microsoft word document. Please use this updated version for any future
revisions.

2) Please add the sub-steps of 5.14 to the highlighting since the sub-steps
describe how to perform step 5.14, which is highlighted.
The sub-steps were included in the highlighted portion.

3) In step 1.4: Do you mean 25X95 mm rather than 25X95 m? How long does it
take to evaporate most of the solvent?
This typo was fixed and the time to evaporation was added to the
manuscript (lines 125-126).

4) In step 2.3: Should the blank be PBS or HBS?
This typo was fixed to be HBS (line 144).

5) In step 4.2: Define KB. Possibly “kinetic buffer?”
KB was defined as kinetic buffer in step 4.1 and it’s composition (line
199).

6) Please ensure that references are numbered in the manuscript in
chronological order. Currently, ref 9 appears after ref 5.
These references were corrected so they are now in chronological
order.

7) Prior to peer review, the length of the Short Abstract is close to our 50 word
limit. If, in response to peer review comments, changes are made to the Short
Abstract, please ensure that the final length does not exceed 50 words.

The short abstract remains under 50 words.

8) When headings are included, the highlighted portion of your protocol is close
to our 2.75 page highlighting limit. If, in response to peer review, additional
details are added to the protocol, please adjust the highlighting to identify a total
of 2.75 pages of protocol text (which includes sub-headings and spaces) that
should be visualized to tell the most cohesive story of your protocol steps. The
highlighting should include complete statements and not portions of sentences.
See JoVE's instructions for authors for more clarification.

The highlighted portion of the protocol still remains at 2.75 pages.
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9) Please take this opportunity to thoroughly proofread your manuscript to ensure
that there are no spelling or grammatical errors. Your JOVE editor will not copy-
edit your manuscript and any errors in your submitted revision may be present in
the published version.

The manuscript was proofread for errors.

10) Please disregard the comment below if all of your figures are original.
If you are re-using figures from a previous publication, you must obtain explicit
permission to re-use the figure from the previous publisher (this can be in the
form of a letter from an editor or a link to the editorial policies that allows you to
re-publish the figure). Please upload the text of the re-print permission (may be
copied and pasted from an email/website) as a Word document to the Editorial
Manager site in the "Supplemental files (as requested by JOVE)" section. Please
also cite the figure appropriately in the figure legend, i.e. "This figure has been
modified from [citation]."
All of the images are original in this manuscript and not reprinted
from the original publication.

11) Please be consistent with formatting of journal titles in your references.

* JOoVE reference format requires that DOIs are included, when available, for all
references listed in the article. This is helpful for readers to locate the included
references and obtain more information. Please note that often DOIs are not
listed with PubMed abstracts and as such, may not be properly included when
citing directly from PubMed. In these cases, please manually include DOIs in
reference information.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

In this manuscript,the authors used an iridium(lll) complex as new malaria
diagnostic tool based on long-lasting luminescent signal of the complex in the
presence of a histidine-rich malarial protein biomarker. Furthermore, the probe
worked well either in solution or immobilized on a magnetic particle.However,
some minor parts should be addressed by authors before publication.

Major Concerns:
N.A

Minor Concerns:
1) Please check and correct some format errors, such as "Iridium (111)" in title,
"50uM" in line 66, "Irl" in line 368;.
These corrections were made in the document, both in the title and
on line 66 and 368.



2) Cyclometalated Ir(lll) complexes have many other applications except
applications mentioned by authors, such as protein staining, detection of metal
ions and enzymes, drug etc. So some related papers could be cited, for example:
1) Angew. Chem. Int. Ed., 2012, 51, 9010; 2) Chem. Soc. Rev., 2013, 42, 3427,
3) Angew. Chem. Int. Ed., 2013, 52, 7666. 4) Acc. Chem. Res., 2014, DOI:
10.1021/ar500310z; 5) Chem. Sci., 2014, DOI: 10.1039/C4SC03094J;

Several of these papers were cited in the article (line 85).

