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ABSTRACT 
 

With an estimated worldwide cost over $1 trillion just for dementia, diseases of the 

central nervous system pose a major problem to health and healthcare systems, with 

significant socio-economic implications for sufferers and society at large. In the last two 

decades, numerous strategies and technologies have been developed and adapted to achieve 

drug penetration into the brain, evolving alongside our understanding of the physiological 

barriers between the brain and surrounding tissues. The blood brain barrier (BBB) has been 

described as the major barrier for drug delivery to the brain (1). 

In this project, novel enzyme-responsive self-assembled peptide nanoparticles were 

developed for drug delivery to the brain. An enzyme, matrix metalloproteinase (MMP)-9, is 

crucial in the pathogenesis of neurodegenerative diseases has been targeted for our studies 

due to it’s overexpression in neurodegenerative diseases and also due to it’s function as a 

protease, allowing selective release of drug cargo in the brain of ND patients. Firstly, state 

of the art statistical and molecular modelling was used to predict the best substrate for MMP-

9 by assigning a Y-score. These predictions were tested by employing novel fluorine (19F) 

NMR spectroscopy. Novel MMP-9 sequences were identified, especially TY-26, that are 

better than those in previously reported studies. Secondly, novel enzyme-responsive self-

assembled peptide nanoparticles were successfully synthesized with different combinations 

of MMP-9 sensitive and brain-targeting ligands. Most of the formulations self-assembled 

without sonication to form nanoparticles of 41-200 nm diameter with a zeta potential/ surface 

charge of 2-48 mV. The critical micelle concentration for all the self- assembled peptide 

nanoparticles calculated were around 7-110 mg/L. The encapsulation capacity ranged from 

40-80%. TY-28, TY-39 and TY-44 were among the highest encapsulation capacity nano-

formulations. Nanoparticles formulations were found to be MMP-9 sensitive and all 

formulations exhibited different release patterns of a model drug in the presence of external 
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stimuli. Novel enzyme-responsive self-assembled peptide nanoparticles were found to be 

least cytotoxic at lower concentration, however at higher concentration they were found to 

be cytotoxic, showing a range of cell viabilities. 

In vitro uptake of enzyme-responsive self-assembled peptide nanoparticles was 

confirmed by confocal microscopy and flow cytometry. Enzyme-responsive self-assembled 

peptide nanoparticles showed up to 40-70% permeability when investigated by in vitro 

hCMEC/D3 blood-brain barrier model in healthy (50 ng) and diseased (100 ng) conditions. 

In vivo studies suggested that the enzyme-responsive self-assembled peptide nanoparticles 

managed to get into the brain of mice. Although in full body scans, no significant signal was 

observed, ex vivo experiments showed that enzyme-responsive self-assembled nanoparticles 

managed to permeate into the brain. These enzyme-responsive self-assembled peptide 

nanoparticles can be used to deliver drug molecules such as siRNA into brain. 
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CHAPTER – 1 LITERATURE REVIEW AND 

BACKGROUND 

1.1. Introduction 

The central nervous system (CNS) comprises the brain and the spinal cord. Any injury 

or damage to the CNS affects its normal functioning and may lead to permanent disability 

in many cases, due to a largely limited ability for neural tissue regeneration in humans (2, 

3). The broad term “Neurodegenerative Diseases” (NDs) covers a range of pathologies, 

principally affecting neurons in the brain and causing significant neuronal dysfunction, 

neuronal death and neuronal loss. NDs once established are irreversible and sapping 

conditions resulting in progressive degeneration of neuronal cells (4). The signs and 

symptoms are diverse in range, depending on the affected part of the brain. The cause of an 

ND is often unknown but can involve a complex convergence of multiple molecular 

mechanisms; and disease progression is usually unpredictable. NDs include a number of 

conditions: Alzheimer’s disease (AD) and other forms of primary dementias, Multiple 

Sclerosis (MS) and other forms of chronic inflammatory neurological disease, Parkinson’s 

disease (PD), Motor Neurone Disease (MND), Huntington’s disease (HD) and ataxias (5-7). 

The World Health Organisation (WHO) reported that NDs affect around 0.1 billion 

individuals (24 million individuals suffer from AD and other dementias) (8) all over the 

world, and the incidence is on the rise as average life expectancy is increasing. Around 

850,000 people in the UK are affected by dementia, costing the healthcare system over £26 

billion a year (9). In the US nearly 100 million people are affected by NDs costing around 

$724 billion in 2014 (10). It is estimated that the cost of AD would be over 1 trillion dollars 

worldwide; (11) and the estimated number of people with dementia will reach 131.5 million 

by 2050 (12) in the absence of effective therapies. Just in Europe, the annual cost of 

neurological disease reaches 800 billion Euros per year, with a majority attributed to direct 

costs (13).  
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The brain is one of the most vital and sensitive organs in the body, which, to perform its 

functions in an appropriate way, needs nutrients and gases (14). Due to its pivotal role and 

functions, it is protected in a number of ways, including by the skull, the outer skin, three 

layers of meninges and the blood-brain barrier (BBB) (15). The BBB is a layer of endothelial 

cells (ECs) associated with pericytes (PCs) and astrocytes (ACs) and acts as a separator of 

the blood from parenchymal cells, thus preventing penetration of drugs into the CNS. It 

therefore, protects the brain from overexposure to substances such as potassium, glycine and 

glutamate, which, in high levels such as found in pathological conditions, are neurotoxic (16, 

17). 

Despite many advances in drug delivery systems that target the brain, it is still a 

challenging area. The failure of therapies administered via an intravenous (i.v.) or an oral 

route is often due to their inability to cross/penetrate the brain parenchyma. This review 

covers latest developments in drug delivery to the brain, as well as recent understanding of 

the physiological barriers between the brain and other tissues. The focus here is on drug 

delivery to the brain following i.v. injections, although other methods are briefly explained. 

The optimisation of nano-carriers is discussed by considering the effects of aging and 

diseases on brain physiological barriers. 

1.2. Blood-Brain Barrier 

Figure 1.1 is the schematic representation of healthy and diseased BBB. Numerous 

gateways have been reported to provide access to the brain; the most significant are through 

the blood stream or by getting access to the CSF circulation. Penetration of any molecules 

administered via the parenteral route is controlled by the BBB, the blood–cerebrospinal fluid 

barrier (BCSFB), arachnoid barrier and circumventricular organ barrier. However, drug 

molecules up taken by the brain are flushed back towards the blood through the return of the 

CSF to the blood or transporters on the BBB (18). 
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Figure 1.1. BBB composition and pathological conditions. (A) In normal states, the BBB comprises 

vascular endothelial cells connected with TJs and the PCs layer. A basement membrane linked with 

AC end-feet surrounds the endothelium. (B) Increased permeability of the BBB in pathological 

conditions results from high matrix metalloproteinase (MMP) activity and increased reactive oxygen 

species (ROS) and nitric oxide (NO) levels. Cytokines and chemokines are released and then activate 

microglia/macrophages, leading to basement membrane degradation, TJs disruption and an 

inflammatory response. 

The BBB acts as a guard filter that prevents the uptake of large-molecules and more than 

98% of small drug molecules (15, 19, 20). Examples of CNS active agents are shown in 

Figure 1.2. Small molecules that are lipid soluble, electrically neutral and weak bases may 

be able to diffuse passively across the BBB, however weak acids due to their ionisation are 

unable to diffuse passively. Thus, the BBB, with its extensive blood capillary network, is 

considered the most important barrier that controls a molecule’s access to the brain 

parenchyma. Neurovascular units (NVUs) comprising endothelial cells, extracellular base 

membrane, adjoining PCs, ACs, and microglia (although not a structural component of the 

BBB, are often included in the NVU as they influence barrier function in response to injury 

and disease (21)) are integral parts of the BBB supporting system (22) shown in Figure 1.3. 

NVUs collect signals from the adjacent cells and generate functional responses that are 

crucial for appropriate CNS function (23, 24). Both tight intracellular junctions (i.e. zona 

occludins, characteristic of the BBB) and the absence of fenestrations limit the permeability 

of drug molecules (25). Shingo et al. reported that the TJ integrity and cell proliferation in 

hCMEC/D3 cells (in vitro) is regulated by insulin signalling. The interaction of ACs and 

PCs with brain capillary endothelium is responsible for TJ integrity at the BBB (26).  
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Figure 1.2. Examples of CNS active agents with their physicochemical properties. 
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Figure 1.3. Schematic representation of the components of the Neurovascular Unit (NVU) (a 

combination of ACs, PCs, microglia, TJs). 

 

In addition to being a physiological barrier, the BBB also acts as an enzymatic barrier, 

thus making drug transport across the BBB more difficult. Drugs are exposed to cytosolic 

and membrane-associated enzymes, such as c-glutamyl transpeptidase, alkaline 

phosphatase, aromatic acid decarboxylase, dipeptidyl(amino)-peptidase IV, and 

aminopeptidase A and N, which are directed at metabolizing neuroactive agents and any 

agents associating with the barrier (27, 28). 

There are specific biological characteristics of the BBB that allow it to control the 

permeability of molecules, such as: 
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a) Very low number of pinocytotic vesicles and lack of fenestrations, but large 

mitochondrial volume in ECs (29, 30). 

b) TJs between ECs formed by a sophisticated complex of transmembrane proteins with 

cytoplasmic accessory proteins, linked to the actin cytoskeleton forming close cell-

to-cell connections (31). The interaction or communication of ACs and PCs with 

brain ECs leads to further maintenance and integrity of TJ, (32-34) shown in Figure 

1.4. 

c) The presence of different transporters like glucose transporter 1 (GLUT-1) for 

glucose, L-type amino acid transporter 1 (LAT1) for amino acids, insulin, transferrin 

(Tf), lipoprotein receptors, P-glycoprotein (P-gp) and multiple drug resistance 

(MDR) related proteins, facilitating or preventing the transport of drug molecules 

into the brain (31, 35). Some of the recognised transporters across the BBB are listed 

in Table 1.1. 

 

Figure 1.4. Schematic representation of molecular composition of TJs. A TJ is composed of claudins, 

occludin and junctional adhesion molecule (JAM) and endothelial cell-selective adhesion molecule 

(ESAM). Adherens junctions participate in TJ integrity. 
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Table 1.1. A list of recognised receptor-transporters on brain epithelium (BBB) 

Transporter Transporter (Full name) Substrate Ref. 

GLUT-1 Glucose transporter 1 Glucose (36, 37) 

LAT1 L-type amino acid transporter 1 Amino acids (38, 39) 

IR Insulin receptor Insulin (40) 

hTfR Human Transferrin receptor Iron (41) 

ApoE Apolipoprotein E receptor Cholesterol (42-44) 

P-gp P-glycoprotein Digoxin (45, 46) 

α-1 Alpha1 adrenoceptor Norepinephrine (47, 48) 

α-2 Alpha2 adrenoceptor Epinephrine (47) 

AR-A1 Adenosine receptor subtype A1 Adenosine (49) 

(50) AR-A2A Adenosine receptor subtype A2 Adenosine 

AR-A2B/A3 Adenosine receptor subtype A2B/3 Adenosine 

OATPs Organic anion transporting 

polypeptide 

Cardiac 

glycosides 

(51, 52) 

RLIP76 RalA-binding protein 1 GSH-

conjugates 

(53) 

SVCT2 Sodium-dependent vitamin C 

transporters 

Ascorbic acid (54) 

 

1.3. Novel Systematic approaches for CNS drug delivery 

Most of the therapeutics for CNS drug delivery via conventional administration get into 

the brain via blood circulation (18). To attain the minimum therapeutic concentration in the 

brain, an increased level of the drug in the systemic circulation is crucial and can be acquired 

(by higher dose or long-term administration), but that can lead to toxicity. Several factors 

that affect the concentration of the therapeutics across the BBB are listed in Figure 1.5. 
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Continuous efforts have been made to develop a delivery system that can deliver drugs 

without increasing the systemic levels of these drugs. Doxorubicin, a potent anticancer agent 

is under investigation to attain therapeutic concentration; for its poor penetration through the 

BBB (55, 56). 

 

Figure 1.5. Factors affecting therapeutic concentrations of drugs in the brain following their passage 

through the BBB. 

 

Various transport routes have been reported by which solutes and drug molecules can 

cross the BBB, (31, 57) as shown in Figure 1.6. Diffusion of substances across the BBB can 

be generally categorised into paracellular (namely the transfer of nutrients/drugs across an 

epithelium by passing through the intercellular space between the cells) and transcellular 

(namely the movements of solutes through a cell). In order to cross the BBB by passive 
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diffusion, various parameters play pivotal roles. Molecular mass is an important factor and 

the ideal molecular weight reported to be suitable for passive diffusion is <400 Da (58). A 

value of between 5.0 and 6.0 for the log of the octanol-water partition coefficient (logPo/w), 

a measure of lipophilicity, is suitable for passive diffusion (59). 

Compounds that are lipophilic, neutral or uncharged at pH 7.4 and have less than 8 

hydrogen bonding groups are more suitable to cross the BBB (60). In another study, reported 

by Partridge in 2012, (61) it was found that small drug molecules can cross the BBB if their 

molecular mass is less than 400 and they have the ability to form 8-10 hydrogen bonds. 

Unfortunately, it has been reported that more than 98% of drugs for the CNS are unable to 

cross the BBB adequately to attain the minimum therapeutic concentration (15). Several 

invasive and non-invasive approaches have been anticipated to evade the BBB and enhance 

drug delivery to the CNS. 

1.3.1. Approaches based on the route of administration/delivery 

To deliver drugs into the brain, continuous efforts have been made to surmount the BBB, 

either by invasive techniques such as intracerebral, intraventricular and intrathecal injections 

or non-invasive techniques such as chemical modification, biological methods, colloidal 

drug carriers and using the intranasal route (62, 63). 

1.3.1.1. Invasive routes of administration 

As the name suggests, direct injection into brain, an intracerebral method of delivery, 

requires direct injection into the parenchymal space through cranium holes (63-65). The 

intraventricular route treatment of post-neurological intracranial infections due to multiple 

drug-resistance involves direct injection into the cerebral ventricle, leading to high drug 

distribution (66).
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Figure 1.6. Transport routes across the BBB. Solute molecules follow from “a” to “f” pathways and the route “g” involves monocytes, macrophages and nanoparticles 

(NPs).
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Pan et al. successfully injected polymyxin B via the intrathecal/intracerebral ventricle 

route, for the treatment of  Acinetobacter baumannii (67). Kim et al. injected adeno-

associated virus (AAV) into the intracerebroventricular region of the neonatal mouse brain 

for manipulating neuronal gene expression (68). Invasive approaches come with several 

limitations and hazards: post injection infection, costly procedure, the need for a neural 

expertise for accurate delivery of the drug in the target region.  

1.3.1.2. Non-invasive routes of administration 

Non-invasive routes cover several approaches for drug delivery to the brain, such as 

chemical modification of the therapeutic molecule, physiological transport mechanisms, 

chemical and physical disruption of the BBB, and nasal drug delivery. Drug delivery to the 

brain via the nasal route has been extensively investigated over the last decade. The external 

portion of the nose consisting of two nostrils (separated by the septum) occupies a third of 

the nasal cavity. The total volume of distribution within the nasal cavity is about 15 mL, 

with a surface area of approximately 150 cm2 (69). Drug delivery to the brain via the nasal 

route is dependent on the olfactory and trigeminal pathways. Both olfactory and trigeminal 

nerves provide direct connection to the brain (70). 

Carboxymethyl chitosan NPs loaded with carbamazepine have been shown to deliver the 

drug when administered via the nasal route. The uptake of loaded NPs was proposed via two 

pathways; firstly, a systemic pathway (e.g., the drug is absorbed into the systemic circulation 

and successively gets access to the brain after crossing the BBB); secondly, via the olfactory 

region linked directly with brain tissues and the CSF (71). Bio-engineered biodegradable 

poly(lactic-co-glycolic acid) (PLGA) NPs encapsulating NP-335 (L-pGlu-(1-benzyl)–L-

His–L-ProNH2) and NP-647 (L-pGlu-(2-propyl)–L-His–L-ProNH2), analogues of 

thyrotropin releasing hormone (TRH), were successfully taken up by the brain via intranasal 

administration (72). Rodriguez et al. used the nasal route to deliver small interfering RNA 

(siRNA) encapsulated with polyethylenimine (PEI) to mice to target Beclin1 (a host 
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autophagic protein resulting from HIV infection) (73). The nasal route is non-invasive, non-

infectious and provides an ease of self-administration. It also avoids the first pass effect, 

bypasses the BBB and provides rapid onset of action. On the other hand, only very small 

volumes (25-200 µL) can be administered, the nasal cavity has low pH and some portion of 

the drug can undergo metabolism in the nasal cavity (74, 75). 

