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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease in which current diagnostic tools

are invasive and lack the ability to diagnose early-onset dementia. Current antibody-based diagnostic
tests for neurodegenerative diseases require invasive measures such as a lumbar puncture, and lack
specificity to biomarkers that are found in both healthy individuals and patients with AD. In this
project, a design for a carbon dot(CD)-bound bispecific antibody is developed for the minimally-
invasive diagnosis of AD. The molecular probe can be easily synthesized with a specificity to amyloid-
beta (AB) oligomers as it distribution and abundance in the brain suggest they are better predictors of
disease progression and are present in the early-onset of the dementia. The bispecific antibody
conjugated to the CD displays a low affinity to transferrin receptors (TfRs) which allows the probe to
cross the blood-brain barrier via receptor mediated transcytosis leading to a minimally invasive
diagnosis. A synthesis technique was developed to conjugate the bispecific antibody to the CD. As a
proof of concept, this technique was used to couple bovine serum albumin (BSA) to CDs. The
structural and optical properties of the CDs were observed. By synthesizing a novel carbon dot
conjugated specific antibody that emits light at a specific wavelength in the near-infra red region, the
molecular probe displays optical properties suitable for the minimally-invasive diagnosis using fNIR-

spectroscopy.



Introduction: Alzheimer's disease is the most common form of dementia and is the 5"

leading cause of death in the world. Alzheimer’s disease is a chronic, neurodegenerative
disease where the death of brain cells causes memory loss and cognitive decline, which
usually starts slowly and worsens over time. The two most commonly studied biomarkers of
Alzheimer’s disease are amyloid-Beta (AB) and tau. Ap as a diagnostic and therapeutic target
has been an area of intense research as current diagnostic tools focus on AB plaques.
However, the assemblies of these plaques occur at the end of the AB cycle and do not act as
a good biomarker for diagnosing the early-onset of Alzheimer’s disease.! Consequently, early

diagnosis and treatment options are currently unavailable.

Objective: Develop a minimally-invasive nanoparticle-bound antibody that could be used for

the early diagnosis and treatment of Alzheimer's by crossing the blood-brain barrier (BBB)

using receptor-mediated transcytosis and specifically target AR oligomers.

Hypothesis: | hypothesized that developing a bispecific antibody, generated from an anti-

AR oligomer-specific antibody Fab’ (fragment) and an anti-TfR antibody Fab’, can be used as
an effective diagnostic probe for Alzheimer’s disease. The bispecific antibody will have a low
affinity to transferrin receptors which will allow it to cross the blood-brain barrier using
receptor-mediated transcytosis. Furthermore, | hypothesised that due to the anti-Al3 oligomer-
specific antibody Fab, the bispecific antibody will have a high affinity to A oligomers and not
have cross reactivity with AB plaques and monomers. | hypothesized that by conjugating
carbon dots (CDs) to bispecific antibodies (BsAbs), the molecular probe could emit light in the
near infrared region which can be detected using fNIR-spectroscopy. The probe allows for a

minimally invasive diagnosis of Alzheimer’s disease.



Method: The aim of the project is to develop a minimally-invasive, nanoparticle-bound

antibody molecular probe for the early detection of Alzheimer’s disease. The synthesis
process consists of 3 steps: 1. Synthesize bispecific antibody. 2. Conjugation of bispecific

antibody to carbon dot. 3. Determine optical properties of the molecular probe.

Synthesis of Bispecific Antibody: Current diagnostic tools identify AR plaques in

cerebrospinal fluid via a lumbar puncture. New research suggests that AB plaques are
present at similar concentrations in healthy individuals making them ineffective biomarkers.?
Moreover, AB oligomers are present during the earliest stages of the disease and are found in
significantly higher concentrations in patients with Alzheimer’s disease. The AB oligomers
distribution and abundance in the brain suggest they are better predictors of disease
progression, making them attractive biomarkers.® The molecular probe will target AB
oligomers by consisting partly of an anti-AR oligomer-specific antibody Fab’.

