ol

chemistry

Subscriber access provided by UNIV OF DURHAM

Technical Note

Bispecific Antibody Functionalized Upconversion Nanoprobe

Hao He, Christopher B. Howard, Yinghui Chen, Shihui Wen,
Gungun Lin, Jiajia Zhou, Kristofer James Thurecht, and Dayong Jin

Anal. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.analchem.7b05341 « Publication Date (Web): 14 Feb 2018

Downloaded from http://pubs.acs.org on February 17, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

Street N.W., Washington, DC 20036

Analytical Chemistry is published by the American Chemical Society. 1155 Sixteenth

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 0of 13

oNOYTULT D WN =

Analytical Chemistry

Bispecific Antibody Functionalized Upconversion Nanoprobe
Hao He'?, Christopher B. Howard®*>", Yinghui Chen', Shihui Wen'?, Gungun Lin'?, Jiajia Zhou'?, Kristofer J. Thurecht*** and Dayong Jin"*"
1. Institute for Biomedical Materials and Devices, School of Mathematical and Physical Sciences, Faculty of Science, University of Technology Sydney, NSW
2007, Australia
2. ARC Research Hub for Integrated Device for End-user Analysis at Low-levels (IDEAL), Faculty of Science, University of Technology Sydney, NSW 2007,
Australia
3. Australian Institute for Bioengineering and Nanotechnology (AIBN), The University of Queensland, QLD 4072, Australia
4. ARC Centre for Advanced Imaging (CAI), The University of Queensland, QLD 4072, Australia
5. ARC Centre for Biopharmaceutical Innovation (CBI), The university of Queensland, QLD 4072, Australia

Corresponding authors: dayong.jin@uts.edu.au; c.howard2@ug.edu.au

Abstract

Upconversion nanoparticles (UCNPs) are new optical probes for biological applications. To realize specific
biomolecular recognition for diagnosis and imaging, the key lies in developing a stable and easy-to-use
bioconjugation method for antibody modification. Current methods are not yet satisfactory regarding
conjugation time, stability, and binding efficiency. Here we report a facile and high-yield approach based on
a bispecific antibody (BsAb), free of chemical reaction steps. One end of the BsAb is designed to recognize
methoxy polyethylene glycol (mPEG) coated UCNPs, and the other end of the BsAb is to recognize the
cancer antigen biomarker. Through simple vortexing, BsAb-UCNP nanoprobes form within 30 min and
show higher (up to 54%) association to the target than the traditional UCNP nanoprobes in the ELISA-like
assay. We further demonstrate its successful binding to the cancer cells with high efficiency and specificity
for background-free fluorescence imaging under near-infrared excitation. This method suggests a general

approach broadly suitable for functionalizing a range of nanoparticles to specifically target biomolecules.

Introduction

Photon upconversion is an anti-Stokes process, in which sequential absorption of two or more photons
results in the emission of light at a shorter wavelength than the excitation wavelength. Upconversion
nanoparticles (UCNPs), one kind of luminescent nanomaterials that utilize such an anti-Stokes process, have
attracted tremendous interest in recent years'”. UCNPs can be designed to absorb near-infrared (NIR)
excitation photons and emit tunable shorter-wavelength luminescence from the deep-UV to the NIR range

by controlling the doped sensitizers and activators®*. They are exceptionally photostable and low toxic,
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making them attractive over traditional organic dyes and quantum dots as fluorescent probes for single
molecule tracking’, deep-tissue optical imaging®®, early disease diagnosis”'” and cell-targeted imaging'"'*.
A variety of immunoassays and imaging applications rely on specific and stable binding of fluorescent
nanoparticles to antibodies, which accordingly require surface functionalization of the nanoparticles with
antibodies'>'*. Despite the great potential of UCNPs, up to date, the facile and efficient conjugation of
antibodies to UCNPs remains the critical bottleneck for its widespread applications in biological and
biomedical fields".