1.3.2. Chemical modifications of drug molecules 

Chemical modification can be subcategorized into three strategies: a) lipidization of drug 

molecules, b) prodrug approaches, and c) lock-in approaches. 

1.3.2.1. Lipidization of molecules 

Lipidization is the introduction of lipid moieties to a drug molecule or removal of polar 

moieties in order to enhance the overall lipophilicity. To cross the BBB, enhanced 

lipophilicity, lower molecular mass and lack of any charge tend to be more favourable. As a 

general rule, addition of two hydrogen bonding groups to a molecule decreases the 

permeability by one order of magnitude (76). One of the most notorious examples of 

increasing lipophilicity (77) to enhance permeation across the BBB is the conversion of 

morphine to heroin by di-acetylation. This minor modification leads to 100 times greater 

permeation of heroin than morphine, (78, 79) shown in Figure 1.7. Lipidization results in 

enhanced permeation of the molecule across all biological membranes, not only the BBB, 

affecting plasma distribution and plasma clearance (80-82). Increased lipidization promotes 

plasma protein binding, as well as increasing the mass of the molecule (which itself would 

result in less permeability) (76). Lipidization can increase molecular weight and, as 

discussed, drugs >400-500 Da do not cross the BBB in significant amounts. It has been 

reported that an increase in the molecular size of the drug exponentially decreases BBB 

permeability, limiting the excessive use of lipidization technique (83). 
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Figure 1.7. Lipidization of drug; a schematic representation. When administered intravenously, only 

a small number of morphine molecules get into the brain, whereas lipidization (converting to heroin) 

results in significant penetration into the brain. 

 

1.3.2.2. Pro-drug approach  

Prodrugs can be described as bio-reversible derivatives of drug molecules that undergo 

an enzymatic modification, such as that by matrix metalloproteinases (MMPs), cytochrome 

P450 (CYP450) enzymes, monoamine oxidases, gamma-aminobutyric acid, transaminase, 

aminopeptidases, endopeptidases, or chemical reactions in the body to expose the active drug 

molecule (84, 85). The physical obstacle of the BBB allows only a small fraction of drugs 

to pass through and access the brain. Amidation or esterification of active drug molecules 

bearing amino, carboxyl or hydroxyl groups may enhance their lipid solubility by removing 

hydrogen bond donors, which in turn can promote penetration as shown in Figure 1.8. The 

concomitant increase in molecular weight will have the opposite effect and so careful 

consideration should be given to which derivatives to prepare. 
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Figure 1.8. Illustration of the prodrug approach. The drug itself is unable to cross the BBB, whereas 

adding a pro-moiety increases the BBB penetration reasonably. Once the drug gets into the cell, the 

pro-moiety is cleaved off by enzymatic/chemical reaction, rendering the free drug. 

 

Once the molecule crosses the barrier, then enzymes or chemical reactions remove the 

pro (lipid in some cases) part from the drug molecule, exposing the active parent drug (86, 

87). Prodrugs have been used in cancer therapy and gene-directed enzyme prodrug therapy 

(88). While lipophilicity is generally favoured for passive diffusion of BBB-crossing drugs, 

poor water solubility can prove a significant impediment to drug delivery. A prodrug strategy 

can improve the aqueous solubility of drugs to attain site-specific delivery (87). About 7-

10% of the drugs currently available are prodrugs and have been proven to control the 

physicochemical and biopharmaceutical properties of pharmacologically active compounds. 

Furthermore, the design of prodrugs can enhance permeability and bioavailability (89). 

Gynther et al. successfully delivered a ketoprofen-lysine prodrug (shown in Figures 1.9a and 

1.9b) in rats via the LAT1 transporter and, after getting into the brain, enzymatic 
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bioconversion was observed (90). Wang et al. demonstrated higher uptake of naproxen when 

decorated with glucose and ascorbic acid (G-V-Nap, Figure 1.9c)  compared to naked 

naproxen (91). TRH (pGlu-His-ProNH2) and [Glu2]TRH (pGlu-Glu-ProNH2) are 

structurally related endogenous peptides that are identified both in neuronal and non-

neuronal tissues. TRH has been identified to regulate the hypothalamic hormone and also 

acts as a neurotransmitter/neuromodulator (92, 93). [Glu2]TRH is highly hydrophilic 

molecule that ionizes at physiological pH on the γ-carboxyl group of the central Glu residue, 

which hinders its diffusion into the CNS (94). Prokai-Tatrai et al. reported improved 

membrane affinity and analeptic effect by esterification of the Glu side chain (shown in 

Figure 1.9d)  in the presence of resin-bound dicyclohexylcarbodiimide (95). 2R-γ-

tocotrienol (γ-T3), a member of the vitamin E family, exhibits antioxidant activity against 

brain microsomes and nitric oxide, cholesterol lowering and anticancer activities (96-98). γ-

T3 is poorly water soluble (shown in Figure 1.9e), limiting its pharmacological use. Three 

aminoalkylcarboxylic acid esters of γ-T3 (shown in Figure 1.9f) exhibit higher water 

solubility and are rapidly hydrolysed in rat and human plasma. SB-3CT ((4-

phenoxyphenylsulfonyl) methylthiirane) is a selective inhibitor of MMP-2 and MMP-9 used 

for the treatment of traumatic brain injury (TBI) (99). However, SB-3CT presents poor water 

solubility. Interestingly, the metabolite of SB-3CT, p-hydroxy SB-3CT, is a more potent 

inhibitor than SB-3CT. Hence, Lee et al. developed O-phosphate of p-hydroxy SB-3CT to 

achieve a prodrug of p-hydroxy SB-3CT (100). Water solubility of the SB-3CT phosphate 

prodrug was enhanced by 2000-fold compared to p-hydroxy SB-3CT. The prodrug readily 

hydrolysed to the active p-hydroxy SB-3CT in the blood, which crossed the BBB (shown in 

Figure 1.9g). The prodrug was administered in multiple doses to TBI mice. However, as 

administering multiple i.v. injections to mice was challenging, the authors administered the 

prodrug i.v. initially (30 minutes after TBI induction) followed by subcutaneous injections 

of p-hydroxy SB-3CT to achieve a sustained concentration of p-hydroxy SB-3CT in the 
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blood. It was reported that the treatment significantly reduced the brain lesion volume and 

improved neurological outcomes in the TBI mice. Yue et al. demonstrated the use of a 

prodrug approach to deliver the ibuprofen into the brain (101). 

 

Figure 1.9.  A) Chemical structure of ketoprofen B) chemical structure of ketoprofen-lysine complex 

with improved pharmacokinetic properties C) chemical structure of naproxen-glucose-ascorbic acid 

complex which is able to cross the BBB D) chemical structure of esterified pGlu-Glu-Pro-NH2 with 
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better BBB penetration E) Chemical structure of 2R-γ-tocotrienol with poor solubility and unable to 

cross the BBB, F) 2R-γ-tocotrienol after esterification with higher water solubility and able to 

penetrate the BBB. G) SB-3CT, a potent MMP-2 and 9 inhibitor, is poorly water soluble, whereas 

phosphate prodrug exhibits 2000-fold increased solubility and crosses the BBB. After crossing the 

BBB, it is hydrolysed into p-hydroxy SB-3CT.  

 

1.3.2.3. Lock-in approach 

The lock-in approach is different from the lipidization and prodrug approaches (102). In 

this system, multi-chemical transformations are required for active drug exposure. It 

involves incorporation of two chemical moieties in the drug molecule. One of these is a 

targeting moiety and the other has switchable physical properties. Once the drug crosses the 

barrier, the switchable moiety is transformed (e.g. by metabolism, leading to significantly 

reduced lipophilicity) and the drug can no longer leave the brain. This phenomenon is known 

as a lock-in system. Once locked, the targeting moiety comes into action and targets a 

specific receptor (103). 

Zhao et al. used a lock-in approach to deliver venlafaxine into brain. Glucosylation was 

used to enhance the brain targeting, however decreased levels of venlafaxine were observed 

due to bidirectional transport of the venlafaxine-glucose conjugate (V-G) through GLUT-1. 

To counter this problem, a thiamine disulfide (TDS) group was introduced to the V-G 

conjugate. In vivo evaluation of venlafaxine-TDS-G showed improved brain targeting and a 

higher level of venlafaxine as compared to administration of naked venlafaxine (104). 

The lock-in approach is an advanced form of the prodrug approach, having a targeting 

moiety along with some switchable prodrug-like moiety. A prodrug lacks the targeting part 

(105). Bodor et al. reported another type of lock-in approach, where dihydropyridine acts as 

quaternary pyridinium ion in a redox system, mimicking the NAD+↔NADH coenzyme 

system. The drug is modified to a 1, 4-dihydropyridine moiety-containing conjugate, 

exhibiting higher lipophilicity than the original drug in the brain. Upon systemic 

administration of the drug, conjugated drug is found all over the body, including in brain. 
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Oxidization of the dihydropyridine in the brain forms a hydrophilic, polar quaternary 

pyridinium salt that is retained in the brain. This retention of pyridinium salt in the brain is 

due to the ‘locking in’, whereas cleavage of the carrier (in the prodrug) releases the free 

active drug (102). Zhao et al. used a novel L-ascorbic acid thiamine disulfide delivery system 

(L-ascorbic acid prodrug) for the delivery of ibuprofen across the BBB by GLUT-1 and the 

Na+-dependent vitamin C transporter SVCT2. A schematic representation of distribution, 

sequential metabolism and brain lock-in pathways is shown in Figure 1.10. 

 

 

Figure 1.10. Chemical structure of ibuprofen- L-Ascorbic acid – thiamine disulphide complex which 

can cross the BBB via GLUT-1 and SVCT2 receptors. Once the complex reaches in the brain then it 

is reduced into a compound, which can’t leave the brain. This complex is further hydrolysed to 

release the ibuprofen and ascorbic acid. 

 

1.3.3. Physiological transport mechanisms 

1.3.3.1. Adsorptive-mediated transport (AMT) 

Cationic modification of albumin and antibodies (immunoglobulins; IgG) can enhance 

cellular uptake through adsorptive-mediated transcytosis (AMT). An electrostatic 

interaction between the cationic (positively charged) albumin and the anionic (negatively 

charged) BBB promotes the penetration, (76, 106) as shown in Figure 1.11.  This 

electrostatic interaction between the cationic (albumin) and the anionic (BBB) has been 
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reported to play a part in the transport of larger molecules like β-endorphin via adsorption 

(107-109). Recently, PepH3, a small peptide (AGILKRW) derived from the dengue virus 

capsid protein, was demonstrated to cross the BBB by AMT (110). Apart from targeting the 

brain, AMT can lead to accumulation of the drug in other tissues such as the liver, kidneys, 

spleen, lungs, intestine, blood and stomach (110). 

 

Figure 1.11. Schematic representation of AMT as a pathway for BBB penetration. Positively charged 

drug molecule (β-endorphin) interacts with negatively charged membrane surface. Vesicles 

containing drug enter intracellular space and penetrate brain endothelial cells. 
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1.3.3.2. Carrier-mediated transport 

Carrier-mediated transport (CMT) is based on the principle of duplicating a natural key 

that unlocks entry via the BBB. In this approach, a drug molecule is altered in a way that 

mimics a natural nutrient. This modified drug molecule that may incorporate glucose or an 

amino acid uses one of the CMT systems in the BBB that transports amino acids and 

nutrients (111). Dopamine, a water-soluble drug molecule, when transformed into levodopa 

can easily cross the BBB using the large neutral amino acid transporter. Once the molecule 

crosses the BBB then it is converted to dopamine by DOPA decarboxylase. This conversion 

of dopamine has been used for treating PD for decades (112). 

1.3.3.3. Receptor-mediated transcytosis  

Macromolecules, like peptides and proteins, use receptor-mediated transcytosis (RMT). 

It works by conjugating the drug materials with ligands such as insulin, Tf and low-density 

lipoproteins, which bind to receptors that are abundant on brain epithelial cells (113) shown 

in Figure 1.12. Uptake of insulin is mediated by insulin receptors (IR), found on the brain 

endothelial cells (114, 115). Similarly, Tf and leptin uptake in the brain is carried out by the 

Tf and leptin receptors, respectively (116-119). Part of the drug molecules that target the 

receptors to cross the BBB are reported in Table 1.2. 
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Figure 1.12. Schematic representation of receptor-mediated transcytosis (RMT) of drugs and nano-

carriers. Drug molecules decorated with receptor ligands interact with the receptor, initiating the 

endocytosis. Once the endosome (vesicle containing the drug molecule) gets closer to the other side 

of the cells, it is released into the brain. IR: insulin receptor; TfR: transferrin receptor; LDLR: low-

density lipoprotein receptor; LRP1: Low-density lipoprotein receptor-related protein 1; nAchR: 

nicotinic acetylcholine receptor. 

Membrane transporters can be key determinants of the pharmacokinetic, safety and 

efficacy profiles of drugs. These transporters are clinically important in drug absorption and 

disposition.  OATP1A2/O ATP-A (SLCO1A2) transporter found on brain capillaries 

endothelium and distal nephrons is responsible for the transport of Oestrone-3-sulphate, 

dehydroepiandrosterone sulphate, bile salts, methotrexate, digoxin, levofloxacin and statins 

(120). MDR1/P-gp present on intestinal enterocytes, kidney proximal tubule, hepatocytes 

(canalicular), brain endothelium regulate the transport of digoxin, loperamide, berberine, 

irinotecan, doxorubicin, vinblastine, paclitaxel and fexofenadine (121, 122). BCRP is 

expressed in the liver, gastrointestinal tract, kidney, brain endothelium, mammary tissue, 

testis and placenta. It has a role in limiting oral bioavailability and transport across the blood–

brain barrier, blood– testis barrier and the maternal–fetal barrier of some selected substrates 

(123, 124). 
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Table 1.2. A list of the formulations that target receptors expressed on the endothelium of BBB cells. 

Receptor 

targeted 

Carrier Drug In vitro/vivo model Ref. 

IR Insulin or an anti-insulin receptor monoclonal antibody (29B4) 

linked with HSA. 

Loperamide Female ICR (CD-1) mice (125) 

IR Human insulin receptor monoclonal antibody (HIRMAb) Iduronate 2-sulfatase 

(IDS) 

Juvenile male rhesus 

monkeys 

(126) 

IR 83-14 MAb-grafted saquinavir (SQV)-loaded solid lipid NPs 

(SLNPs) 

Saquinavir Human brain-microvascular 

endothelial cells (HBMECs) 

(127) 

IR HIRMAb–SGSH fusion protein Sulfamidase MPSIIIA fibroblasts 

rhesus monkeys 

(128) 

hTfR JR-141 (anti-human transferrin receptor (hTfR) antibody and intact 

hIDS 

Iduronate 2-sulfatase 

(IDS) 

Human fibroblasts 

mice or monkeys 

(129) 

hTfR 

(OX26) 

Transferrin receptor-targeted (OX26) immunoliposomes containing 

oxaliplatin 

Oxaliplatin Rats (130) 
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TfR Transferrin-conjugated docetaxel (DTX)-loaded d-alpha-tocopheryl 

polyethylene glycol 1000 succinate (vitamin E TPGS or TPGS) 

micelles. 

