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Abstract 

Neurodegenerative diseases have been declared the ‘coming epidemic of the 21st 

century’ and remain largely underfunded research outside of philanthropic organizations. 

However, the challenge of therapeutic development is more fundamental stemming from 

the lack of human physiologically-relevant research models. A prime example of this can 

be found in Neuromelanin (NM), the dark pigment which comprises the substantia nigra 

pars compacta (SNpc). Found predominantly in primates, NM binds neurotoxic 

compounds and transition metals. Extraction of NM from the cortex is labor intensive, 

protein contaminated and often provides low yields. On the other hand, synthetic 

melanins possess limited metal binding characteristic of true biological melanin.  

Researchers have even ventured so far as to extract NM from humans for use in animal 

cell culture models. 

Using our existing 3D brain model we incorporated a NM analogue to dopaminergic 

cultures to add physiological relevance. Here we describe extraction, characterization 

and incorporation of sepia melanin as a functional replacement for NM in our 3D 

cultures. It was found that this NM analogue chelated transition metals unlike synthetic 

melanin. The iron-precipitate (Fe-NM) exhibited tailorable properties of particle diameter 

and ellipticity with ultrasonic dissociation. Furthermore, the product produced peroxides 

(H2O2) via Fenton chemistry (n=24, p<0.001, Peroxide Assay) and depleted antioxidants 

and nutrients from cell culture (n=8, p,0.05, GSSH Assay). 

The 3D model was made ‘human relevant’ by making use of Lund’s Human 

Mesencephalon (LUHMES) dopaminergic (DA) cells. We investigated the effects of this 

extracted NM and its precipitate on electrical activity by Local Field Potential (LFP) 

measurements and correlated the results against metabolic assays. We concluded that 

NM reliably reduces the activity of these neurons roughly two fold (n=22, p<0.05, 
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individual trials). Additionally, free-radicals generated by the precipitate depleted cell 

nutrients/antioxidants and increased the carbonylated proteins (~8 Fold Increase, 

p<0.05) suggesting oxidative damage to the proteome. 

NM plays a fundamental role in disease progression. Theory regarding means by 

which NM may expedite neurodegeneration/dysregualtion within the human cortex is 

elaborated on including: (1) neurotransmitter oxidation (2) Neuromodulation (3) 

metallostasis. Future directions describing further experiments on neuro-inflammation, 

materials advancements, methods standardization and bioreactor integration are 

provided. 
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Chapter 1.  Introduction 

The original work described here was developed by Dr. Min Tang-Schomer and was 

the basis for this research. Dr. Tang-Schomer’s fundamental approach paved the way 

for all ongoing research on traumatic brain injury (TBI) and for emphasis to be placed on 

the neurodegenerative disease state [1]. These tissue engineering innovations were 

further advanced by Dr. Chwalek in video publication that documented the stages of silk 

processing and cell seeding with primary cortical neurons [2]. The work of Dr. Sood 

furthered integration of extracellular matrix (ECM) component derived from primary 

tissue. Greater proliferation and connectivity of primary cortical neurons could be 

identified with embryonic derived ECM [3]. Here we aim to further advance disease 

relevance of neural tissue engineered models by integrating the pigment neuromelanin 

(NM) a naturally occurring human disease relevant biomaterial. 

Figure 1.1 Schematic of Challenges in Sourcing Materials & Cells for PD Models 

In development of PD models relevant to the human SN the challenges for 
investigators are twofold. (A) Gathering the necessary NM for incorporation into cell 
culture or finding suitable alternatives. (B) Having access to dopaminergic neurons 
which can be derived from: stem cells, primary tissue, or cell lines; of which stem cells 
may present lineage control issues or long durations of differentiation and primary 
tissues would provide low yields. Biologically derived melanin coupled with a human cell 
line was selected for this study. 
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Much of what we have come to learn regarding the human brain revolves around 

tragic but otherwise informative accidents guided by curiosity (i.e. Phineas Gage, early 

phrenology). The story of NM and Parkinson’s is no different; driven by the discovery of 

neurotoxins which have an affinity for NM (See Figure 1.3) but providing models with 

acute effects that undermine how the disease progresses organically (See Figure 1.4). 

1.1 Survey of Neuromelanin and the Substantia Nigra 

NM was first described by Cajal as early as 1838 and was considered a highly 

unusual part of the brain even then as it has remained a subject of interest since [4]. 

While there has been vigorous debate regarding NM’s biological synthesis methods it is 

often regarded to be the product of oxidation and internal rearrangement of dopamine 

(DA) to quinone and indole derivatives followed by reduction and cyclization [5, 6]. 

However, the dopaquinone (DAQ) derivatives are thought to be cytotoxic resulting in 

protein aggregation of alpha-synuclein by the interaction with thiol groups [7, 8]. 

The structural properties of NM have been elucidated due in large part to the 

investigative work of Meng and Kaxiras [9, 10], among many other respectable 

scientists. Mechanistic synthesis of NM is ascribed in part to the efforts of organic 

chemists Wakamatsu, Ito and colleagues [5]. A thoroughly abridged version of this 

interaction can be found in Figure 1.1A which references the convergence of dihydroxy-

indole (DHI) derivatives during biological synthesis and illustrates the binding of proteins. 

Subsequent vacuolar ingestion and cross reaction with fatty acids described by Luigi 

Zecca, David Sulzer, Fabio Zucca and colleagues [11] illustrated in Figure 1.1B as NM 

aggregates. A comprehensive review of the synthesis, interactions and permutations of 

DA in broader context to NM can be found in the work of Meiser et al. “Complexity of 

dopamine metabolism” (2013) [12] and Schreoder et al. “Using Sepia melanin as a PD 

model to describe the binding characteristics of neuromelanin” (2015) [13]. 
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Figure 1.2 Schematic Neuromelanin Biological Synthesis and Protein Interaction 

(A) Existing models of NM assume that a series of internal arrangements result in a 
product derived from dopachrome which when internally reduced, then converges into a 
structure analogous to that of NM. (B) Additionally, the conversion of DA and its close 
derivatives to DAQ facilitates the binding of the catecholamine to various proteins which 
are subsequently gathered by the lysosome only to be combined with other complex 
protein and fatty acid mixtures and synucleopathies ultimately yielding variable 
aggregate products. Adapted with permission from: Nucleic Acids Res. 44, Kim S., 
Thiessen P.A., Bolton E.E., Chen J., Fu G., Gindulyte A., Han L., He J., He S., 
Shoemaker B.A., Wang J., Yu B., Zhang J., Bryant S.H., PubChem Substance and 
Compound databases, D1202–D1213, (2016) [14]. Changes include: (A) vectoring, 
recoloring and overlay of molecules; changes in (B) include vectoring Dopamine 
molecule. 

The understanding of NM’s interactions with both the lipidome and proteome is the 

subject of ongoing research which pertains to specialized NM organelles that 

accumulate a diverse array of proteins over the lifetime of an individual (Figure 1.2 B) 

described as Lewy bodies (LB) [15]. Interaction of NM and the proteome result in an 

immense diversity of associated proteins for which patients who exhibit similar 

neurological outcomes may present a diverse array of associated proteins (i.e. Tau, β-

amyloid in addition to α-synuclein) [16]. This has led investigators to explore clinical 

overlap between PD and other neurodegenerative conditions like dementia clinically 

defined as PD with dementia (PDD) [17]. However, the diversity of NM associated 
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proteins, coupled with varying clinical outcomes (i.e. PDD), comorbidities and genetic 

risk factors associated with PD (See Table 1.4) have confounded specific diagnostic 

biomarkers of disease for PD investigators [18] and slowed the development of 

treatments[19] for lack of a comprehensive diagnostic criteria and approaches. 

Advances in modelling PD have emerged from neurotoxic compounds (See Table 

1.1) but many investigators have found this acute neurotoxic approach misleading for 

screening therapeutic compounds for a disease progression that can be >10 years in 

development [20]. For this reason a ‘paradigm shift’ in drug discovery has been 

suggested [21] revolving around human relevant tissue modelling [22] in the third 

dimension [23] in efforts to account for discrepancies between neurotoxic PD models 

and clinical development of PD therapeutics. 

1.1.1. ‘The Case of Frozen Addicts’: Established Neurotoxic Models 

A good deal of what we know about PD is based around an unfortunate but 

serendipitous accident that occurred in the 1980’s (See Figure 1.3), colloquially known 

as the ‘case of the frozen addicts’, as recounted by medical doctor William Langston 

[24]. One afternoon in the Santa Clara, CA County ER, a rash of adults under forty years 

of age came in exhibiting the resting tremor of PD patients. It was found that all victims 

had injected the synthetic opioid drug methyl-phenyl-propionoxypiperidine (MPPP). The 

drug was traced back to its origin and the product was found to be methyl-phenyl-

tetrahydropyridine (MPTP) [25]; the product of a failed organic synthesis. In the months 

following discovery, it was found MPTP had an affinity for the substantia nigra (SN), due 

to the presence of neuromelanin (NM) and that MPTP’s metabolite Methyl-

phenylpyridinium (MPP+)[26], acts on complex-I of the mitochondrial matrix and 

indirectly acts in ‘uncoupling’ the electron transport chain [27]; creating a sustained 
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source of free radicals which caused extensive damage to the dopaminergic (DA) 

neurons and the manifestation of PD symptoms [28]. 

Figure 1.3 Historical Events Regarding Neuromelanin 

Above the major events in the discovery of NM in context to PD are summarized. 

Events most relevant to this introduction include: (1) William Langston’s encountering 

neurotoxic MPTP (1983) and (2) Heiko Braak’s identification of staging events in PD 

progression (2003). The extended timeline of L-DOPA’s discovery (~50 years) and its 

current usage today are noted. Therapeutic investigation for neurodegenerative 

conditions could be further expedited through tissue engineered models. 

While the discovery of MPTP was beneficial for PD research it presents an immense 

potential to mislead the scientific community regarding disease etiology as it is an acute 

neurotoxin that lacks the finesse of ‘organic’ clinical disease progression [20]. The 

assumption that MPTP mechanisms are capable of being universally generalized to PD 

illustrates pre-conceived notions regarding causality, as inducing neurotoxicity is an 

acute/crude means of accomplishing a PD model [20]. Nevertheless, the ‘case of frozen 

addicts’ pointed researchers in the direction of the substantia nigra (SN), the focal point 

of this research pertaining to NM [24]. MPTP and MPP+ implicated a variety of other 

neurotoxins as causal in the development of PD many of which are classified as 

pesticides and insecticides following the wake of Rachel Carson’s ‘Silent Spring’ [29]. 



6 
 

Some of these neurotoxic insecticides and pesticides are illustrated in Table 1.1 in 

addition to neurotoxic metals that can be found in Table 1.2. 

Curiously enough, it was found that the MPTP neurotoxic mechanism worked on specific 

animal models (i.e. predominantly primate models) due to NM presence [30] as younger rat 

models would be resilient to the toxic effects and were resilient to neurotoxic effects [17]. Some 

researchers have gone so far as to extract NM from the human cortex and incorporate it into 

experimental models [31] which is both labor intensive and provides low yields (0.15mg per 

SNpc) [32] the product of which is often contaminated with protein [13]. For investigators without 

ample access to a morgue and persistence in engaging a university ethics board, NM serves as a 

‘limiting reagent’ in reconciling translational models [33]. 

 Over time the list of implicated neurotoxic compounds in PD expanded and 

mechanistic understanding of the disease did as well [20]; in part due to improvements 

in transgenic techniques [36]. During this time the revolution in genomics identified key 

genes implicated in PD but the majority of cases fall under the guise of ‘idiopathic’ or 

unknown origin [37] suggesting environmental factors are causal in PD development.  

Table 1.1 Established Neurotoxins Relevant to Neuromelanin 

The majority of cellular mechanism of action of the established neurotoxins pertain to 
the mitochondrial uncoupling. An important distinction is that of 6-OHDA which acts 
primarily as an excitotoxic chemical and NorSAL which causes genomic damage. 
Neurodegeneration comprises more than acute neurotoxic damage and implicates 
genomic damage and proteasome turnover as well. 

Neurotoxin Abbrev. Mech. of Action CAS No. Cit. 

methyl-phenyl-

tetrahydropyridine 
MPTP Compl-I Mito 28289-54-5 [24] 

tri-hydroxy-phenethylamine 

or hydroxydopamine 
6-OHDA Neural Excitoxicity 1199-18-4 [34] 

Rotenone 

or Tubatoxin 
N/A Compl-I Mito 83-79-4 [26] 

tetrahydroisoquinoline 

or Norsalsolinol 
NorSAL DNA Damage 34827-33-3 [35] 

Dimethyl-bipyridinium 

or Paraquat 
N/A 

Compl-I/III 

Mito 
1910-42-5 [26] 
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Many of the neurotoxic compounds found in Table 1.1 exhibit affinity for NM and 

contribute to the increased vulnerability of the SN relative to other parts of the cortex [38, 

39]. However, the relationship between NM, neurotoxic drugs and transition metals 

requires further elucidation [40] in which metal chelation may displace NM bound 

xenobiotic drugs thereby causing a targeted release in the SN. Proposed means of 

characterizing these interactions can be found in the Future Directions (Section 3.4.5. 

pg. 78) which considers metal displacement as it pertains to chemical affinity.  

While the neurotoxic effects of pesticides were becoming active research topics, 

research pertaining to the impact of metals on the nervous system had been established 

(See Table 1.2). It is generally accepted that lead (Pb), cadmium (Cd) and mercury (Hg) 

are among the most pernicious targets of the CNS [41] leading to dysregulation of the 

immune system and demyelination [42, 43]. 

Metal Disease Implicated Additional Symptoms Ref. 

Cadmium Cd 
Itai-Itai Disease, 
Anosmia 

Blood Acidity, Gout [44] 

Mercury Hg 
Minamata & Young's 
Disease 

Demyelination, 
Autoimmunity 

[45] 

Manganese Mn Lou Gherig's (similar) 
Irritability, Motor 
Dysfunction 

[44] 

Nickel Ni Behavioral Deficits 
Inflammation, 
Dermatitis 

[46] 

Copper Cu Wilson's Disease Anemia, Jaundice [47] 

Lead Pb 
Cognitive/Learning 
Deficits 

Neuropathy,Blood 
pressure 

[48] 

Table 1.2 Metals Implicated in CNS Toxicity 

Metals have been long established poisons of the nervous system. Lead and 
mercury are perhaps the most widely known neurotoxic element but numerous other 
seemingly innocuous transition metals are capable of inducing cytotoxic damage as well. 
In many cases exposure results in neurodevelopmental and neuroendocrine disruption 
that extends beyond the scope of this work. 

A wide array of cellular mechanisms are perturbed by these transition metals (See 

Table 1.2) pertaining largely to: voltage activated channels, ion transport mechanisms, 

neurotransmitter release and synthesis and excitotoxicity [49]. A comprehensive review 
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can be found in Sadiq et al., “Metal Toxicity at the Synapse” (2012). Aspects of metal 

homeostasis or ‘metallostasis’ as it pertains to cell viability is illustrated in the Discussion 

(See Table 3.1). Further investigation of the role of ‘metallostasis’ as it pertains to PD is 

an ongoing research topic [50, 51] and worth pursuing if it were to yield organometallic 

therapeutics capable of reinstating cell homeostasis. However, the existing means of PD 

treatment is L-DOPA, discovered in the 1950’s (See Figure 1.3), which remains a 

mainstay of therapeutic intervention to this day. 

1.1.2. ‘Awakenings’: L-DOPA and Current Therapeutics 

L-DOPA was originally derived as a natural product fava beans as early as 1913 by 

Torquato Torquati before further isolation and characterization by Markus Guggenheim 

[52] The original chemical synthesis of racemic mixture D/L-DOPA was executed by 

Barger and Ewans in 1911 [52]. However, stereo-selective synthesis of L-DOPA was not 

developed until William Knowles perfected an organometallic catalyst for scalable 

production of the drug for which the Nobel prize was awarded [53].  

L-DOPA (or Levodopa) gained popular renown due in part to the book ‘Awakenings’ 

by Dr. Oliver Sacks (1933-2015) [54]. During an outbreak of encephalitis in the 1920’s 

several patients were given an experimental drug L-DOPA which caused them to 

miraculously emerge from a comatose state [54]. Later, the work of Arvid Carlsson, 

George Cotzias and Oleh Hornykiewicz emphasized L-DOPA’s use in treatment of PD 

[55].To this day one of the most common forms of PD treatment involves co-formulation 

of the drug with a COMT inhibitor under the trade name ‘Sinemet’ [56]. As it became 

evident that dopamine (DA) was focal to the development of PD symptoms further efforts 

to design drugs around the DA metabolism were pursued [12]. Some of the therapeutics 

are intended to mitigate hallucinations or extra-pyramidal symptoms (See Table 1.3) of 
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the treatment regieme but the key therapeutic target mechanism has remained largely 

unchanged for many years [18]. 

TARGET CLASS TRIVIAL NAME Cite 

Central Nervous 
System 

Neurotransmitter 
Precursor 

Tyrosine Suppl. [12] 

L-DOPA 
[57] 

Dopamine D2 Agonist 

Bromocriptine 

Apomorphine 

[17] 

Cabergoline 

Ropinirole 

Rotigotine 

Periphereal Nervous 
System 

MAO-B Inhibitor 
Rasagline 

Selegline 

COMT Inhibitor 
Entacapone 

[56] 
Tolcapone 

Decarboxylase 
inhibitors 

Benserazide 

Carbidopa 

Extrapyramidal 
Symptoms 

Anticholinergic 
Antimuscarinic 

Benzatropine 
[58] 

Diphenylhydramine 

Table 1.3 Established Drugs Pertaining to DA Metabolism in Parkinson’s 

The table illustrates that existing therapeutics are focused on supplementing the DA 
pathway both by reducing degradation (i.e. COMT and MAO-B inhibitors) and increasing 
NT precursors or mimicking DA effects (i.e. Precursors and D2 Agonists). Other means 
of addressing the fundamental challenges of PD (i.e. neuroprotective compounds rather 
than mitigating the condition) require further validation due to insubstantial clinical 
research at the time this research was published.  