A primary reason is that UCNPs are typically synthesized in a nonpolar solvent, and they are capped with
hydrophobic surfactant molecules, such as oleic acid (OA)'®. At least two steps are needed to conjugate
antibodies to the surface of UCNPs, including first transferring UCNPs from hydrophobic to hydrophilic,
followed by conjugating hydrophilic UCNPs with antibodies'”. Ligand exchange is an universal way to
functionalize the surface of UCNPs with hydrophilic and active groups, such as carboxyl or amino
moiety'>!”. After that, carbodiimide chemistry, such as EDC method, is generally used to further conjugate
antibodies to these active groups, but this approach is not only time-consuming, but it is less efficient in
keeping the antibodies active and maintaining correct presentation to antigens on cell surfaces. This is
because the chemical conjugation is not site-specific and often leads to blocking of the antibody binding
area'®,

Here we report for the first time bispecific antibody (BsAb) as both linker and binder for efficient
conjugation of antibodies to UCNPs. BsAbs are artificial antibodies containing two different binding sites
with specificity to two different targetslg. In this work, we produce BsAbs through a recombinant DNA
technology, for which a DNA sequence is designed to generate BsAbs with two active domains linked by a
G4s linker, one domain recognizing methoxy polyethylene glycol molecules (mPEG) and the other
capturing cancer cell surface antigen EphA2. This design allows direct conjugation of BsAbs with mPEG
coated UCNPs in 30 min with a high bioconjugation yield, free of chemical reaction steps. We further
demonstrate that BsAb conjugated UCNPs can increase the binding signal to EphA2 biomarker and enhance
specific binding to prostate cancer cells, unveiling its enormous potential for cancer diagnosis and cell

imaging.

Experiments and materials
Materials

YCl3-6H,0 (99.99%), TmCly-6H,0 (99.99%), NaOH (99.9%), NH,F (99.99%), oleic acid (OA, 90%),
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I-octadecene (ODE, 90%), tetrahydrofuran (THF, anhydrous, >99.9%, inhibitor-free), hexane (anhydrous,
95%),  N-(3-Dimethylaminopropyl)-N ' -ethylcarbodiimide = hydrochloride =~ (EDC,  BioXtra),
2-(N-Morpholino)ethanesulfonic acid hydrate (MES, 99.5%), H,SO4 (95%), Tween 20, Ephrin type-A
receptor 2 (EphA2) and anti-EphA2 antibody (IgG, produced in rabbit), are purchased from Sigma-Aldrich
and used as received without further purification. Methoxy polyethylene glycol modified with phosphate
group on one end (mPEG, Mw 3500) and polyethylene glycol modified with a carboxy group and a
phosphate group on each end (cPEG, Mw 3500) are purchased from JenKem Technology, USA. Roswell
Park Memorial Institute 1640 Medium (RPMI 1640 medium, GlutaMAX™ supplement), Fetal Bovine
Serum (FBS, certified, US origin) and cell dissociation buffer (enzyme-free, PBS) are purchased from
ThermoFisher.

Synthesis of UCNPs.

NaYF,: 20%Yb*"/4%Tm’" UCNPs with a size of 22 nm are prepared using our previous reported method’. 5
mL of a methanol solution of RECl; (2.0 mmol, RE =Y, Yb, Tm) is magnetically mixed with 12 mL of oleic
acid and 30 mL of 1-octadecene in a 100 mL three-neck round-bottom flask. The mixture is degassed under
an Ar flow and heated to 150 °C for 30 min to form a clear solution and then cooled to room temperature. 15
mL methanol solution containing 0.296 g of NH4F and 0.2 g of NaOH is added and stirred for 60 min. The
solution is slowly heated to 150 °C and then held at this temperature for a further 30 min to completely
remove methanol and some water. The reaction mixture is then quickly heated to 310 °C and aged for 1.5 h.
After the solution is cooled, absolute ethanol is added to precipitate the UCNPs. After centrifuge, the
precipitate is washed with cyclohexane, ethanol, and methanol four times. The washed UCNPs are
redispersed in cyclohexane and stored for further experiments.

Preparation of BsAb.