Docetaxel Rats (131) 

TfR Anti-transferrin antibody conjugated with gold NPs (8D3-AuNPs) - Mice (132) 

TfR Chimeric human IgG1 molecules with the S239D/A330L/I332E 

triple mutation anti–transferrin receptor-interleukin-1 receptor (IgG1 

TM-IL-1RA) 

- Mice (133, 

134) 

LRP1 poly(butyl cyanoacrylate) NPs coated with polysorbate 80 Dalargin/Loperamide C57BL/6J mice (135) 

LRP1 Polyamidoamine conjugated bifunctional PEG-Angiopep/DNA NPs 

(PAMAM-PEG-Angiopep/DNA) 

Temozolomide C6 glioma cells 

ICR mice and nude mice 

(136) 

Lf R-Lf PLGA NPs crosslinked with lactoferrin (Lf) and folic acid (FA) Etoposide Human brain-microvascular 

endothelial cells (HBMECs) 

(137) 

nAchR C2-9r Short rabies virus glycoprotein (sRVG) linked with extra Gly 

and Arg (H-CDIFTNSRGKRAGGGGrrrrrrrrr)  

short interfering 

RNA (siRNA) 

M17 cells 

Mice 

(138) 
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nAchR RVG-29-9rR peptide 

(YTIWMPENPRPGTPCDIFTNSRGKRASNGHHHHrRrRrRrRr) 

DNA Neuro 2a cells; brain 

capillary endothelial cells 

(BCECs); KM mice 

(139) 
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1.3.3.3.1. Insulin receptor and insulin analogue receptor 

Insulin receptor exhibiting cells are present on the luminal membrane of the BBB and 

neural cells in the CNS,(140, 141) which import blood borne insulin into the brain via RMT 

(140). Potential use of insulin for drug delivery via RMT has stalled due to a short serum 

half-life of about 10 minutes and the possibility of hypoglycaemia (too much insulin will 

promote widespread uptake of glucose from the blood circulation) (142). This problem may 

be overcome by employing insulin-like growth factors (IGF-1 and IGF-2),(143) as higher 

concentrations of IGFs are required to develop hypoglycaemia (142). However, antibodies 

that recognize the insulin receptor have been extensively studied. Insulin receptor was 

targeted to treat mucopolysaccharidosis type I (MPSI) via enzyme replacement therapy 

(ERT). Clinical trials have been started for the utilization of IR for drug delivery and other 

applications. Clinical trial (NCT02045368) was designed to evaluate IGF-Methotrexate 

conjugate (765IGF-MTX) in patients with advanced tumors. 765IGF-MTX is administered 

as an IV infusion over 1 hour on days 1, 8 and 15 of a 28 d cycle. Treatment continues until 

disease progression, unacceptable toxicity, or patient refusal. Assessment of response will 

be confirmed with imaging studies performed at the end of cycle 2 +/- 7 days, and every 2 

weeks thereafter. Rapid cellular uptake GF-MTX has been reported (144). 

Boado and Pardridge (2017) fused a lysosomal enzyme, α-L-liduronidase (IDUA), with 

monoclonal antibodies to human insulin receptor (HIRMAb) to cross the BBB. Upon 

administration in rhesus monkeys, 1.2% of injected drug (0.1 mg/kg) accumulated in the 

brain, whereas the unconjugated IDUA did not penetrate the BBB (145). It is reported that 

HIRMAb acts like a molecular Trojan horse to deliver the IDUA across the BBB by binding 

to insulin receptors. Furthermore, they demonstrated the delivery of a decoy receptor (tumor 

necrosis factor receptor) across the BBB by fusing it with HIRMAb (146). 

1.3.3.3.2. Transferrin receptor  

The transferrin receptor (TfR) is one of the extensively studied receptors known to follow 

the RMT route and is abundantly found on the capillaries of the BBB to facilitate the delivery 
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of iron to the brain (147, 148). Several studies have been reported that targeted TfR for 

delivering payloads to the brain in animal models. TfR is a glycoprotein, having two ∼80 

kDa subunits linked by intramolecular disulfide bonds. Each subunit can bind with one 

molecule of Tf.(149) Tf and poly-L-arginine (cell penetrating peptide) linked with 1, 2-

distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG) 

liposomes were developed for brain delivery of imaging agents and DNA (150). B6 

(CGHKAKGPRK), a TfR-specific peptide, and GE11 (CYHWYGYTPQNVI), a peptide 

specific for endothelial growth factor receptor (EGFR) overexpressed on cancer cells were 

linked with poly(amido)amine-PEG (PAMAM-PEG) based dendriplexes for siRNA 

delivery (151). In another study, Sonoda et al. formulated a BBB penetrant protein conjugate 

(JR-141), comprising an anti-human transferrin receptor (hTfR) antibody and human 

iduronate-2-sulfatase (hIDS) to treat mucopolysaccharidosis II (MPS II, caused by 

accumulation of glycosaminoglycans) (129). Upon i.v. administration, JR-141 was detected 

in the brain but hIDS alone failed to penetrate into the brain. In addition, ostensibly 

therapeutic outcomes were observed, with a lower accumulation of glycosaminoglycans seen 

in brain and peripheral tissues (129). Greta et al. showed 80-times higher uptake of fused 

mAb158 (an antibody that binds selectively to Aβ protofibrils) than of the unmodified 

antibody, two hours after administration. The TfR antibody (8D3) was recombinantly fused 

with light chains of mAb158 (152). Furthermore, nucleic acid aptamers targeting TfR have 

also been investigated for their ability to pass the BBB. In one such example, an aptamer 

that binds to epithelial cell adhesion molecule-expressing cancer cells fused with a TfR-

targeting aptamer (TEPP: 5′-GC GCG GTAC CGC GC TA ACG GA GGTTGCG TCC GT-

3′) showed a reasonable penetration into brain following a single i.v. injection of aptamer 

(40 nmol/kg) to mice.(153) McConnell et al. describe a multi-DNA aptamer-functionalised 

liposome used to study cocaine-induced dopamine dysregulation: peripherally-administered 

(intraperitoneal, i.p.) functionalised liposomes were found to enter the brain of mice via a 
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surface TfR aptamer (5’-

GAATTCCGCGTGTGCACACGGTCACAGTTAGTATCGCTACGTTCTTTGGTAGTC

CGTTCGGGAT-3’), where upon they reduced cocaine-induced hyperlocomotion by 

sequestering of dopamine via a dual dopamine-aptamer payload. Additionally, animals did 

not suffer from neurological damages following chronic administration of the liposomes 

(one injection per day for six days) (154). PAMAM-PEG-NPs modified with lactoferrin (Lf) 

encapsulated reporter genes encoding green fluorescent protein (GFP) has been reported to 

successfully cross the BBB and access to neural tissues after i.v. administration (155). In 

vivo imaging showed high fluorescence in the central region of brain. On the other hand 

unmodified NPs were observed in the liver at much higher amounts compared to Lf-modified 

NPs as shown in (155). 

Despite the expanding use of the TfR vector and anti-TfR antibodies for brain drug 

delivery, a number of factors affect the delivery efficiency. Firstly, TfR is present at the BBB 

as well as in other vascular beds and parenchyma of other organs, resulting in extensive 

distribution in the body. Secondly, there is limited transcytosis of TfR in the brain. For 

example, TfR-targeted immunoliposomes for brain drug delivery accumulated in the micro 

vessels of the rat brain. No transcytosis of the non-TfR-targeted immunoliposomes was 

observed (130). 

 

1.3.3.3.3. Low density lipoprotein receptors (LDLR) 

The low-density lipoprotein receptor (LDLR) and low-density lipoprotein receptor 

related proteins (LRP1, LRP2) are expressed on ECs in brain capillaries (156-158). LDLRs 

have been reported to facilitate the transport of lipoproteins and pharmaceutical substances 

into the brain via RMT (113, 157-159). In clinical trial phase I ANG1005 exhibited 

manageable toxicity and activity in patients with brain metastases from advanced solid 

tumors and recurrent malignant gliomas (160, 161). However, in clinical phase II trials to 
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date patients had a partial response and 17/30 (57%) had a stable disease, as best response 

(162). 

Datta et al. used a receptor binding domain peptide derived from human apolipoprotein 

E (hApoE), LRKLRKRLLR [hApoE (141-150)] to cross the BBB. They fused hApoE (141-

150) with 18A (DWLKAFYDKVAEKLKEAF) [Ac-He18a-NH2], a high affinity lipid-

associated peptide to assess the uptake and degradation of low-density lipoprotein (LDL) in 

murine embryonic fibroblast (MEF1). In addition, four analogues were prepared, of which, 

Ac-LRRLRRRLLR-18A-NH2 [Ac-hE(R)18A-NH2] and Ac-LRKMRKRLMR-18A-NH2 

[Ac-mE18A-NH2] have an extended hydrophobic moiety, including the receptor binding 

region. Control peptides were Ac-LRLLRKLKRR-18A-NH2 [Ac-hE(Sc)18A-NH2], which 

has amino acid residues of the ApoE to disrupt the hydrophobic face, and Ac-

RRRRRRRRRR-18A-NH2 (Ac-R1018A-NH2), which has only positively charged arginine 

(R) as the receptor binding domain. Increased internalisation of LDL was observed by 3-, 5- 

and 7-fold for Ac-mE18A-NH2, Ac-hE18A-NH2, and Ac-hE(R)18A-NH2, respectively, 

whereas the control peptides had no significant biological activity (163). Yamada et al. 

demonstrated the internalization of Aβ involved in the pathogenesis of AD. They observed 

the penetration of Aβ in the conditionally immortalised endothelial cell line from rat brain 

via LRP1. Upon administration of LRP1 antagonist, low internalization of Aβ was observed 

(164). Wang et al. used a receptor binding peptide of ApoE (residual 159-167 [monomer: 

LAVYQAGAR], but the peptide had 18 amino acids, 2×monomer) fused to IDUA (a 

lysosomal enzyme, α-L-iduronidase) [IDUAe1] to deliver across the BBB by targeting the 

LRP1, for the treatment of mucopolysaccharidosis (MPS) type I (165). In this disease there 

is a deficiency of IDUA and accumulation of glycosaminoglycans (GAGs) with elevated β-

hexosaminidase activities. The authors took an interesting approach by developing a plasmid 

DNA that generates the whole therapeutic vector (IDUAe1) and targeting the plasmid DNA 

to the liver. The gene delivery occurred by a single hydrodynamic tail-vein injection. 
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Therefore, the liver produced IDUAe1, which found its way to the brain in mouse model of 

MPS I. The animal showed normal levels of GAGs and β-hexosaminidase activity 5 months 

after the treatment. Furthermore, Benchenane et al. found that blood-derived tissue-type 

plasminogen activator (tPA) crosses the BBB without disruption of the BBB through LDL 

receptor related protein mediated transcytosis. This is useful to improve thrombolysis in 

stroke (158). 

For example, Papademetriou et al. found that under inflammatory conditions such as 

lysosomal storage disorders the increased expression of intercellular adhesion molecule 1 

(ICAM-1) on the endothelial cells compared to TfR resulted in almost 10-times more binding 

of anti-ICAM-1 antibodies compared to anti-TfR antibodies to the endothelial cells. The 

trend was maintained for 250 nm polystyrene NPs that were coated with anti-ICAM-1 or 

anti-TfR antibodies (2700-3000 antibodies per NP). Therefore, targeting ICAM-1 will be 

suitable for delivery of nano-carriers to the brain compared to TfR under diseased conditions 

(166). 

1.4. Novel Shuttle peptides 

Shuttle peptides facilitate the influx of a diverse range of small molecule cargoes across 

the BBB. The concept of shuttle peptides for BBB was coined by William M Pardridge in 

the mid-1980s (167). Small synthetic peptide shuttles (natural amino acids) have been 

reported to cross the BBB. Short rabies virus glycoprotein (RVG), RVG-29 

(YTIWMPENPRPGTPCDIFTNSRGKRASNG),  binds exclusively with the nicotinic 

acetylcholine (nAchR) receptor found on neuronal cells and on the endothelial cell lining of 

the BBB, making it possible for peptide carriers to penetrate (168). Javed et al. used C2-9r 

(H-CDIFTNSRGKRAGGGGrrrrrrrrr, where r is D-arginine) to deliver siRNA for 

suppressing the α-synuclein (α-Syn) gene, implicated in the development of PD. 

CDIFTNSRGKRA is a shorter version of RVG, linked with four glycines acting as a spacer 

and positively charged, which at the end of the C-terminus bind with negatively-charged 
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siRNA. It was reported that this peptide-based delivery system not only crosses the BBB, 

but also stabilizes the siRNA that supresses the α-Syn protein, thus mitigating PD-like 

symptoms (138). Although this delivery system has been derived from the rabies virus, it 

was reported to be non-toxic to neuronal cells. Alvarez-Erviti et al. used exosomes (obtained 

from self-derived dendritic cells) decorated to express Lamp2b and fused with neuron-

specific RVG peptide to deliver siRNA into mouse brains (169). They also compared the 

immune response of siRNA-RVG exosomes and siRNA-RVG-9R in vivo by measuring the 

interleukin (IL)-6, interferon gamma-induced protein (IP)-10, tumour necrosis factor (TNF)-

α and interferon (IFN)-α serum levels. They found non-substantial changes in all cytokines 

compared to siRNA-RVG-9R (169). Although, IFN-α and IP-10 increased in average for 

mice injected with siRNA-RVG exosomes compared to control mice (169). Moreover, 

Conceicao et al. reported that the RVG-9r peptide decorated liposomes (also referred as 

stable nucleic acid lipid particles [SNALPs]) were able to cross the BBB and deliver siRNA, 

which can target mutant ataxin-3 in the brain of Machado-Joseph disease mouse models. 

These SNALPs offered high encapsulation of siRNA, optimum particle size and almost no 

toxicity. In vivo experiments showed the ability of SNALPs to accumulate in the brain and 

silence the mutant ataxin-3 upon i.v. injection (170). 

Venom-derived, peptide-based shuttles have been reported to cross the BBB and to be 

able to deliver drug at the desired site. Oller-Salvia et al. have demonstrated that miniAp-4 

(H-DapKAPETALD-NH2) derived from Apamin (a neurological toxin from bee venom) is 

able to cross the bovine-cell-based BBB model and can deliver gold NPs, showing proof of 

concept for drug delivery (171). PepH3 has shown greater penetration upon i.v. 

administration in CD1 mice. Bio-distribution was measured in mice sacrificed 5 minutes and 

1 h after administration. Furthermore, its clearance and excretion is relatively fast, making 

it a good candidate for a shuttle carrier (110). Spontaneous internalisation of nanowires 

(NW) has been reported, linked with a cell penetrating peptide: the trans-activating 
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transcriptional activator (TAT) from human immunodeficiency virus 1 (172). 

PWVPSWMPPRHT and GPWVPSWMPPRHT (composed of D-amino acids) have been 

found to cross the BBB and are able to transport drug molecules or diagnostic substances 

into the CNS. These peptides have been reported to be biocompatible and non-toxic (as they 

were made up of amino acids) (173). In recent decades, a number of BBB shuttle peptides 

with improved efficiency have been reported (Table 1.3). Apolipoprotein (Apo) derivative 

peptides have been shown to cross the BBB (in in vitro and in vivo experiments) (174, 175). 

Numerous studies have demonstrated that ApoB 

(SSVIDALQYKLEGTTRLTRKRGLKLATALSLSNKFVEGS) and ApoE 

(LRKLRKRLL)2 analogues are able to cross the BBB (163, 165, 176). Gao et al. reported 

the use PEG-(poly(ε-caprolactone) NPs (prepared by emulsion solvent evaporation) for the 

brain drug delivery, and contained docetaxel, a widely used drug in the treatment of several 

malignancies including brain tumours. They successfully conjugated a phage displayed TGN 

(Table 1.3) peptide and an AS1411 aptamer, which specifically targets the ligands on the 

BBB and cancer cells respectively. In vitro experiments showed excellent permeability 

across the C6 cells and bEnd.3 cells endothelial monolayer. In vivo imaging showed that 

unmodified NPs hardly distributed in the brain while AsNPs (AS11411 conjugated NPs) 

accumulated slightly in the brain. However, the accumulation of TGN conjugated NPs in the 

brain significantly increased and the brain distribution achieved the highest intensity at 12 

hrs (177). Numerous shuttle peptides have been investigated for drug delivery to the brain 

but still there is a need to find a magical combination. 