PD treatments primarily seek to mitigate the symptoms of disease and are not 

curative of the underlying cause despite extensive efforts in developing neuroprotectants 

for PD [18, 30, 59] often the condition is too advanced. Despite decades of investigation 

L-DOPA remains a mainstay of PD treatment though clinicians debate if the compound 

is best delayed until later stages of the disease [57] theoretically to slow the rate of 

progression. A promising new approach making use of selective calcium ion channel 

blocker, isradipine, [60] can be found in the Discussion section (3.3. Local Field Potential 

pg 64) in terms of emerging treatments. Additionally, tissue engineered constructs and 

stem cell methods have been explored as well (See Section 1.4). 
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1.1.3. ‘Braak to the Future’1: Model Advancements 

To contrast differences between the PD experimental model (Section 1.1.1.) and 

what is clinically known about disease progression the complexity of PD emergence 

throughout the brain is illustrated in Figure 1.4. While the olfactory bulb and brain-stem 

(rhombencephalon) are not often thought to be implicated in neurodegenerative disease 

both play a prominent role in the early stages of disease progression. In accordance with 

the ‘Braak Stages’ of Parkinson’s disease (See Figure 1.4) progression Lewy body 

pathologies tend to emerge in the pons/medulla and olfactory bulb well before the 

shaking gate and resting tremor emerge [61]. Anosmia, loss of smell, is considered one 

of the preliminary indicators of disease progression in both PD and Alzheimer’s Disease 

(AD) [62] which occurs gradually a decade or more before disease onset [63]. For 

instance, as a population welders were thought to be more prone to neurodegenerative 

disease perhaps due to their exposure to acetylene and manganese (Mn) derivatives 

(See Table 1.2) which have been found to be acutely neurotoxic [44, 64]. 

In keeping with the assumptions of ‘Braak stages of PD’ there are several leading 

behavioral indicators that preclude the occurrence of resting tremor and freezing gait 

[65]. Depression, anxiety, hedonic behavior and affinity for gambling are but a few of the 

theoretical leading indicators of PD which appear well before motor symptoms [61] in 

accordance with clinical characterization [66]. The pre-motor areas of the brain are 

impacted in Stage III (Figure 1.4) when progression affects the SN and motor symptoms 

begin to accelerate [67]. While evidence for behavioral changes are often anecdotal and 

circumstantial they remain a crucial portion of the physician evaluation for PD 

symptomology [68]. The most common of these includes the United Parkinson’s Disease 

                                                 
1 “Braak to the Future” pun is attributed to: Visanji, Naomi P., et al. "The prion hypothesis in 

Parkinson's disease: Braak to the future." Acta neuropathologica communications 1.1 (2013): 2. 



11 
 

Rating Score (UPDRS) system by which the stages of disease progression can be 

determined [69].  

Figure 1.4 Braak Staging Hypothesis of Neurodegenerative Disease 

The schematic above highlights the stages of the condition and correspond to 
histopathological evidence of the disease from post-mortem brains. Of note, the stages 
highlight the presence in the serotonin rich raphe nucleus (RN) and locus coereuleus 
(LC) in Stage 2 before presence in the SN. The histopathological stages are thought to 
correlate with behavioral deficits seen before motor symptoms are evident (Stages 3-6). 
[70] ‘Serotonin melanin’ is a theorized molecule structurally linked to melotonin beyond 
the scope of this work. Adapted with permission from: Creative Commons through 
Pixabay.com by OpenClipart-Vectors ‘Brain’. Changes include: recoloring the brain 
image; adding reference numbers; highlighting impacted regions of the brain and 
smoothing lines. 

Investigators suspect that PD emerges in the gut and over time is capable of 

retroactive spread throughout the cortex [71]. This gut-brain interaction is an active 

research topic which bridges several disciplines pertaining to the microbiota and emerge 

throughout the large intestine [72]. Braak and colleagues went so far as to correlate 

bowel movement with PD progression citing epidemiological work of the Honolulu Heart 

Program (HHP) [66, 73]. While the ‘Braak model’ has its critics in regards to clinical 

reproducibility and experimental relevance [74] it remains a guiding series of events for 

disease progression though investigators debate its implication and timeline [66]. 

Epidemiological evidence highlights a dual role of genetics (See Table 1.4) and lifestyle-

environmental factors as contributory in PD progression from genome wide association 

studies (GWAS)[21]. 
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1.2 Neurodegenerative Disease Etiology 

Regarding lifestyle contributions to neurodegeneration, coffee and tobacco have 

remained potential neuroprotectants against PD in epidemiological literature [34, 59]. 

However, research on coffee has predominantly focused on caffeine and neglected the 

numerous ‘phytochelatins’ present in the beverage [75] which may buffer against free 

metals in the intestine and protein aggregation [76]. Comparative studies of 

caffeinated/decaffeinated coffee have remained largely inconclusive perhaps due to 

such discrepancies of study design emphasis. 

1.2.1 Epidemiology and Genes Implicated in PD 

From a population perspective PD effects predominantly males over females by a 

factor of ~2; although this is gender difference is dependent on age and environmental 

factors [77]. Additionally, some correlations have been drawn between onset of 

menopause and the occurrence of Parkinson’s as well [78]. This consequently led 

researchers to investigate the relationship between anemia, low blood iron and onset of 

PD which was ascribed to ‘brain iron overload’ in regards to menopause [79] but has not 

been more extensively addressed by epidemiologists to current knowledge [80]. The 

relationship between gender and PD susceptibility merits further investigation as 

hormones, progesterone and dehydroepiandrosterone demonstrate significant influence 

on the brain function and connectivity [63]. 
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Table 1.4 Genes Implicated in Parkinson’s Disease and Categorization 

Above are the major genes found in the hereditary and genetic-risk associated forms 
of PD. The table is intended to illustrate that co-morbidity includes a variety of metabolic 
and lysosomal storage disorders which revolve around the mitochondria, proteome, 
synaptic bed and vesicle trafficking mechanisms. A substantial portion of the diagnosed 
cases of PD may not possess any of the major genes implicated leading some to be 
considered ‘risk factors’ and not always directly causal to the disease state. 

Table 1.4 illustrates the genes implicated in PD, which collectively appear to be 

implicated in four primary cell interaction sites: Mitochondria, Lysosome, Synaptic Bed 

and vesicular trafficking (i.e. Golgi & ER)[72, 84]. Additionally, the genes in question 

demonstrate co-morbidity with a diverse array of metabolic, lysosomal storage and 

inflammatory disorders suggesting an inter-relatedness between the proteome and 

subsequent neurodegeneration [15, 85]. While this work focuses primarily on NM and 

Gene Full Name Effect 
Associated 
Conditions 

Cite 

ASYN Alpha-synuclein 

Synaptic rearrangement 
Multiple system 
atrophy 

[16]  
SNARE complex 
chaperonin 

LRRK 
Leucine Rich  
Repeat Kinase  

Mitochondrial membrane 

Crohn’s 
Disease 

[81]  
Shortening of dendritic 
spines 

Chaperone mediated 
autophagy 

GBA β-Glucocerebrosidase 

Associated w. lysosomal 
membrane 

Lysosomal 
Storage; 
Gaucher’s  

[17]  
Recognition and hydrolysis 

PRKN Parkin 

Mitochondrial Dysfunction Glioblastoma; 
Colorectal 
cancer 

[82]  
Ubiquitin proteosome  

PINK 
PTEN -induced 
putative kinase 1 

Depolarized mitochondria 
Mitochondrial 
dysfunction 

[83] 
Induction of autophagy 

DJ-1 Protein deglycase  

α-Syn aggregation via 
chaperonins Metal induced 

cytotoxicity 
[26]  

Prevents Cu & Hg toxicity; 
ROS sensor 
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transition metal exposure it is presumed that similar mechanism of action would occur in 

the disease state [86, 87] (i.e. increased proteosomal turnover, ubiquitination). 

1.3 Means of Investigation 

As the variety of metabolic, proteosomal and inflammatory implications are too non-

descript for clinical investigation a review of known indicators in disease is provided 

(Table 1.5). However, many of the biomarkers described require longitudinal study 

validation before being considered reliably diagnostic [88]. Post-translational 

modification and alternative splicing, as it pertains to PD [63, 89], may comprise the 

difference between accurate and misleading diagnostic criteria and if reliant on 

antibodies which cannot distinguish these nuances [90] then important distinctions 

regarding disease progression may go largely unnoticed. For instance, gaseous 

neurotransmitters like NO cannot be readily validated given their transient nature as free 

radicals (See Section 3.3.2. pg. 61).  

1.3.1. Clinical Biomarkers 

In the past clinical evidence regarding PD has focused around the UPDRS clinical 

test describing both the behavioral and physiological symptoms of the disease [69]. 

While there is benefit in clinical evaluation, often the disease has become far more 

advanced than when preventative measures would be beneficial. Increasingly, research 

has turned to markers extracted from cerebrospinal fluid (CSF) and blood serum to 

provide earlier indications of disease [91].  

One of the unique challenges encountered in determining early stage biomarkers is 

the identification of ‘post-translational’ modification and ‘alternative splicing’ of genes 

which may elude such established tests as ELISA’s due to the target-specificity of 

capture antibodies [90]. These forms of ‘post-translational modification’ may take several 
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forms but generally encompass (1) Addition of functional groups (i.e. Phosphorylation) 

[92, 93] (2) and structural changes (i.e. disulfide bridges and protein splicing) [94, 95]. 

Sometimes post-translational modifications are more subtle, for instance there are 

several varieties of the enzyme super oxide dismutase (SOD) which depend on the 

variety of catalytic metal present (i.e. SOD1 is Cu-Zn and SOD2 is Fe-Mn) [83, 96]. As 

could be imagined the absence of key metal catalysts could result in a substitution (i.e. 

Fe for Mg) which would therefore affect the binding substrate and reaction kinetics, 

substitution of Fe in metallo-enzymes with other metal co-factors is generally conducted 

under conditions of ‘metal starvation’ [97] (See Table 3.1).  

Source Marker 
Means of 
Detection 

Citation 

Serum & 
CSF 

Oligomerized Alpha-Synuclein ELISA [94] 

Nitrotyrosine HPLC [98] 

Uric Acid HPLC [98] 

Lysate Ubiquitin ELISA, MS [99] 

CSF 

8 Hydroxydoexyguanosine 
(8-OHdG) 

HPLC [98] 

metallothioneins 
(MT1, MT2, MT3) 

ELISA, CA [63] 

Coenzyme Q10 HPLC [63] 

Glutathione CA, HPLC [63] 

Cortex 
Serotonin HPLC, CA [63] 

Dopamine HPLC. CA [100] 

CSF 

DJ-1 Chip-Assay [101] 

Fractalkine Chip-Assay [32] 

alpha-synuclein Chip-Assay [32] 

Table 1.5 Biomarkers Regarding Neurodegenerative Disease Progression 

Notable diagnostic biomarkers established in clinical literature and their primary 
means of quantification. HPLC – High Pressure Liquid Chromatography; ELISA – 
Enzyme linked immunosorptive assay; CA - colorimetric assay; MS - Mass spectrometry. 
Many of the means of detection have redundancies (i.e. MS and Chip-Assays) but those 
selected have a lower detection threshold. 

One of the challenges of PD research is that the proteins implicated often undergo 

structural modification which may render antibody binding substrates ineffective [102]. 
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As these antibodies are (1) batch dependent (2) require validation and (3) may not be 

specific to the region of interest suggesting more extensive quality control measures 

than many academic labs have undertaken [102, 103]. In conclusion, the field PD 

biomarkers remains somewhat ambiguous and thus may be subject to ‘fishing 

expedition’ investigation without supporting clinical imaging and cell culture models. 

1.3.2. NeuroImaging and Electrophysiological Techniques 

Electron Paramagnetic Resonance (EPR) is a form of spectroscopy capable of 

observing the difference in spin states of metal ions and has been applied to the SN and 

LC of PD patients [104, 105]. Modified versions of EPR spectroscopy is capable of 

observing transition states of alpha-synuclein [106]. NM extracted from the human 

mesencephalon was analyzed with EPR spectral analysis as well and it was revealed 

that a pool of ‘peculiarly organized’ iron (Figure 1.5) demonstrated ‘superparamagnetic’ 

behavior which can now be directly observed with EPR techniques [107, 108]. 

Paramagnetic materials like chelated NM exhibit a strong dipole moment which tend to 

interact with free radicals also possessing dipoles (i.e. Nitric oxide and peroxides)[109]. 

Details of the interaction between nitric oxide (NO) free radicals and NM aggregates are 

relevant to post-translational modification [110] (See Figure 4.3) 

Figure 1.5 illustrates that in advanced stages of the disease metals accumulate 

within the organelles of the human brain. This suggests that not only is a great deal of 

NM present but large quantities of iron can be found as well [15] in disorganized 

aggregates. It is speculated that chemical reduction (i.e. alkyne to alkane groups) or 

internal rearrangements may contribute to the inefficiency of the proteome to degrade 

proteins or fatty acids [111] that have been structurally modified [50] as the enzymatic 

cleavage sites would likely be inactivated by oxidation. 
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Figure 1.5 Neuromelanin Detection by Magnetic Resonance Imaging (MRI) 

Iron distribution in NM-containing organelles of human SN (89 y.o.) revealed by using 
electron spectroscopic imaging. In the left panel (a) transmission electron microscopy 
indicates the classical morphology of NM-containing organelles: these organelles 
contain large amount of dark NM pigment (arrow) strictly associated with lipid bodies 
(arrow head). The iron distribution map was created by electron spectroscopic imaging 
(b) and revealed that large amounts of iron (red spots) are localized into the NM pigment 
of the organelles, consistent with the ability of NM pigment to scavenge iron forming 
stable complexes. Electron spectroscopic imaging was performed using a LEO 912AB 
electron microscope. Scale bar = 1 µm. Reprinted with permission from: NPJ Parkinson's 
Disease, 4, Sulzer D., Cassidy C., Horga G., Isaisa I. and Zecca L., Neuromelanin 
detection by magnetic resonance imaging (MRI) and its promise as a biomarker for 
Parkinson’s disease, 1-13, (2018). [15] 

Collectively this illustrates that bound iron has a catalytic role in generation of 

superoxide radicals which concurrently interact with nitric oxide (NO) to form more 

reactive peroxynitrite [112] capable of modifying aromatic amino acid residues (i.e. 

nitrotyrosine) [97, 113] and nitrosothiols (i.e. SNO-proteins) [110] thereby supporting the 

catalytic role of iron accumulation in neurodegeneration. 

1.3.3. Electrophysiological Techniques 

Local Field Potential (LFP) technique was originally developed as a recording 

technique for ascertaining synchronized input from neural networks by fluctuations in 

action potential activity. Early work on the technique focused on neuro-oscillations and 

was correlated against membrane potential fluctuation [114, 115]. These oscillations 

were predominantly categorized according to those of the beta (12.5 to 30Hz) and 
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gamma (25-100 Hz) waveforms [116]. Major considerations for LFP concern the: (1) the 

geometric arrangements of cells (2) synchronized input and (3) band-pass filtering as it 

pertains to background noise [117].  

 

Figure 1.6 Electrophysiological Recordings Schematic 

Schematic of Electrophysiological Measurements depicting patch-clamp results (top-
right) and local field potential (bottom-right). Electrical stimulation can be applied to 
induce firing as can be seen in the ‘stimulation’ figure (middle right). Reprinted with 
permission from: ACS Biomaterials Science., 10, Du C, Collins W., Cantley W., Sood D., 
Kaplan D.L., Tutorials for electrophysiological recordings in neuronal tissue engineering, 
3-10, (2017) [117]. 

From a phenomenological perspective the oscillatory network behaviors capable of 

being recorded through electrophysiological methods for resting tremor are thought to 

emerge from ‘attractor networks’; simply put an attractor is a dynamical system within 

which global trends emerge from a diverse variety of ‘chaotic’ or non-synchronous 

starting conditions [118]. Synchronous behavior, as it pertains to PD, is the result of 

neural network cohesion and has been a subject of tissue engineering efforts for 

decades in efforts to recover the SN from neurodegeneration (See Table 1.6). 

1.4 Existing Substantia Nigra Tissue Engineering Models 

The following highlights the means by which 3D scaffolds can be characterized. 
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(1) Tissue Dimensionality 

2D Advantages Disadvantages 

Glass Slides Well established High Stiffness, X-Y plane Limts 

2.5D Advantages Disadvantages 

Slice 
Physiology 

Physiological relevance Narrow time window 

Microfluidic 
Chip 

Comparmentalization, 
discrete application 

Labor intensive; scalability 
issues; proof-of-concept 

3D Advantages Disadvantages 

Organoids 
Exhibit diverse morphology Necrotic core, Lineage control 

Scaffolding 
Controlled spatial 

architecture Imaging & Visualization 

Hydrogels 
Tuneable hardness index Oxygen permability 

(2) Extracellular Matrix Components 

Source Advantages Disadvantages 

Primary 
Tissue 

Extensively Available Time consumptive 

Physiologically relevant limited yields 

E. Coli & 
Yeast Derived 

Proteins 

Highly Scaleable Many proteins are cytotoxic 

Cost effective Some require chaperonins 

Biomaterial 
Derived 

Relative Abundance 
Sourcing materials often 

complex 

(3) Cell Sourcing - Neuronal Cultures 

Variety Advantages Disadvantages 

iPSC Long culture duration Lineage control and expense 

Cell Line Robust passaging, Low 
maintenance 

Often cancer derived lineage 

Primary 
Tissue 

Physiological relevance 
Animal housing costs; 

Limited duration in culture 

   

Table 1.6 Contributory Factors in Tissue Engineered Models of the SN 

Disease models are ideally comprised of three components (1) tissue dimensionality 
(i.e. 2D vs 3D) highlighted according to the variety of surface architecture in 3D 
(organoids, scaffolds, or hydrogels) (2) Extracellular matrix components (sourced from 
recombinant, animal or biomaterial sources) (3) Cell sources which may comprise either 
conditionally immortalized or cancer derived cell lines. 