The BsAb fragment consists of a single chain variable region (scFv) specific for mPEG linked to a variable
region specific for EphA2, a receptor overexpressed in cancer cells. Both scFvs are linked by a glycine
serine (G4s) linker. A c-myc tag is added for purification and ELISA tests. Genes encoding BsAb fragment
which bind to mPEG and EphA2 are synthesized by Geneart and the gene sequence is attached in SI 3.
Genes are transfected into CHO cells for expression. The BsAb production and purification were performed
as outlined in our previous work*’.

Preparation of mPEG coated UCNPs and cPEG coated UCNPs.

To convert OA capped UCNPs to mPEG or cPEG (polyethylene glycol modified with a carboxy group)
coated ones, ligand exchange method is used. 1.5 mL of 20 mg/mL UCNPs in cyclohexane are precipitated
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with ethanol. After centrifuge and discarding the solution, UCNPs are redispersed in 3 mL of THF with
vortex and sonication. Then 1.5 mL of 200 mg mPEG or cPEG in THF solution is added. The mixed
solution is stirred at room temperature for 24 h. After that, 3 mL of MiliQ water is added and mixed with
shaking. Then the solution is extracted with 1 mL of hexane to remove the OA molecules. After removing
the oil phase, the solution is put in vacuo overnight to evaporate organic solvents. Then the solution is
dialyzed in 1 L of MiliQ water for 24 h to remove the excessive PEG molecules.

Bioconjugation of BsAb to mPEG-UCNPs.

After the converting step, the mPEG-UCNPs are changed into MES buffer (pH 6.8) using a centrifuge
method at a final concentration of 1 mg/mL. Then 10 pL of mPEG-UCNPs and 10 pL of 0.5 mg/mL of
BsAb are mixed in 80 pL of MES buffer and the solution is incubated under 37 °C with vortex for 30 min.
After washing with MES buffer twice (centrifuge at 14,000 rpm for 20 min), the final settlement of
conjugates is dissolved in 100 pL of MES buffer with sonication for 5 s.

The reaction time of 30 min is determined by testing the concentration of BsAb in the conjugates under
different reaction time (SI 2).

Optical Characterization.

The mPEG-UCNPs and BsAb-UCNPs are separately diluted at a concentration of 10 pg/mL in MES buffer
and tested for the emission spectra using a Horiba550 spectrometer and the absorption spectra using a
Nanodrop2000.

Indirect ELISA.

The binding between BsAbs and mPEG-UCNPs is evaluated by indirect ELISA methods using
mPEG-UCNPs immobilized on ELISA plates.

Individual wells of a 96-well plate (Nunc) are coated with 100 pL of 50 ug/mL of mPEG-UCNPs or without
mPEG-UCNPs as negative controls overnight at room temperature. After discarding all the solution in the
plate and washing each well with MEST buffer (MES + 0.05% Tween 20) three times, 400 pL of the
milk-MES buffer (MES + 2% skim milk) is added to each well and incubated for 60 min to block
nonspecific binding. Then the blocking solution is discarded and 200 puL of 50 ng/mL of BsAbs in
milk-MES buffer is added to relevant wells. As control groups, 200 pL of 50 ng/mL of control BsAbs that
cannot bind to mPEG and only the buffer is also added to relevant wells, respectively. The plate is incubated
at room temperature for 2 h and then washed three times with the MEST buffer. Then 100 pL of HRP
labeled anti-c-myc antibody diluted 1/5000 in milk-MES buffer is added to each well and incubated for 1 h.

All the solutions are discarded and the wells are washed with the MEST buffer three times. Then 100 puL
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TMB solution is added to each well. After 45 s, 100 pL of 1 M H,SO, is added to end the reaction. The
colorimetric reactions in each well are analyzed at an absorbance of 450 nm using the plate reader. Average
absorbance and standard deviation are determined for each sample.

Dynamic Light Scanning Characterization.

