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[bookmark: _Toc519502646]Introduction
Biomarkers for chronic neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), are of great importance, since the cognitive symptoms often are diffuse and overlap with other disorders; the clinical progression is slow and variable even between patients with the same disease. 
[bookmark: _Hlk507694938]The pathological processes that characterize neurodegenerative disorders such as AD and PD begin decades before the first symptoms of cognitive dysfunction, thus making it difficult to identify pathology based on the clinical phenotype alone. The diagnostic accuracy and the therapeutic efficacy of AD and PD heterogeneity can be significantly improved by the combined evaluation of multiple central and peripheral biomarkers which can help to differentiate among affected subjects with different clinical-neuropathological phenotypes (Krüger et al., 2017). Biomarkers reflecting different types of pathophysiology in the brain can be used for clinical diagnosis, especially in the early stages of the disease, to predict progression, to monitor effects of novel drug candidates in clinical trials, and lastly also in clinical research. 
During the past decade, the phenotype of AD and PD has been defined extensively by neuroimaging techniques. Imaging biomarkers for AD include amyloid and tau positron emission tomography (PET) to measure the amount of these protein deposits in the brain and magnetic resonance imaging (MRI) measurements of brain volume and neuronal connectivity. 
Similarly, PD imaging includes either detecting alterations in brain structure or examining functional changes in brain metabolic patterns tryng to develope α-synuclein (α-syn) imaging agents that could be useful for PD diagnosis (Eberling et al, 2013). 
Biomarkers for chronic neurodegenerative disorders are not restricted to the brain, substantial biological changes appear in peripheral tissues as well. In particular, the typical brain alteration has been found, at the molecular level, in cerebrospinal fluid (CSF). A set of CSF tests reflecting key aspects of disease pathology (neurodegeneration, tau pathology and amyloid deposits) are heavily studied. 
The AD CSF biomarkers include total tau (T-tau), phosphorylated tau (P-tau) and the 40-42 amino acid isoform (Aβ40, Aβ42) of β-amyloid. Aβ40, Aβ42 and phosphorylated tau reflect the core elements of the disease process in Alzheimer’s disease; that is, levels of brain amyloid and cortical neurofibrillary pathology. Conversely, total tau is a nonspecific marker for axonal damage that mirrors the activity of the neurodegenerative process. The combination of elevated levels of total tau and phosphorylated tau together with reduced levels of Aβ42 or reduced ratio Aβ42/Aβ40 in CSF is a consistent finding in biomarker studies of patients with different stages of Alzheimer’s disease, including Mild Cognitive Impairment (MCI).
Furthermore, Alzheimer's disease (AD) is marked by a long preclinical stage in which the pathophysiology has evolved but clinical symptoms are not yet present. The National Institute on Aging and Alzheimer's Association Workgroup established preclinical AD criteria for research based on biomarkers of β-amyloidosis and neurodegeneration. These criteria led to the subsequent identification of a subset of individuals labeled with suspected non-AD pathophysiology (SNAP) due to biomarker evidence of neurodegeneration without β-amyloidosis. SNAP does not align with the leading theoretical progression of dynamic biomarkers during preclinical AD in which β-amyloidosis evidence appears first, followed by neurodegeneration (Homan et al, 2017). It will be useful to identify biomarkers fot this specific pre-clinical stage.