Additional Comments to Authors:
As mentioned above, | recommend the publication of this manuscript in Journal
of Visualized Experiments after minor revision.

Reviewer #2:
| think the paper is nice and well written and the results are important and it
should be published. However, in the Introduction, authors refer to the detection
of malaria using gold materials. There is a recent review dealing with the use of
gold for detection and treatment of tropical diseases, namely malaria (Gold
Bulletin, 2013, 46:65-79) that should also be cited.

This bulletin was cited in the article (line 79).

Reviewer #3:
Manuscript Summary:
depicts method using iridium to detect histidine rich proteins in malaria

Major Concerns:
As addressed in discussion the method is unproven in human whole blood or
serum and may need extra layer of specificity

More clarification was added to the discussion on how the method
could be modified to be utilized in a more complex matrix (lines 439-441);
however the described method was more a proof of concept before
expanding on the probe with the molecular recognition element.

Minor Concerns:
none

Reviewer #4:

Manuscript Summary:

The chemically synthesized cyclometalated Ir(Ill) complexes were introduced as
detection probes to capture histidine-rich peptides. This manuscript gives a
detailed description on the methods to synthesis of Iridium (III) Complex (Ir1) by
splitting of the parent cyclometalated Ir(lll) chloro-bridged dimer into two
equivalents of the solvated complex. The end-product Irl was aimed to target
repeated histidine residues in malarial biomarker PfHRP-II. A series of validation



test has been performed to ensure the specific and functional of Ir1, including
interating with various amino acids, BNT-Il and recombinant HRP-II. Quenching
effects were determined by comparing BNT-II/Ir1 titration with L-Histidine/Ir1 on
96-well magnetic plate. In addition to qualitative, the quantitative kinetic analysis
of Ir1 with BNT-II was determined using Biolayer Interferometry platform. The
results showed that Ir1 was able to detect histidine-based molecules. However,
false positive diagnosis was found in Irl when it reacted with histidine-rich protein
marker. The way to address it has also been presented in manuscript.

Major Concerns:
Nil

Minor Concerns:
1.In 1.4, 25%x95 "mm" dram vial, not "m"
This correction was made in step 1.4 (line 125).

2. Though Irl probing assay sounds promising and time-saving, malaria RDTs
only need 15 mins to detect an infected sample and are widely available
elsewhere. Could you briefly explain whether the Irl can be used to replace
antibody in classical RDT format?

The Irl probe would not serve to replace the capture antibody on the
strip, but it could potentially replace the antibody functionalized gold
conjugate in the RDT. The probe could be incorporated into the RDT by
using electrochemiluminescence as the readout, as mentioned on lines
441-443.

3. Some of the current antibody-based ELISA are reported to possess high
sensitivity with as low as < 200 p/uL parasitaemia detection limit. Can Irl probe
achieve this cut-off level?
As mentioned on line 428, this method cannot yet achieve this cut-off
level. With the design of the molecular recognition element and
potentially using electrochemiluminesence as a detection strategy,
we hope to achieve these lower limits of detection in the future.

4. Do you plan to use malaria native protein as a antigen model in further works?
Once the bifunctional probe is designed and synthesized, we hope to
incorporate the probe into a complex matrix and assay the probe
again native protein. This is addressed on lines 439-441.

5. Would be good if to write out the source of BNT-II, rc-HRP-II, and other
relevant reagents.
These reagents are listed in the materials spreadsheet to be supplied
with the manuscript.

6. Undoubtedly, the development in this study is excellent. | was wondering the
Irl probe will also react with other irrelevant recombinant proteins with His-6X



tag. Would this problem be possibly addressed by "bifunctional probe" as
suggested in the discussion?

In a complex matrix/biological application, there wouldn’t be as
much of a worry about His-tagged proteins interfering but other histidine
containing serum proteins (ie. human serum albumin). By designing the
bifunctional probe, we hope to mediate this problem by specifically
targeting pfHRP2 with an aptamer, as addressed in the discussion.

Additional Comments to Authors:
Nil