To determine the size of BsAbs, mPEG-UCNPs and the BsAb-UCNP nanoprobes, dynamic light scanning
(DLS) test is used. For each sample, 1 mL of 50 pg /mL sample in MES buffer is added into a cuvette and
tested by Zetasizer.

Bioconjugation of IgG Antibody to cPEG-UCNPs.

After the converting step, the cPEG-UCNPs are changed into MES buffer (pH 4.5) using a centrifuge
method at a final concentration of 1 mg/mL. Then 10 pL of cPEG-UCNPs, 100 pg of EDC and 100 pg of
NHS are mixed in 90 pL MES buffer (pH 4.5). After 2 h gentle shaking, the sample is washed with the MES
buffer twice (centrifuge at 14,000 rpm for 20 min). After the final centrifuge step, the precipitate is
suspended with 50 pL MES buffer. The solution is mixed with 50 pL of anti-EphA2 IgG antibody (0.1
mg/mL) and put into a 37 °C shaker overnight. After twice washing with MES buffer (centrifuge at 14,000
rpm for 20 min), the sample is finally suspended in 100 pL of MES buffer with sonication for 5 s.

Direct ELISA-like Assay.

A direct ELISA-like assay is used to compare the binding efficiency of BsAb-mPEG-UCNPs and
IgG-cPEG-UCNPs to the target EphA2.

Individual wells of a 96-well plate (Falcon) are coated with 100 pL of EphA2 at different concentrations (0.1,
1, 10 and 100 ng/mL) overnight at 4 °C. After discarding all the solution in the plate and washing each well
with MEST buffer three times, 400 pL of milk-MES buffer is added to each well for 60 min to block
nonspecific binding. Then the blocking solution is discarded and 200 pL of 50 pg/mL of
BsAb-mPEG-UCNPs or IgG-cPEG-UCNPs in milk-MES buffer is added. The plate is incubated at room
temperature for 2 h and then washed three times with MEST buffer. The plate is dried under 60 °C. The
signal in each well is analyzed using the emission of UCNPs by a homemade plate reader. Average signal
and standard deviation are determined for each sample.

Cancer Cell Targeted Imaging.

To further broaden the application of the BsAb-UCNP nanoprobes, we test it in cell targeted imaging
experiments.

PC3 prostate cancer cells which overexpress the EphA2 and LNCaP prostate cancer cells which express

undetectable levels of EphA2 are used to test the targeting of BsAb-UCNP probes.
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PC3 cells and LNCaP cells are cultured in RPMI medium with 10% FBS at 37 °C and 5% CO,. Cells are
subcultured using cell dissociation buffer for cell detachment when approximately 80% confluency is
reached. The cells slides are prepared one day before, 1x10 cells in 2 mL cell medium are pipetted into a
6-well plate with one glass cover slide in each well and incubated overnight until the cells became adherent
to the cover slide. After the medium is aspirated, 500 pL of 50 pg/mL UCNP probes in cell medium is added
to each well. As a negative control, 500 uL of 50 pg/mL mPEG-UCNPs in cell medium is added to PC3 cells
wells. After 1 h incubation, excess particles are removed by washing with MES buffer three times. After
fixed by 4% paraformaldehyde, the sample slides are sealed by vector. All the slides are imaged by an
Olympus Microscopy modified with a 980 nm laser (Pigtailed DBR Single-Frequency Lasers, 1W, Thorlabs)

as excitation. Average intensity and standard deviation are determined for each cell.

Results and Discussion

Preparation of BsAb-UCNP nanoprobes and characterization

As the schematic shown in Figure 1A, we use 22 nm UCNPs with a composition of NaYF4: 20%Yb/4%Tm
due to it super bright emission®. To convert UCNPs into a hydrophilic phase and modify them with mPEG
molecules for BsAb conjugation, we use ligand exchange method to replace OA surfactant with mPEG onto
UCNPs surface.

The BsAb in this work is designed with two active domains linked by a G4s linker and one domain
recognizes mPEG molecules with another one capturing cancer cell surface antigen EphA2. It also has a
c-myc tag which is mainly used for purification and detection purposes. Although the BsAb preparation is
more complicated and expensive compared with traditional IgG antibody for now, current commercial
production will make it accessible to researchers as it’s popular not only in the lab but also the market'.