1.5. Adeno-associated virus delivery system 

AAV gene/drug delivery is one of the most investigated mechanisms. AAV has a 4.7-

kilobase, single stranded genome with two genes (178). Among AAVs, AAV9 crosses the 

BBB via an active transport (179). Aubourg et al. initiated phase I/II trial using an AAV 

serotype rh.10 (AAVrh. 10) by intracerebral administration for the effective transfer of the 
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ARSA cDNA coding for Arylsulfatase A (ARSA) enzyme into the brain of children 

suffering with metachromatic leukodystrophy (180). A Phase II trial has been initiated to 

evaluate the effects of CERE-110 for the treatment of AD (181). CERE-110 generates nerve 

growth factor (NGF), a protein that keeps nerve cells healthier (182). Raffi et al. reported 

the efficient delivery of NGF using AAV2. NFAAV2-NGF was found to be safe and well-

tolerated through 24 months (181). The virus was delivered via stereotactic neurosurgery. 

Another phase I/II clinical trial has been reported the delivery of adeno-associated viral 

vector serotype 10 (AAV-10) by intracerebral administration, loaded/carrying SGSH and 

SUMF1 cDNA for the sanfilippo type A syndrome and Mucopolysaccharidosis Type III A. 

Safety data showed good tolerance, no toxicity and moderate improvement in behaviour, 

attention and sleep (183). 

Zhang et al. used BBB shuttle peptides to enhance the brain transduction of AAV8 after 

systemic administration. THR (THRPPMWSPVWP-NH2), a shuttle peptide that binds 

specifically to TfR1 was used to promote the internalization and transduction of AAV8. It 

was reported that AAV8 transduction by THR was dose-dependent (184). Korbelin et al. 

reported the use of an AAV2 mutant, AAV-BR1 (where BR1 is a brain-targeted peptide 

NRGTEWD) for the elimination of severe cerebrovascular pathology after i.v.  

administration int o FVB/N mice (185). Samaranch et al. demonstrated the transduction of 

the non-human primate brain and spinal cord with AAV5. After bilateral infusion into the 

putamen and thalamus, GFP was seen instantly. It was found that AAV5 transduced the 

entire corticospinal axis after thalamic infusion (186). Another study reported the 

comparison of AAV1, 2, 5, 8 and 9 in marmoset, mouse and macaque cerebral cortices, 

delivered by intracerebral injection (187). All AAVs efficiently transduced (>70%) cortical 

cells. 

AAV2 showed clear distinction in small spreading and neuronal tropism. Recombinant 

AAV-TT showed higher neurotropism in rodents, better distribution throughout the CNS 
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and improved transduction of photoreceptor cells compared to AAV2 following 

intracerebroventricular injections. AAV-TT exhibited better distribution compared to AAV9 

and AAVrh10 standard in the nervous system of mice. At a lower dose, AAV-TT is able to 

overhaul the neurological phenotype in mouse model of Mucopolysaccharidosis IIIC (188). 

As explained above, most of AAV delivery was by intracerebral injections, which is an 

invasive drug delivery to the brain. However, the gene delivery was successful.  
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Table 1.3. A list of shuttle peptides that can target the BBB. 

Peptide Typical Sequence Origin Transport Mechanism Ref 

g7 GFtGPLS (O-β-d-glucose)CONH2 Enkephalin analogues/ opioid peptides RMT 

(189-

192) 

Apamin H-CNCKAPETALCARRCQQH-NH2 Venom neurotoxin Unknown (171) 

MiniAp-4 [Dap]KAPETALD Venom neurotoxin Unknown (171) 

Regulon 

polypeptides 

PTVIHGKREVTLHL Neurotropic endogenous Protein LDLR (193) 

RAP ELKHFEAKIEKHNHYQKQLE Neurotropic endogenous Protein LDLR (193) 

Angiopep-2 TFFYGGSRGKRNNFKTEEY Neurotropic endogenous Protein LRP1 

(194, 

195) 

TAT (47-57) GGGGYGRKKRRQRRR HIV Protein 

CD4 + T lymphocytes (CCR5, 

CXCR4) 

(196) 

PhPro [Phenyl-Proline]4 Chiral library design 

Passive transport (paracellular 

and transcellular) 

(197) 

RI-OR2-TAT Ac-rGffvlkGrrrrqrrkkrGy-NH2 HIV Protein and Amyloid beta Aβ peptide binding (198) 

SynB1 RGGRLSYSRRRFSTSTGR Protegrins AMT (199) 
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Pep 22 Ac-[cMPRLRGC]c-NH2 Phage display (receptor) LDLR (200) 

Leptin 30 YQQVLTSLPSQNVLQIANDLENLRDLLHLLC Leptin RMT (201) 

TGN TGNYKALHPHNG Phage display Unknown 

(202, 

203) 

CNG-QSH (d-CGNHPHLAKYNGT) (d-QSHYRHISPAQVC) Phage display Unknown/Aβ peptide binding (204) 

LNP KKRTLRKNDRKKRC 

the nucleolar translocation signal 

sequence of the LIM Kinase 2 protein 

Caveolae-mediated endocytosis 

and macropinocytosis 

(205) 

ApoE (157-167) (LRKLRKRLLR)2 Apolipoprotein E LRP1 

(163, 

165, 

206) 

ApoB 

SSVIDALQYKLEGTTRLTRKRGLKLATALSLSNKF

VEGS 

Apolipoprotein B LRP2 (176) 

RVG-29 YTIWMPENPRPGTPCDIFTNSRGKRASNG Rabies Virus Glycoprotein nAchR (168) 

G23 HLNILSTLWKYRC Phage display GM1 and GT1b 

(207, 

208) 

T7 HAIYPRH Phage display hTfR 

(209-

212) 
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THR THRPPMWSPVWP Phage display hTfR (173, 

213-

215) 
THRre pwvpswmpprht (retro-enantio version of THR) Phage display hTfR 

THRre_2f (pwvpswmpprht)2KKGK(CF)G Branched - Phage display hTfR (216) 

DKP Phe(p-NH-Dhp)-L-N-Me[Cha]/ [2Nal] Unknown Passive diffusion (217) 

GSH-PEG GSH[PEG] Endogenous tripeptide Glutathione 

(218-

220) 

CDX D-[FKESWREARGTRIERG] Structure-guided design nAchR 

(221, 

222) 

CRT CRTIGPSVC Phage display TfR (223) 

T7 - #2077 RLSSVDSDLSGC Phage display RMT (224) 
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1.6. Chemical and physiological disruption of the blood brain 

barrier 

Endothelial TJs block the passage of drugs through the BBB. Physical strategies like 

disruption of these junctions can result in higher drug permeability. This disruption of the 

BBB facilitates either paracellular or transcellular penetration of drugs and it should be 

reversible and rapid. The level of disruption is critical, as it may enable the invasion of 

harmful and toxic materials, causing seizures, amyotrophic lateral sclerosis, multiple 

sclerosis,  and vasculopathy (225).  

1.6.1. Osmotic disruption 

Disruption of the BBB for the delivery of drugs to the CNS has been reported to be an 

alternative approach. Hyperosmotic disruption of the BBB has been suggested to enhance 

the penetration of hydrophilic drugs. It is believed that hyper-osmosis causes shrinkage of 

endothelial TJs, leading to higher penetration (226). Mannitol is reported to be used 

concomitantly with antineoplastic drugs such as procarbazine and methotrexate (MTX) for 

the treatment of brain tumours (226). Park et al. reported an improved BBB penetration 

for R-PEG-PMT (poly(mannitol-co-PEI) modified RVG), based on osmotic disruption of 

the BBB. Intra-arterial administration of the mannitol showed prominent variations in the 

extent and duration of BBB disruption when injected in rabbits (227). This induced 

disruption of the BBB should be controlled and cautious; Salahuddin et al. reported that 

injecting hypertonic mannitol into rats resulted in brain damage with apparent BBB 

disruption (228, 229). 

1.6.2. Vasoactive substance-induced disruption 

Vasoactive substances like inotropes, vasopressors, and inodilators have been reported 

to affect permeability across the BBB. Vasoactive compounds like histamine, bradykinin 

and analogue receptor-mediated permeabilizer (RMP)-7 exposed brain tumour barriers to 

external substances. Bradykinin induces opening of TJs by activating B2 receptors on 

endothelial cells (230, 231). RMP-7, a bradykinin analogue, has been studied and reported 
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to control the opening of TJs in the BBB and promotes the permeation of drugs across the 

BBB. Furthermore, it has been observed that a liposomal delivery system linked with RMP-

7 results in Evans blue dye crossing the BBB (232). This bradykinin-induced breakage of 

the BBB occurred by the calcium-dependent redistribution of occludens TJs. Ketamine 

supresses bradykinin-induced calcium-dependent redistribution and maintains BBB 

integrity,(233) as shown in. Ginkgolide B pyrazine (PGB) derivative, a potent antagonist of 

the platelet-activating factor receptor, has been reported to be a novel brain targeting system 

with good bio-distribution throughout the brain. In addition, PGB downregulated the P-gP 

expression in rat hippocampus and cerebral cortex (possibly in brain microvessels). 

Furthermore, PGB restored BBB integrity in in incomplete cerebral ischemia mice (233, 

234). Lower expression of P-gP could be useful, as overexpression of P-gP in brain 

microvessels could return drug molecules that crossed the BBB back to the blood. 

Solvents, stabilisers and surfactants used in different pharmaceutical formulations have 

been investigated for disruption of the BBB. Sodium lauryl sulphate (SLS, also known as 

sodium dodecyl sulphate, SDS), an anionic surfactant used in pharmaceutical formulations 

as a solubilising, wetting and foaming agent, enhanced permeation of Evan’s blue across the 

BBB when injected into rats (235, 236). Ethanol, also used in pharmaceutical formulations, 

has been described to interrupt the BBB when consumed chronically (237, 238). Polysorbate 

80 (Tween 80), a pharmaceutical excipient used as a stabiliser and emulsifier in aqueous 

formulations,(239) when injected concurrently with MTX, led to higher levels of MTX being 

observed in the brain due to the disruption of the BBB (240). In addition, drug-containing 

NPs coated with Tween 80 have been stated to be able to deliver the payload into the brain 

by disruption of the BBB (241-244). It should be noted that Tween 80 adsorbs ApoE from 

the blood, which helps Tween 80 coated NPs to deliver payload the brain by crossing the 

cerebral endothelium and epithelial cells in the choroid plexus (245, 246).  
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1.6.3. Ultrasound-induced disruption 

The use of energy-based physical methods, such as ultrasound, to disrupt the BBB 

physiologically has been studied extensively. Acoustic technology has empowered the use 

of ultrasound not only as a diagnostic tool, but also as a therapeutic modality (247). Focused 

ultrasound (FUS) can be concentrated deep on specific tissue with less impact on the 

surrounding body tissues. No surgical procedures are required in this approach, as this is a 

non-invasive technique which induces physiological changes in the deep tissues (248). It has 

been revealed that the use of preformed microbubbles prior to ultrasound application opens 

the BBB without destruction of neurons (249, 250). High-intensity focused ultrasound 

(HIFU) produced reversible, non-damaging BBB disruption (251). Microbubbles (albumin 

coated, octafluoropropane-filled microbubbles ranging from 2 to 4.5 μm in diameter 

[Optison™, Mallinckrodt Inc., USA]), ultrasonographic contrast agent (enhanced images of 

magnetic resonance imaging [MRI]) and Evans blue have been employed to verify BBB 

opening (251-253). A schematic representation is shown in Figure 1.13 for ultrasound-

induced disruption. One of the proposed mechanisms of action for ultrasound to work is by 

raising the temperature of the focal area (hyperthermia) (254). In another study, conducted 

on a rabbit model of the BBB, ultrasound power of 0.55 W was used and TJ openings were 

observed with release of payload (dye) and contrast agent (253). 
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Figure 1.13. Schematic representation of ultrasound-induced disruption of the BBB. 

1.7. Novel Nanotechnology for brain drug delivery 

 Nanoparticles (NPs) are carriers composed of natural (e.g. lipidic) or synthetic (e.g. 

polymeric) materials ranging from 1-500 nm in size. NPs are able to encapsulate, adsorb, or 

conjugate drugs or diagnostics and release the payload at a specific rate in the human body 

(255). The physicochemical properties of NPs such as size, surface charge (zeta potential), 

morphology and composition are important factors deciding the fate of NPs, such as passage 

across the BBB, biological activity, release profile and biocompatibility (256). A list of NPs 

used for brain drug delivery are summarised in Table 1.4. 

1.7.1. Polymeric NPs (PMNPs) 

Polymeric NPs (PMNPs) are most extensively studied for the purpose of drug delivery. 

These NPs can not only deliver small drug molecules but can also be used for the delivery 

of genes and proteins (257). PMNPs can have good penetration through cell membranes, 

serum stability, and can be easily manufactured. Furthermore, the surface of NPs can be 

modified for various medical applications. For brain drug delivery, PMNPs are made up of 

proteins, amino acids, polysaccharides and polyesters. Different mechanisms can be adapted 
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by the PMNPs to cross the BBB. They can cross the BBB either by transcytosis through 

endothelial cells, mucoadhesion, or by disturbing the TJ in the brain capillaries (258). On 

the other hand, PMNPs can be identified upon i.v. injection by the reticuloendothelial system 

(RES), leading to wide distribution to liver, spleen and bone marrow, resulting in elimination 

or very short half-lives (259). 

PLGA-NPs modified with 7-amino acid glycopeptide (g7) have been shown to deliver 

small drug molecules across the BBB in rodents. Furthermore, g7-NPs successfully crossed 

the BBB with model drug (fluorescein isothiocyanate (FITC)-albumin). Injection in wild-

type and knockout mice clearly showed penetration into the brain (260).
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Table 1.4. A summary of formulations (NPs) targeting the BBB. 

Formulation/Polymer Drug Disease Method used for 

NP preparation 

Mechanism for 

BBB crossing 

Key Findings Ref 

g7-PLGA-NPs 

(NPs of less than 300 nm) 

 

FITC-albumin MPS I and MPS 

II 

Double emulsion technique RMT The C57BL/6 Idua 

knockout and C57BL/6 

Ids knockout mice were 

used. 

High MW molecule 

delivery across the BBB 

achieved 

(260) 

Functionalized solid lipid 

NPs with apolipoprotein E, 

(SLN-DSPE-ApoE) 

(Average size was less than 200 nm 

with zeta potential of –10-15 mV) 

 

Resveratrol  Neuroprotective High shear homogenization LDLR In vitro cytotoxicity 

evaluation via MTT and 

LDH using hCMEC/D3 

cell line showed that 

SLNs affected neither 

the metabolic activity of 

(261) 
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the cells nor the 

membrane integrity at 

concentrations less than 

1500 µg/mL. 

hCMEC/D3 monolayers 

in transwell devices 

showed SLN-DSPE-

ApoE, permeability 1.5-

fold higher than for non-

functionalized SLNs 

Bovine Serum Albumin NPs 

with LMWP cell penetrating 

peptide (LMWP-albumin) 

[LMWP: 

CVSRRRRRRGGRRRR] 

(Particle size less than 200 nm,) 

PTX and 4-HPR Brain cancer Self-assembly Brain penetration 

mainly by EPR, but 

also through 

SPARC and gp60 

albumin binding 

proteins 

FACS showed in vitro 

cellular uptake of the 

NPs. 

bEnd.3 cell line showed 

penetration of the NPs 

(262) 
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overexpressed in 

glioma tissues 

U87 cells showed 

cytotoxicity of NPs. The 

NPs were administered 

by i.v. injection to 

orthotopic glioma (Luc-

U87) mouse model 

(bearing intracranial 

tumor). The mice 

received the NPs 

(LMWP-modified 

bovine serum albumin 

(BSA) NPs containing 

PTX and 4-HPR) 

showed the longest 

survival time 
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PEG–PLA–penetratin 

(RQIKIWFQNRRMKWKK) 

(Particle size 100 nm, zeta potential 

-4.42 mV) 

Coumarin-6 CNS disorders Emulsion/solvent 

evaporation technique 

AMT/RMT MDCK-MDR cell model 

showed enhanced 

accumulation via both 

lipid raft-mediated 

endocytosis and direct 

translocation. In vivo 

administration showed 

significant brain uptake 

with less deposition in 

non-target tissues 

(263) 

Angiopep conjugated with 

poly(ethylene glycol)-co-

poly(ε-caprolactone): ANG-

PEG– poly(ε-caprolactone) 

Paclitaxel Glioblastoma 

multiforme 

Sonication LDLR U87 MG glioma cells 

indicated the ANG-

PEG- poly(ε-

caprolactone) NPs 

uptake via LDLR 

(Angiopep-2 and 

(264) 
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(Particle size was less than 100 nm 

with zeta potential of 3.28 ± 0.75 

mV) 

Aprotinin significantly 

reduced the cellular 

uptake of the NPs). Real 

time fluorescence 

imaging showed 

accumulation of ANG-

NPs in the brain of 

intracranial U87 MG 

glioma tumor-bearing 

nude mice after i.v. 

injection. 