With respect to CSF biomarkers of PD, α-synuclein (α-syn) has received considerable interest. The centrality of α-Syn in PD pathogenesis was established nearly two decades ago with the dual finding that (i) this protein is the principal constituent of the hallmark Lewy body pathology and (ii) SNCA gene mutations cause familial forms of PD (Parnetti et al., 2013).  
However, disadvantages limit the clinical diagnostic and prognostic use of CSF biomarkers, in preclinical and early phase of the disease, such as cut-off values, the absence of assay standardization and overlap between different types of dementia.  CSF sample collection requires a lumbar puncture, an invasive procedure which limits follow-up. In this respect, the use of blood as a source of dementia biomarkers has been emerging because of its availability, lower cost and time available but still needs to be explored and improved.
The MADIA project aims to develope a diagnostic tool for AD and PD diseases, based on nanoparticles functionalized with:
a. innovative peptidic aptamers derived from computer modelling and branched formulation of known sequences
b. novel antibodies, able to detect with high sensitivity and specificity classical, which include total tau (T-tau), phosphorylated tau (P-tau) and the 40-42 amino acid isoform (Aβ40, Aβ42) of β-amyloid and alpha-synuclein and innovative  biomarkers (such as NGF, proNGF and NH2-tau fragment) in CSF and blood.
The identification and the measurement of these new biomarkers (i.e. NGF and proNGF) is proposed to better assist with the clinical diagnosis, allowing a broader profile of underlying ongoing neurodegeneration and producing a more sensitive early diagnostic tool in CSF and, even better, in blood. It also would be useful in drug development as diagnostic markers (i) for enriching the number of AD patients, (ii) for patient stratification and (iii) for safety monitoring.
[bookmark: _Toc519502649]Aptamer-Based technology for Biomarker detection
The specific combination of Aβ40, Aβ42 and phosphorylated tau are known to reflect the specific stage of Alzheimer disease; on the other hand alpha-Synuclein protein is known as biomarker of PD. ELISA tests of relatively low sensitivity and accuracy have been developed to evaluate Aβ40, Aβ42, phosphorylated tau and synuclein protein biomarkers. Therefore an improvement of sensitivity and selectivity represents an unmet need.
Aβ proteins, tau proteins and synuclein protein have all tendency to aggregate forming oligomers and fibrils. In all these proteins the role of specific aminoacid sequences in the aggregation/disaggregation process is almost known. For this specific ability, some aminoacid sequences belonging to the biomarker proteins have themselves an extraordinary potency in promoting the self protein recognition.
Based on these structural features, the first approach in the design of the aptamers for all the biomarker was based on the optimization of peptides whose ability to bind the full protein (beta amyloid, phosphorylated tau, alpha synuclein) was previously demonstrated.
The first approach in the design of the aptamers for the biomarker (Aβ42) was based on the optimization of peptides whose ability to bind the full protein (beta amyloid) was previously demonstrated. These peptides are known as β-sheet breaker peptide. 
Accordingly, our preliminary contribution was related to computer modeling optimization of the β-sheet breaker peptide. Specifically, we reported the data of structural interaction between Aβ42 and short Aβ fragment KLVFF corresponding to the Aβ16-20.