The BBB is a highly selective permeable barrier formed by capillary endothelial cells
which prevents roughly 98% of all designed therapeutics from entering the brain.? Current
research suggests that antibodies with a low affinity to transferrin receptors (TfRs) can cross
the blood-brain barrier via receptor mediated transcytosis.® The anti-transferrin receptor
antibody binds to transferrin receptors and is transported across the endothelial cell that form
the BBB. The antibody is then released from the transferrin receptors and into the brain once
it has completely crossed over due to the low affinity of the antibody.® The molecular probe
will cross the BBB by consisting partly of an an anti-TfR antibody Fab’.

Bispecific Antibodies are antibodies that can simultaneously bind two separate and

unique antigens.’ The bispecific antibody being synthesized consists of fragments of an anti-

AR oligomer-specific antibody and anti-TfR antibody. The anti-Al3 oligomer-specific antibody



and the anti-TfR antibody were bought from a supplier. The fragments were generated using
2-mercaptoethylamine (MEA) (Fig.1A). 2-mercaptoethylamine is a disulfide reducing agent
which can cleave the disulfide bonds in an antibody. The process of synthesizing the

bispecific antibody (Fig.1B).
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Figure 1: Generation of bispecific antibody from fragments of an anti-ARR oligomer-specific

antibody and anti-TfR antibody (A) Fab’ generation. (B) BsAb synthesis.

Conjugation of Bispecific Antibody to Carbon Dot: Past research has explored the

use of organic fluorophores and quantum dots which are prone to photo-bleaching, have less
photo-stability, narrow excitation and emission wavelength (no possibility of tuning the optical
properties) and cytotoxicity (organic fluorophore may change the metabolism of live cells
during the bio-imaging process).?

Carbon Dots have drawn much attention due to their versatile physical, chemical and

optical properties which make them superior to organic fluorophores and quantum dots as



they have higher fluorescence, improved photo stability, resistance to photo-bleaching and
photo-blinking, facile surface functionalization and exhibit low cytotoxicity.? They are
amorphous with a sp? hybridized network of carbons.*® They can be prepared with a plethora
of starting materials improving cost efficiency of the molecular probe.** Normally CDs are
made to be hydrophilic but could be designed to also be hydrophobic and amphipathic.****
Due to the quantum confinement effect, the carbon dot can vary in optical properties
(absorption, emission wavelengths and emission quantum yield) simply by changing the
particle size during the synthesis process.** Carbon dots are superior to quantum dots as they
are significantly less toxic as during the bio-imaging process, quantum dots release toxic
metals which leads to a change in metabolism in live cells.™ Carbon dots have tunable optical
properties that span the UV to near infrared regions which make them suitable nanoparticles
for fNIR spectroscopy.*®*’

The carbon dots can be effectively tuned for conjugation when compared to the
tunable properties of a protein. The unconjugated CDs contain terminal amine groups which if
not altered, can lead to inter-conjugation amongst the CDs. The carboxyl groups can be
easily coupled to the unprotenated, NH2 groups found on the bispecific antibody.*®

The surface of the CDs plays a primordial role in dictating their optical and structural
properties. The surface was evaluated using fourier-transform infrared spectroscopy (FTIR)
(Fig.2A). The carboxylic acid C=0 stretching band at 1715 cm™ was observed. This is
accompanied by the concomitant appearance of amide C=0 and C=C/C=N bending peaks at
1645 and 1550 cm™ respectively. The absence of a primary amine stretch is typically

observed between 3300 and 3500 cm cm™ suggests that the primary amines reacted to form

amides (Fig.2B).



It is noteworthy to mention that sp®> C—H stretching bands at 3100 cm™ and sp? C-H at

2875 cm™ are observed because of the short carboxylic acid OH stretch. These peaks

suggest there is a decreased amine content in comparison to carboxyl groups (Fig.2C).
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Figure 2: FTIR spectra of CDs (A) FTIR Spectra shown over spectral range of 1000 to 4000
cm™. (B) FTIR Spectra shown over spectral range of 1000 to 2000 cm™. The spectra reveal
the presence of carboxylic and amidic carbonyl groups as well as C=C/C=N moieties on the
surface of the CDs. (C) FTIR Spectra shown over spectral range of 2000 to 4000 cm™. The

spectra reveal the presence of sp? and sp® C—H

As there is amine residue on the lysine’s present in the amino acid sequence of the

protein, it can act as the site of conjugation. Naturally, the reactive amine groups found on the



protein are protonated, NH3 groups which can lead to inter-conjugation amongst the protein.
By altering the pH of the solution mixed with the protein when preparing for conjugation, it can
can affect the pKa. By reaching a specific pH, all of the amine residue found on the lysine’s of
the protein can be unprotented NH, groups which will prevent inter-conjugation and act as the
site of conjugation to the CDs.