TAT-poly(ethylene glycol) 

(PEG)-b-cholesterol: TAT–

PEG-b-Chol 

(Particle size less than 200 nm) 

Ciprofloxacin Encephalitis Self-assembly AMT Enhanced in vitro 

cellular (ACBRI 376) 

uptake. NPs crossed the 

BBB and located around 

the cell nucleus of 

(265) 
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neurons (SD adult rats) 

following i.v. injection 

RVG-29-PEG-PLGA/DTX-

NPs 

(Particle size was around 110 nm) 

Docetaxel Gliomas Nanoprecipitation nAchR In vitro bEnd3 cells 

showed permeability 

across the monolayer. 

RVG-29-PEG-

PLGA/DTX-NPs had a 

stronger inhibitory effect 

on C6 cell proliferation 

than free DTX. In vivo 

experiments confirmed 

selective accumulation 

of NPs in intracranial 

glioma tissues following 

i.v. injection. 

(266) 
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PEG-Poly(ε-caprolactone)-

CH2R4H2C/Stearate- 

CH2R4H2C 

(CH2R4H2C: 

CHHRRRRHHC peptide) 

(Particle size was in the range of 50-

100 nm with zeta potential of 15-20 

mV) 

Dextran (as model 

drug) 

CNS disorders Self-assembly Olfactory nerve 

channels 

Hydrophobic carrier is 

more suitable for the 

delivery of drug in 

forebrain, while 

hydrophilic carrier is 

suitable for hindbrain 

(brainstem). 

(267) 

g7- PLGA-Np 

(Particle size was in the range of 

155±26 nm with zeta potential of -

15±5.6 mV) 

 

Loperamide CNS disorders Nanoprecipitation AMT Long term in vitro 

release over 192 hours 

and 20% in 2 hours. In 

vivo experiments 

showed excellent bio-

distribution in brain.  

(268, 

269) 

mPEG−PLGA-RVG Deferoxamine PD Double emulsion technique nAchR In vivo administration 

reduced the oxidative 

(270) 
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(Particle size was in the range of 

168.8 ± 1.9 nm with zeta potential of 

−27.40 ± 0.71 mV) 

stress and iron contents 

in the substantia nigra 

and striatum of PD mice. 

siRNA/TMC–PEG-RVG 

(Particle size was in the range of 

207 ± 2 nm with zeta potential of 9 

± 2.5 mV) 

siRNA AD - nAchR In vitro and in vivo 

experiment showed 

excellent penetration 

into brain with low 

toxicity and higher 

serum stability. 

(271) 

AuNCs-RDP 

(Particle size was in the range of 10 

± 2.85 nm with zeta potential of -

5.92 ± 3.16 mV) 

Carboxyfluorescein Neural cell 

imaging 

Green synthetic route RMT In vitro and in vivo 

results suggested the 

effective internalization 

in the brain cells. 

(272) 
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In another study, Gajbhiye et al. successfully transported galantamine into the brain 

by using ascorbic acid embedded PLGA-b-PEG NPs. They targeted sodium-dependent 

vitamin C transporters (SVCT2) expressed by neuroepithelial cells of the choroid plexus 

(54). Recently, Ammar et al. prepared lamotrigine-loaded poly(D,L-lactide-co-ɛ- 

caprolactone) (PLCL) NPs with a particle size of 125 nm. When administered 

intravenously to Wistar albino rats, these NPs showed higher pharmacokinetic measures 

(Tmax, Cmax, and AUC) in the brain compared to oral lamotrigine tablets (273). Sánchez-

López et al. synthesized memantine-loaded PLGA NPs coated with PEG that showed 

higher endothelial monolayer crossing upon oral administration. In addition, this 

formulation was found to be non-cytotoxic to brain cell lines (bEnd.3 and ACs) (274). 

1.7.2. Liposomes for brain drug delivery 

Liposomes are self-assembled NPs made up of phospholipid bilayer membrane. 

Phospholipids are heterogeneous molecules containing phosphate residues, polar head 

groups, and non-polar alkyl chains (275) that self-assemble (according to the fluid mosaic 

model) into biological membranes. Liposomes for brain drug delivery have been studied 

extensively in the last two decades. 

Miao et al. evaluated xenon (Xe), a noble gas having outstanding neuroprotective 

activity. Xe-containing echogenic liposomes (Xe-ELIP) were administered intravenously 

to deliver the xenon via ultrasound-controlled cerebral drug release for early brain injury 

following subarachnoid haemorrhage (SAH) (276). In another study, Mancini et al. 

developed L-α-phosphatidylcholine/cholesterol/DSPE-PEG-maleimide (65:32.5:2.5) 

liposomes encapsulated with the phenolic-rich Annona muricate aqueous extract (a 

moderate monoamine oxidase A (MAO-A) inhibitor and a strong hydrogen peroxide 

(H2O2) scavenger) for brain drug delivery (277). Pulford et al. formulated liposomes (178 

± 20 nm) containing cationic lipid octadecenolyoxy[ethyl-2-heptadecenyl-3 

hydroxyethyl] imidazolinium chloride to deliver siRNA into the brain of mice following 
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i.v. injection. The cationic liposome-siRNA-peptide (RVG-9r) penetrate the endothelial 

monolayer, with the peptide moiety binding to nAChRs (278). Bender et al. used two 

liposomal systems for the delivery of prion protein siRNA to the brain of mice following 

i.v. injection. One of the liposome formulations was cationic liposomes containing 1,2-

dioleoyl-3-trimethylammonium-propane (DOTAP), which formed complex with siRNA 

and RVG peptide. The other liposomal system contained DOTAP or 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine (DSPE) to encapsulate the siRNA. Both systems 

decreased the prion protein expression of neurons in the CNS (279). Rotman et al. used 

glutathione (G-technology)-decorated PEGylated liposomes (sizes in the range of 108-

110 nm) to deliver llama single-domain antibody fragments (VHH-pa2H) into the brain 

of APPswe/PS1dE9 double transgenic mice following i.v. injection. The delivery of VHH-

pa2H significantly improved into brains of transgenic APP/PS1 mice by glutathione 

targeted PEGylated liposomal encapsulation (280). This was also supported by the work 

of Veszelka et al. that found higher in vitro BBB penetration of solid lipid NPs decorated 

with glutathione, compared to biotin (281). Lin et al. used gefitinib-loaded liposomes 

modified with glutathione and Tween 80 to cross the in vitro endothelial monolayer model 

for the treatment of brain metastases (282). These studies show that targeted-liposomal 

formulations can deliver therapeutic agents such siRNA to the brain following i.v. 

injection. An unexpected outcome is accelerated blood clearance upon repeated 

administration to PEGylated nano-carriers, including liposomes (283). In addition, the 

immunostimulatory activity of nano-carriers such as liposomes is known (284, 285). 

Therefore, it would be useful to conduct research about the immunostimulatory of 

liposomes for brain drug delivery upon repeated administration. 

As well as liposomes, lipid-based formulations have been developed,(286) as carriers 

for drug delivery to the brain, (287) including oral administration of NPs (288, 289). 

Interestingly, Grinberg et al. reported novel cationic amphiphilic compounds synthesised 
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from vernonia oil. The quaternary methyl ester derivative of methyl vernolate self-

assembled into vesicles (in the presence of cholesterol 1:1) with the size of 50-200 nm in 

diameter (290). Vesicles made from the quaternary vernonia oil derivative (triple-headed 

amphiphile) were found to be efficient in transfection of cDNA encoding for GFP into 

cultured COS-7 cells (290). These vesicles were employed to deliver analgesic peptides 

(kyotorphin or leu-enkephalin) to the brain of male ICR mice following i.v. injection. It 

should be noted that the vesicles were not decorated with any brain targeting ligand, and 

the lipid properties of vesicle surface and the cationic nature were sufficient to cross the 

BBB (291). 

1.7.3. Exosomes 

Exosomes are comprised of natural lipid bilayers with an abundance of adhesive 

proteins that readily interact with cellular membranes. These are small extracellular nano-

vesicles secreted by numerous cell types (292, 293). Naturally-occurring extracellular 

vesicles such as exosomes traffic endogenous small molecules, proteins and nucleic acids 

between cells,(294, 295) and they have shown considerable promise for the delivery of 

exogenous drugs or biological therapeutics,(296-299) including to the brain (300, 301). 

Exosomes have several advantages over synthetic NPs in that their biocompatibility 

confers upon them an inherent non-immunogenicity and long circulation times, however 

surface-functionalisation (e.g. for targeted delivery) and synthetic analogues of ‘natural’ 

exosomes have also proven to be successful therapeutic strategies (302-304). Drugs 

delivered by means of an exosomal vector often show enhanced efficacy and fewer 

adverse effects. Enhancing and exploiting the innate drug-delivery capabilities of 

exosomes make for a highly attractive therapeutic approach. 

Exosomes isolated from brain ECs regulate the exchange of molecules across the 

BBB (305). Yuan et al. used macrophage-derived exosomes decorated with integrin 

lymphocyte function-associated antigen 1 (LFA-1) and intercellular adhesion molecules 
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(ICAM)-1, 2 to deliver brain-derived neurotrophic factor (BDNF) to the brain (306). 

Yang et al. demonstrated the ability of brain endothelial bEND.3 cell-derived exosomes 

to traffic the anticancer drugs doxorubicin and paclitaxel across the BBB of zebrafish 

(307), killing xenotransplanted U87-MG human glioblastoma-astrocytoma cells (308). In 

a follow-up experiment, vascular endothelial growth factor (VEGF) siRNA was delivered 

for anti-cancer applications using a similar preparation (309). 

Curcumin-loaded exosomes tagged with cyclo(Arg-Gly-Asp-D-Tyr-Lys) peptide 

[c(RGDyK)] were used to target the lesion region of the ischemic brain in a transient 

middle cerebral artery occlusion mouse model (310). Alvarez-Erviti et al. used RVG 

decorated exosomes to deliver siRNA to the mouse brain (169). Long et al. used A-1 

exosomes (derived from human bone marrow mesenchymal stem/stromal cells (MSCs)) 

for the rectification of pilocarpine-induced status epilepticus (SE) (311). Exo-JSI124 

exosomes derived from EL-4 cells (a mouse lymphoma cell line) were used to deliver an 

encapsulated anti-inflammatory drug in experimental autoimmune encephalomyelitis 

(EAE) mice via an intranasal route, modulating inflammation (312). Exosomes derived 

from dendritic cell cultures treated with interferon-γ were found to increase myelination 

in rats upon intranasal administration, possibly by delivery of miR-219 (313). Exosomes 

loaded with superparamagnetic iron oxide NPs (SPIONs) and curcumin and conjugated 

with neuroleptin-1-targeted peptide (RGERPRR) crossed the glioma cells and orthotopic 

glioma models and were used for imaging and treatment of glioma (314). Iraci et al. 

revealed the unexpected ability of stem cell exosomes to harbour and deliver functional 

enzymes (e.g. Asparaginase-like 1) extracellularly, thus behaving as fully independent 

small metabolic units with exciting therapeutic implications (315). 

Cooper et al. describe the use of exosomes derived from murine bone marrow 

dendritic cells to block the aggregation of α-Syn, a pathological process implicated in PD 

progression. siRNA-loaded exosomes decorated with RVG (targeting ligand) effectively 
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reduced the α-Syn aggregation in normal mice and transgenic mice expressing the human 

phosphorylation-mimic S129D α-Syn (316). Dopamine-loaded exosomes derived from 

the blood of mice were used to deliver drugs across the BBB with lower systemic toxicity 

compared to i.v. administration of naked dopamine (317). As an alternative approach, 

Haney et al. circumvented the BBB, using intranasal delivery to successfully administer 

the catalase-loaded macrophage-derived exosomes to the brain of mice with a model of 

PD, resulting in significant neuroprotective effects (292). Conversely, a potential role of 

exosomes in diagnosing neurodegenerative conditions was highlighted by Gui et al. who 

developed a microRNA-profiling strategy for the early detection of PD. They used 

exosomes isolated from the CSF of PD and AD patients, reporting sixteen miRNAs 

upregulated and 11 miRNAs under regulated in PD (318). 

Liu et al. successfully deployed exosomes expressing RVG on the surface loaded with 

opioid receptor mu (MOR) siRNA into the brain for the treatment of morphine addiction 

(319). Xin et al. used exosomes derived from MSCs for the treatment of stroke. They 

found increased levels of doublecortin (a marker of neuroblasts), von Willebrand factor 

(a marker of ECs) cells, improved neurite remodelling, neurogenesis and angiogenesis 

(320). Wu et al. also used RVG decorated exosomes for brain drug delivery. They 

encapsulated siRNA targeting human huntingtin exon 1 (HuHtt) transcript. HuHtt-siRNA 

loaded RVG-exosomes were then administered intravenously to normal mice and 

BACHD and N171-82Q transgenic (Huntington’s Disease-model) mice at 10 mg/kg 

every two days for 2 weeks. siRNA-loaded RVG exosomes significantly reduced HuHtt 

mRNA and protein levels up to 46% and 54% respectively in transgenic animals 

(321). Didiot et al. successfully delivered hydrophobically modified small interfering 

RNAs (hsiRNAs) into the brain using exosomes. They loaded the exosomes with 

hsiRNAs targeting Huntingtin mRNA via incubation, without altering significant 
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characteristics. These exosomes were efficiently internalized by mouse primary cortical 

neurons and promoted dose-dependent silencing of Huntingtin mRNA and protein (322). 

Preclinical studies, such as those reported by Doeppner et al. (323) and Lee et al. (324) 

have demonstrated that intravenously-delivered MSC-derived vesicles can affect 

therapeutic outcomes in models of ischemic stroke, ostensibly bypassing the BBB. Oshra 

et al. proposed a method for non-invasive in vivo neuroimaging of MSC-derived 

exosomes, based on computed tomography (CT) imaging with glucose-coated gold NP 

(AuNP) labelling. Imaging and tracking of intranasally-administered AuNP-labelled 

exosomes in a mouse model of focal ischemia showed accumulation and prolonged 

presence at the lesion area up to 24 h (325). Generally speaking, however, methods for in 

vivo tracking of exosomes require further development. Kim et al. showed that systemic 

(i.v.) administration of MSC-derived inflammation-modulating extracellular vesicles 

(mean size of vesicles ranged from 209-231 nm), shortly after induction of TBI to a rat 

model, rescued pattern-separation and spatial learning impairments one month after the 

treatment. However the mechanisms involved remain to be elucidated (326). Shen et al. 

demonstrated the delivery of miR-133b using MSC-derived exosomes into brain tissues. 

After i.v. administration of the modified exosomes, effects of miR-133b on neuronal 

apoptosis and degeneration were evaluated by terminal deoxynucleotidyl transferase 

dUTP nick end labelling (TUNEL) and fluoro-jade B staining respectively. They found 

that miR-133b modified exosome treatment remarkably suppressed RhoA expression and 

activated ERK1/2/CREB in brain tissues after intracerebral haemorrhage (327). Kojima 

et al. reported genetically engineered exosomes with the ability to package specific 

mRNAs and delivery them into the cytosol of target cells, enabling efficient cell-to-cell 

communication (328). As the above research shows exosomes present competitive nano-

carriers for drug delivery to the brain. However, more research is needed to standardize 

the production and scale-up of either exosomes or tagged-exosomes (299, 329). 
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1.7.4. Dendrimers for brain drug delivery 

Dendrimers are chemically synthesised polymeric particles with defined shapes (due 

to monodispersity) as shown in Figure 1.14. Dendrimers have been investigated for brain 

drug delivery. Moscariello et al. designed PAMAM dendrimer (third generation) bio-

conjugates with a streptavidin adapter that was taken up by porcine or murine models in 

in vitro and in vivo models via endosomal transcytosis, avoiding lysosomes (330).  

 

Figure 1.14. Different dendrimers involved in the delivery of drugs and gene across the BBB 

(331). 