Tissue engineering of the SN has been an active research topic for several decades 

as grafts of neural stem cells have been successfully conducted with human embryonic 

stem cells [17]. However, experimental evidence suggests teratoma formation can occur 
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following stem cell grafting reducing any enthusiasm in an immediate/accessible PD 

cure [119]. If tissue environmental cues could direct the cell lineage [120] then it may be 

possible but thus far this has proven far more challenging than it appears [121]. 

Increasingly, the research field is moving towards 3D human relevant models [122] 

but progress has been incremental as there are a number of variables at play [123]; all 

of which must be combined in an appropriate manner. Use of de-celled ECM derived 

from embryonic and adult brain tissue has shown positive preliminary results in 

encouraging neuronal survival and re-innervation [3] but requires ongoing further 

research to validate for human models [124]. Additionally, incorporation of 

wingless/integrated (WNT) factors into media has been suggested as a means of 

maintaining stem-like attributes and controlling cell lineage [125]. More is to be done but 

the biomaterials field is encouraged by the incremental successes of research to 

expedite neuro-regenerative applications [126]. 

1.5 Research Directions and Hypothesis 

Drawing inspiration from my mentor, Dr. Kaplan, and his work in silk biomaterials I 

similarly turned to a biomaterial source of melanin. As I discovered with NM, attempting 

to replicate the properties of silk fibroin would make the most accomplished organic 

chemists appear amateur [127, 128]. Initial efforts were ‘serendipitous’ as recounted by 

pouring too much dopamine on a silk sponge (which turned brown) before coming to the 

realization that neuromelanin could be a viable research topic. Following this ‘eureka 

moment’ it would have been ill-advised to resume pouring dopamine on silk. In sourcing 

biomaterials I turned to an unlikely place: to the depths of the sea, to the ancient and 

venerable squid (Cuttlefish), whose sepia ink has been coveted for centuries for its 

complex melanin pigments. 
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1.5.1. Research Direction: Benefits of Biologically Derived Neuromelanin 

Literature suggested that synthetic melanin was not capable of addressing the 

diverse challenges of serving as a NM simulant [13] and so efforts were made to find a 

suitable alternative derived from cephalopod ink (Sepia Officionalis). Fortunately, 

methods describing extraction of water soluble melanin were explored by researchers in 

nutrition science previously [129]. Unlike the synthetic form of melanin, biologically 

derived product readily chelated metals and possessed a unique FTIR spectral profile 

(Figure 2.6 E). What was further needed was: 3D scaffolding, provided by silk fibroin; 

and a source of dopaminergic neurons, of which the LUHMES were found to be suitable 

[130]. 

 

Figure 1.7 Extraction of Neuromelanin and Integration in Cell Culture 

Sepia Melanin provided a source of aqeous (aq.) soluble melanin when sonicated 
under basic conditions as described previously [129]. The product was dialyzed and then 
took two paths. (1) The NM solution was characterized based on its spectral profile and 
(2) when combined with a stock solution of Fe the product created a precipitate which 
could be further processed to provide a defined precipitate (Fe-NM). Following this the 
LUHMES were grown to a density for 3D cell culture, cast in a collagen gel, and then 
exposed to Vehicle NM, and Fe-NM before LFP recording. 
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The extraction of NM from biomaterial sources and use of readily available human 

dopaminergic cell lines is intended to make the model available to researchers who do 

not have access to the resources that larger organizations affiliated with hospitals and 

patient samples might have. 

1.5.2. Hypothesis: Neuromelanin as a Catalyst in Dopaminergic Cell Dysfunction 

It was hypothesized that that (1) biomaterials (i.e. biologically derived melanins) are 

a far more suitable source of materials for modelling the substantia nigra than synthetic 

alternatives and (2) that the electrophysiological phenomena of Parkinsonian symptoms 

could be elucidated with 3D tissue cultures. Academic literature suggest that NM 

performs a ‘catalytic’ role in degeneration in context to PD in the conversion of 

dopaquinones [39]. Additionally, transition metals catalyze chemical reactions resulting 

in protein aggregation by di-tyrosine cross linking[131]. Collectively this suggest NM and 

its iron bound form are capable of catalytic reactions that have broader implications in 

regards to reduction of thiol groups, protein carbonylation and cell viability. 
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Chapter 2. Functional Effects of a Neuromelanin Analog on Dopaminergic Neurons 

in 3D Cell Culture 

  

                                                 
2 Collins W., Rouleau N., Bonzanni M., Kapner K., Jeremiah A., Du C., Pothos E.N., Kaplan               

D.L., Accepted to ACS Biomaterials Science & Engineering, 23/11/18 
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2.1. Introduction 

Neuromelanin (NM) has remained an elusive biomaterial for some time due to its 

unusual presence in the brain. It has been the focus of research due to its contradictory 

role both as an antioxidant [129] and as an irritant capable of inciting glial-induced 

neuro-inflammation [132]. However, much of this focus has been on ‘synthetic melanin’, 

which is generated by reacting dopamine and peroxide, resulting in a material that lacks 

many fundamental features of native melanin [13] and uncontrolled polymerization and 

stereochemistry [133]. These unique qualities include the capacity of NM to chelate 

metals, most notably iron and copper, thereby reducing the potential for generation of 

free radicals by ‘Fenton chemistry’ [134], and also adsorptive properties towards 

xenobiotics [135]. 

Melanin is primarily comprised of pheomelanin and eumelanin with chemical 

properties of UV-absorption, metal chelation and capacitance [136]. Despite the 

prominence of NM in the clinical literature, the material is challenging to extract from the 

brain, both in terms of solvents involved and the limited resulting yield [13]. To 

complicate matters, NM is also especially pronounced in human SNpc above other 

primates [137], further complicating the isolation and study in terms of procurement. In 

contrast, synthetic melanin presents different functional properties than ‘biologically 

derived’ melanin [13] and a number of poly-dopamine derivatives in an uncontrolled 

reaction [13, 133]. The challenge in extraction of endogenous NM drives the need for 

alternative options in order to formulate 3D tissue models of disease states towards 

physiologically-relevant functional scaffolds [22]. 

The ‘biologically derived’ form of melanin can be extracted from lyophilized 

cephalopod (Sepia Officinalis) ink and contains a complex mixture of derivatives of 

dopamine and is theorized to have the structure of hemi 5,6-dihydroxyindolequinone and 
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hemi 5,6-dihydroxyindole 2-carboxylic acid (DHI:DHICA) [9]. The binding affinity of this 

NM simulant (NM-sim) includes an extensive array of alkali and transition metals [138].  

In contrast to the biologically-drived material, synthetic melanins preparations and 

chemically different and also vary based on method of preparation, ranging from 

incubation with tyrosinase to oxidation of tyrosine with hydrogen peroxide [13]. All of 

these synthetic NM preparations demonstrate a lower quantity of carboxylic acid groups 

than the biologically derived forms [13]. Furthermore, biological sources, like pigments 

derived from hair or eyes, are  more likely to contain protein contaminants than those 

derived from cephalopod ink [139]. Sepia melanin was therefore selected as a suitable 

source of NM for studies of brain-related functions in vitro in the present work [13]. 

To explore the potential effects of this NM-sim and its metal-bound analogues (Fe-

NM-sim) on neurological functions, 3D tissue analogs are needed. Silk protein-based 

scaffolds have supported tissue engineering studies providing benefits of mechanics, 

processing and biocompatibility [140], and as a support matrix for neural tissue studies 

[141] [142].  To generate in vitro 3D tissue systems for the study of the SNpc, we 

modified our prior 3D tissue-engineered brain-like constructs [143, 144].  For the present 

studies, LUHMES were utilized, as these cells have previously been used in both 2D 

and 3D tissue models [130, 145] to investigate cellular mechanisms of Parkinson’s 

disease.  While induced pluripotent stem cells (iPSC) are favorable for long-term studies 

LUHMES cells serve as reliable, conditionally immortalized, dopaminergic cells capable 

of differentiation and consistent passaging [146] for evaluation of neurotoxic compounds 

related to PD  [147].  Post-differentiation, LUHMES are also electrically active, produce 

dopamine, alpha-synuclein, and express the necessary markers for a mature 

dopaminergic neuronal phenotype [130] [146]. In previous studies, LUHMES cells were 

grown in neurospheres in the absence of scaffolding containing exogenous extracellular 
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matrix (ECM) like NM in 3D as addressed in this study[147, 148].  In the present study, 

our objective was to use the prior 3D brain tissue engineering model to approximate the 

cyto-architecture the cortex, with the incorporation of the extracellular matrix in a 3D 

microenvironment along with the LUHMES to emulate the dopaminergic phenotype 

[130]. 

A distinction between the SNpc of persons of advanced age is the absence of NM 

and increased metal content, which correlates with presence of PD symptomology [149]. 

Furthermore, the interaction of transition metals with NM can result in  the depletion of 

nutrients and antioxidants, with a concurrent increase in tissue oxidative damage [150, 

151]. These metabolic outcomes suggest irreparable cellular damage, primarily in the 

form of nitrosylation and carbonylation, which are incremental and primarily observable 

indirectly via ubiquitination as a measurement of proteosomal turnover [152, 153]. Free 

radical scavenging compounds like glutathione (GSSH), which form the crux of cellular 

defenses against mitochondrial reactive oxygen species (ROS), are rendered inert by 

complexation with transition metals [154]. While iron-neuromelanin (Fe-NM) 

complexation may limit the free-metal content of the brain, a catalytic role may still 

persist in causing oxidative damage to neurons. 

To bridge the gap between clinical needs and in vitro PD research demands, here 

we incorporated Sepia melanin (NM-sim) as a functional replacement for NM within 3D 

silk scaffolds seeded with LUHMES dopaminergic neurons. The goal was to assess the 

effects of the various NM-sim conditions on electrical network activity through local field 

potential (LFP). Additionally, depletions of general antioxidants, glutathione loss, 

production of peroxides, and consequent increase in carbonylation were examined in the 

3D tissue systems.  These efforts were directed towards establish initial 3D tissue 

engineered models for studies of Parkinson’s disease. 
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2.2. Experimental – Materials and Methods 

2.2.1. Neuromelanin Processing. 

Melanin extraction from Sepia ink was adapted reproduced from established 

methods [129]. Sepia melanin (Sigma, St Louis, MO USA) was sonicated using a tip 

probe (SjiaLab, Zhejiang, China) in a basic solution of 3M NaOH (Sigma, St Louis, MO 

USA) a 4°C for 30 min at the lowest possible setting (10% Power). Both aqueous (aq.) 

soluble and insoluble precipitates remained after sonication and the aq. soluble portion 

was decanted and dialyzed with 2K MWCO Slide Cassettes (ThermoFisher, Waltham, 

MA USA), enriched by air drying under continuous flow to highest opacity then frozen 

and lyophilized. To form ‘Iron-Neuromelanin’ (Fe-NM) precipitate the NM stock solution 

was combined with a 1M solution of ferric (3+) chloride in a 1:5 ratio of 1M FeCl3 solution 

and saturated NM solution. The precipitate was again sonicated then washed and 3X 

with DI water and dialyzed with mini-dialysis device (3.5K MWCO) (ThermoFisher, 

Waltham, MA USA) to remove free metals and unreacted product before lyophilization to 

acquire a mass. (See Figure 2.6 Figure 4.1 for additional details). 

2.2.2. Silk Sponge Preparation.  

To form sponges, the silk fibroin was extracted from cocoons of the Bombyx mori 

silkworm using a 30 minute extraction protocol, after salt leached sponges were 

prepared as we have described previously [155] and cut to dimensions of 6mm diameter 

with 2 mm height and 2 mm internal window. Silk sponges were treated with poly-

ornithine  solution 50 ug/mL (Sigma, St Louis, MO USA) overnight followed by human 

fibronectin 10 ug/mL (Roche, Basel Switzerland) for 12hrs prior to cell seeding to 

support cell adhesion [1]. To further improve cellular adhesion the sponges were 
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incubated in DMEM:F12 media at 37OC (30 min) before aspiration and seeding of 

undifferentiated cells. 

2.2.3. Cell Culture. 

Lund’s Human Mesencephalon cells (LUHMES, ATCC: CRL-2927) were grown to 

80% confluence in growth media DMEM:F12 (Lonza, Portsmouth, NH USA) 

supplemented with N2 (Thermo Waltham, MA) and basic Fibroblast growth factor bFGF 

(50 µg/mL) on coated T-175 flasks prior to seeding [130]. LUHMES were seeded on silk 

sponges using 100 uL suspension of complete DMEM:F12 at a density of 25M cells per 

mL dropwise in a 96 well plate. Following this silk sponges were cultured overnight, as 

well as in 2D controls (100K cells/mL) to observe differentiation and to assess cellular 

health. Rat derived type-I collagen gels (2 mg/mL BD science, San Diego, CA, USA) 

were cast by combining 880 uL collagen: 100 uL 10X Media-199: 2 ul NaOH (3M) with 

dibutyryl cAMP (db-cAMP 10mM) (Sigma, St Louis, MO USA) and Glial Derived 

Neurotrophic factor (GDNF 20 ng/mL) (Sigma, St Louis, MO USA) prior to casting in the 

silk sponges. Media was additionally supplemented with tetracycline (50 µg/mL), GDNF 

(100 ng/mL), and db-cAMP (50 mM) to foster a dopaminergic lineage from the cells 

[130]. For the cell preparations, the LUHMEs were grown in the undifferentiatied state in 

T-175 flasks before transition to 3D. When 80% confluent, the cells were passaged, 

seeded on the coated silk scaffolds and incubated before differentiation. Differentiation 

was conducted by casting a collagen gel with GDNF and db-cAMP, followed by a 7 day 

culture prior to LFP recording and exposure to the control (CTRL), NM-sim and Fe-NM-

sim study groups. 
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2.2.4. Scanning Electron Microscopy. 

Samples of sponges were dried, mounted and sputter coated with a SC7620 Mini 

Sputter Coater (Quorum Technologies, Lewes UK). Following 30 seconds of gold sputter 

coating, the samples were placed in the SEM chamber of a Zeiss Sigma Field Emission 

Scanneing Electron Microscope (FESEM) (Oberkochen, Germany). Similarly, Iron-NM 

aggregates were air dried and mounted on carbon tape after which the particles were 

sputter coated as above and analyzed for particle size and morphology. 

2.2.5. Immuno-staining & Microscopy. 

Silk sponges and glass slides were fixed using 4% paraformaldehyde (PFA) (SCB, 

Santa-Cruz CA USA) in DPBS for 30 min after which sponges were washed 3X with 1X 

DPBS. Blocking was conducted with 10% goat serum (ThermoFisher, Waltham, MA 

USA) before permeabilizing with a dilute solution of Triton X-100 (0.2% in DPBS) 

preceding the addition of primary antibodies. Primary antibody against Beta-3-tubulin – 

B3T (Sigma, St Louis, MO USA) was used at a dilution of 1:1000 in blocking buffer. 

Primary stain conditions were overnight (2-8oC) with working concentrations of 1:500 in 

blocking buffer. Following washing of the of unbound primary antibodies, secondary 

staining was conducted using Alexafluor 568/488 for 3-4 hrs at 37oC with working 

concentrations of 1:250. Fluorescent microscopy was conducted using a Keyence BZ-

X700 fluorescent microscope (Keyence, Itasca, IL USA) equipped with Texas red (TXR 

– 595 nM), Green fluorescent protein (GFP – 475 nM) and Diamidino-2-Phenylindole 

(DAPI-461 nM) dichroic filters. Confocal imaging was conducted using a Leica SP8 

confocal microscope (Leica, Lawrenceville, GA USA) using the same staining. 
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2.2.6. Water Soluble Tetrazolium WST-1. 

To account for variations between 3D scaffolds (i.e. seeding density and viability) 

WST-1 was used as a ‘post-hoc’ test to follow electrophysiological recordings. Recorded 

samples were placed in a 24 well dish with 1mL of WST-1 media (Complete DMEM:F12 

with 10% WST-1) for 24 hours and read on a spectrophotometer. Results were 

normalized against the mean of the data-set and correlated against electrophysiological 

measurements. 

2.2.7. Electrophysiology. 

Spontaneous neural firing was conducted using local field potential (LFP) with pulled 

capillary electrodes using a Sutter P-97 (Novato, CA USA) for resistance 20-40 MΩ. 

Recordings were conducted on an Axon instrument data recorder equipped with an Intan 

digital amplifier. Analysis was conducted using the Axon instruments (Sunnydale, CA 

USA) Clampfit and Clampex software and analysis was conducted with SPSS v.20. For 

recordings, sponges were placed in an extracellular bath solution prepared with (mM): 

130 NaCl, 1.25 NaH2PO4, 1.8 MgSO4, 1.6 CaCl2, 3 KCl, 10 HEPES-NaOH, 5.5 

glucose, pH 7.4 warmed to physiological temperature before use. Each sample batch 

consisting of n=21 scaffolds with LUHMES cells was exposed to either NM (10 mg/mL; 

10 uL), NM-Fe suspension (5 mg/mL; 20 uL), or DPBS (20 uL) injected directly into the 

sponges. Electrophysiological measurements for each batch began immediately 

following the group injection period. The measurement period consisted of 6 hours of 

serial measurement of individual scaffolds where each trial consisted of a 5 minute 

baseline recording of alternating conditions to account for order effects (i.e. control, NM, 

Fe-NM, repeat). A water soluble Tetrazolium (WST-1) metabolic assay was conducted 



31 
 

as a post-hoc analysis to account for differences in exposure time. All samples were 

individual scaffolds, and no repeat measures were collected. 