A literature search identified this sequence as the one with high technological value as it combined a relatively high affinity for the targeted biomarker with a potential for structural engineering of the molecule (see Figure 1 below, from Susanne Aileen Funke, Dieter Willbold Peptides for Therapy and Diagnosis of Alzheimer’s Disease, Current Pharmaceutical Design, 2012, 18: 755-767). Indeed, literature reports that this peptide sequence could be integrated in a hyperbranched structures (known as dendrimer) falling within UoB long-standing expertise for their highly reproducible and scaled-up synthesis (See Task 2.3). The advantage of presenting the KLVFF sequence as a hyperbranched molecule is to increase the density of ligands at the surface of the superparamagnetic nanoparticles (see WP4).

[image: ]Figure 1. A published table of known aptamers for A amyloids. 

In addition, for all the mentioned biomarkers, antibodies have been identified. For most of them structural coordinates are available on Brookeven Protein Databank. Based on this structural information, an approach in the molecular design of aptamers involves the structural analysis of the antibody binding sites as the starting point to design and optimize new aptamer molecules mimicking the structural shapes of the antibody binding sites. Due the availability of different antibodies for the different aggregation forms, this approach has the advantage of enabling the discrimination of monomers, oligomers and fibrils. Starting from the structural models, in particular from the coordinates of the different binding sites, we generated structural templates that enable the selection of new specific and affine peptide sequences able to interact with the different biomarker proteins. 
WP2 Objectives
On the basis of this information background the objective of WP2 were:
-Identification of aptamer sequences for AD and PD biomarkers
- Scaled-up synthesis of aptamers for AD and PD biomarkers
- Theoretical and experimental studies of binding parameters between AD and PD biomarkers to
aptamers functionalized surfaces


Task 2.3 (Months 12-24) Synthesis and characterisation of peptide aptamers (UoB)
The aptamers sequences identified as the most suitable for AD biomarker recognition were synthesised and characterised. A scrambled sequence of the dendrimeric KLVFF sequence was also synthesised, i.e. Rgen3K(VFLKF)16.
The method of synthesis was optimised to achieve scale-up production, while the characterisation methods were refined to establish future manufacturing QC.
Aptamer Synthesis
All aptamers were assembled using a common 9-fluorenylmethoxycarbonyl (Fmoc) solid phase peptide synthesis (SPPS) by a microwave synthetiser (Biotage ® Initiatior, UK). The concept, applicable to both linear and branched aptamers, is illustrated in Figure 20 and briefly described below.
[image: ]
Figure 20. Schematic representation of Fmoc-SPPS for linear and branched apatamers. The scheme shows only the method of synthesis of the branching molecular scaffold, but the steps apply also to linear peptides.

[bookmark: _Hlk1724065]Initially, 0.5 g of Tenta Gel S NH2 resin (Iris Biotech GmbH, UK) was swollen with 5 mL dimethylformamide (DMF, Fisher Scientific UK) for 15 minutes. After intensive washes with 3 mL of DMF, the resin was coupled to the C-gorup of an amide linker (Fmoc Rink Amide Linker, Sigma Aldrich, UK) sonicated with 3 mL of DMF containing 0.4 mmol O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) (Novabiochem, UK) and 0.8 mmol N,N-Diisopropylethylamine (DIPEA) (Sigma Aldrich, UK) used as activation agents. Reaction mixture was performed at 50oC, power 50 watts and high absorption for 6 minutes. The linker was then washed three times with dimethylformamide (DMF, Fisher Scientific, UK) and its Fmoc-group was removed using 20 % v/v piperidine (Sigma Aldrich, UK) in DMF following two deprotection steps at room temperature for 4 minutes/each. The aptamers were again washe 3 x 5mL of DMF while revealing new N-terminal amine that supported the assembly of an ordinate series of Fmoc-amino acids as listed in Table 7.

Table 7. List of Fmoc-amino acids used to assembly all aptamer sequences.
	Sequences
	G
	G
	K
	L
	V
	F
	F

	F-moc Amino Acid
	Gly-OH
	Gly-OH
	Phe-OH
	Leu-OH
	Val-OH
	Phe-OH
	Phe-OH

	Cycles
	1
	1
	1
	1
	1
	1
	1



	Sequences
	R
	gen0
	gen1
	gen2
	gen3
	K
	L
	V
	F
	F

	F-moc Amino Acid
	Arg -OH
	Lys  
-OH
	Lys  
-OH
	Lys  
-OH
	Lys  
-OH
	Phe
-OH
	Leu
-OH
	Val-OH
	Phe-OH
	Phe
-OH