In another study, apolipoprotein A-I (ApoA-I) and NL4-peptide dual modified 

dendrimer NPs were efficient carriers for siRNA delivery to PC12 cells and efficiently 

penetrate through bEnd.3 monolayer via LDLR (332). Ke et al. used PAMAM–PEG–

Angiopep/DNA-NPs to deliver plasmid DNA across the BBB. The PAMAM was fifth 

generation with 128 surface primary amino groups. In vitro BBB model showed clathrin 

and caveolae-mediated endocytosis (also partly through marcopinocytosis) of the nano-

carriers containing Angiopep peptide [TFFYGGSRGKRNNFKTEEYC]. PAMAM–
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PEG–Angiopep dendrimers were loaded with pEGFP plasmid; and the NPs were 

administered intravenously to mice. Gene expression was observed in all four regions of 

the mouse brain for the PAMAM–PEG–Angiopep/DNA NPs, which was much higher 

than those for the PAMAM/DNA NPs (333). In another study, low generation lysine 

dendrons (G0 and G1) conjugated with ApoE derived peptide (LRKLRKRLLR) were 

reported to cross the immortalized brain endothelial cell line (bEnd.3) efficiently with no 

cytotoxicity up to 400 µM (334). It should be noted that PAMAM/siRNA complexes 

appear to show significant cell toxicity even at low concentrations such as 20 µg/mL 

(335). As it would be expected, the cationic dendrimers show haemolytic activity. 

However, increasing the dendrimer generation decreases the haemolytic activity. For 

example, G2 dendrimers showed 100% haemolysis at 1 mg/mL concentration after 24 h 

incubation with RBCs, while G5 dendrimers showed no haemolysis (comparable to 

negative control) at the same concentration and incubation period (336). Dynamic light 

scattering (DLS) studies showed that PAMAM/siRNA complexes had sizes in the range 

of 150-200 nm, while TEM results indicated a wider size distribution with majority in the 

range of 30-45 nm for G7 PAMAM/siRNA with N/P ration of 10 (337). Therefore, part 

of the success of dendrimers could be due to small sizes of the nano-carriers in DNA or 

siRNA delivery to the brain.  

1.7.5. Metallic NPs 

Metallic NPs for brain delivery have been under investigation due to their serum 

stability and long half-life. Ghorbani et al. reported the use of gold-iron nanocomposites 

encapsulated (ligand exchange of disulfide group) with curcumin-lipoic acid, a pH-

sensitive delivery system for the brain. GSH is used as a targeting ligand, leading to a 2-

fold increase in cellular uptake (338). Cisplatin-conjugated gold NPs (AuNP-UP-Cis) via 

ionic adsorption, in conjunction with MR-guided Focused Ultrasound (MRgFUS) were 

investigated for the treatment of glioblastoma (339). Ivask et al. evaluated the uptake of 
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iron oxide NPs conjugated with biomimetic phosphorylcholine brushes in an in 

vitro BBB model system. They reported that after 24 h, 78% of the formulation crossed 

the in vitro BBB model system via AMT (340). This ability of iron oxide NPs has 

provided the opportunity of delivering therapeutic peptides to the brain by conjugating 

the peptide to the surface of iron-oxide NPs (5 nm diameter) (341). Tf-conjugated 

magnetic dextran‐spermine NPs (DS‐NPs) have also demonstrated excellent penetration 

across the U87MG cells (342). Sun et al. reported negatively charged iron oxide NPs 

(IONPs) with the size of 29 nm in conjunction with lysophosphatidic acid (LPA) 

effectively crossed the BBB by disrupting the TJ. With LPA treated IONPs, 4-fold 

increase was observed in the mouse brain compare to control (343). Najafabadi et al. 

(2018) used SPIONs (in the range of 30 to 50 nm) to deliver quercetin (bioactive 

flavonoid) to rats after oral administration. Higher concentration of quercetin were found 

in the brain tissues (0.52 ± 0.08 µg/mL for the dose of 100 mg of NPs/kg) for quercetin-

SPIONs compared to free quercetin administration (0.052 ± 0.018 µg/mL for 100 mg of 

free quercetin/kg) [the loading capacity of the NPs was 42%] (344). Kirschbaum et al. 

used iron oxide NPs (32 nm) for the imaging of immune cells, which play a major role in 

pathogenesis of MS or experimental EAE. These were fluorescently labelled cross-linked 

iron oxide NPs, which were used for the cell tracking and high field MRI to map 

inflammatory infiltrates. This was a NP-based approach to image brain-resident and 

infiltrating innate immune cells in inflammatory lesions (345). NP uptake is specific for 

innate immune cells and correlated with clinical severity. Therefore, targeting innate 

immunity by molecular imaging may serve not only as a direct marker of disease activity, 

but also with the potential of clinical translation to deliver therapeutic agents to the brain 

via these innate immune cells. They reported 4.6-fold increased accumulation of NPs in 

EAE compared to control mice (345). 
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Kang et al. reported a single-step procedure to simultaneously load porous silicon NPs 

with high concentrations of siRNA and protecting them by formation of Ca2SiO4 at the 

surface of NPs (pSiNPs). These core-shell NPs had the size of 180 ± 20 nm. Then pSiNPs 

were surface functionalised with RVG peptide (cell targeting ligand) and a cell 

penetrating peptide (myr-GWTLNSAGYLLGKINLKALAALAKKIL(GGCC), a 

myristoylated transportan) to deliver the siRNA across the BBB. Addition of these 

peptides increased the size of pSiNPs to 220 nm. The pSiNPs were administered 

intravenously to mice with brain injury, and a significant amounts of siRNA were 

accumulated at the site of injury (346). Similarly, Lee et al. reported the use of rabies 

virus‐mimetic silica‐coated gold nano-rods to treat brain gliomas. The nano-rods were 

prepared by converting spherical gold NPs to gold nano-rods. Then coating the gold nano-

rods with SiO2. This was to adjust the size of the nano-rods to the size of rabies virus as 

much as possible. This was followed by coating the resulting Au-SiO2 nano-rods by PEG 

and RVG-29. The nano-rods (RVG-PEG-Au@SiO2) had the length of 117.7 ± 7.3 nm 

and width of 50.3 ± 3.1 nm. The RVG-PEG-Au@SiO2 nano-rods were administered 

intravenously to orthotopic glioma-bearing mice, and in vivo fluorescence imaging 

indicated the accumulation of RVG-PEG-Au@SiO2 nano-rods in the mouse brains. The 

mice were subjected to photothermal therapy using near infrared (NIR) laser. The 

temperature changes (up to 60ºC) caused by the laser therapy (localized surface plasmon 

resonance) of gold nano-rods resulted in irreversible damages to or death of tumour cells. 

Tumour volumes in mice treated with RVG-PEG-AuNRs@SiO2 nano-rods and applying 

NIR laser were considerably smaller than those of mice treated with PEG-AuNRs@SiO2 

nano-rods or control saline (124.8 ± 147.5, 1067.4 ± 295.4, and 2323.2 ± 436.3 mm3, 

respectively) at 7 days after the treatment. Even, the tumors of two mice treated with 

RVG-PEG-AuNRs@SiO2 nano-rods nearly vanished. This therapy caused slight skin 

damage by 808 nm laser irradiation, which was healed after 13 days (347). This study 
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indicates that even the EPR of the brain tumours was not sufficient to allow accumulation 

of PEG-AuNRs@SiO2 nano-rods in the tumours and use of RVG-29 cell targeting peptide 

was necessary to achieve desired therapeutic outcomes. In addition, the size of RVG-

PEG-AuNRs@SiO2 nano-rods could be part of the successful application of these NPs.   

Numerous factors control the systemic circulation, cell penetration and BBB passage 

of NPs. Particle size is one of the important factors controlling the access of NPs across 

the BBB. Studies conducted in animal models of AD, PD and stroke have used NPs of 

50-100 nm (244, 348-352). Several techniques, such as DLS, atomic force microscopy 

(AFM), TEM and scanning electron microscopy (SEM) are used to characterise NPs 

(353). A number of factors control the particle size, such as the polymers used, drug 

loading, drug/polymer ratio and hydrophilic/lipophilic ratio. Numerous studies have 

reported an increase in particle size after drug loading (354, 355). On the other hand, 

Lopalco et al. have reported no changes in the size of NPs made up of PLGA, PLGA-d-

α-tocopheryl polyethylene glycol 1000 succinate (TGPS) and Resomer RGPd5055 pre- 

and post-loading of drugs (oxcarbazepine and coumarin-6) (356). 

1.7.6. Carbon Nanotubes  

Carbon nanotubes (CNT) are cylindrical molecules that consist of rolled-up sheets of 

single-layer carbon atoms. Distinctive properties of CNT such as good electronic 

properties, excellent penetration into cell membrane, high loading capacity, pH-

dependent unloading, greater surface area and ease of modification make them one of the 

suitable drug delivery system for the brain (357, 358). CNT have been extensively 

investigated as a drug carrier to the brain in past few years. Functionalized CNT can 

potentially be used as a carrier for drugs that have poor permeability across the BBB and 

also can be used for diagnostic and for the treatment of brain disorders (359). 

CNT can be synthesized by electric arc discharge and laser ablation using vaporisation 

of graphite target (360) or by chemical vapour deposition (361). CNT can be grouped into 
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single wall carbon nanotubes (SWCNT) or multi wall carbon nanotubes (MWCNT) 

depending on the number of layers that constitute a CNT. CNT size ranges from 0.4 nm 

to 100 nm depending on the layers. CNT can be functionalized covalently or non-

covalently (362). 

Ren et al. developed PEGylated oxidized multi-walled carbon nanotubes (O-

MWNTs) modified with angiopep-2 (O-MWNTs-PEG-ANG) to treat brain glioma. They 

reported the high uptake and accumulation of CNT in the desired area with excellent 

loading capacity. Angiopep-2 specifically binds to LDLR and promotes the 

internalization. Doxorubicin loaded CNT were found to have better anti-glioma effects 

than naked doxorubicin (363). In another study, ANG functionalized radiolabelled CNT 

were employed to deliver drug across the BBB. In vitro experiments suggested higher 

penetration of ANG-CNT than chemically functionalized CNT. Enhanced localization of 

ANG-CNT was reported upon in vivo injection and 2% of the injected dose per g of brain 

(%ID/g) was accumulated in the brain within the first hour post-injection (364, 365). TAT 

(YGRKKRRQRRR) conjugated CNT were reported to have excellent BBB penetration 

and anticancer activity through increased ROS production (366). 

1.7.7. Parameters affecting the BBB transport 

1.7.7.1. Size, morphology and surface zeta potential  

NPs in the range of 120-180 nm after crossing the BBB may be entrapped in the BL 

(367). However, NPs with the size in the range of 16-24 nm are able to diffuse in the brain 

parenchyma (367). These observations indicate that NPs should be less than 120 nm such 

as exosomes in order to diffuse in the brain parenchyma, otherwise they will remain 

trapped in the BL following crossing the BBB. 

The morphology of NPs affects their bio-distribution and cellular uptake. NPs could 

be spherical, cubic, tubular or rod-like in shape (368, 369). A majority of the particles 

reported for brain delivery are roughly spherical in shape. Zeta potential or surface charge 
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of NPs is another factor that controls the diffusion across the BBB. It has been reported 

that a high (positive) zeta potential causes toxicity to the BBB (370, 371). Rassu et al. 

reported that a positive surface charge on NPs ensures their mucoadhesion (372). On the 

other hand, NP formulations have been reported for brain delivery with zeta potentials 

between -1 and -45 mV (130, 373, 374). Different shapes of NPs are shown in Figure 

1.15. 

 

Figure 1. 15. Different morphologies and shapes of NPs used for brain drug delivery. 

 

1.7.7.2. Critical micelle concentration (CMC) 

CMC is the minimum concentration of a compound at which it forms micelles. CMC 

plays a major role in the stability of micelles/NPs due to excessive dilution in the blood, 

upon i.v. injection. If the concentration in systemic circulation drops below the CMC, 

then it releases the payload in the blood stream before getting to its target. 

CMC can be determined by using set concentrations of a pyrene probe with serial 

dilution of copolymer solution (375, 376). Ruan et al. used RAP12 peptide (a part of the 

receptor associated protein that binds to LRP1) and decorated PEG-poly(lactic acid) 

(PLA) micelles to deliver  drug (paclitaxel) across the BBB (101). Liu et al. reported 

CG3R6TAT (CGGGRRRRRRYGRKKRRQRRR), a self-assembled cationic 

antimicrobial peptide able to cross the BBB. They measured the CMC by using the pyrene 
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as a probe and found to be 31.6 mg/L (10.1 µM) in deionized water (375). Micelles and 

PMNPs both can target the brain and cross the BBB. Efficacy and efficiency of crossing 

the BBB are dependent on targeting via the surface of the nano-carriers. 

1.7.7.3. Protein corona 

NPs, upon contact with biological fluids, are surrounded by a protein layer that is 

called protein corona (377-380). The first layer of protein corona is bound tightly on the 

surface (primary contact with NPs), which is referred as ‘‘hard’’ corona. Usually, another 

layer is loosely bound on the first layer, which is referred as ‘‘soft’’ corona; and that 

consists of serum proteins, mainly comprising albumin and its derivatives (381-383). This 

surface adsorption of protein can alter the physiological response (382). The adsorption 

of proteins on NPs mostly has undesirable effects such as prompt clearance from blood 

stream, compromised targeting capacity (384) and toxicity (385, 386). Proteins bound to 

a NP surface may rearrange their structure and shape according to NP surface and 

environment, this is known as ‘‘conformational change’’. Conformational change 

accompanied with the modification of secondary or tertiary protein structure. Proteins are 

supposed to interact with other biomolecules to initiate biological responses, hence a 

small modification in protein structure has huge impact on their pharmacological 

activities (387). 

Several factors dictate the nature of adsorbed proteins. Particle size plays an important 

role in protein adsorption. As NPs are bigger than proteins, NPs make proteins to adapt 

the NPs’ surface. Smaller NPs has less interaction with proteins (388). Surface charge of 

the NPs affects the secondary structure of proteins. Huhn et al. reported that gold NPs 

with different surface charge (positive [+9.7 ± 8.9 mV] or negative [-39.8 ± 10.0 mV]), 

but similar sizes adsorbed comparable amounts of HSA. Whereas, positively charged NPs 

showed higher cellular uptake than negatively charged NPs. This change in the activity 

can be due to conformation changes in protein structure due to surface charge (389). 
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Fleischer and Payne (2014) observed that similar NPs with identical protein corona 

compositions bind to different cellular receptors, suggesting that a difference in the 

structure of the adsorbed protein may be responsible for the differences in cellular binding 

of the protein–NP complexes. These authors also found that cationic polystyrene NPs 

showed improved cellular binding to monkey kidney epithelial cells compared to 

negatively charged NPs in the presence of fetal bovine serum (FBS). It should be noted 

that in both cases, the NPs formed protein–NP complexes immediately following 

exposure to FBS (386). 

Media composition affects the protein corona. Silica NPs in the presence of serum 

proteins showed less uptake compared to serum free media (390). Gold NPs incubated 

with Dulbecco’s Modified Eagle’s Medium (DMEM) media for 48 h showed higher 

protein adsorption than Roswell Park Memorial Institute media (RPMI), but same amount 

after 1 h incubation (391). Protein concentration in media affects the protein corona. Silica 

NPs incubated with 3%, 20% and 80 % plasma exhibited different protein patterns. 

Changes in primary protein band was observed with increasing plasma concentration. 

Lower amounts of proteins were measured on silica NPs compared to sulfonated 

polystyrene (PSOSO3) NPs with increased plasma concentrations (392). Exposure time 

affects the protein corona. Protein corona forms immediately as soon as the NPs come 

into contact with human plasma. Tenzer et al. reported complex protein corona (formed 

of 300 proteins) just after 30 s (393). In addition, temperature plays an important role in 

protein corona formation. Cu-NPs showed higher protein adsorption when incubated by 

increasing temperature from 15°C, 27°C, and 37°C to 42°C (394). 