2.2.8. Patch Clamp.  

Patch clamp experiments in the whole cell configuration were carried out at day 7 

and 11 of differentiated LUHMES cells. Neurons were superfused at room temperature 

with an external solution containing (mM): 130 NaCl, 1.25 NaH2PO4, 1.8 MgSO4, 1.6 

CaCl2, 3 KCl, 10 Hydroxyethyl-piperazine-ethanesulfonic acid (HEPES)-NaOH, 5.5 

glucose, pH 7.4.  The pipette solution was composed (mM): 130 K-Asp, 10 NaCl, 5 

EGTA-KOH, 2 MgCl2, 2 CaCl2, 2 ATP (Na-salt), 5 creatine phosphate, 0.1 GTP, 10 

HEPES-KOH; pH 7.2 capacitance was used as a measure of the cell size after the 

application of 20 ms hyperpolarizing -10 mV voltage step (0 mV holding potential). A 

voltage clamp ramp protocol from -100/100 mV (100 ms duration) was used to identify 

the presence of the sodium current peak; the sodium peak amplitude was defined as the 

current peak current value relative to the theoretical ramp line. The resting membrane 

potential (RMP) was recorded in the I/0 configuration. To investigate neuronal 

excitability, 2,500 ms depolarizing current steps were applied in current clamp mode in 

10 pA increments from the resting potential held at −70 mV. Input resistance was 

extrapolated using first Ohm’s Law from the current clamp protocol. The rheobase was 

defined for each neuron as the minimal amount of injected current of infinite duration 

able to induce an action potential. 

2.2.9. Subcellular Fractionation/Extraction. 

Lysis and extraction of proteins from the scaffolds was conducted to acquire the 

‘cytoplasmic’ contents of the scaffolds and accomplished using a combination of flash-

freezing and mechanical isolation, followed by subcellular fractionation. Two fractions 



32 
 

were isolated and characterized including (1) cytosolic and (2) nuclear using Nuclear 

Extraction (NE-PER™) extraction buffer (Thermo, Waltham MA) and Halt protease 

inhibitor cocktail was added (Thermo, Waltham MA USA). In brief, sponges were flash 

frozen in liquid nitrogen and then pulverized using glass beads during mechanical 

isolation in cytoplasmic extraction reagent. Subsequent stages of isolation were 

conducted per the “Nuclear and Cytoplasmic Extraction Reagent” manufacturer 

instructions. Product concentrations were quantified using a BCA (Thermo, Waltham 

MA). Protein was precipitated using a 20% (V/V) Trichloroacetic acid (TCA) solution 

(Sigma, St Louis MO USA) when deemed necessary by the manufacturer for metabolic 

assays. 

2.2.10. Metabolic and Quantitative Assays. 

Primary assays included: (1) Bichinoic acid (BCA) protein quantification assay 

(Thermo, Waltham, MA), (2) Glutathione assay (Cayman Chem., Ann Arbor, MI), (3) 

Protein Carbonylation assay (Cayman Chem., Ann Arbor, MI), (4) ADP/ATP ratio assay 

(Abcam Cambridge, MA), (4) Hydrogen peroxide assay (Sigma, St. Louis MO), and (5) 

ELISA assay (Thermo, Waltham MA). The assays were performed on the cytoplasmic 

fraction of each sample with the exception of: (1) the ADP/ATP assay was performed on 

phenol-TE:chloroform isolate [156] and (2) the peroxide assay which were conducted 

with  complete DMEM:F12 media (24 hour conditioned). All assays were conducted 

according to the manufacturer’s guidelines and screened for positive and negative 

experimental controls. Readings are reported as concentration per unit mass (i.e. mM/ug 

by BCA) where necessary to account for sample variability due to variations in adhesion 

and cell survival. 
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2.2.11. qPCR. 

Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) following 

manufacture instructions. Total RNA quantification was measured using a nanodrop-

2000 spectrophotometer (ThermoFisher, Waltham, MA USA) and 1 µg of total RNA was 

retro-transcribed to cDNA with the QuantiTect Reverse Transcription Kit (Qiagen) for 

each experimental group. TaqMan™ Gene Expression Master Mix (ThermoFisher 

Scientific) was used to perform the qPCR experiments with specific Taqman probes 

(ThermoFisher Scientific) for each gene of interest. GAPDH and 18S were used as 

housekeeping genes. The expression level is indicated as 2-ΔCtx100 and the fold 

increase/decrease is expressed as log2(fold ratio), with the fold ratio defined as the ratio 

between each gene at day 11 and the undifferentiated cells. Further details regarding 

qPCR processing can be found in the supplemental. 

2.2.12. ELISA. 

The sub-cellular protein extracts of silk scaffolds were collected following LFP 

recordings. The fractions were centrifuged to remove insoluble protein. Before 

conducting the ELISA samples were quantified by a BCA assay to ensure consistent 

protein concentrations. The β-Amyloid ELISA (Sigma, St. Louis, MO, US) was conducted 

according to the manufacturers guidelines. Following quantification by ELISA the 

individual samples were quantified by BCA to compare. Readings are reported as 

concentration per unit mass (i.e. mM/ug by BCA) where necessary to account for sample 

variability due to variations extraction efficiency. 
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2.2.13. Statistical Analysis. 

Analysis of experimental measurements was conducted with PRISM (Graphpad La 

Jolla, CA). Measurements are expressed as standard deviations from the mean unless 

otherwise noted. Statistical tests used for analysis of metabolic measurements were t-

test adjusted for multiple comparison (Tukey’s) with an Alpha=0.05. Analysis of 

electrophysiological data was conducted with a one-way ANOVA. Electrophysiological 

analysis was conducted using SPSS v.20 for Local Field Potential measurements. 

2.3. Results 

The lyophilized Sepia melanin was put into a cold solution of 3M NaOH and 

sonicated using a tip-probe for 30 min on ice. The solution was centrifuged to isolate the 

aqueous (aq.) soluble and insoluble fractions after which the aq. was decanted and the 

dialyzed to remove remaining NaOH. Following this the (1) NM solution and (2) Fe-NM 

precipitate were generated and characterized. The concentration of the NM solution was 

evaluated based on based on spectral absorption and adjusted accordingly (i.e. 

concentrated NM solution absorption was read then diluted with DI water for the 

absorption corresponding to 5mg/mL). Fe-NM precipitate included a solution of 1M FeCl3 

mixed with the NM solution and the product was sonicated for smaller particle size and 

dialyzed to remove unreacted product which was observed by colorimetric change in the 

dialysate, and autoclaved/lyophilized to provide a dry weight. 

The NM and Fe-NM materials were characterized for absorption spectra, metal 

content, particle diameter and ellipticity. During processing, the conditions were kept cold 

to reduce oxidation of the carboxylic acid moieties and particle aggregation. The NM 

concentration was quantified by absorption spectra whereas Fe-NM was quantified by dry 

mass following lyophilization. The initial precipitate (Figure 2.1 - gray) exhibited larger 
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diameters before probe sonication, after which Fe-NM became smaller with sizes that 

followed a skewed normal distribution (Figure 2.1B - black). The sonicated precipitate was 

dialyzed to remove excess unreacted material after which the presence of chelated iron 

was validated with reporter dye Phen-Green (Figure 2.1D). The Fe-NM precipitate was 

fluorescent with the reporter dye Phen-Green for the presence of Fe2+ and particle 

morphology was amorphous, necessitating analysis of particle ellipticity such that biased 

distributions were not reported by Dynamic Light Scattering (DLS) (Figure 2.1 B-E). 

 

Figure 2.1 Particle Distribution and Analysis 

 A. Scanning electron microscopy (SEM) image of processed particles (arrows) of the 
Fe-NM precipitate morphology (Scale 200 μm). B. Dynamic light scattering analysis 
revealed a change in the particle distribution pre- and post- sonication. Pre-sonicated 
particles demonstrated more uniform skew (Mean=44.05 µM; Skew=2.007; σ=4.05) 
whereas sonicated particles had a smaller and less uniform distribution (Mean=27.3 µM; 
Skew=2.91; σ=5.176) (N=3.). C. The Fe-NM particles stained positive with Phen-Green 
indicating presence of Fe2+ and exhibiting amorphous shapes. D. Image processing to 
compare particle ellipticity by Feret Value. A correlation between size and ellipticity was 
observed; the values of ellipticity were expressed as a perimeter to area ratio and 
demonstrated a linear correlation against particle diameter in which both 90% and 99% 
predictability lines are shown (N=250 points).  
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The time-course of differentiation and LFP experimentation can be seen in Figure 2.2 

A-B. As the 3D sponge was difficult to visualize without immunostaining, 2D controls 

were necessary to evaluate cell health during differentiation (Figure 2.2 C). LUHMES 

cells grew reliably within the 3D scaffolding but exhibited diverse morphology throughout 

the bulk of the scaffolding (Figure 2.2 GH). Given that neural projections at the inner 

window of the sponge appeared thicker and more robust (Figure 2.2H) this region was 

selected for LFP recordings. LUHMES cells in 2D and 3D tissue models were cultured 

for seven days under differentiation conditions to allow cells to take on a dopaminergic 

lineage. Due to the higher surface area of scaffolds relative to 2D controls, dopaminergic 

LUHMES were seeded as undifferentiated cells at a seeding density of 2.5M cells/mL, 

with 100 µL added to each sponge. Following washes and casting of the collagen gel, 

the sponges were grown for 7 days in culture (DIC) before LFP measurements. 

LUHMES were first grown in 2D before 3D (Figure 2.2) to ensure viability.  In 2D the 

growth and differentiation factors (i.e. GDNF, db-cAMP and tetracycline) were 

incorporated into the media, but in 3D the tetracycline, used for activation of v-myc 

expression enabling exit from the cell cycle, was put in differentiation media as it was 

appeared cytotoxic when suspended in the collagen gel. Morphological changes in 

differentiation were observed based on cellular projections under bright field microscopy. 

In addition, (1) PCR expression and (2) patch clamp analysis from 2D (Figure 2.5) 

supported the changes observed, with confirmation of differentiation conducted in 2D.   
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Figure 2.2 Time course of Experiment and 3D validation of LUHMES 

 A. A time-course of events for differentiation in which cells are grown to confluence and 
then seeded in both 2D and 3D systems. B. Differentiated LUHMES were exposed to 
Vehicle (DPBS), NM and Fe-NM before collecting LFP measurements and WST-1 
metabolic analysis. C. A comparison of undifferentiated (Day-0) and differentiated (Day-
7) LUHMES shows morphological changes during 2D differentiation (Scale 10 uM top 
and 50 uM bottom). D. Surface of the scaffold imaged by SEM with interconnected pores 
(Scale 200 μM). E. Broad image of neural projections within the scaffold bulk.  F. 
Topographical map of silk sponge to show pore depth (Axis mm). G. LUHMES cells in 
the bulk of the sponge in close proximity (Beta-3-tubulin Red, Silk Blue; Scale mm) H. 
Cells adjacent to the inner window (Beta-3-tubulin Red, Silk Blue; Scale mm).  

 

A one-way analysis of variance (ANOVA) identified significantly different normalized 

WST-1 values between exposure conditions, F(2,64)=3.19, p<0.05, η2=0.09. Tissue 

constructs exposed to vehicle only (DPBS) (M= 1.08, SEM=0.60) expressed elevated 

normalized WST-1 values relative to the NM+Fe-exposed study group (M=0.87, 

SEM=0.06), t(41)=2.49, p<0.05, r2=0.13. There were no significant differences between 

vehicle- and NM-exposed samples as well as NM- and NM+Fe-exposed samples 

(p>0.05). The results, presented in Figure 2.3A, suggested that NM+Fe-exposed 
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samples were less viable relative to controls, as inferred by normalized WST-1 values. 

We concluded that the NM+Fe precipitate was a detrimental to cell viability and neural 

activity in 3D LUHMES cultures. 

Figure 2.3 LFP Electrophysiology and Correlation with Metabolism. 

WST-1 metabolic recordings were collected directly following LFP measurements to 
account for sample variability. A.B.C. The binned WST-1 results are compiled in 
comparing the mean distribution of the three experimental groups (CTRL, NM-sim and 
Fe-NM-sim). Normalized WST-1 results (i.e., against the data-set mean) demonstrated 
reduced cell viability in Fe-NM-exposed samples (p<0.05). D.  Distribution of the three 
experimental groups can be seen in comparison to the cumulative results in which a cut-
off value was established to screen for low-responders (WST-1=0.80 cutoff) was used to 
approximateexperimental confidence. E. Recording electrode placement was at the 
window edge of the sponge over a 6 hour time course of alternating conditions.  F. 
Representative measurements for the Control (CTRL), Neuromelanin (NM-sim) and Iron-
Neuromelanin (Fe-NM-sim) conditions. G. When plotted against WST-1 values, further 
separation was observed between the NM-sim and Fe-NM-sim groups. H. A bar graph of 
‘adjusted spikes’ that have been adjusted for low WST-1 viability (i.e., >0.8), LFP 
measurements reported more defined separation between experimental groups CTRL-
NM (n=22/19; p<0.05) and CTRL-Fe-NM (n=22/14; p<0.001) by Students T-Test.  
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ANOVA identified differences of spontaneous local field potential (LFP) spikes 

between the exposure conditions, F(2,64)=6.33, p<.005, η2=0.17. When selecting for 

cases where normalized viability (WST-1) was elevated (z-score>1), the differences 

were exacerbated, F(2,24)=7.19, p<0.005, where 40% of the variance was explained by 

exposure condition (η2=.40; Figure 2.3D). Multiple t-tests were computed to determine 

the major sources of variance with an adjusted α=0.016 using the Bonferroni method. 

Control samples generated more spikes (M=21.08, SEM=3.56) relative to both NM- 

(M=7.88, SEM=3.61) and NM+Fe-exposed (M=2.20, SEM=0.73) samples with effect 

sizes (r2) of 0.26 and 0.43, respectively. The results suggested that spontaneous 

electrophysiological activity was significantly reduced in both NM- and NM+Fe-exposed 

conditions relative to the controls. We concluded that spontaneous electrical potentials 

of 3D LUHMES cell cultures were negatively impacted by both NM and NM+Fe 

precipitate. For further data regarding LFP measurements, please consult the 

Supporting Information. 

Qualitative immunostaining of representative images by confocal shows alteration in 

the density of the neural network and the expression of beta-3-tubulin of individual 

neurites in comparing the control and Fe-NM-sim exposed condition (Figure 2.4A-C). A 

decrease in glutathione (Figure 2-4D) and subsequent increase in media peroxides 

(Figure 2.4E) was most pronounced in the Fe-NM-sim exposed cultures. This reduction 

correlated with the increase of the ADP/ATP (Figure 2.4F) and an increase in protein 

carbonylation (Figure 2-4G).  These results suggested oxidative damage to the 

proteome of the Fe-NM exposed conditions. For further details regarding these markers, 

refer to the Supporting Information. 
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Figure 2.4 Post Exposure Immunostaining and Metabolic Analysis 

A-C. The representative images depict immunostained sponges for each of the three 
conditions (Control, NM and Fe-NM) showing comparable morphology (Beta-3-tubulin; 
Orange Axis μm).  D. The depletion of cytoplasmic glutathione was observed in samples 
exposed to both NM (n=8; p=0.0124, Multiple Comparison) and Fe-NM (n=8; p<0.001, 
Multiple Comparison) relative to CTRL conditions (n=8). Tukey’s multiple comparison 
test. E. An increase in peroxides was observed in the Fe-NM media against the control 
condition (n=24; p<0.001).  F. Elevation of the ADP/ATP ration was observed in the NM 
(n = 8; p=0.0148, Students) and Fe-NM (n=8; p=0.001, Students) against control.  G. A 
difference in Fe-NM exposed protein oxidation was additionally observed, as evidenced 
by an increase in carbonylation comparing the NM (n=4; p<0.001, Students) and CTRL 
(n=4; p<0.001, Students) to Fe-NM conditions.  H. Beta-amyloid concentration of the 
lysate indicated a reduction in concentration when normalized against the unit protein of 
the lysate (i.e. pM Beta-Amyloid per µG lysate) (p<0.001, Multiple Comp.).  
 

2.4. Discussion 

NM-sim cooperatively and efficiently binds transition metals, including those likely to 

be detrimental to cell health [157]. The benefits of metal chelating and ROS scavenging 
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related to protection of cell functions is key in preventing ‘ferroptosis’ in which cells die 

due to metal exposure [86, 87]. However, NM’s binding to exogenous pesticides, 

solvents and other neurotoxins [38] would be problematic in sustained culture as it would 

contribute to cell attrition in the long term. For instance, the potent neurotoxin and PD 

induction agent methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) which is metabolized 

to create a cytotoxic by-product has an affinity for the pigment as well [39]. Animal  

models, which lack the same quantities of NM as primates, serve as imperfect models 

for translational drug studies due to inherent differences between the species [30]. 

Further investigation of NM-sim binding exogenous neurotoxic compounds like MPTP 

would be necessary for comparative analysis as it pertains to PD. 

The 3D brain-like tissue model presented here has several advantages over 

traditional tissue models and methods. Human neurons are utilized within a 3D scaffold 

environment permitting higher cell density than 2D for network formation, and tunable 

surface chemistry and mechanical properties (i.e. functionalizable and polymeric) when 

compared to 2D controls [123]. Additionally, the architecture of the scaffolds in these 3D 

tissue models supports the formation of specialized structures of brain architecture and 

the 3D scaffold environment allows for more diverse connectivity among the neurons 

[23]. Lastly, these scaffolds are more accessible than animal models, and also provide 

biocompatibility with minimal immunogenicity. These features suggest potential for these 

tissue models for intermediate testing between cell and animal systems. 

The Fe-NM-sim precipitate (Figure 2.1 A-B) by morphological appearance is 

structurally analogous to Lewy bodies (LB), the aggregates commonly encountered in 

PD, which exhibit abnormal morphology, various size diameters and a dense core 

surrounded by a halo of alpha-synuclein (ASYN) [16]. To elaborate, dopaminergic 

neurons possess specialized NM organelles which aggregate proteins and fatty acids 
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over time contributing to neural dysfunction [15]; these organelles result in LB products. 