2,4,6-trinitrobenzene sulfonic acid (TNBS) modification was used for the quantification
of primary amines present on the lysine’s of the protein. The reaction of TNBS with primary
amines produce a highly chromogenic product which can be readily measured at 335 nm
using UV-Vis spectroscopy (Fig.3A).

As a proof of concept, bovine serum albumin (BSA) was used to be coupled with the
CDs as it shares a similar amount of lysine’s. CDs in MES buffer solutions of different pH’s
were prepared and tested with TNBS to determine which produced no reactive amine groups.
A CD solution of 4.6 pH was found to have no free amine groups on surface which is optimal
for conjugation with CDs.

Carbon dots contain carboxyl groups which can be covalently bonded to the amine
group found on the bispecific antibody synthesized using 1,2-dichloroethane (EDC) and N-
hydroxysulfosuccinimide (NHS) (Fig. 3B). The CD conjugated BSA can be filtered from the
unconjugated CDs through a centricon tube. After centrifuging the centricon tube, the
unconjugated CDs can be removed from the sample leaving only the CD-bound BSA. The 30

KDa molecular cut off washed out unbound CDs and BSA.
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Figure 3: (A) TNBS modification reaction used for the quantification of primary amines (B)

BsAb and CD conjugation.

Coupling of CD and BSA was observed using denaturing agarose gel electrophoresis.
The agarose gel was observed both stained with coomassie blue and Visualized under 365

nm light irradiation(Fig.4).



Figure 4: Images of CD bound BSA subjected to 4% denaturing agarose gel electrophoresis.
The wells from left to right in each gel contain CD control, BSA control, CD bound BSA, CD
bound BSA, CD bound BSA, BSA control. (A) Visualized under 365 nm light irradiation. (B)

Agarose gel stained with coomassie blue. (C) Overlay of (A) and (B).

Determining the Optical Properties of the Molecular Probe: Light in the near

infrared region (NIR) can be used for deep tissue imaging which allows for increased
penetration and limited scattering of NIR light by biological tissue when compared to other
regions including visible light The visible (VIS) and near- infrared (NIR) wavelengths for in
vivo imaging is between 450 and 1000 nm.?’ The exact origin of the fluorescence emission
nature of carbon dots is an area of intense research as the reason remains debatable. The

type of emission that will be observed with the molecular probe is the first class bandgap



transition caused by m-domains. The mechanism allows the carbon dots to display strong

emission of UV-visible-NIR light, thus allowing the carbon dot to be detected using fNIR

spectroscopy.?

Ultraviolet-visible (UV-Vis) spectroscopy was done to determine the optical properties
of the CDs synthesized. The CDs exhibited a broad absorption spectrum from 275 to 425 nm,
with transition bands at 241 and 354 nm (Fig. 5A), The first and second bands can be
ascribed to the T—T* and n—T* transitions of the aromatic sp? domains for the C=0, as well
as the C=S/C=N bonds, respectively. The contour plot indicates that the luminescence profile
of the CDs are similar with an excitation Amax at ~ 350 nm and fluorescence Amayx at ~ 450 nm
(Fig. 5B). The CDs synthesized exhibit a quantum yield of 59.1% which result in a much
greater fluorescence intensity in comparison to other manufactured CDs (Fig. 5C). The CDs

have a molar extinction coeffiecient of 14500 mol™.
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Figure 5: Optical properties of DT3-CD (5 pg/mL in MilliQ water). (A) UV-Vis absorption
spectra of DT3-CD. (B) fluorescence spectra of DT3-CD. (C) fluorescence contour plots of

DT3-CD.