A decline (from 76% to 26%) in the cellular uptake of cRGD decorated NPs was 

reported by Su et al. in protein bound NPs compared to non-protein bound NPs. They 

found that even the targeting ability was not affected but cellular uptake was 

compromised (395). Tf decorated NPs were reported to lose their targeting ability in the 
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biological medium. Proteins in the medium are reported to shield the NPs from binding 

to targeted receptors on the cells and transferrin receptor and hence results in 

disappearance of targeting ability. However NPs can enter the cells but the targeting 

capacity is lost (396). Aptamer functionalized AuNPs lost the targeting ability due to 

protein corona blocking after serum exposure. Immune related proteins were found on 

the surface of aptamer that can induce immune reaction and clearance eventually (397). 

1.7.7.4. Stability of NPs 

The stability of NPs can be categorised into two, shelf stability, plasma and serum 

stability. NPs should be stable enough to retain their therapeutic effects for a specific time 

when stored or administered to the body. Oller‐Salvia et al. tested the serum stability of 

peptide NPs in human serum. They found that switching from linear to monocyclic 

analogue didn’t affect the permeability but showed 30-fold enhanced stability than linear 

peptide analogue (171). In addition, upon switching disulfide to a lactam bridge in 

Miniap-4 shuttle peptide, they found 50% higher permeability with better resistance to 

proteases (171). El-Marakby et al. assessed the serum stability of chitosan NPs in rat 

serum. They reported a sharp reduction in particle size (up to 62% of original size) 

prepared from the native chitosan, whereas modified chitosan showed slight increase in 

the size from 87.39 ± 1.56 nm to 122.33 ± 1.95 nm after 2 h incubation with the serum. 

After 24 h incubation no significant changes were noticed (398). Oliveira et al. tested 

uncoated and poly allylamine hydrochloride (PAH)-coated PLGA-NPs in biological 

environments: BSA solution, mouse and human plasma. Both formulations were reported 

to be stable in BSA and mouse plasma on incubation, but surprisingly not stable in human 

plasma (formed aggregates greater than 1 µm). They also studied the protein corona in all 

solutions. In mouse plasma uncoated NPs showed protein concentration of 4.1 ± 2.6 

μg/mL, which was much greater than incubating these NPs in BSA solution. Surprisingly, 

in human plasma it was 2.5-fold higher (10.4 ± 3.0 μg/mL) than mouse plasma. Similarly 
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PAH-coated PLGA-NPs showed higher protein adsorption after incubation with human 

plasma than BSA solution and mouse plasma (399). 

Uncoated chitosan NPs were to increase in size by storage at 25C for 3 months in 

10% glucose solution (400). This alteration in size results in modified physicochemical, 

pharmacodynamic and pharmacokinetic properties of the PMNPs. Lyophilisation with 

cryoprotectants is reported to enhance the stability and to stop contents leaking from the 

NPs (401-403). Cryoprotectants such as glucose, sucrose, mannitol and trehalose are most 

commonly used because of their low toxicity (401, 404). 

Despite numerous advancements and technologies, there is always a need for delivery 

system with optimum characteristics. Enzyme-responsive or biodegradable delivery 

systems may offer less toxicity and immunogenicity. Drug delivery systems should be 

able to deliver/encapsulate suitable amounts of drug and should be able to protect the drug 

from enzymes in the blood. The scalability should be considered while designing the 

delivery system. As AAVs have been evaluated for gene delivery in clinical trials for AD 

and PD, perhaps this would indicate the future formulations of NPs for gene delivery to 

the brain. Since the administration of AAVs has been invasive (injection into the brain), 

and the outcomes were not desirable, then non-viral NPs would be preferred that can be 

administered i.v. and therapy can be repeated after a while, when the effects of the 

delivered genes wear off in the brain. 

In this project we developed Novel enzyme-responsive self-assembled NPs with aim 

to deliver the model drug (FSS) across the BBB. In the first phase, peptide sequences 

which are substrates for the MMP-9 enzyme were identified by using state of the art 

statistical and molecular modelling techniques. Those sequences were synthesised, tested 

and experimentally validated using a novel 19F-labelling technique to assess their 

specificity towards MMP-9. In the second phase, highly sensitive peptides to MMP-9 
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were synthesized with a little modification (attachment of BBB targeting ligand peptides). 

In addition, lipophilic moieties were conjugated to maintain the hydrophilic/lipophilic 

balance to facilitate the self-assembly and finally NPs formation. Enzyme-responsive 

self-assembled NPs were characterized for the for the particle size, zeta potential, 

encapsulation efficiency, release profiles under different external stimuli. Critical micelle 

concentration was calculated for the NPs using pyrene as a probe. Morphology of the NPs 

was assessed by transmission electron microscopy (TEM), scanning electron microscopy 

(SEM). Agarose gel retardation assay was used to assess the stability of NPs against 

serum and ability to form complex with siRNA (MISSION® siRNA Fluorescent 

Universal Negative Control 1, 6-FAM) at different ratios. 

NPs were further subjected to toxicity studies using two different cell lines HeLa and 

SH-SY5Y cells. Lactate Dehydrogenase (LDH), MTT and Alamar blue assay kits were 

used to assess the toxicity. In vitro cellular uptake was assessed by using flow cytometry 

and confocal microscopy. In vitro BBB permeability model was used to assess the ability 

of NPs, to cross the BBB. A monolayer of hCMEC/D3 cell line was used and TEER 

values were measured. In vivo experiments were conducted using BALB/c to visualize 

the targeting ability of the NPs. IVIS was used to scan the mouse for the assessment of 

targeting. Novel enzyme-responsive self-assembled NPs were subjected to test their 

transfection efficiency by using β-secretase-1 (BACE-1) siRNA and knock down of 

BACE-1 gene was assessed by real time PCR. BACE-1 has been associated with 

neurodegeneration and accumulation of amyloid precursor protein (APP) products (405, 

406). The inhibition of BACE-1 reduces the levels of Aβ and is a possible therapeutic 

strategy for AD treatment (407). 
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CHAPTER – 2 STATISTICAL AND MOLECULAR 

MODELING 

2.1. Introduction 

Enzymes are biocatalysts that enhance the rate and range of chemical/biological 

reactions under physiological conditions, often with great specificity. They are a crucial 

part of life, as biosynthesis and metabolism would be impossible without them (408). 

Understanding and exploring enzymes and their catalytic activities can help: the 

discovery of new drug molecules, understanding substrates, designing enzyme inhibitors 

and designing new catalysts e.g. engineered enzymes (409). Enzyme structures range 

from the simple to the highly complex. Despite advances in experimental and theoretical 

studies of enzyme – substrate interactions, the exact mechanism of action at cellular level 

is often only poorly understood (410). 

Molecular modelling and simulation have proven useful tools to provide distinctive, 

detailed understandings and insights for enzymatic reactions at the molecular level (409). 

A detailed enzyme reaction was simulated by Warshel and Levitt, who used the 

combination of quantum mechanics for describing the active site/region with molecular 

mechanics for the protein and solvent (411). This was a significant contributor to their 

receipt of the Nobel Prize for Chemistry in 2013. 

The matrix metalloproteinases (MMPs) are the family of structurally related 

endopeptidases, either secreted or membrane linked, that facilitate the metabolism of the 

extracellular matrix, and collectively they can metabolize all different extracellular 

proteins. All MMPs share a common catalytic Zinc (Zn), responsible, in part, for their 

enzymatic action (412-415). MMPs discovered so far are categorized as collagenases, 

gelatinases, stromelysins and membrane type MMPs. Most MMPs are produced in 

zymogen form (latent, non-active) and only exhibit their catalytic activity, once the pro-

domain is cleaved off, with the exception of MMP-11, 14, and 23. A known mechanism 
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for the activation of MMPs is through the ‘cysteine switch’ (416). The cysteine switch 

lies in a unique preserved sequence PRCG(V/N)PD that maintains the latency of MMPs 

(417).  MMP-23 lacks this unique sequence (418). MMP-11, 14 and 23 have a RX(K/R)R 

sequence at the C-terminal of the pro-peptide and are activated by intracellular furin (419, 

420). The domain composition of each MMP is listed in Figure 2.1. 

MMP-9, also known as gelatinase B, is a 92 kDa type IV collagenase able to degrade 

extracellular matrix. The MMP-9 gene is encoded with a signal peptide, a pro-peptide, 

and a catalytic domain with three fibronectin type II domains followed by a hemopexin-

like domain at the C terminal (415, 421). MMP-9 differs from the other gelatinase MMP-

2 structurally and functionally: MMP-9 has a heavily O-glycosylated, elongated linker 

between the catalytic and hemopexin domains (422). It has been reported that MMP-9 

with fewer O-glycan moieties has lower affinity towards Galectin-3 contributing to 

metastasis (423). 
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Figure 2. 1. Vertebrate members of the matrix metalloproteinase family 

 

MMP-9 acts as a double-edged sword, providing benefits along with some 

pathological effects on cells and the body. It was observed that MMP-9-deficient mice 

exhibited resistance to endotoxin shock, such that inhibition of MMP-9 by a suitable 

mechanism might avoid septic shock (424). MMP-9 is believed to be influential in 

angiogenesis (formation of new blood vessels) (425) and it was shown that growth plate 

lacking gelatinase B, resulted in slow or delayed expression of angiogenic growth factor. 

MMP-9 is reported to have a healing effect on the respiratory epithelial lining (426). In 

another study (427), MMP-9 was found to activate TGF-β resulting in collagen 

contraction and wound closure. It has been reported, in diabetic patients, that elevated 
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levels of MMP-9 cause increased apoptosis of retinal capillary cells leading to diabetic 

retinopathy (428). MMP-9 is thought to be responsible for tumour cell invasion and 

metastasis as it is involved in angiogenesis by switching on the angiogenic switch by 

releasing vascular epithelial growth factor (429-431). It has been reported that different 

MMPs are found in high levels in atherosclerotic lesions, where MMP-9 is persistently in 

an overexpressed state, secreted by macrophages (432). MMP-9 is also involved in the 

pathology of tumour metastasis (433), Alzheimer diseases  (434, 435), Multiple Sclerosis 

(436-438) and Parkinson’s Disease (439), and  levels are found to be elevated in patients 

with neurodegenerative diseases (440, 441). 

Like most of the MMPs, MMP-9 is also secreted in a latent form known as pro-MMP-

9 that undergoes an activation process to reveal its catalytic activity (442, 443). Pro-

MMP-9 is also reported to have surface proteolytic activity that influences biological 

processes, such as skin carcinogenesis (444, 445). Several mechanisms have been 

reported to activate the pro-MMP-9 in vitro and in vivo. MMP-9 is activated in solution 

by MMP-2 but in cells it remains in latent from. 

The catalytic domain of MMP-9, like other MMPs, is an ellipsoid-spherical shape 

having two hump-like projections (Figure 2.2, surface view), in between these are the 

catalytic zinc atoms with the catalytic domain to both sides. The first hump is due to the 

imidazole ring of His 411 and the second to the oxygen from the α-carboxylic acid in Pro 

421. The catalytic zinc is surrounded by His 401, His 405, His 411 and Gln 402. In 

standard view, the cavity to the right of Zn is named the S1′ pocket and the cavity to the 

left is referred to as the S1 pocket. The catalytic zinc separates the larger upper domain 

from a smaller lower domain. The upper domain consists of five strands of highly twisted 

β-sheets and two α-helices; linked with each other by three surface loops. The lower 

domain consists of C-terminal α-helix; along with two loops, one arising from Ala 417, 

Leu 418, Met 419 and Tyr 420. Met 419 is responsible for a Met-turn giving support or 
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providing a base for the lower domain. This loop extends from the Pro 421, Met 422, Tyr 

423 and Arg 424; giving a definite shape to the S1′ cavity and lower domain. The second 

loop, (called the specificity loop); extends from residues Arg 424 to Leu 431, overarching 

the S1′ pocket. A truncated [1GKC_chain A from protein data bank (PDB)] MMP-9 is 

shown in Figure 2.2 (ribbon view) and (surface view) [1GKC_chain A from protein data 

bank (PDB)].  

 

 

A
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Figure 2. 2.  A truncated MMP-9 A) ribbon view; zinc is shown as a yellow ball, α-helices are 

spiral shape coloured red, β-sheets are flat arrows in green colour. Upper and lower loop 

domains are coloured in purple and separated by zinc. B) surface view; zinc is shown as a yellow 

ball, the active cleft is encircled whereas catalytic cavities are annotated as S and S′ active cavity, 

upper and lower domains are separated and encircled and Met turn is encircled white. 

 

The protein structures with codes 1GKC and 1GKD from the PDB are complexes of 

reverse hydroxamate inhibitors with human MMP-9 and were explored previously, as 

shown in Figure 2.3 (446). Roswell et al. determined the crystal structure of MMP-9 at 

2.3 Å resolution in order to help with designing and analysing potent inhibitors for MMP-

9 to prevent cardiovascular diseases (415). 
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 Figure 2. 3. A) Chain A of 1GKC and 1GKD showing “Zn” as a yellow ball and the inhibitor 

complexed with “Zn” is shown in yellow sticks. B) Chain B “Zn” as a yellow ball and inhibitor 

is shown in yellow sticks (valinamide). 
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Pro-MMP-9 is reported to be in the form of reduction sensitive dimers (447). The 

cysteine switch (Cys468) is believed to control the dimerisation via a disulphide bond 

(448). In the protein structure with protein databank code 1ITV, the role of the 

hemopexin-(PEX)-like domain of MMP-9 was investigated. It was observed that PEX 

controls dimerisation of MMP-9 and it is dependent on reducing agents, a reversible 

dimer is formed independent of disulphide linkages. 

Elkins et al. investigated the C-terminally truncated human Pro-MMP-9 in order to 

design inhibitors. Protein structure with code 1L6J was introduced in the PDB; it has a 

prodomain, and a fibronectin domain. When compared with MMP-2, a closely related 

MMP, the cysteine switch of MMP-9 was highly preserved (449) in prodomain. Arg 424 

of MMP-9 in the S1′ pocket was reported to be in a slightly different conformation, 

angling it away from the pocket, suggesting that it might be useful for identifying specific 

inhibitors. 

Protein structures 2OVX, 2OVZ, 2OW0, 2OW1 and 2OW2 were explored by 

Tochowicz et al. (421) to identify the flexibility of Arg 424 in MMP-9 with five different 

inhibitors. In the structure with code 2OVX, MMP-9 is complexed with a barbituric acid 

inhibitor. It was observed that the catalytic zinc is chelated with the N atom of the 

barbiturate ring. The lower part of the S1′ pocket is filled by the phenyl ring of the 

barbituric acid inhibitor.      

In 2OVZ, a phosphinate inhibitor interaction with MMP-9 was described; these are 

thought to be the tightest binding inhibitors of many MMPs. MMP-9 inhibition by the 

phosphinate inhibitor is not obstructed by Arg 424 in the S1′ pocket. In protein structures 

2OW0, 2OW1 and 2OW2, the interaction of MMP-9 with iodine labelled carboxylate, 

trifluoromethyl hydroxamate and difluoro butanoic acid inhibitors respectively is 
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revealed. Arg 424 is reported to be flexible, blocking partially the S1′ cavity making it 

difficult to accommodate long residues at P1′ of substrates (421). 

Statistical modelling has been extensively used in all aspects of science and research. 

It ranges from designing experiments, collecting data, analysing and interpreting the  data 

(450). Automatic linear modelling is an approach of data mining that employs a machine 

learning approach to find the best predictive model using the available data (451). 

Numerous studies have reported the substrates for MMP-9. Peptide sequences (mostly 

octa-peptides) reported to be MMP-9 cleavable in different papers were obtained from 

the MEROPS web page https://www.ebi.ac.uk/merops/cgi-bin/substrates?id=M10.004. 

The MEROPS database is a one-click information source for peptidases, inhibitors and 

substrates. The information in MEROPS is curated manually and the database came into 

existence in 1996. The hierarchical classification of peptidases and their inhibitors sees 

them grouped by protein and species. Related sequences are clustered into families and 

clans. More than half a million peptidases and almost 75000 inhibitors and substrates are 

reported in MEROPS 9.13 (452). Each protein type is named as holotype. For each protein 

species, substrates and cleavage positions and their biological pathways are provided (a 

link to KEGG database). Multiple studies have used different techniques to predict the 

substrates for MMP-9. Phage display libraries (453, 454), positional-scanning peptide 

libraries (455) and mixture-based peptide libraries (456, 457) are the most popular (458).  