Additionally, histopathological evidence suggests that LBs are stabilized by cytosolic 

dopamine, bearing resemblance to NM [158]. The Fe-NM aggregates discussed here 

exhibit aberrant structure and have the potential for tailorable diameters and ellipticity via 

tuning of sonication parameters (Figure 2.1C). A reduction in glutathione (Figure 2.4D) 

and subsequent increase in protein carbonlyation (Figure 2.4G) suggests the potential 

for catalytic activity [159]. Furthermore, the ferrous (2+) iron exhibits paramagnetic 

properties, thus it is possible that proteins possessing a strong dipole moment would 

interact with a metal precipitate and be cytotoxic [49]. The intrinsically disordered 

structure of alpha-synuclein allegedly exhibits such ‘promiscuous’ dipole interactions 

based on experimental measurements of Forster resonance energy transfer (FRET) 

[106] and transition metals have been implicated in catalyzing ASYN oligomerization 

[159, 160].  

On a separate line of inquiry, aberrant electrical activity has been observed in the 

subthalamic nucleus of PD patients by LFP and encephalography methods as the result 

of neuronal oscillations [161]. While the LFP measurements found in Figure 2.3 suggest 

a negative correlation between activity and the presence of NM and Fe-NM, the results 

also imply a causal relationship between NM and network activity. The “sheet” 

configuration of NM, which shares π-bonded electrons, is a stacked-planar configuration 

similar to graphite [13] an organic semiconductor [162]. Furthermore, the chelated form 

of Fe-NM bears structural similarity to the organometallic catalyst ferrocene (Fe(C5H5)2); 

investigators have previously used a ‘beta-sheet breaker’ tagged with ferrocene (Fc-

KLVFFK6 – Ferrocene-Lys-Leu-Val-Phen-Phen-Lys6) that was used to monitor the 

aggregation of amyloid beta and contributed to, “breakage of the stacked A-Beta 

oligomers” [163]. Finally, the addition of other neural cells such as astrocytes and 
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microglia should also be beneficial in supporting disease relevance. Literature suggests 

that melanin from Sepiella Maindroni is well tolerated when ingested orally and is 

beneficial for gut microbiota [164]. However, extrapolation of these findings to the brain 

would be dependent on how ‘ramified’ microglia might react to exogenous materials (i.e. 

NM-sim) [43, 165]. 

Experimental evidence suggests that glutathione is depleted or (Figure 2.4D) as are 

high energy molecules like ATP (Figure 2.4). High energy phosphate bonds like ATP are 

generally stabilized by metals (i.e., Mg2+ ATP) and would be disrupted by the absence of 

such metals [166]. Similarly, glutathione interacts with heavy metals and serves to buffer 

against the oxidative damage [167]. At present it is difficult to ascribe the depletion of 

glutathione (Figure 2.4D) to such destabilization, but similar phenomena were observed 

in dopaminergic neurons of PD patients [168]. Exposure to unbound transition metals 

was correlated with protein carbonylation and proteosomal dysfunction [169]. Protein 

carbonylaton (Figure 2.4G) is indicative of oxidative damage, including such unstable 

proteins such as alpha-synuclein (ASYN). The oligomeric, chemically functionalized 

structure of synuclein is capable of retroactive transport through neural networks [170] in 

accordance with the Braak staging hypothesis of PD [61]. 

2.5. Conclusion 

It was encouraging that both the NM and Fe-NM contributed to reduction of 

dopaminergic network firing and a consequent decrease in WST-1 cell viability and LFP 

measurements. The accessibility of NM to bridge the gap between transition metals (i.e. 

‘Fe-NM-sim’) and tissue engineered models of the disease state appears to be feasible.  

The reduction in LFP activity due to NM exposure was reproducible across three 

experimental trials and supported by reduction in WST-1 cell viability. Cell and metabolic 

based assays supported evidence of free radicals, reduction in glutathione, and protein 
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oxidation established in literature. Analysis of NM on the kinetics of alpha-synuclein 

oligomerization would be instructive. Adsorptive properties of NM-sim for exogenous 

neurotoxins (i.e. MPTP) and the effects of transition metals on solubility of these toxins 

would be informative regarding PD. Further analysis of the effects of NM on voltage 

gated channels and to those implicated in long term potentiation (LTP) and long-term 

depression (LTD) (i.e. NMDA and AMPA receptors) would be merited. 

2.6. Associated Content 

2.6.1. Supporting Information.  

The following files are available free of charge. 

S1 – Figure 2.5 Comparison of Molecular and Functional Features of LUHMES 

S2 – Figure 2.6 NM Processing Stages and Analysis 

S3 – Figure 2.7 Immunostaining Evidence of DA Phenotype. 

S4 - Figure 2.8 Comparison of Synthetic and Extracted Melanin’s and Timecourse 

S5 - Table 2.1. Taqman Primers used in qPCR. 

S6 - Table 2.2. Antibodies used in Immunostaining. 

S7 – Table 2.3. Relevance of Biomarkers from Main Text 

S8 - Table 2.4. Existing 3D Models of the Substantia Nigra and Parkinson’s Disease 

S9 - Figure 2.8 Comparison of Synthetic and Extracted Melanin’s and Timecourse 

S10 - Figure 2.9 Experimental Trial and Experimental Condition Groupings 
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2.7. Supplemental 

Figure 2.5 Comparison of Molecular and Functional Features of LUHMES 

Comparison of the molecular and functional features of LUHMES cells during the 2D 

differentiation process. A-B) The qPCR data compares the undifferentiated and day 11 

differentiation conditions. mRNA expression of ion channels and relative fold increase 

(dash line is the threshold set as Fold Ratio=2) (N=1). C) The electrophysiological data 

compares the day 7 and day 11 of differentiation conditions. Electrophysiological 

parameters recorded with the patch clamp technique. * p<0.05 using Student’s T-Test. 
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Along with chemical communication, mature neurons generate and dynamically 

integrate electrical signals. To acquire a functional electrophysiological phenotype over 

the differentiation process of LUHMES progenitor to the dopaminergic state, cells must 

express a repertoire of ion channels and accessory proteins. To investigate this 

maturation, we compared by RT-qPCR the mRNA expression levels of 8 ion channels 

that are the dominant molecular determinants of the main neuronal ionic currents (n=1). 

After eleven 11 days of differentiation (Figure 2.5A), all subunits except KCND3 

increased by 2-fold or more the expression in comparison to the undifferentiated 

condition (Figure 2.5B). In line with the gene expression data, we observed a maturation 

of the electrical properties of LUHMES cells (day 7 vs day 11 of differentiation; Figure 

2.5C). The input resistance (p<0.05) increased as the cells matured over time, 

concomitant with a significant hyperpolarization of the resting membrane potential and a 

decrease of the rheobase (injected current necessary to induce the action potential) 

(p<0.05). We did not observe any significant cell size change, as measured by 

capacitance. Taken together, these data are indicative of a molecular and functional 

maturation of LUHMES dopaminergic neurons. 
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Figure 2.6 NM Processing Stages and Analysis 

A. Aq. Melanin solution was enriched by air drying in its dialysis cassette and a 
known volume (i.e. 10 mL) was frozen and lyophilized for mass balance. The remaining 
NM solution was diluted in the following manner (1) 1:2 (2) 1:10 (3) 1:20 and (4) 1:100 to 
establish a calibration and read by its spectral absorption profile. To define the 
stoichiometric ratio of Fe to NM a 500 uL of NM was combined with 100 uL of Fe 
Solution (1M) and the pre/post spectral AUC values were compared. The delta was used 
to estimate the NM precipitated. B. The area under the curve (AUC) values allow for 
quick concentration estimation and follow a hyperbolic function C. In estimating the 
concentration of NM against its total AUC it was found that estimation follows a third 
order polynomial. D. Calculation of the ΔNM is expressed as the difference in area 
between pre and post Fe precipitation expressed as ΔAUC for the calibration curve E. 
The integrity of NM carboxylic acid groups can be assessed following processing with 
Fourier Transform IR (FTIR) analysis between1500-1000 cm-1.  

The technique for spectral determination of NM allows researchers to indirectly 

quantify the amount of NM against a known concentration of Fe before precipitation. 

While the reduction in spectral absorption is not as exacting as chromatography if done 

reliably can allow quantification of Fe-NM precipitation. Results suggest a stoichiometric 

ratio of 2 NM to 1 Fe in precipitation. 
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Figure 2.7 Immunostaining Evidence of DA Phenotype. 

A.B. The presence of tyrosine hydroxylase (TH –Red; DAPI-Blue; scale 100 uM) and 

dopamine receptor D2 (DRD2-Red; DAPI -Blue; scale 100 uM) were observed in the D-7 
differentiated LUHMES cells, validating the dopaminergic phenotype following one week 
in culture. D.C. Phen-green, which stains free iron demonstrates a similar punctate 
staining (Phen-Green – Green; scale 100 uM and 10 uM). 

Dopaminergic neurons rely on tyrosine hydroxylase (TH) as the primary means of 

producing the neurotransmitter dopamine. TH requires iron as a metal catalyst to 

perform its operations in converting L-DOPA to dopamine. DRD2 receptors suggest that 

the cells are additionally capable of sensing neurotransmitters in solution. Furthermore, 

neural cultures that exhibit dendritic beading also stain positive for Phen-Green as well 

in punctate areas suggesting that free metals may be present here as well. 
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Table 2.1 Primers used in qPCR 

Extraction of LUHMES RNA was conducted according to the manufacturer’s 
guidelines and reverse transcribed into cDNA. All primers were selected exon-spanning 
wherever possible. For further details please refer to the following: (1) UniGene 
https://www.ncbi.nlm.nih.gov/unigene or (2) Entrez Gene ID: 
https://www.ncbi.nlm.nih.gov/gene. 

Use of Taqman primers were conducted according to the guidelines of the 

manufacturer. Where possible primers were selected to be ‘exon spanning’ to ensure 

that the RNA in questions was coding and not due to the effects of contamination with 

genomic DNA. The genes in the table summarize a variety of voltage gated channel 

related genes which have discrete effects on membrane potential and differentiation. 

Further replication is encouraged to ensure the results stated here are consistent for 

investigators before operating on assumptions of reproducibility. Given the implicit costs 

associated with use of Taqman probes investigators may also pursue use of SYBR 

Green probes through the Harvard Primer Bank https://pga.mgh.harvard.edu/primerbank 

for larger studies [171]. 

 

 

Table 2.2 Antibodies used in Immunostaining 

Immunostaining was conducted individually to prevent any occurrence of cross 
reactivity with poly-clonal antibodies. All staining solutions were concurrently blocked 
with goat serum blocking buffer to prevent off target effects. 

Gene Full Name Assay ID
Entrez 

Gene ID
UniGene

CACNA1D  calcium voltage-gated channel subunit alpha1 D Hs00167753_m1  776 Hs.476358

CACNA1C  calcium voltage-gated channel subunit alpha1 C Hs00167681_m1  775 Hs.118262

KCNJ11  potassium voltage-gated channel subfamily J member 11 Hs00265026_s1  3767 Hs.248141

ABCC8  ATP binding cassette subfamily C member 8 Hs01093752_m1  6833 Hs.54470

KCNN3  potassium calcium-activated channel subfamily N mem. 3 Hs01546821_m1  3782 Hs.490765

KCND3  potassium voltage-gated channel subfamily D member 3 Hs00986860_m1  3752 Hs.666367

HCN4  hyperpolarization activated cyclic nucleotide gated ch 4 Hs00975492_m1  10021 Hs.86941

SCN2A  sodium voltage-gated channel alpha subunit 2 Hs04968321_s1  6326 Hs.93485

18S  Eukaryotic 18S rRNA - Housekeeping Gene Hs99999901_s1  HSRRN18S N/A

Abbrev. Full Name Description Supplier Part No.

B3T Beta-3-tubulin Rabbit polyclonal to beta III Tubulin abcam ab18207

DRD2 Dopamine Receptor D2 Anti-Dopamine D2 Receptor antibody abcam ab85367

TH Tyrosine Hydroxylase Mouse monoclonal to Tyrosine Hydroxylase abcam ab129991

Abbrev. Full Name Description Supplier Part No.

AF-568 AlexaFlour 568 Goat Anti-mouse & Anti-Rabbit IgG (H+L) Thermo A-11004

AF-488 AlexaFlour 488 Goat Anti-mouse & Anti-Rabbit IgG (H+L) Thermo A28175

Primary Antibodies

Secondary Antibodies

https://www.ncbi.nlm.nih.gov/unigene
https://www.ncbi.nlm.nih.gov/gene
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For purposes of reproducibility the antibodies used in immunostaining are provided. 

It is recommended that investigators validate their antibodies against recombinant 

targets of interest (i.e. recombinant hTH and hDRD2) at several dilutions with negative 

controls by western blot to ensure specificity of their primary antibody [172]. As a caution 

against ‘false positives’ and ‘false negatives’ in reporting results best practices in batch 

validation are advised[173, 174]. For those unaware of the NIH sponsored resources (1) 

Neuromab (UC Davis) http://neuromab.ucdavis.edu/ and the (2) Hybridoma Bank 

(University of Iowa) http://dshb.biology.uiowa.edu/ further investigation of dopamine 

specific markers through these suppliers is merited.  

Table 2.3 Relevance of Biomarkers [175-178] 

To elaborate on the makers found in Figure 2.4 of the primary manuscript the 

relevance in regards to PD is expanded upon here. Bio-metals (i.e. Fe2+/Fe3+) are often 

undermined in regards to neurodegenerative disease as their isolation and detection can 

be challenging requiring specialized mass spec. techniques (i.e. inductively coupled 

plasma, ICP-MS) for quantitative results. However, fundamental DA related enzymes 

like TH often require a catalytic metal to properly perform their necessary functions 

[174]. Furthermore, many high energy bonds are metal stabilized (i.e. ATP and Mg2+) 

[166] and were their abundance to be effected by chelation (i.e. by NM-sim) cell 

metabolism would be biased. Finally, the biological community could benefit from 

investigation of the burgeoning field of ‘organometallics’( like ferrocene or Fe-NM-sim) 

Biomarker Relevance Citation

Glutathione Line of defense against mitochondrial ROS Lidell 2018

Peroxide Fenton chemistry generation of free radicals Robertson 2017

ADP/ATP Ratio
Energy deficits implicit in neuronal dysfunction 

and dopaminergic death
Sheng 2017

Protein Carbonylation
Irreversable protein denaturation which 

overwhelms the proteome 
Fernandez 2017

Beta-Amyloid Conc.
Protein biomarker implicated in 

neurodegenerative disease
Scholz 2018

http://neuromab.ucdavis.edu/
http://dshb.biology.uiowa.edu/
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which may cause irreparable damage to proteins in the form of carbonylation [179] and 

be specific to key proteins like alpha-synuclein via dityrosine crosslinking [131, 159]. 

Table 2.4 Existing 3D Modeld of the Substantia Nigra and Parkinson's Disease 

Above additional resources can be found for investigators pertaining to 3D models of 
PD and tissue engineering for the SN in efforts to treat the disease.[180-185] 

Tissue engineering for the treatment of Parkinson’s disease is a long established 

field which coincides with the investigation of stem cells for regenerative medicine. 

However, as was found following the ‘case of the frozen addicts’ (i.e. discovery of 

neurotoxic MPTP) it was found that even successful grafts of neural stem cells would 

eventually succumb to cell death. Furthermore, lineage control of these stem cells often 

proves challenging given the complexity of neuro-endocrine cues and extracellular 

matrix (ECM) interaction to create dopaminergic lineage. The above Table 2.4 

summarizes efforts in tissue engineered models of PD with citations. 

No. CELL LINES Scaffolding PD Inductions Citation

C6 Astrocytes

PC12 Cells

Human iPSC

Primary DRG

No. CELL LINES Scaffolding PD Inductions Citation

No. CELL LINES Scaffolding PD Inductions Citation

No. CELL LINES Scaffolding PD Inductions Citation

No. Citation

1
Zhuang, 

2018

No. Citation

2

Arslan-

Yildiz, 

2016

Focus
3D neural tissue models: From spheroids to 

bioprinting - integration of technological 

advancements to supplement the drug discovery 

platform and challenges thereof

Focus
Towards artificial tissue models: past, present, and 

future of 3D bioprinting - Details of printing systems 

and bio-inks for rapid prototyping of partial 

relevance to neurodegenerative disease

RESEARCH ARTICLES - Parkinsons 3D Modelling

O’Rourke 

2017

Struzyna 

2018

Lu, 2013

Daviaud, 

2012

REVIEW ARTICLEs - Parkinsons 3D Modelling

Micro-TENNS 

(Agarose base)

Rat primary w 

DA induction; 

H9-hESCs

1

2

3

4

N/A

MPP+

MPTP
Photolithography 

Silicone Wafer

Sprague-

Dawley Rat 

Pups

Organotypic Slice 

Culture

transgenic mice 

Tg(TH-EGFP) 

DJ76GSAT

N/A

3D RAFT Scaffold; 

Collagen Gel
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Figure 2.8 Comparison of Synthetic and Extracted Melanin’s and Timecourse 

A. A comparison of the FTIR spectral profile reveals a stark comparison between the 
synthetic and extracted melanins in the spectral range of 2000-1200 cm-1. This 
suggests that there is limited presence of carboxyl groups in the synthetic melanin’s 
which would reduce any capability of metal chelation. B. A time-course of the metal 
precipitation reaction with iron (i.e. extracted melanin) is shown in black and white 
(frames t=0; t=15 and t=30 min). C. A 3D rendering of this precipitation in B is illustrated 
over the course of precipitation for spectral analysis.  D. The rate of precipitation was 
pseudo-quantified by creating a histogram over collected video-frames to allow for 
kinetic evaluation by evaluation of the AUC values. 

Evaluation of the effects of synthetic melanin on cell culture is merited in future 

studies. However, in regards to iron precipitation of ‘synthetic melanin’ the investigators 

have not been able to successfully do so to the same extent as ‘extracted melanin’ 

which removes the complexity effects of metal chelation on cell culture. 
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Figure 2.9 Experimental Trial and Experimental Condition Groupings 

Results shown in Figure 2.3 of the main text depict the aggregation of three 
experimental trials in which individual conditions are color mapped and approximated to 
ensure that no temporal effects have occurred (i.e. condition specific trending over 
duration of experiment). A. The collective LFP results of Trial 1 B. The collective LFP 
results of Trial 2 C. The collective LFP results of Trial 3 (All color coded by experimental 
condition against the trial order number). D. Combined results of all control conditions 
against trial number E. Combined results of all NM-sim conditions against trial number F. 
Combined results of all Fe-NM-sim conditions against trial number. G. All trials can be 
seen individually error bars are expressed as +- SEM and each experimental condition 
N=~8. 