The carbon dot synthesized that will be used in developing the molecular probe emits
light maximally around 450 nm and has a quantum yield of 59.1% which suggests it can be

tuned to be between 700 nm-900nm, suitable for non-invasive fNIR spectroscopy. Have CDs
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that can emit at such a high intensity at just 450 nm can be used for other types of
spectroscopy in the brain. The carbon dots exhibit great extinction coefficients which leads to
a more precise diagnosis. The CDs have a broad absorption spectrum of 275 to 425 nm,
making them more practical due to a single excitation source being required as supposed to
multiple. The carbon dots have a larger stoke shift as supposed to organic fluorophores and
quantum dots which allow for the detection of fluorescence and reducing interference. The
molecular probe would be significantly brighter in comparison to a quantum dot probe or
organic fluorophore probe due to the high extinction coefficients (amount of light of specific
wavelength absorbed by the CDs) and quantum yield.

The molecular probe has the potential for a therapeutic effect as it displays low
cytotoxicity and decreases the amount of A3 oligomers free floating in the brain preventing
the build up of AR plaques. This will lead to increased cell life span by the molecular probe

immobilizing the most toxic form of AR.

Conclusion: 50 million people worldwide are living with Alzheimer’s disease with the

number expected to reach 75 million by the year 2030. An early diagnosis is crucial to treat
the disease, however, current methods detect Alzheimer’s during the later stages, once the
irreversible damage has been done. Thus, the aim of my project was to develop a minimally-
invasive molecular probe that could be used for the early diagnosis of Alzheimer's.

By conjugating a carbon dot to BSA with a quantum yield of 59.1%, it sets up the
downward workflow for the synthesis technique for the molecular probe designed.

By synthesizing a bispecific antibody conjugated to a carbon dot that emits light at a
specific wavelength in the near-infra red region, the molecular probe displays optical

properties suitable for the minimally-invasive diagnosis using fNIR-spectroscopy. The NIR can

12



penetrate brain tissue to a depth of up to 8 cm.?* This is roughly the radius of the average
head worldwide. The molecular probe has the potential to cross the blood-brain barrier due to
it's low affinity to transferrin receptors, allowing it to cross using receptor-mediated
transcytosis. The probe has a high affinity towards AR oligomers, allowing the concentration
of this biomarker to be measured.

The concept behind the development of the minimally-invasive, nanoparticle-bound
antibody could be implemented into an effective treatment and diagnostic tool for other
neurodegenerative diseases. This research opens the door to other follow up experiments in
determining a more efficient and effective diagnosis of Alzheimer’s, which prevents late

diagnosis and ultimately saves the lives of millions.

Advantages and Disadvantages:

They can be prepared plethora of starting materials improving cost efficiency of the molecular
probe. This minimally-invasive design can be applied in a diagnostic and therapeutic manner.
Current infrared carbon dots do not remain in an excited state for long periods of time. This is
why near-infrared carbon dots with high quantum yields were synthesized first to create the

downward workflow for the synthesis of infrared carbon dots.

Further Research:

| plan to test this novel design of a carbon dot-bound BsAb in vivo with a synthesized infrared
emitting CD and perform cytotoxicity tests. Furthermore, | would like to build on the design
and focus on its therapeutic effects. The design could be implemented for other diseases in

the brain.
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Materials and Methods:

Microwave synthesis of citric acid-based carbon dots

CDs were synthesized using a CEM Discover SP microwave reactor. Briefly, 0.384 g (500
mM) of citric acid was added to 4 mL of water in a glass microwave reaction tube.
Subsequently, the concentration of the passivating agent was varied from 125 to 750 mM.
The reaction mixture was allowed to heat to temperatures ranging from 180 to 220 1C for
a period of 10 min. Upon reaction completion, the crude samples were dialyzed in Milli-Q
water, using 1 kDa MWCO dialysis bags (Spectra/Pors6 RC — Spectrum Laboratories).
During this process, there is a visible and progressive decrease in the color and
fluorescence of the dialysate. We further purify our material with 3 additional organic wash
steps using acetone to further remove any impurities. Following dialysis, 40 mL of acetone
was added to the dialyzed samples, vortexed for 30 seconds and centrifuged at room
temperature at 10000 g for 10 min. The supernatant was discarded, and the organic
wash procedure was repeated 2 additional times. With every purification step, we notice a
progressive decrease in the fluorescence of the supernatant. Following the third organic
wash, the supernatant is completely devoid of fluorescence, thus indicating that all
impurities and unreacted materials have been removed. The resulting precipitate was
dried overnight in an oven at 80 1C and was then crushed into a fine powder followed by

dispersion in Milli-Q water.