The BsAb in this work consists of 517 amino acids and has a molecular weight of 55.7 kD. According to our
previous work, the BsAb shows high binding affinity to both mPEG (Kp 10 nM) and EphA2 (Kp 1 nM)*,
which is comparable to the normal EphA2 IgG antibody (Kp 0.1 nM) and binders (Kp 10~100 nM)*'.

We merely mix mPEG modified UCNPs and the designed BsAb in buffer and vortex gently for a short time
and get the BsAb-UCNP nanoprobes. TEM photos in Figure 1B-D show that the morphology of UCNPs
does not change after the surface modification of mPEG and BsAbs. Further emission spectra in Figure 1E
show that the BsAb conjugation has no effect on optical properties of the UCNPs. And the 280 nm

absorption peak (refers to protein) change in Figure 1F confirms that BsAbs bind to UCNPs.
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Figure 1. A. Scheme of the formation of BsAb-UCNP nanoprobes. And TEM pictures of UCNPs (B), mPEG-UCNPs (C),
BsAb-UCNP nanoprobes (D) (Scale Bar: 20 nm). E. Emission spectra under 980 nm laser excitation of BsAb-UCNP nanoprobes
and mPEG-UCNPs (at the same concentration of 10 pg/mL). F. Absorption spectra of BsAb-UCNP nanoprobes and
mPEG-UCNPs (at the same concentration of 10 pg/mL).

Validation of binding between BsAb and mPEG-UCNPs.

We use indirect ELISA to verify the successful binding of BsAb and mPEG-UCNPs (Figure 2A). The
control groups include adding a BsAb that doesn’t have mPEG binding ability to immobilized
mPEG-UCNPs, adding second antibody alone to immobilized mPEG-UCNPs, adding BsAb to wells without
mPEG-UCNPs and a blank control.

As shown in Figure 2B, the experiment group shows the significantly higher signal (P<0.01) than the other
control groups, suggesting that the mPEG-recognizing BsAb has been successfully conjugated to
mPEG-UCNPs, while neither the control BsAb nor the second antibody alone shows binding. This result
indicates that the BsAb can effectively and specifically bind to mPEG-UCNPs, while mPEG-UCNPs show
no binding to other proteins. Due to the high binding affinity and specificity of the BsAb, we expect
mPEG-UCNPs and BsAb can self-assemble under the aqueous condition to form the BsAb-UCNP
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nanoprobes.

To further prove the successful self-assembly of BsAb and mPEG-UCNPs in solution, and verify the
structure of BsAb-UCNP nanoprobes (Figure 2C), we use DLS to measure the mean size of each sample.
From Figure 2D, each sample shows a single peak with low PdI value which means all samples are in well
monodispersed. It shows the conjugate has a diameter of 43 nm, which indicates that BsAb has formed a
single layer on top of each UCNP, because the size of BsAb is 6 nm in diameter and the mPEG-UCNPs have
a diameter of 28 nm, i.e., the size of BsAb-UCNP nanoprobes is approximately the sum of one
mPEG-UCNP and two BsAbs from both sides, denoting full coverage of the UCNPs with antibodies at this
concentration range.

To test its stability, we use DLS to monitor the size of BsAb-UCNP nanoprobes for 8 hours after the
bioconjugation and find the negligible change in size distribution (SI 1).
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Figure 2. A. Scheme of the binding ELISA test. B. Results of binding ELISA tests. Each group is tested three times and error bars
are shown. (Significant Difference is shown and **: P<(0.01) C. Schematic of BsAb-UCNP structure D. DLS results of BsAb,
mPEG-UCNPs and BsAb-UCNP nanoprobes.

Comparing BsAb and EDC conjugation methods

Figure 3A shows the schematic outlining of conventional EDC-coupling method that needs two

8

ACS Paragon Plus Environment

Page 8 of 13



Page 9 of 13

oNOYTULT D WN =

Analytical Chemistry

time-consuming steps, while our BsAb conjugation method is a one-step approach which is achieved with
more straightforward operation and far shorter time (SI 2) under mild conditions.