Collectively the results suggest that differences in experimental groupings replicate 

across multiple trials and the phenomena of reduced activity by LFP can be replicated 

independently. Furthermore R-squared values (RSQ) for all slope approximations were 

below any trend suggesting the phenomena was independent of time (i.e. generally RSQ 

< ~0.3). The phenomena of NM-sim effects on electrical activity can be observed across 

multiple experimental trials and replicates. 
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Chapter 3. Discussion 

3.1 Proposed Model: Biologically Derived Neuromelanin and 3D Scaffolding 

It can be stated that ‘biologically derived’ melanins are appreciably better than their 

synthetic man-made counterparts in regards to metal chelation [157]. The 

stereochemistry and oligomerization of ‘synthetic melanin’s and poly-dopamine appear 

exceptionally challenging to control from an organic synthesis perspective [12, 13, 186]. 

The conversion of dopamine to dopachrome presumes several resonance stabilized 

states of which present different nucleophilic attack sites for polymerization [186]. To 

preserve stereochemistry use of an inorganic catalyst or catalytic substrate would be 

advisable (e.g. as found in L-DOPA synthesis) [53] but is a dubious assumption for 

uncontrolled synthetic melanin’s [187, 188]. From a synthesis perspective these catalytic 

substrates are typically kept under highly-regulated conditions to prevent ‘catalytic 

poisoning’[189]. For instance, the synthesis is of pheomelanin is presumed to involve 

reduction of side products with cysteine residues and are therefore the kinetics are pH 

dependant [190]. It remains ambiguous how a melanosome incorporates these 

sulfhydryl groups in the form of cysteine or glutathione residues especially when in 

presence of free radicals [5, 190]. 

The silk-NM scaffolding provides addition benefit as the 3D scaffolding permits a 

higher greater degree of connectivity for neural cultures[1]. Incorporation of cell 

scaffolding renders these tissue engineered constructs far more representative than their 

2D counterparts for applications like electrophysiological measurements[191]. Evidently 

both NM and Fe-NM disturb neural activity (See Figure 2.3) and cell metabolism of ATP 

and glutathione (See Figure 2.4). Additional of NM and Fe-NM’s effects on membrane 

potential would be beneficial by patch-clamp validation (See Figure 2.5) and expression 

profiling. 
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3.1.1. Biologically Derived Materials 

The level of complexity necessary to replicate the structure of endogenous melanin 

from an organic synthesis perspective is overwhelming [186] and may yield limited 

product after sequential steps (i.e. hypothetical yields >30% of starting product). For 

these reasons ‘biologically derived’ melanin was pursued as use of ‘synthetic melanins’ 

would provide limited stereo-chemical resemblance to NM [13]. While some of the 

structural permutations of melanin may be contested it can be said definitively that this 

form of biologically derived melanin chelates iron [40] unlike many of its synthetic 

counterparts. 

It is possible that chelation properties could be ascribed to the interaction of 

sulfhydryl groups (i.e. cysteine and glutathione) as intermediates in the formation of 

‘mixed melanins’ (i.e. both pheo and eu-melanin) as the result of ‘cysteinyldopa’ (S-CD) 

derivatives [5]. Transition metals are notorious for complexing with thiol groups in the 

form of organometallic clusters in biological conditions especially in context to metallo-

enzymes (i.e. Complex I-III of the mitochondrial electron transport chain) [192] and 

readily deplete glutathione [168]. As was observed in experimental results (See Figure 

2.4) glutathione was depleted in both NM and Fe-NM exposed conditions and likely 

interacted with the NM (Experimental Observations). Confocal video depicting the 

overlap between Iron (via. Phen Green - Green) and the Synaptic vesicles (via FM-1-43 

Red) was added to the supporting content for this document. Further investigation is 

outlined in the Appendix (See Figure 4.1) to this work. 
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3.1.2. Disease Implications 

A reduction in neural firing can be observed in NM and Fe-NM exposed cultures 

relative to controls (See Figure 2.3). Additionally, depletion of the necessary antioxidants 

and nutrients for cell survival was pronounced in the Fe-NM condition (See Figure 2.4). 

However, the reduction in neural firing could be ascribed to a variety of contributory 

factors. In the short term (<24 hours) these may include: (1) neurotransmitter precursor 

molecule deficits (2) neuromodulative activity and (3) metallostasis disturbance (Section 

3.2). For the long-term (>24hours) this may comprise: (1) Long-term potentiation (2) 

Neuroinflammation and (3) Autocrine/Paracrine signaling (Section 3.3).  

While DA derived neuromelanin has been the focal point of this research there are 

other varieties of melanin within the brain. For instance, the LC, which appears blue due 

to norepinephrine, contains another NM sub variety perturbed by presence of metals 

[193]. Other transition metals may be catalytic in this process including copper, cobalt, 

nickel, aluminum as established neurotoxic metals (See Table 1.2)[49].  

The PD model described here lacked the contributions of astrocytes/microglia which 

contribute to the production of nitric oxide and various inflammation makers which spur 

neurodegeneration [28, 83]. Future models would benefit from the supporting role of 

astrocytes as they have been found to blunt the effects of neurodegeneration (See)  

[194]. In efforts to relate NM and Fe-NM to what is known of PD progression we will 

elaborate on proposed means of neural dysfunction that could be implicated in disease 

progression (See 3.2. Proposed Mechanisms of Neural Network Dysfunction). The role 

of Fe-NM on ‘metallostasis’ and implications thereof (See Table 3.1) are beyond the 

scope of this work but are highlighted. Lastly, improvements regarding biomaterial 

advancements, co-culture integration and bioreactor device integration can be found in 

the future directions. 
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Area Example Metal Citation 

High Energy Bond 
Stabilization 

ATP - Mg Stabilized Mg [166] 

NAD+ to NADH 
conversion 

Ti, Ni, Cd [195] 

Enzyme Co-factors 

Tyrosine Hydroxylase –  
DA Synthesis 

Fe [196] 

Aconitase Fe-S [96] 

Biotin Synthase Fe-S [192] 

Complex-I to III 
mitochondria 

Fe-S [192] 

Catalase Fe [197] 

Membrane Potential 

NMDA Receptor Mg [166] 

Voltage gated Channels 
(CaV1.3) 

Cd, Co, Pb [62] 

Table 3.1 Transition Metals and Biological Implications 

Metals are often underappreciated in regards to the complex role within biological 
systems. They serve important catalytic substrate roles in maintaining biological 
homeostasis and maintaining the functional well-being of the cell. The above table is 
intended to illustrate the various means by which disturbance in metallostasis would 
have broad overarching effects on cell health. 

The basis for cell metabolism relies a great deal on metal co-factors and 

dysregulation results in cellular death [198] which is especially true of DA neurons given 

their energy cost burden [199]. Metals are also closely linked to protein insolubility in 

animal models and advanced aging [50]. For instance, as stated in Table 3.1 tyrosine 

hydroxylase requires an Fe catalyst without which it could not convert L-DOPA to DA 

[196] and it is possible lack of bioavailable Fe could contribute to absence of DA. 

3.2. Proposed Mechanisms of Neural Network Dysfunction 

Beyond the manuscript (Chapter 2), other theoretical means of neural dysfunction 

are stated here. Given the inherent complexity of nervous systems there are any number 

of ways in which transition metal interactions could disrupt the brain’s homeostasis (See 

Table 3.1) [200]. Balance of a feedback control loop as diverse as the neural system can 

be disturbed in such a manner as to ‘over/under dampen’ the network [62] as a harmonic 

oscillator resulting in tremor or locking symptoms in PD [115, 201]. Regarding PD motor-
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symptoms, ‘underdamping’ is to ‘freezing’ what ‘overdamping’ is to ‘tremors’ what is 

relevant is how the system is attenuated when it falls out of balance [202]. 

 

Figure 3.1 Schematic Mechanisms of Dysfunction: Short Long Term 

A visual representation of proposed mechanism stages implicated in PD. The left 
highlights the immediate occurrences of NT loss and disruption of synapse potentiation 
whereas the right depicts the more gradual evidence of changes to the proteome. 
Collectively the neural network would be incapable of regaining its homeostasis over 
time as neurons aged. Adapted with permission from: Creative Commons through 
Pixabay by OpenClipart-vectors Neuron, Synapse, Mitochondria. Changes to the 
primary vector graphics include: recoloring and overlay of ‘neuron’; adjusted angle, 
overlay and re-coloration of ‘synapse’; scaling, re-coloration and vectoring of 
mitochondria through Illustrator. 

Given the limitations of data that was approved for use in this document the 

proposed mechanisms are largely an interpretation based on clinical literature. However, 

the neurochemical/chemical mechanisms described are robust phenomena that would 

likely translate to neurodegenerative implications [26]. Additional efforts to standardize 

the cell culture environment were undertaken to reduce the variability of biological 

sampling (See Figure 3.7) and would be beneficial for future investigators such that they 

do not encounter difficulties I have encountered. 

3.2.1. Neurotransmitter Deficits 

We operate on the presumptions that (1) the Braak staging hypothesis is largely 

correct (2) progression of neurodegenerative disease begins long in advance of motor 
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symptoms and (3) behavioral symptoms manifest which stem from the gut-brain axis 

[71]. Accepting these presumptions are true than neurotransmitter deficits may emerge 

from an absence or modification of neurotransmitter precursor molecules within the gut 

[203]. The major monoamine neurotransmitters (DA, NE, 5-HT) [204] are derived from a 

subset of aromatic amino acids (tryptophan, tyrosine and phenylalanine) and in 

instances of absence, individuals may be disposed to behavioral deficits due to auto-

oxidation [113].  

Concurrently, gut inflammation is reported in early stages of neurodegenerative 

disease [203]. Functionally modified versions of these aromatic amino acids (tyr, trp, 

phen) have been reported in clinical literature[205]; most common is nitrotyrosine, found 

in elevated levels in the blood serum of PD patients [98]. It was found that incorporation 

of nitrotyrosine into the culture of dopaminergic neurons caused cellular death [205]. 

Additionally, when nitrotyrosine was incorporated into cell culture media with PC12 and 

NT2 cells it was found that the amino acids were incorporated into the cytoskeletal 

structure and when exposed to primary DA neurons caused a dramatic reduction in TH 

positive cells [205]. Furthermore, modified nitrotyrosine has been found to be elevated in 

the SN and LC of individuals exhibiting the symptoms of PD and correlates with robust 

microglial activity in restraint stress conditions in animal models [206] suggesting a link 

between stress, sedentary lifestyle and neurodegeneration.  

In a similar vein, loss of sleep and appetite preclude PD motor symptoms which 

correlates with an absence of melatonin [207]. It has been found that melatonin has 

been perturbed in persons who exhibit early stages of PD and may be preventative in 

the auto-oxidation of DA [207]. Production of melatonin is closely tied to serotonin given 

the structural similarities of the two molecules and their concurrent synthesis [208]. 
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Oxidation of serotonin and melatonin to downstream products results in a deficit of these 

neurotransmitters and the neurological deficits thereof [83]. 

Absence of bioavailable NT precursors from the gut due to inflammation (i.e. 

oxidized Tyr, Phe, Trp) could invariably lead to some symptoms observed in PD [204]. 

The complex relationship between the gut microbiota and the symptoms of PD is an 

active research topic [71] and may touch upon such concepts as nitrotyrosine in the near 

future. However, this would suggest therapeutic intervention long before the motor 

symptoms of PD become apparent and would require consistent maintenance to ensure 

DA neuronal survival [209]. 

3.2.2. Neuromodulators 

A body of evidence in the field of neuromodulators indicates that free radicals like 

H2O2 act on the GABAergic and ATP-sensitive channels of the brain [210]. The 

continuous production of H2O2 by the mitochondria reveals that depolarization causes an 

adjustment in the probability of release of dopaminergic neurons via KATP channels [210]. 

Another such neuromodulator includes carbon monoxide (CO); a spontaneously 

occurring ‘gasotransmitter’ produced by heme-oxygenase and capable of interacting with 

KCa, KATP and various other cationic channels [211]. Some of the voltage sensitive ionic 

channels susceptible to neuromodulation are addressed in Figure 2.5 A (i.e. KCCN3) but 

it requires additional replication to substantiate if they are responsive to 

neuromodulation. 

Additionally, the antioxidant glutathione (GSSH) found in  Figure 2.4 Post Exposure 

Immunostaining and Metabolic Analysis, has been identified as a neuromodulator 

capable of interacting with the NMDA, AMPA and glutamate receptors [212]. Further 

research suggests that various neurological conditions involve dysregulation of GSSH 
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including (1) Anti-convulsive effects in epileptic conditions [213] and developmental 

neuro-immune conditions like autism, schizophrenia and bipolar disorder [214]. The 

NMDA receptor is fairly ubiquitously expressed throughout the brain and is intricately 

tied to long-term potentiation at the synaptic level [215].Lastly, hydrogen sulfide (H2S), is 

another gaseous neurotransmitter / neuromodulator, that is intimately tied to the 

abundance of glutathione/cysteine and alkalinity of the neural cytoplasm [216]. H2S is 

theorized to be neuroprotective due to its free radical scavenging capabilities and blunts 

the effects of NO in the inflammation cascade [217].  

The effects of NM and Fe-NM on our 3D neural cultures may be more subtle than 

they appear. Gaseous neurotransmitters (NO, CO, and H2S) and neuromodulators 

(GSSH, H2O2) are more transient than can be identified by traditional immunostaining 

techniques and may be implicated in post-translational modification of voltage gated 

membrane channels. Validation would require concurrent monitoring of neurons 

exposed to NM and Fe-NM during patch clamp to validate the occurrence of 

neuromodulation. 

3.2.3. Metallostasis and Effect of Catalytic Substrates 

Many neurons must maintain a ‘labile-pool’ of iron and other transition metals [218] 

for use as enzyme co-factors among other applications. To reiterate, the enzyme 

tyrosine hydroxylase (TH), vital to the conversion of L-DOPA to DA, must have an iron 

catalyst to work effectively [196] (See Table 3.1). Other such crucial enzymes that 

require metal co-factors include SOD, Catalase, and Zinc-Finger proteases that are 

essential metalloenzymes [197] to the workings of the cell but must be tightly controlled 

to maintain cellular metabolism [219]. 
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In relation to PD this phenomenon includes the oxidative state of the metal co-

factors; conversion of the oxidative states of iron (i.e. Fe2+/Fe3+) is another line of 

inquiry regarding neurodegenerative disease [220]. In a study of scrapie-infected mice it 

was found that the ferric/ferrous ratio was altered throughout the brain which was 

ascribed to the astrocytosis and lipid peroxidation from which parallels were drawn to 

late stage PD [221]. This observation of Fe2/Fe3 ratio has been observed some time 

ago in the PD field within the SN and Putamen [222].  

An experimental observation that was noticed after the fact was that in combining 

NM and Fe3+ solution the remaining precipitate stained with Phen-Green SK which stains 

Fe2+, suggesting a NM stabilized change in oxidative state. The ratio of ferric/ferrous iron 

extends beyond PD and has been suggested to play a role in AD and progressive 

supranuclear palsy (PSP) [223]. Some have speculated that this ratio may result in 

‘metal starvation’ of the cell or that absence of key metals would conflict with cellular 

transport mechanisms (i.e. symport/antiport mechanisms) and indirectly metal storage to 

maintain neuronal homeostasis [224]. 

Pre-existing efforts to isolate NM and incorporate it into cell culture have been made 

predominantly on synthetic melanins or those extracted from hair, eyes or skin [13]. 

FTIR data suggests that an abundance of alkyne and carboxyl/carboxylic acid groups 

(COOH/COO) are present in the extracted form of NM described here (See Figure 2.6 - 

FTIR Data). These auxiliary carboxylic acid groups (COOH) of Sepia Melanin are 

capable of binding alkali metal groups as well (Ca, Na, Mg) in a pH dependent manner 

[157]. Both Ca and Mg are essential in maintaining the membrane potential and are 

directly manipulated in the brain by astrocytes in the form of ‘calcium waves’ [225] and 

correlate with wakefulness states [226]. If interaction between NM and alkali metals is 
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perturbed it is conceivable this would affect local electrical dynamics through 

metallostasis as well. 

3.3. Local Field Potential 

The effects of NM on electrical activity of 3D neural cultures is a focal point of our 

research and so it is fitting to discuss recent breakthroughs in electrophysiology and PD 

therapeutics. A notable advancement in the PD field is the research of Dr. Surmeier 

regarding the neuroprotective effects of isradipine, an L-type calcium channel blocker 

(CCB) used in treatment of high blood pressure, which has been found to be 

neuroprotective in neurotoxic 6-OHDA PD models [60]. It was found that DA neurons 

experience especially thin energy margins due to oxidative phosphorylation and limited 

Ca2+ sequestration in CaV1.3 positive pacemaker DA-neurons for which isradipine is 

thought to be energy sparing [93]. CaV1.3 is expressed by the gene CACNA1D found in 

Figure 2.5 but requires additional validation. Additionally, the extensive axonal 

arborization of DA neurons only further complicates the matter in making action potential 

propagation highly inefficient [199]. Within the SNc a remarkable subset of ‘pacemaker 

DA’ neurons exist due to presence of L-type Calcium Channels (LTCC’s), which were 

previously thought to be exclusively expressed by the sinoatrial node of the heart, but is 

now an active topic for therapeutic intervention in PD [17]. Efforts to create similar 

‘pacemaker DA neurons’ within the 3D neural culture making use of optogenetic 

stimulation were attempted but not further pursued (see supplemental video). However, 

other research groups have elaborated on this concept of DA-pacemaker neurons by 

integrating different wavelengths and various voltage gated channels [227].  
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3.3.1. Electrical Activity and Feedback Control Mechanisms 

Neuro-oscillatory behavior of the basal ganglia when amplified contributes to the 

various kinesthetic states in late stage PD [228]. A cohesive ‘beta-band’ (11-30Hz) is 

required to break-through the elevated threshold necessary to initiate movements and 

consequently cannot override commands projecting to the motor cortex [202]. However, 

there remains a good deal of ambiguity regarding whether the synchronization of neuro-

oscillatory behavior is causal to the bradykinesia found in late stage PD [228]. Surgical 

intervention such as a thalamotomy or pallidotomy, in which the tracts adjacent to the 

SN are neurosurgically ablated, are techniques with the express aim of reducing the 

symptoms of dyskinesia and tremor by limiting the negative feedback control ‘foci’ at 

times combined with deep brain stimulation [229]. Similarly surgical ablations were used 

to mitigate the removal of DBS electrode leads under circumstances in which infection or 

inflammation have contributed to the removal of electrodes; effectively serving as a 

back-up should patients be non-responsive to medication management [230].  