Fourier-transform infrared spectroscopy (FTIR)
FTIR spectra were collected on the dried solid powder of CDs using a Thermo Scientific
Nicolet iS5 equipped with iD5 ATR accessory. Analysis was performed on a laminate-

diamond crystal window using 64 scans at 0.4 cm 1 resolution.

Fluorescence spectra
Fluorescence spectra of aqueous CD dispersions were recorded using a Cary Eclipse
Fluorescence Spectrophotometer from Agilent Technologies. To minimize the potential for

inner filter effects, the concentration of the CDs, in water, was adjusted to an absorbance

14



value of 0.1 a.u. prior to analysis. Fluorescence spectra were recorded in a 1 cm quartz
cuvette, using a Aex of 250—-700 nm (varied in 10 nm increments for contour maps and 50
nm intervals). The excitation and emission slit widths were set to 2.5 and 5 nm,
respectively, with a PMT voltage of 600 V. All data processing and all contour plots were

generated using the Agilent Cary Eclipse application software.

Quantum yield determination

Quantum yield values were determined using a FLS920 Fluorescence Spectrometer
(Edinburgh Instruments) equipped with an integrating sphere, using a 1 cm path length
quartz cuvette. Both excitation and emission slit widths were set to 5 nm. A« was set to
350 nm and the fluorescence spectrum was acquired from 300 to 800 nm. Triplicate scans
were acquired with a dwell time of 0.2 s. The data were processed using the FO00
software supplied by the manufacturer.

Preparation of carbon dots for conjugation

1.4 mg of Carbon dots was prepared in a 1.4mL solution of MES (buffer) at pH 4.6.
047935g of EDC was prepared in 5 mL of MES to create a 30mM solution. 0.014385g of
NHS was prepared in 5 mL of MES for a 25mM solution. 200uL of EDC (30mM) and
200uL of NHS (25mM) was added to 1 mL of 1 mg/mL pH 4.6 carbon dots and stirred for
30 minutes. This activated the carboxyl groups on the CDs which can be covalently

bonded to the amine group found on the BSA.

Conjugation of carbon dots to BSA

5 mL of the BSA solution (pH 7.5) was added to the CD, NHS, EDC solution and stirred for
1 hour and 30 minutes. A dialysis membrane prior to concentration was conditioned with
0.1 M potassium bicarbonate. MES buffer was added to the the BSA, CD, NHS, EDC
solution in centricon tube and centrifuged at 5000 G up to 6 minutes several times until
completely filtered. All unconjugated CDs were removed from centricon tube leaving only
conjugated CD-BSA at the top. The centricon tube was stored in ethanol to preserve

dialysis membrane.
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Determination of reactive/accessible amines on the CDs
* 0.1M MES 0.9% NaCl pH 4.6
+ 20ug CDs @ 345nm =0.340 A.U.
* 10 uL TNBS in 5mLs 0.1M MES 0.9% NaCl pH 4.6 (control) = 0.853 A.U. @
345nm
* TNBS + CDs (1.5 hrs reaction in dark at 450C = 1.191 A.U.
* 0.34+0.853=1.193AU.-1.192AU~O0
* NO reactive amines of the 500DT3-CDs at pH 4.6
« 0.1M MES pH 6.0
+ 20ug CDs @ 345nm = 0.353 A.U.
* 10 uL TNBS in 5mLs 0.1M MES pH 6.0 (control) = A.U. 0.823@ 345nm
« TNBS + CDs (1.5 hrs reaction in dark at 45°C = 1.20A.U.
+ 0.353+0.823=1.176 A
« 120-1.176=0.024 AU. =1.7 uM
* 0.083 uM reactive amines per ug of 500DT3-CDs at pH 6.0
*+ 10 mM Potassium Phosphate pH 7.5
+ 20ug CDs @ 345nm =0.351 A.U.
* 10 uL TNBS in 5mLs 10 mM Potassium Phosphate pH 7.5 (control) = 0.835
A.U. @ 345nm
« TNBS + CDs (1.5 hrs reaction in dark at 45°C (1/10) = 0.158A.U. (stock 1.58
A.U))
+ 0.351+0.835=1.186 A.U.
+ 158-1.186=0.394 A.U. =27.2uM
* 1.4 uMreactive amines per ug of 500DT3-CDs at pH 7.5

16
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