	Cycles
	1
	2
	4
	8
	16
	16
	16
	16
	16
	16



After all amino acids were added by series of coupling and deprotection steps, all aptamers were allowed to stand for 30 minutes for final deprotection under stirring at 900 rpm and high absorption and transferred to a 10 mL fritted syringe through a series of washes with 40 mL dichloromethane, methanol and diethylether (Fisher Scientific, UK). Then, they were dried and weighed prior to be cleaved from the resin.
All aptamer sequences were isolated from resin using a specific cleavage cocktail: 95 % v/v trifluoroacetic acid (TFA, Fisher Scientific, UK), 2.5 % v/v deionized water and 2.5 % v/v trisopropylsilane (TIPS) (Sigma Aldrich Co. Ltd, UK). After three hours incubation, each aptamer solution was passed down a Pasteur pipette filled with 1 cm of a glass wool and the crude aptamers were collected in a tube containing 20 mL of chilled diethylether (Fisher Scientific, UK) and centrifuged (dend Denley BS400) for three times at 3500rpm for 5 minutes. Afterwards, aptamers were freeze dried (Christ Alpha2-4, Sciquip), dissolved in pure methanol and filtered through a syringe filter with a pore diameter of 0.25 µm (Ge Healthcare Amersham, UK) prior to their characterisation.

Aptamer characterisation
Mass spectroscopy
Aptamers were identified by electrospray/ionization time of flight, ESI-TOF MS (Bruker microTOF) at 0.4 Bar. Mass measurements were performed in a range of 50-3000 Da referred to as the mass-to-charge ratio or m/z.
Using mass spectroscopy, the molecular ions (M+) of appreciable intensities sufficient for the reliable assignment of molecular weight of all aptamers were clearly observed . 

[image: ]A
B
Theoretical MW = 766.33 g/mol
Actual MW = 768.46 g/mol
Theoretical MW = 2096.79 g/mol
Actual MW = 2165.54 g/mol

The actual MW is determined by following the Equation:

1083.78 = (MW+nH)/n
1083.78 x 2 = MW + (2 x 1.008)
MW = 2167.56 – 2.016
MW = 2165.544 g/mol


[image: ]
Figure. Mass spectrum of (A) GGKVFF and (B) Rgen3K before KLVFF functionalisation. 




HPLC and gravimetric analysis
Each aptamer was separated by a standard analytical HPLC (Agilent Infinity) performed on a hydrophobic RP 18 column (150x4.60mm, Luna 3u C18 100A, Phenomenex). The samples were eluted with a gradient of 0.1 % v/v TFA in water [Solution A] and 0.1 % v/v TFA in acetonitrile [Solution B] for 40 minutes at 25oC and 1 mL/min. Peak signals were detected at 223 nm. 

After deprotection and cleavage from the resin, all aptamers were tested for their purity by HPLC. HPLC data showed single elution peak corresponding to the desidered products at, 23 [GGKLVFF] and 35 [Rgen3K(KLVFF)16] minutes, respectively (Figure 24).Retention Time
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Figure. HPLC chromatogram of (A) linear and (B) hyperbranched KLVFF aptamers.



Table 8. Amounts of aptamers obtained after Fmoc-SPPS synthesis. 
	Aptamers
	Purity
	Yield (gr)

	GGKLVFF
	86 (batch 1)
88 (batch 2)
86 (batch 3)
	0.076 (batch 1)
0.048 (batch 2)
0.055 (batch 3)

	Rgen3K(KLVFF)16
	81 (batch 1)
79 (batch 2)
	0.091 (batch 1)
0.076 (batch 2)




A further optimisation process of the HPLC analysis was performed on all the candidate aptamers by testing a number of mobile phase conditions.

Sample Rgen3K(VFLKF)16 (scrambled dendron) was prepared as 6mg/ml in methanol and analysed by HPLC using a scouting method. The chromatogram shows many impurities and two main strong peaks. First high intensity peak has a retention time of 14.8 min and second 19.9 min. Sample Rgen3K(VFLKF)16 is a large hydrophobic molecule and it is plausible that its retention time is 19.9 min in presence of trailing generation impurities. The purity has been calculated based on peak areas as about 13%.

[image: ]
Figure. Rgen3K(VFLKF)16 (scrambled dendron), scouting method.