In considering the DA-pacemaker neurons and emergence of foci efforts at ‘spatial 

mapping’ of electrical activity were conducted with a multi-electrode array (MEA) during 

testing with Axion Biosystems (See Figure 3.2) but would require additional validation 
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.Figure 3.2 Multi-Electrode Array Activity of 2D and 3D Cultures 

(A) A simplified example of a network expressed as nodes in which removal of 
inhibitory feedback could result in increased positive feedback and potentially oscillation 
(B) Multi-electrode arrays provides more spatial/temporal resolution with repeat 
measurements and defined proximity (Scale 100 uM) (C) A 2D rat primary cortical 
highlights few spiking events (blue arrows) (D) 3D Cortical neurons demonstrated broad 
electrical activity but only in select cases (blue arrows) (D) Olfactory neurons showed 
similar activity but fewer occurrences of hysteresis. Major differences between the 2D 
and 3D cultures were observed in (F) the evoked spike counts and (G) the response 
latency but further analysis is necessary to validate. Adapted with permission from: 
Axion Biosystems Maestro MEA system: Tufts site demo (2017). Changes include 
insertion of C-D and blue arrows; alignment and increased resolution scale of F-G. 

Central pattern generators (CPG’s) which comprise the most fundamental units of 

neural circuitry are likely implicated in PD [231] but the connectivity remains undefined. 

In surgical ablation (i.e. pallidotomy or thalamotomy) CPGs are mechanically modified by 

selective lesioning whereas in DBS electrode integration stimulation may provide a 

substitute for CaV1.3 positive oscillatory neurons. Optogenetic stimulation could provide 

a functional alternative for the CaV1.3 positive oscillatory neuron class within a 3D 

culture (i.e. temporal control; See Section 3.3) and 3D printing of a substrate could 

provide defined resolution (i.e. spatial control; SeeFigure 3.2) for the basis of CPG’s 
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which control orchestration of gait and movement [232] and potentially tremor 

encountered in late stage PD. 

Efforts to make the model pharmacologically relevant involved the DA agonist 

apomorphine (See Table 1.3) as it is classified as both an established therapeutic and 

emerging neuroprotective compound [59]. The results of a limited study are summarized 

in Figure 3.3 LFP Measurements and Drug Testing and highlights the study design that 

integrates electrical stimulation and tetrodotoxin blunting [117]. Additional verification to 

clarify the proposed neuroprotective effects of Apomorphine merit further investigation. 

 

Figure 3.3 LFP Measurements and Drug Testing 

(A) Additional electrophysiological tests were conducted using the drug Apomorphine 
which comprised a baseline and series of evoked injections at both day 7 and day 14 in 
culture. (B) An analysis of the NM-Fe group revealed differences in the apomorphine 
groups but would require additional analysis (C) A comparison of the vehicle and 
apomorphine post exposure to NM and Fe-NM requires further analysis but suggests 
apomorphine may reduce the effects of NM and Fe-NM exposure. The reader is 
encouraged to take this analysis lightly given that it is underpowered (n=3; All). Figures 
(B-C) Completed with assistance by Dr. Nicolas Rouleau. 
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Previous studies regarding the DA model investigated the effects of Apomorphine. 

Use of the 3D tissue engineered platform as a means for investigating electrical activity 

can be explored. If the NM possesses sorptive properties when conjugated to the silk 

scaffold these effects can be quantified by LFP measurements. 

3.3.2. Neuro-Inflammation and Nitric Oxide Release 

The model described here lacked the role of microglia which contribute to the 

production of nitric oxide (NO) and various neuro-inflammation makers (i.e. IFN) 

contributing to neurodegeneration [132]. By independently investigating the contribution 

of the brain’s immune system in exacerbating protein turnover this process can be 

elucidated. Furthermore, neurodevelopmental models which contribute to sustained 

dopaminergic lineage rely on the supporting role of astrocytes and other such supporting 

cells [226]. 

Microglia are known to be implicated in PD [158] but additionally in such neuro-

affective disorders as schizophrenia [165]. However, it is challenging to establish which 

microglia have been activated by cellular detritus and which have become dysfunctional 

by virtue of the experimental model [233]. Microglia produce considerable quantities of 

peroxides, superoxides and nitric oxide during ‘respiratory burst’ events; capable of 

causing de-myelination when concurrent with release of interleukins [43]. Unsurprisingly 

the NO and H2O2 free radicals cause protein oxidative damage in the form of 

nitrosylation [234] and carbonylation [169] thereby overwhelming the proteome and 

resulting in alterations of lysosomal processing and storage [110, 153]. 

The transient nature of ROS and RNS radicals would be undetectable using 

traditional histological methods and only evident if actively monitoring NOS-1 and other 

such enzymes. Similarly, S-nitrosation proteins (SNO-proteins) (See Figure 4.3) are 
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challenging to isolate and characterize but are implicated in neurodegenerative disease, 

namely Alzheimer’s [235] but additionally Parkinson’s following depletion of glutathione 

[153]. However, the proteome is rife with examples of NO induced oxidative damage as 

the result of aberrant mitochondrial behavior throughout neurodegeneration literature 

[110] and may be misleading in disease state causality [236]. Experimental studies that 

corroborate the interaction of microglia with the Fe-NM precipitate can be found in the 

Appendix section (See Figure 4.4 and Figure 4.3).  

3.3.3. Autocrine & Paracrine Activity: Melanin Concentrating Hormone 

Long-term attenuation neural network behavior could also be attributed to neuro-

endocrine activity as there are far reaching implications of melanin associated hormones 

derived from the pituitary gland [237]. It was discovered that the infusion of melanin-

concentrating hormone (MCH) (concentrations 4-11 uM) was found to increase 

hippocampal synaptic transmission of granule cells in the dentate gyrus of Wistar-Rats 

[237]. In a similar vein, MCH has been evaluated in regards to its role in sleep duration 

by REM and acetylcholine release when injected into the medial septum of Wistar Rats 

[238].  It is challenging to anticipate the effects of neuroendocrine hormones associated 

with melanin like MCH on neural networks to that of NM’s effects but interesting that the 

MCH influences sleep, feeding behaviors, and reproductive behaviors [237]. MCH can 

be found in select regions of the brain associated with sleep/wakefulness and feeding 

behaviors within the hypothalamus [239]. Furthermore, MCH expressing neurons directly 

interact with neurotransmitter production (5-HT, DA, NEPI, Ach) and present the 

capacity to regulate energy consumption [240]. MCH is expressed selectively throughout 

the brain (1) in the neocortex (2) throughout the olfactory bulb (3) hippocampus whereas 

less was expressed in the cerebellum [241]. MCH is also differentially expressed 

between males and female rat models most notably in the laterodorsal tegmental 
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nucleus (LDT) adjacent to the LC that is associated with sleep and production of 

acetylcholine [242]. In summary, neuropeptides and hormones implicated in melanin 

accumulation (MCH) and are differentially expressed by gender are indirectly tied to 

neural dysfunction. 

3.4. Future Directions 

In experimenting with sepia melanin we have only scratched the surface of the many 

diverse forms of melanin that can be incorporated into biomaterials. A cursory 

investigation of biologically derived melanin in biomaterials literature reveals an 

enormous diversity of fungal melanin as well [243]. Similar properties of free radical 

scavenging, thermal tolerance and metal ion binding are reported with fungal melanin; 

allowing the organisms to survive in extreme environments [244]. It may be possible that 

the melanin derived from fungi provide a more reliable source of biologically extracted 

melanin though it is difficult to anticipate how extraction methods may deviate from those 

described here [129]. Melanin is fundamental to how these organisms/microbes grow in 

extreme conditions and how they often evade identification by the immune system by 

continuously changing form [245]. Additionally fungal melanin’s possess radically 

different biological synthesis pathways to those described of NM and perhaps unique 

metal binging mechanisms as well [246] making them intriguing biomaterials. 

3.4.1. Melanin-Silk Horseradish Peroxide Hydrogels 

Horseradish peroxidase (HRP)-silk hydrogel derivatives, which exhibit tunable 

stiffness by dityrosine cross-linking, were originally developed by Partlow and colleagues 

of the SilkLab [247]. This process of hydro-gelation additionally works with photo-

crosslinking agents like riboflavin which acts as a photo-initiator [248]. Additionally, the 

process works with NM and yields brown opaque gels of similar elasticity to the original 
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HRP hydrogels (Figure 3.4) (experimental observations). Presently, the mechanism of 

chemical integration is unknown but it is assumed to be analogous to that of HRP gels 

provided that NM is cross reacted tyrosine [12], to a limited extent, within which 

carboxylic acid groups could integrate into the silk structure. 

 

Figure 3.4 Silk-NM Hydrogel 

(A) Neuromelanin can function as a linker in Silk-HRP gel as described previously a 
proposed mechanism can be found above. (B) The NM-Silk HRP gels appear physically 
brown despite washing with DPBS to remove unreacted product. (C) Excitation-Emission 
(EX-EM) spectra of the NM-Silk HRP and (D) the Silk HRP gels. A topographical map of 
the EX-EM profile can be found above for (E) NM-Silk and (F) Silk HRP gels expressed 
as Excitation (X-axis) and Emission (Y-axis). The blue region corresponds to overlap 
between the excitation and emission wavelengths (i.e. EX=EM) and screened 
accordingly. Adapted with permission from: Phys. Rev. Lett. 97. Kaxiras, E., Tsolakidis, 
A., Zonios, G. and Meng, S., Structural Model of Eumelanin, (2006) [10]. Changes 
include: redrawing the DHI:DHICA molecule in (A) and overlay with tyrosine crosslinking. 



72 
 

This form of NM-HRP gel could provide a softer substrate for neural cultures as has 

been explored previously [123, 249]. Additionally, salt-leeched silk scaffolds can be 

chemically functionalized by the reaction to chemically incorporate the NM provided that 

the tyrosine residues are chemically available. It remains unknown if metal chelation 

could still occur through the bulk of the hydrogel or if more complex structures such as 

the metal organic frameworks (see Section 3.4.2) could be incorporated. Furthermore, if 

adsorptive properties remain active for these NM-Silk gels it could be used to assess 

binding affinity of neurotoxins (see Section 3.4.6). 

3.4.2. Melanin Metal Organic Frameworks 

NM’s adsorptive capacity of coupled with its affinity for transition metal linkers is 

reminiscent of an emerging field in organometallics in metal organic frameworks (MOF) 

with drug delivery and tissue engineering applications[250]. MOFs were originally 

developed as materials analogous to zeolites the MOF consist of organic linker 

molecules comprised of carboxylic acid groups and a transition metal linker [251]. The 

work was pioneered by Omar Yaghi an immense diversity of MOFs with numerous 

applications[252]. Poly-dopamine has been proposed as a linker capable of creating 

super-structure analogous to MOFs [253] but it would appear the biologically extracted 

melanins have yet to be explored (See Figure 3.5). Some groups have been capable of 

tethering enzymes like glucose oxidase to these poly-dopamine substrates to serve as 

reporter enzymes allowing for sustained catalytic activity when encapsulated [211]. A 

diversity of enzyme linked MOFs have been established and demonstrate reliable 

enzymatic activity following multiple cycles of use [254]. As materials MOF’s have been 

used for directed drug delivery to macrophages or as a means of enhancing imaging by 

integrating reporter dyes [255]. Given that microglia comprise one of the most 

problematic challenges in mitigating the free radical cascade it is natural that they would 
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be ideal targets for such a delivery platform [256]. Under certain circumstances aldehyde 

groups are used to covalently link the super-structure, viable alternatives could include 

glutathione or NADPH given as they are far more biocompatible and would require less 

purification.  

Figure 3.5 Melanin as Metal Organic Framework Linker 

(A) HKUST-1 was originally designed making use of benzene-tricarboxylic acid 
(BTC) and copper to create an organic framework. (B) The crystalline superstructure of 
MOF’s is capable of enzyme encapsulation and chemical crosslinking. (C) Similarly the 
DHI:DHICA structure of melanin could interact with various metals alkali and transition 
metals and could be developed as a MOF platform (gray spheres indicate metal site). 
(D) Atomic force microscopy (AFM) imaging of HKUST-1 reveals complex surface 
architecture but additional X-ray diffraction would be merited for such experiments. 
Hypothetically the DHI:DHICA monomer could be used for similar applications to that of 
TCA used in the original HKUST-1 MOF. Adapted with permission from: Phys. Rev. Lett. 
97. Kaxiras, E., Tsolakidis, A., Zonios, G. and Meng, S., Structural Model of Eumelanin, 
(2006) [10].Changes include redrawing the DHI:DHICA structure shown in panel (C). 

Such hybrid-MOF materials would otherwise be only tangentially relevant to research 

described here but experimental observation suggested that during LFP data collection 

the resistance of the electrode would increase dramatically if touching a Fe-NM (Figure 

2.3; unpublished results). As some MOF’s have the potential to act as supercapacitors 

[257, 258] suggesting electrochemical interactions and it was speculated that the 

relationship between organic frameworks and the Fe-NM precipitate may be connected. 

It is additionally speculated that a MOF immobilized enzyme could be used as a real-

time detection mechanism for phagocytosis [259]. 
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3.4.3. Astrocytes and Microglia Incorporation into the PD Model 

The complexity of the 3D NM model is lacking in absence of supporting cell types of 

the microglia and astrocytes. Microglia contribute to the release of inflammatory 

cytokines (IL-1, IL-6, TNF-α, and IFN-γ) [43] which are detrimental to neuronal survival 

and mount an immune response against NM [260]. Over time microglia become 

increasingly reactive with age often resulting in increased vulnerability of activation [165]. 

Furthermore, the notable increase in inducible nitric oxide synthase enzymes of 

microglia in presence of NM [31] suggests a causal link between protein nitrosylation 

and NM following apoptosis of DA neurons [110]. During respiratory burst events the 

release of superoxides generated by microglia [206] can interact with NO resulting in 

more sustained peroxynitrite (ONOO-) radicals that are collectively more active and 

longer lasting [112]. Generation of ROS and inflammatory cytokines is further 

exacerbated when coupled with phagocytosis resulting in a cascade of complications in 

cellular metabolism [83]. Research suggest that co-culture of DA-neurons and astrocytes 

is capable of mitigating neurodegeneration of LUHMES within in vitro models [194] but it 

remains to be seen how the three cellular components (astrocytes, microglia and DA-

neurons) would interact in 3D cultures. For this purpose a system of controlled 

interactions must be devised to integrate NM [209] given its inherent effects on neuro-

inflammation. 
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Figure 3.6 Astrocyte and Microglial Interactions 

(A) In a controlled co-culture model two components would be combined and defined 
before integration (i.e. Astrocyte and DA neuron; Astrocyte and Microglia etc.) to ensure 
that combining all three factors did not have undue effects. (B) In a hypothetical example 
microglia exposed to Fe-NM may produce inflammatory cytokines which could then be 
exposed to DA neurons and identified. (C) Additionally combining astrocytes and 
microglia may blunt an inflammatory reaction when exposed to DA neurons. 

Controlled interactions between the populations of the dopaminergic neurons and 

astrocyte and microglial populations would provide a means of defining the factors 

implicated in PD and how NM or Fe-NM may exacerbate to this interaction as found in 

rotenone induced PD models as well [261]. A broad evaluation of the hormones, 

cytokines and cell signaling molecules can be accomplished with an antibody array to 

select preliminary biomarkers to be further pursued (See Figure 4.3 Modelling of 

NeuroInflammatory Response). ‘Bottom-up’ engineering approach with this model is 

advantageous as it allows investigators to parse variables in a controlled fashion [2, 262] 

unlike complexity of ‘top down’ transgenic animal models [19].  

3.4.4. Bioreactor and Cell Culture Standardization 

Substantial investments of time are required in the feeding and splitting of cultures 

[263]; especially when conditioned media and feeder layers are required [122, 264]. 

When factoring in the time required in coating the lead time to a viable culture can be 

several weeks before results can be anticipated [122]. Additionally, the inherently high 
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degree of variability in biological samples coupled with the challenge of human error in 

reproducibility has remained an understated difficulty of biological research [90, 265]. As 

stated previously, advantages of this tissue engineered model over traditional transgenic 

animal models underscores the ability to control all variables of extracellular matrix 

integration, nutrient exchange and neurotrophic factors. 

Controlling the variables of O2, pH, flow-rate and temperature allows for real-time 

monitoring of factors that contribute to cell survival [266]. Furthermore, many 3D cell 

cultures require regular administration of neurotrophic factors to maintain survival [267, 

268]. Thankfully a breadth of information and accessible electronics platforms through 

the Arduino and Rasberry Pi has orchestrated accessible development in bioreactor 

technologies [269]. Both platforms were originally designed for educational purposes but 

have since gained traction as tools for scaled down bioreactor fabrication [270]. Efforts 

to develop a supporting platform for long-term cell culture maintenance were conducted 

in hopes of improving reproducibility. 