Due to the drawback of the EDC method described previously, we assume that using the BsAb conjugation
method will result in a higher binding efficiency. Therefore, we use a direct ELISA-like assay to compare
the binding efficiency of the BsAb-UCNP nanoprobes and the IgG-UCNP nanoprobes to prostate cancer
biomarker EphA2. We add these two nanoprobes separately to immobilized EphA2 at various concentrations
of 0.1, 1, 10 and 100 ng/mL. From the results shown in Figure 3B, both of the nanoprobes show binding to
EphA2, while the binding efficiencies of BsAb-UCNP nanoprobes are consistently higher than that of
IgG-UCNP nanoprobes. The efficiency differences become more significant with the increasing of
immobilized target concentration. When the immobilized target concentration is 100 ng/mL, BsAb-UCNP
nanoprobes show 54% higher signal (P<0.01) than the IgG-UCNP nanoprobe. The results indicate that the
nanoprobes developed using BsAb perform better than the nanoprobe conjugated by the traditional EDC
chemical linkage method. This is because all the binding domains cannot be blocked and are shown directly
to the outside by using the BsAb. Also, the BsAb has a smaller size than the normal IgG. This means that
more capture molecules can be placed on the surface of the particles, which helps to increase the binding

efficiency to the target.

A
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Figure 3. A. Scheme showing two different conjugation methods using in this study. B. Results of direct ELISA-like assay tests.
Each group is tested three times and error bars are shown. (Significant Difference is shown and **: P<0.01, *: P<0.05)
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Cell Imaging

After validating the higher binding efficiency of BsAb-UCNPs nanoprobes to the cancer biomarker, we
further explore its use for cell imaging application, using confocal microscopy.

From the top panel of confocal images in Figure 4, overlays of fluorescence and bright-field images show
that the fluorescence is mainly from the surface of the cells, confirming the accumulation of nanoprobes on
the EphA2 expressed surface of PC3 cells (middle panel). In comparison, particles without BsAb show
much less accumulation on PC3 cells. The effect of targeting surface receptors is also demonstrated by the
negligible binding of the BsAb-UCNP nanoprobes to a cell line that only exhibits minimal expression of the
EphA2 protein (LNCaP) which validates the specificity of the targeting (bottom panel). Subsequent analysis
of the blue upconversion intensity per cell reveals that the experiment group shows the most intense
upconversion fluorescence. All the results indicate that the BsAb-UCNP nanoprobes show excellent
performance in cell targeted imaging experiments and can be applied as an excellent bioprobe candidate for

such protein biomarkers.

Bright Field 980 nm

BsAb-UCNP ¥
PC3 cells

UCNP
PC3 cells

BsAb-UCNP
Negative cells

Figure 4. Confocal microscopic images of PC3 cells treated with BsAb-UCNPs, PC3 cells treated with UCNPs and LNCaP cells
treated with BsAb-UCNPs. Fluorescence images (labeled with 980 nm) are obtained by collecting the blue emission in the range
of 400-500 nm under the excitation of 980 nm laser. Intensity equals to the blue upconversion intensity per cell. Scale bar, 20 um.

(Significant Difference is shown and **: P<0.01, *: P<0.05)

Conclusion
In conclusion, we have developed a straightforward method for direct conjugation of UCNPs and antibodies
through applying BsAb. The approach is a one-step strategy and avoids chemical reaction. And it owns a

better performance in operation time and binding efficiency than the commonly used EDC conjugation
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method. We subsequently demonstrated that the BsAb-UCNP nanoprobes conjugated by the developed

approach could be applied in cell targeted imaging with high specific binding efficiency. This approach will

promote the applicability of UCNPs and can be applied to all nanomaterials with a variety of compositions,

sizes and shapes and utilize a variety of antibodies for broad applications in imaging and diagnosis.
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