Table. HPLC method utilizing reversed phase gradient elution- Solvent A is 0.1% TFA in water, Solvent B is 0.1% TFA in acetonitrile.
	time [min]
	A [%]
	B [%]

	0
	75
	25

	30
	50
	50

	35
	0
	100


Table 10. HPLC method utilizing normal phase gradient elution- Solvent A is 0.1% TFA in water, Solvent B is 0.1% TFA in acetonitrile.
	time [min]
	A [%]
	B [%]

	0
	5
	95

	25
	50
	50

	30
	60
	40

	35
	40
	60

	40
	5
	95






The infrared spectroscopy (FTIR) of three branched aptamers are here reported. The linear sequences were also analysed (data not shown) - Rgen3K(VFLKF)16 (labelled as scrambled dendron), Rgen3K(KLVFF)16. Figure 29 shows overlay of their spectra. Two of these samples i.e. scrambled dendron and Rgen3K(KLVFF)16 give almost identical signatures which means that their molecular vibrations are  the same, they possess the same functional groups and symmetries (Figure 30).  Sample Rgen3K(WAibH)16 shows significant differences (Figure 31).

[image: ]
Figure. FTIR spectra of scrambled dendron and Rgen3K(KLVFF)16



[bookmark: _Toc519502658]Task 2.4 (Months 12-30) Affinity studies of AD and PD biomarkers to peptide aptamers (UoB)
OWLS studies clearly demonstrate the abilities of both KLVFF peptides to form macromolecular complexes with Aβ1-42 when these were grafted onto the surface of a specific waveguide sensor (Fig. 32 A-B). The above effect is believed to be established by three injections of glutaraldehyde which by saturating the whole surface, allowed each peptide to be effectively attached on. However, a weaker immobilisation was recorded in the case of the linear KLVFF peptides (NTM = 1.5939) which was strictly linked to their small size when compared to the branched ones (NTM = 1.5999). The data were also confirmed by their corrispective InTM (absorption phase, KLVFF= 1.78ᵒ; Rgen3K(KLVFF)16=1.97ᵒ) and InTE (desorption phase, KLVFF=0.63ᵒ; Rgen3K(KLVFF)16=1.7ᵒ) peaks (Fig. 2 C-D) whereby the introduction of a water solution and indeed the stabilisation of a baseline was reached after 32 minutes by KLVFF rather than 15 minutes as observed for Rgen3K(KLVFF)16. This in turn directly raised the thicknesses of the coating layer from 0.01 to 2.51 [KLVFF] and 3.41 nm [Rgen3K(KLVFF)16], and induced the OWLS signals to significantly change within few minutes after the injections of Aβ1-42 [KLVFF NTM = 1.5941; Rgen3K(KLVFF)16   NTM = 1.6007].


[image: ]Figure 32.  OWLS measurements. The binding affinity between Aβ1-42 and (A) KLVFF and (B) Rgen3K(KLVFF)16 was constantly monitored and observed to induce changes in both TM and TE during the adsorption and desorption of both peptides on a waveguide sensor surface (C-D).  

Furthermore, the extremely low surface activity observed in the linear KLVFF peptides was found to be consistent with their M results (Figure 33).
[image: ]Figure 33. Analysis of absorbed mass of linear KLVFF. 

Although, the linear peptides show capabilities to form under these conditions complexes with Aβ1-42, these were observed to be less stable than those associated with Rgen3K(KLVFF)16 (Fig 34). The resulting adsorbed M was initially zero and slightly increased from 235 to 387 ng/cm2 for KLVFF, but reached levels that were significantly higher after the binding of Rgen3K(KLVFF)16 [301 ng/cm2] with Aβ1-42 [505 ng/cm2].  However, in both cases, the dissociation of bound Aβ1-42 was not observed even at prolonged elution of the reaction buffer highlighting the high binding efficiency by both KLVFF and Rgen3K(KLVFF)16. 

[image: ]Figure 34. Determination of absorbed mass of branched KLVFF.  