The effects of persistent oxygen deprivation on the brain, referred to as brain 

ischemia, lead to a reduction in activity, and increase in lactate/pyruvate ratio as can be 

observed by PET imaging [271].  As the core of the 3D scaffold can become dense with 

neurons it would be imperative that O2 concentration be sufficient to diffuse to the bulk 

of the sponge or it may become anoxic [272]. Additionally, many of the 

growth/differentiation factors necessary to maintain a neural lineage have limited 

duration in culture which may be as little as 12 hours or less and would benefit from 

continuous infusion from a perfusion system (Figure 3.7 Standardized Bioreactor for Cell 

Culture Schematics - A). An advantage of the dual syringe is that it allows for liquid 

dilution by independently changing the injection rates of two syringes. Lastly, it is 

anticipated that sensor drift will occur over time due to bio-fouling. For this reason a 
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valving configuration to wash and calibrate was integrated (Figure 3.7 – F and I). The 

wash solution contained 1% formic acid to remove build-up at the catalytic substrate.  

 

Figure 3.7 Standardized Bioreactor for Cell Culture Schematics 

(A) The system is comprised of a dual auto-injector, peristaltic pump, inline sensor 
system and gas delivery system. (B) The delivery system is comprised of a tank, 
pressure regulator, needle valve, mass flow controller and electronic valve. (C) The light 
integration system to be used for optical stimulation (D). The valving is comprised of 3 
way valves with servo motors affixed on top of them the (E) LCD display and control 
board for system automation. (F) Integrated valving controls – capable of measuring 
bioreactor inlet and outlet O2, pH and temp measurements and backflush. (G) Stock 
solutions can be made in advance and diluted accordingly (i.e. 10X DMEM combine with 
FBS solution and dilute) (H) Sensor integration capable of integrating O2 sensors, pH 
sensors, and temperature sensor into the platform. (I) A valving diagram showing inline 
purge system and various ‘loop-out’ positons. Prototyped and coded with assistance of 
Kevin Kapner, Nick Hartman and Carlos Lopez-Rodriguez. 
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Figure 3.7 was intended to automate and standardize the process of cell culture 

integration and reporting to provide real-time reporting to investigators but could not be 

brought to completion. If efforts to create ‘disease relevant’ tissue engineered models 

are to succeed it is imperative that both cell culture (Figure 3.7 A) and 

reporting/interpretation of data (Figure 4.5) are to be standardized for reproducibility. 

3.4.5. Binding Affinity Evaluation: Melanins, Xenobiotics and Transition Metals 

Adsorptive properties of NM for such diverse neurotoxic compounds as pesticides 

and antibiotics has been established clinically [38]. This is ascribed to the stacked planar 

secondary structure configuration of NM which possesses a gap capable of being 

displaced by small molecules [13, 39]. Established researchers in the NM field suspect 

that the release of exogenous neurotoxic compounds can be caused by interaction with 

alkali and transition metals [11, 40] causing release into the surrounding area and 

subsequent neurotoxic effects.  

Provided that the NM-Silk HRP hydrogel could have comparable density to that of 

the cortex such that small molecules could move freely the kinetics of adsorption and 

desorption could be evaluated on an individual basis (See Figure 3.8). A similar 

approach can be found in plasma protein binding, by which a drug in question can be 

exposed to varying concentrations of globular proteins to assess the affinity of the 

molecule [273]. Similar techniques have been conducted with melanin and chloroquine 

and metoprolol to observe release kinetics following site activation and binding [274]. 

However, a portion of the literature pertaining to melanin binding is applied to the 

pigments of the eye and thus not directly applicable to NM [275]. 
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Figure 3.8 Binding Affinity of Neurotoxic Compounds and Transition Metals 

To assess the binding kinetics of various neurotoxic drugs to NM for high throughput 
applications the following steps may be conducted. (A-D) (1) Bind NM to silk in a 
hydrogel (2) Evaluate if metal chelation can occur through this silk hydrogel (3) establish 
‘loading capacity’ of gel for various metals (4) create new gels and load with compound 
of interest (i.e. tetracycline) (5) again evaluate metal chelation and (6) assess if ‘salting 
out’ has occurred in which binding metals causes the release of the compound of 
interest. A schematic of this interaction can be found in (D) expressing how competitive 
interactions could result in the displacement of neurotoxic compounds. (E) Additionally, 
assuming use of a 96 well plate format this procedure could be multiplexed to define 
known interactions of (1) NM and drug loading, (2) NM and metal loading and lastly (3) 
drug and metal loading for a known NM concentration. 

It is possible that the interaction between NM and transition metals results in a 

release of neurotoxic drugs accumulated over a lifetime [17, 38]. Should this be the case 
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it would be worthwhile to know the affinity of a drug for NM [40] and how this may affect 

adsorption capacity [40, 157]. Should there be a chemical displacement relationship 

between NM, transition metals and neurotoxic drugs [276] it would be beneficial to know 

the implications in a human relevant representative model as it would allow modelling of 

release of neurotoxic drugs (See Figure 3.8). 

3.5. Conclusions 

Despite several decades of research, NM remains a biomaterial of interest given its 

exclusive presence in select animal models like primates [30]. In some regards NM is a 

‘limiting reagent’ for investigators conducting physiologically relevant research on cellular 

mechanisms involved in PD [95]. For instance, some academic literature goes so far as 

to extract NM from deceased human patients to then be used with animal derived 

models or for chemical analysis [31, 32, 260]. In doing so, yields were estimated to be 

0.15g per each SNpc sufficient for a limited number of experiments [85]. For 

investigators that (1) do not have ample access to a morgue for human tissue (2) do not 

have the resources and personnel to extract/pool the quantities derived from several 

human cortices or (3) find extraction of human NM ethically dubious; alternatives must 

be provided capable of metal chelation. This would allow more researchers to address 

fundamental in vitro questions. For instance, Lewy Bodies, which have long been the 

focal point of PD research, differ considerably between patients and how to ascribe 

these differences remains unclear [17]. Links between PD and dementia (i.e. PDD) 

suggest a more complex causal relationship than genetic factors alone could account for 

[84].  

A substantial amount of research has been undermined and left out in this analysis 

concerning the mechanistic underpinnings of how NM and Fe-NM may correlate with 

development of PD. This is largely a shortcoming of the author that (1) neurotransmitter 
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HPLC data (2) RT-PCR data (3) ELISA and (4) Immunostaining data did not reach a 

meaningful conclusions to support this work. That being said, it is concluded that NM 

and Fe-NM could act as a ‘bio-inorganic catalyst’ in neurodegenerative disease changes 

occur in the proteome during neurodegeneration leading to a marked increase in 

ubiquitination [277].  

Histology of post-mortem brains of PD patients reveals small protein aggregates akin 

to those encountered in AD, huntingtons (HD) [72, 278] and transmissible spongiform 

encephalopathies (TSE) [94]. However, these ‘proteinaceous infectious particles’ have 

unusual chemical properties for aggregation (i.e. many are resistant to traditional 

decontamination methods of autoclave [279, 280] and the kinetics of fibrilization suggest 

extremely slow progression in absence of a catalyst or co-operative binding [281]. 

Transition metals have been suggested to contribute to this progression [218] implicating 

bio-organic metal catalysis in α-synuclein aggregation by di-tyrosine linking [131]. The 

resilience of Fe-NM to autoclave and structural similarities to the neurotoxic 

organometallic catalyst ferrocene [282] suggesting ‘metallocenes’ may have unique 

protein degradation methods [283, 284].  
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Chapter 4. Appendix 

4.1. Flow Diagram for Processing Stages of NM Extraction 

 

Figure 4.1 Flow Diagram of Processing Stages for Extraction of NM 

A more in depth flow diagram of processing methods are provided to supplement 

those found in the manuscript. Additional quality control ‘QC’ measures are suggested to 

ensure comparable product is extracted. While not addressed in the body of the text 

investigators may benefit from use of thermogravimetric analysis (TGA) and a particle 

counter to characterize the Fe-NM precipitate. Additionally, post-hoc measurements 

beyond the WST-1 values described could include picogreen quantification of the 

extracted genomic DNA following collection of measurements. 
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4.2. Supporting Electrophysiological Data and Challenges 

Figure 4.2 Additional Electrophysiology 

(1A) Undifferentiated LUHMES patch clamp, (1B) Differentiated LUHMES patch 
clamp, (1C) Rat cortical neurons patch clamp, (2A) Undifferentiated LUHMES inward 
voltage gated channels (2B) Differentiated LUHMES inward voltage gated channels (2C) 
Rat cortical neurons inward voltage gated channels (3A) Undifferentiated LUHMES 
Local Field Potential Measurements (2 weeks), (3B) Differentiated LUHMES Local Field 
Potential Measurements (2 weeks), (3C) Rat cortical neurons Local Field Potential 
Measurements (2 weeks), (4A) 20V 5 mSec evoked Stimulus evoked action potential on 
LFP, (4B) 20V 1 mSec evoked Stimulus evoked action potential on LFP, (4C) 20V 1 
mSec evoked Stimulus blunted with Tetrodotoxin a voltage gated sodium channel 
blocker, (5A) Evoked Local Field Potential on silk sponge, (5B) Evoked Local Field 
Potential on neuromelanin silk sponge. 

The LUHMES cell line was found to be challenging to patch in 2D due to shearing 

from glass slides and sustained exposure to tetracycline. While the cells proliferate and 

differentiate in 3D investigators are encouraged consider other cell models if they wish to 

correlate against 2D patch results and have cultures beyond ~4 weeks. 
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4.3. Markers of Interest for PD Investigators 

Tier Approach Means of Analysis Anticipated Functional Outcome 

1    
Validation 

Confocal 
Imaging 

Immunostaining 

Neuronal: ↓Beta-tubulin: Network Degradation; Loss of 
connectivity 

Dopaminergic: ↑TH&DRD2: Dopaminergic phenotype; NT 
Production 

Synaptic: ↓Synaptophysin; Gephyrin; PSD-95 

Stemness: ↓SOX2, ↓KLF4, ↓TERT, 

Real-Time Cell 
Viability 

Fluo-4: ↑ Synchronous behavior; 

FM-143: ↓ Synaptic uptake; ↓vesicular release 

JC-1 & Mitotracker: ↓Mitochondrial voltage marker 

Neurotransmit. 
production 

EC-HPLC 
Dopamine Derivatives & Catacholamine: ↓DA, ↓NEPI, ↓EPI, 
↑5HT, ↑5HIAA, ↑HVA, ↑DOPAC 

LC-MS/MS Excitation/Inhibiton: ↓GABA, ↑L-glutamate 

Electrophysiol. 

Local Field 
potential 

Neural Activity: ↑ Spontaneous action potential 

Patch Clamp Voltage gated channels:↑Inward voltage gated channels 

Tier Approach Means of Analysis Functional Outcome 

2 
Phenotypic 
Disease 

Proteomics 

ELISA Assay 
↑ protein turnover (ubiquitination); ↑Genomic instability of 
histone modification (H2AX); ↑Increase in aggregates (α-
Synuclein) 

Western Blotting 
↑inflammation markers (iNOS, CD-11b); ↑Mitochondrial 
proteins implicit in  apoptosis 

Mass Spec ↑ enzymatically degraded oligomers (i.e. α-Synuclein; & Tau) 

Expression 
Profile & 
Epigenetics 

RT-PCR 
RNA Profile↓tyrosine hydroxylase (TH), ↑monoamine oxidase 
(MAO), ↑catachol-o-methyltransferase (COMT)  ↑ alpha syn 
↑iNOS, ↑TGF-beta, ↑SOD-1, ↑Catalase, ↓TNF-A, ↓GSH 

Genomic 
Methylation 

Methylation:↓ASYN, ↑SYN, ↓TH, ↓VMAT, ↑DAT 

Metabolic 
Assays 

WST-1  Assay general cell metabolism: Production of NADH 

Cell Meter 
(Nitric Oxide) 

Oxidation: Colorimetric nitric oxide plate reader assay 

GSH-Glo 
(Glutathione) 

ROS Scavenging: Compensatory increase/decrease in cell 
antioxidants to free radicals relative to exposure 

Tier Approach Means of Analysis Functional Outcome 

3            
Tertiary 
Markers 

Electrophysiol. 

Carbon Fiber 
Amperometry 

Substantiate electrical properties of synaptic release 

Local Field 
Potential 

↓Spontaneous action potential 

Patch Clamp ↓Inward voltage gated channels 

Metabolic 
Assays 

Lactate 
Dehydrogenase 

↑Lactate Dehydrogenase; ↑anoxia, ↑oxidative damage 

Thioredoxin 
reductase 

↑Glycogen Synthase Kinase 3-beta activity assay 

Expression 
Profile 

RT-PCR 
Vessicle Synthesis: ↑DAT, ↓VMAT, ↑SERT, ↑SNAP-25 

Cell Survival: ↓SOX2, ↓KLF4, ↓TERT, ↓LRRK2 

Table 4.1 Experimental Variables of Interest to the 3D Neuromelanin Model 

The above table was intended as a guide to validate the phenotype and then 
progress into markers of the PD disease state. Redundnancies in (1) proteomics (2) RT-
PCR (3) electrophysiology and (4) metabolic assay validation are provided to ensure that 
no false positive results would be reported. The complexity of PD is far more elaborate 
than the mechanisms described here and in the interest of aiding other researchers  
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4.4. Preliminary Evidence of Neuroinflammation and Apoptosis in Microglia & 
Astrocytes 

 

Figure 4.3 Modelling of NeuroInflammatory Response 

Combined 3D cultures of Astrocytes and Microglia were exposed to either vehicle or 

50 uG of the Fe-NM precipitate. Replicates of each biomarker were provided according 

to the map provided by the supplier (A-B). The provided immunoblot assays were 

quantified by electrochemical luminescence (ECl) normalized and quantified with by 

spectral density using Image-J. The positive control served as the metric against which 

blots were measured and quantified by a heat map as a basis of comparison (C). 

Additional markers of cytotoxicity would include inflammatory cytokines in presence and 

absence of the Fe-NM precipitate. An immuno-array of established inflammatory 

cytokines was prepared to compare (F) Non-Exposed and (G) Exposed Astrocyte and 

microglial cultures to establish which cytokines appear increased in presence of the 

irritant (Figure G). Lastly evidence of S-nitrosylated proteins (G) can be observed as well 

as positive immunostaining for (H) nitric oxide synthetase (iNOS red) from concurrent 2D 

studies. 
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4.5. Schematic of Integrated Neuro-Inflammation and Free Radicals in PD 

 

Figure 4.4 Collective Role of Neuroinflammation and Free Radicals on Parkinson’s 

In the above interpretation the etiology of PD involves multiple factors to facilitate 

retroactive spread. Above the hypothesized mechanism of PD as it relates to NM and 

Fe-NM is shown comprising of (1) Retroactive spread, movement of dysfunctional 

synaptic vesicles to the Golgi; (2) Persistent Neuro-inflammation as the result of 

inclusion bodies causing foreign body response by nitric oxide and ‘respiratory burst’ 

(release of free radicals). (3) These oxidized products result in proteins which are 

otherwise become incorporated into the proteome. 
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4.6. High-Throughput Application Guidance for Future Studies 

 

Figure 4.5 Schematic Diagram of Data-Multiplexing 

(A) A sample can be processed along several tracks and (B) then readjusted to 
account for differences between samples. Assuming an array of samples readings all 
values can be adjusted using matrix multiplication to account for variability between 
samples. Simple ‘matrix multiplication’ would allow for adjusting all values in a 96 well 
plate if spectral measurements were treated as an <array> (C). 

Biological systems are inherently difficult to characterize, minor variations in the 

parameters of (1) seeding density (2) silk sponge surface area and (3) cell survival can 

contribute to sample variability over time. Variability between samples would require 

normalization against a known internal calibrant and method file development such that 

other research groups could replicate results with ease. Furthermore, to emphasize the 

need for greater statistical significance the potential for high-throughput extraction is 

vital. It was found that flash-freezing and lyophilization of silk scaffolds greatly enhance 

the yields of retrieval towards a high-throughput processing. The Opentrons lab robotics 

platform was intended to be the basis for these preliminary experiments regarding 

multiplexing sample analysis and was intended to transition to high-throughput 

applications. 
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4.7. Ferric/Ferrous Iron Ratios in Relation to NM 

Figure 4.6 Gibbs Free-Energy Diagram of NM Molecular Configuration 

(A) In a hypothetical example if the transition between oxidative states of iron were to 
be low enough it would facilitate exchange between the two oxidative states (B) The 
carboxyl groups which make up the exterior of the DHI:DHICA molecule would likely 
destabilize the resonance structure of the molecule (C) Lastly, electrostatic repulsion 
between the ‘stacked planar configuration’ would result in a continuously unstable 
structural orientation. Adapted with permission from: Phys. Rev. Lett. 97. Kaxiras, E., 
Tsolakidis, A., Zonios, G. and Meng, S., Structural Model of Eumelanin, (2006) [10]. 
Changes included redrawing of the molecule and overlay of arrows and circles. 

The oscillatory phenomena of transition metals is additionally observed on an 

inorganic basis most notably in the Belousov–Zhabotinsky (BZ) and Briggs-Rauscher 

reaction (BR) reactions [285] commonly visualized with the change in oxidative state of 

chemical marker Ferroin. The aforementioned chemical oscillators require a transition 

metal catalyst (Mn, Fe, Cu, Cr, Co) which serves as a catalyst for the colorimetric 

changes observed. Coincidentally, many of the aforementioned transition metals are 

established neurotoxins at the synaptic bed [49] are chelated by neuromelanin [39] are 

implicated in Parkinson’s disease [200, 286] and catalysis of alpha-synuclein 

aggregation [287, 288]. Transition metals in a ‘metastable’ oxidative state like the BZ 

reactions comprise a niche of reactions which act as harmonic oscillators between 

energetic states. Amplification of the chemical oscillators results in broad disturbance to 

the surrounding magnetic field by proximity. Changes in the oxidative state of the Fe-NM 

precipitate would alter the firing behaviors of surrounding neurons. A supplemental video 

of the Fe-NM behavior in solution has been provided to underscore the proposed 

electrostatic repulsion. 
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