Studies of binding affinity were performed by Optical Waveguide Lightmode Spectroscopy (OWLS). In particular, OWLS measurements were performed to measure the affinity of the antibodies anti-NGF (alphaD11) for both the proposed innovative biomarkers, NGF or proNGF. This technique allows the real time monitoring of molecular interactions. The same technique was used to monitor the successful functionalisation of the metal oxide surface of the chip with either peptide aptamers or antibodies.

The hydroxyl groups of the metal oxide surface of the OWLS chip were activated by mild treatment in hydrogen peroxide to form 0H radicals and then derivatised by adding two injections (50 l/each) of 2.5% (v/v) glutaraldehyde under flowing conditions according to a method previously established at UoB. A washing procedure followed to eliminate the excess of glutharaldehyde from both tubing and chip surface. Injections of either peptides (synthesised in Task 2.3) or antibodies for NGF or pro-NGF as received by EBRI (see WP4) were grafted on the activated surface. After a prolonged washing step A1,42 amyloids or NGF and pro-NGF were tested.

Figures 35 and 36 show the rapid recognition of the novel AD biomarkers by the respective antibodies produced in WP4.
 
[image: ]

Figure 35. OWLS binding of NGF to chips functionalised with αD11 antibody. The steps of chip activation, derivatisation and functionalisation are also reported.
[image: ]


Figure 36. OWLS binding of pro-NGF to chips functionalised with αD11 antibody. The steps of chip activation, derivatisation and functionalisation are also reported together with the solution of antibody and biomarker concentrations flown across the chip (same parameters were used in the experiment of Figure 35).

The sharp detection binding curve and high levels of mass adsorption calculated by the sensor software show the high affinity of the αD11 antibody towards both NGF and pro-NGF. These studies confirm data previously published by an alternative sensing technique (Paoletti et al, 2009, Malerba et al, 2015). 

OWLS measurements confirm the high affinity of the antibody for NGF and pro-NGF to bind the respective AD biomarkers, as detailed in WP2.4.
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Table 2A. Peptides Influencing AP Aggregation and Toxicity. Ap-sequence Derived Peptides

Name Description Results Reference

AP(16-20) Based on AB sequence Prevents AP fibrilization, identification | Tjernberg etal., 1996, 1997
of key amyloidogenic region [50,51]

Ap-(1522) Based on AB sequence Inhibit AB aggregation in virro Matsunaga ef al,, 2004 [52]
Ap-(1623)
Ap-(1724)

K4 KLVFF- | AP scquence conjugate Inhibitory cffcct of compound is potenti- | Chafekar efal., 2007 [53]
dendrimer ated in comparison to monomer

KLFVV retro- | AP sequence conjugate Inhibitory effect on AP aggregationis | Zhang eral,, 2003 [54]
inverso version potentiated
linked to
branched hex-
americ PEG

RGKLVFFGR | Based on AB-(16-20) Inhibit AP oligomerization, aggregation | Austen et al,, 2008; Matha-
or region ‘and toxicity. Retro-inverso-peptide resis- | ru er al, 2010 [55, 57);
RGKLVFFGR- tant to proteolysis and more active Taylor et al,, 2010 [56]

Ap- (31-35) Based on AB sequence Inhibits AP aggregation in vitro Fulop efal., 2004 [61]
GL

C-terminal AB sequence Stbilize AB in non-toxic oligomers, Fradinger et al,, 2008 [62]
X=28.39 | derivedpeptides inhibit A neurotoxicity

AP(12-28) | Peptides block AB-Apo Inhibition of aggregation in vitro, reduc- | Sadowski eral, 2004 [66]
V18P mutation, | FA interaction by compet- tion of plaque formation in tg mice
cad-protected | B for the binding ste

IDIL: describes peptide conformation. PEG: poly (cthylene glycol). Ap-derved peptide sequences are writien in bold. Tg: wansgenic
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