Efforts were made to identify either inhibitors or substrates for MMP-9 as it plays a 

major role in many diseases. Turk et al. explored the cleavage site motifs for six members 

of the protease family using mixture-based oriented peptide libraries. They validated the 

results by comparing with previous literature and measuring the cleavage of individual 

peptides experimentally. Peptide cleavage by six different members of the MMPs was 

measured by treating with fluorescamine (reacts with primary amine to give fluorescence) 

https://www.ebi.ac.uk/merops/cgi-bin/substrates?id=M10.004
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after incubating the peptide substrate with individual enzymes. The suitability of each 

peptide to be a substrate was described as kcat/Km derived from fitting the data to the 

Michaelis–Menten equation (459). 

Kridel et al. used a phage display library of random hexamers to identify substrates 

for MMP-9. They reported the most common cleavage motif has the sequence of Pro-X-

X-Hyd-(Ser/Thr) extending from P3 – P2′; Where X can be any amino acid and Hyd is a 

hydrophobic amino acid. They also used fluorescamine experimentally for measurement 

of kinetics of MMP-9 (453). Tauro et al. used hydrogel matrices for MMP-mediated 

selective peptide cleavage for chemotherapy. Experimentally, they used the same 

fluorescence technique (460). Ratnikov et al. also profiled substrates for MMP 

specificities and represented them as kobs using phage display library (461). Lamort et al. 

explored the substrate specificity for MMPs especially MMP-12. They used the 

fluorescence technique for enzyme kinetics and Abz (ortho-aminobenzoic acid) was used 

as the fluorescent group (462). 

2.2. Our Approach 

The literature above suggests that there is still a need to explore and identify the most 

suitable and specific substrates for MMP-9. Most of them relied on the fluorescence 

produced from the fluorogenic material added in the experiment. This fluorescence could 

be from the Trp or Tyr as both are fluorescent (463, 464). We used state of the art 

statistical modelling and autodocking techniques to predict highly sensitive substrates for 

MMP-9. Our approach involved gathering data from literature and statistically applying 

the Natural and Non-natural Amino Acids Index to describe the amino acids 

(NNAAIndex) (465), assigning a novel score based on sequence, docking the interesting 

sequences predicted and experimental validation using a novel technique discussed in 

chapter 3. 
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NNAAIndex is based on 155 physiochemical properties of 22 natural including 

selenocysteine (U) (466), pyrolysine (O) (467), selenocysteine and many non-natural 

amino acids. NNAAIndex model can be applied to in silico peptidomimetics in a high 

throughput manner with desirable bioactivities for a wide range of applications. These 

155 physiochemical properties were grouped in to six factors. (465). Characterisation of 

any peptide (like structural features, designing and predicting desired activity) can be 

carried out using NNAAIndex factor values. Computational docking has been extensively 

used to explore protein-ligand interactions for drug discovery and development. It 

involves the use of known protein structures, such as those obtained from x-ray diffraction 

by protein crystals. It works by predicting the bound conformations and binding free 

energy of small molecules for the target protein (468, 469). 

2.3. Material and Methods 

2.3.1. Materials 

SPSS 23® (IBM Corporation) was used for statistical modelling, Pymol® 

(Schrödinger, Inc. NY) was used to generate images. Python® was used for permutation 

and combination to generate peptide sequence. Autodock Vina® was used for docking 

studies (470). Accelrys Draw 4.0 was used to generate SMILES. 

2.3.2. Methods 

2.3.2.1. Frequency distribution of amino acids for MMP-9 substrates 

To begin investigations of MMP-9 substrates, literature searches were carried out. 

MMP-9 enzyme and its substrates were extensively investigated in the last decade (471). 

To identify and rank order MMP-9 peptide substrates, sequences were searched from the 

literature. A total of 369 peptide sequences were located including some that feature non-

natural amino acids. The SPSS frequency distribution function was employed to assess 

the frequency of amino acids at different positions. 
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2.3.2.2. Statistical modelling and training of prediction tool 

In order to rank all MMP-9-cleavable peptides, the Index of Natural and Non-natural 

Amino Acids (NNAAIndex) was used (the frequency of occurrence of residues can only 

be used to understand the effect of precedented residues). Factor values were given to 

MMP-9-cleavable sequences reported in the literature (413, 454, 460, 462, 472-475). An 

automatic linear model was applied and analysed using SPSS 23. To enhance the 

likelihood of predictability and to make it more accurate, more sequences reported in 

literature were included in the study. Literature data was grouped into four different 

categories based on the representing unit (e.g. M-1s-1, kobs etc.).  An automatic linear model 

was applied on these data sets. Models providing the most accurate predictions for each 

dataset (Dataset 1, Dataset 2, Dataset 3 and Dataset 4) were selected. In these models, the 

identity of residues at each position as well as the factor values for each residue were 

included as descriptors. 

The SPSS scoring wizard was used to give scores to MMP-9 cleavable sequences. As 

a first step to developing a consensus from these four scores, a Z-score was calculated for 

each data set. A Z-score is computed by first finding the average score for all compounds 

in the set and the corresponding standard deviation. The Z-score corresponds to the 

number of standard deviations away from the mean each individual value is and therefore 

the scores are independent of the absolute score values or of the distribution of scores can 

be obtained. These Z-scores (unlike the original scoring by the model) can be compared 

between models and so an average of the Z-score predictions using the four models was 

then taken to give what we styled as a Y-score to each sequence. This was to train our 

prediction tool. These Y-scores are a general view based on all the datasets (which can 

provide conflicting perspectives on certain features, as might be expected for biological 

data). This prediction (Y-score) was plotted against the measured values of log of kcat/Km. 

After training our prediction tool, a new dataset (merged dataset) was developed by 
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combining dataset 1, 3 and another dataset 5 (476) from the literature. Automatic linear 

modelling was run again on the merged dataset, this time using only the factor values (in 

order to maintain generality). The model was analysed in detail to identify the residues 

that are most likely to strongly influence (in a positive or negative direction) how quickly 

a substrate is processed. 

2.3.2.3. Combinations and permutations 

After identifying residues at each of the positions from P5-P5′ that are likely to 

maximise the scores (based on the factor values for each amino acid), 100800 sequences 

were generated by combination and permutation. Factor values were allocated to new 

sequences and automatic linear modelling was run using SPSS. The scoring wizard from 

SPSS was used to give a score to these sequences which was normalised to give a Z-

score. The predicted Z-scores from each of the models were then averaged to generate a 

Y-score. These Y-scores correspond to a consensus based on models that use all of the 

available data but without making inappropriate comparisons between data gathered in 

different laboratories and in different conditions. 

2.3.2.4. Molecular Docking to Understand Substrate Recognition by MMP-

9 

For further understanding and prediction assessment, results from the frequency 

distribution of amino acids were used to identify suitable substrates with higher kcat/Km 

values. From the frequency analysis, the most frequently occurring amino acids at each 

position were identified and docked in different protein structures reported in PDB. 

2.3.2.5. Protein Structure Preparation 

There are 25 structures of MMP-9 reported in the PDB. In many of the MMP-9 

structures, the protein is present more than once in the asymmetric unit. Autodocking 

needs special information about the receptor such as atoms, atomic charges, coordinates 

and the region of interest (centred around the catalytic moieties). The first occurrence of 

the protein, chain A, was arbitrarily selected for the docking studies. Calcium (Ca), 
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inhibitors and all water molecules were deleted from the structures but both active site 

Zinc atoms (Zn) were retained and were assigned +2 charge (Zn2+). These files were then 

processed in the Autodock tools from MGL to create a version (PDBQT) of the structure 

that is ready for docking using Autodock Vina. This tool adds atomic charges to the 

atomic coordinates. 

2.3.2.6. Ligand Preparation 

Ligands were sketched in Accelrys Draw 4.0, which was then used to generate 

SMILES strings that describe the structure of each molecule.  These were converted into 

three-dimensional structures using the open babel program. The program was also used 

to set a protonation state appropriate to pH 7.4. An example of the commands used is 

summarised in Figure 2.4. 

 

Figure 2. 4. Simple representation of ligand preparation for docking. 

 

2.3.2.7. Docking Setup 

Autodock Vina requires the user to specify a “box” into which the ligand will be 

placed.  This box was centred on the catalytic zinc in these studies. In initial calculations, 

a box of size 5 x 5 x 5 Å was selected and docking of a series of inhibitors was carried 

out in order to optimise the box size. This approach was used for three protein structures. 

The most appropriate box size can be determined in two ways. Firstly, it can be identified 

directly by importing the protein structure along with inhibitor in Autodock Vina. The 

box should cover the inhibitor in all three dimensions. Secondly, after docking, the poses 

can be used to identify the optimum box size. The poses are imported into Pymol for 
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visualisation along with the inhibitor to serve as a reference. The box which yielded poses 

of inhibitor that most resemble the one in the protein-ligand crystal structure would be 

the best. Different box sizes were tried to get the appropriate one. For 1GKC (MMP-9 

structure), a box size of 10 x 10 x 30 Å was found most appropriate. 

Various dipeptides were designed based on the frequency distributions described 

previously. The same approach was used to generate tri, tetra, penta and hexa peptides. 

This array of peptides was then docked into the 1GKC structure using Autodock Vina 

with the box settings as obtained previously. We docked more than 600 different 

sequences to understand the nature and behaviour of the active site within MMP-9. 

2.4. Results and Discussion 

2.4.1. Statistical modelling and prediction 

To identify and rank order MMP-9 peptide substrates, sequences were searched from 

the literature. A total of 369 peptide sequences were downloaded including some that 

feature non-natural amino acids from MEROPS. The frequency of each amino acid at 

each position is shown in Figure 2.5. Amino acid positions are labelled as P4 – P3 – P2 – 

P1 ↓ P1′ – P2′ – P3′ – P4′.    P is used for amino acids starting in the N-terminus and P′ is 

used for the C-terminus (477). The cleavage site is indicated by a down arrow (↓) symbol. 

It was observed that in MMP-9 cleavable peptide substrates, Gly at P4 was most 

prominent comprising more than 32% of all the sequences followed by Ala and Leu with 

8.45% for each. At P3, Pro was the most frequent, occupying about 41% followed by Ala 

for more than 14%. Interestingly, at P2 several amino acids were frequent: Ala, Gly, Pro, 

Arg, Ser; comprising 14.6%, 10.3%, 10%, 9.5% and 7.3 % respectively. Gly (almost 

33%) and Ala predominantly occupy P1 (around 12.6%). 

The P1′ position in octa-peptides is frequently Leu (slightly above 28%) trailed by 

Val (more than 10% of all sequences). Ala and Ile were also significant at P1′ (8.9 and 

8.1% respectively). At P2′, a mixture of amino acids is frequent: Ala is the most frequent 
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with 11.1% of occurrences followed by Arg at around 9.4%. Glu, Gly, Thr were present 

at the same frequency of 8.4%. Gly and Ala were the most frequent at the P3′ position 

with 35% and 15.7% respectively. Ala and Pro were the most common residues at the P4′ 

position 13.3% and 13% respectively. Gly and Leu were around 10%. Gly and Ala are 

more prominent at the P1 position. Other residues like Val and Pro are also tolerated but 

probably entail lower rates of hydrolysis and this will be highlighted later in this chapter 

using molecular modelling. Leu and Val seem to be better residues at P1′ for cleavability. 
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Figure 2. 5.  Frequency distribution of amino acids at different positions. X is synthetic amino acid and the rest are natural amino acids.
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The natural occurrence of amino acids in the human body reported in the human gene 

bank (NCBI Build Number 34 March, 2004) is shown in Table 2.1 (478). It is a representation 

of any amino acid in all human proteins encoded by the genome. In any given protein, this 

represents the probability of any position containing a specific amino acid if their ordering 

were random. 

Table 2. 1. Natural occurrence (%) of each amino acid has been averaged over the total 

number of amino acids from complete human gene bank. 

A 7.04 G 6.75 M 2.37 S 7.99 

C 2.31 H 2.56 N 3.68 T 5.34 

D 4.84 I 4.50 P 6.10 V 6.13 

E 6.92 K 5.65 Q 4.65 W 1.21 

F 3.78 L 9.84 R 5.52 Y 2.82 

 

The occurrence of amino acids in MMP-9 cleavable peptide sequences (MEROPS) is 

shown in Table 2.2. It was observed that the percentage (rate of incidence of amino acid in 

any sequence) for all amino acids in any given peptide (MMP-9 cleavable reported in 

MEROPS) sequence at any position includes at least one amino acid that is much higher than 

the standard natural occurrence from the human gene bank. From this it can be deduced that 

MMP-9 responsive/cleavable peptides have some specific patterns/ frequency of amino acids 

which make them most suitable substrates for MMP-9. It can also be concluded from here; 

any natural peptide sequence (found in the body) is not likely to be a substrate for MMP-9. 
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Table 2. 2. Percentage of amino acids for reported MMP-9-responsive peptides at various positions 

in Merops. 

Amino 

Acids 
P4 P3 P2 P1 P1′ P2' P3' P4' 

A 8.4 14.1 14.6 12.7 8.9 11.1 15.7 13.3 

C 0.3 0.3 1.1 0.5 0.3 0. 8 1.1 0.5 

D 1.9 1.1 0.8 1.9 0.8 2.2 2.7 6.5 

E 3.0 1.4 4.3 4.1 2.2 4.3 3.3 6.2 

F 3.3 2.2 4.3 3.3 4.1 4.3 2.4 3.5 

G 32.2 5.1 10.3 32.8 3.8 8.4 35.0 11.1 

H 2.2 1.6 1.4 2.7 .5 3.0 1.1 0.8 

I 3.5 3.5 2.4 1.1 8.1 3.8 2.7 2.4 

K 3.8 1.9 6.8 4.9 5.7 7.6 2.4 4.9 

L 8.4 6.2 7.0 3.5 28.2 7.0 4.9 10.0 

M 1.1 0.3 1.4 1.1 3.5 1.6 0.3 1.4 

N 2.7 1.1 0.8 4.6 0.8 2.4 1.4 3.3 

P 4.1 40.7 10.0 5.7 2.7 3.0 2.2 13.0 

Q 3.3 1.6 5.4 2.2 5.7 8.4 2.4 2.2 

R 3.8 1.4 9.5 1.9 1.6 9.2 1.9 3.3 

S 5.1 5.4 7.3 4.9 5.4 4.3 8.4 4.1 

T 2.4 2.7 3.3 3.5 1.6 8.4 4.9 3.8 

V 7.3 7.9 4.9 5.7 10.3 6.8 5.7 5.1 

W 0.0 0.0 0.0 0.3 0.5 1.1 0. 5 0.3 

Y 0.5 0.3 3.5 2.7 4.1 1.6 1.1 1.6 

 

 

It was observed that factor values of amino acids in MMP-9 substrate sequences is 

significantly different than the standard natural occurrence from human gene bank as shown 

in Figure 2.6. After calculating the factor values for any natural occurring given protein 

sequence and comparing with MMP-9 substrates. It can be deduced that MMP-9 

responsive/cleavable peptides have some specific patterns of amino acids that make them 

suitable to be substrates for MMP-9. 
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Figure 2. 6. Comparison factor values of amino acids in MMP-9 substrates compared to natural 

occurrence and Non-MMP-9 substrates. 

 

Factor values were computed for each amino acid in MMP-9-cleavable sequences. In 

dataset 1 (positions of amino acids, factor values for each position and k(obs) values were 

considered), amino acids at P3 and P2 were found to have influence on the selectivity of 

substrate for MMP-9. Amino acids at P1′ along with the factor 1 and P2′ positions were found 

to be critical for the cleavability. Factor 1 and 2, named as geometric index and H-bond index 

that consist of different parameters including log of aqueous solubility, spherosity, total 

structure connectivity index, folding degree index H-bond donor capacity, hydrophilic-

lipophilic and hydrophilic volume were found to be influential for selectivity. Amino acids 

at P3′, P5′ and factor 5 of P5′ also have some importance towards the selectivity. 

In dataset 2 (positions of amino acids, factor values for each position and kcat/KM values 

were considered), amino acids at P5 and P2 positions were the most important having an 
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importance of 0.824 and 0.091, respectively, for substrates. Factor 2 (H-bond index) at P1′, 

factor 1 (geometric index) at P3′ and factor 1, 4 (accessible surface area) at the P5′ position 

contribute towards the selectivity of substrate with an importance of 0.019, 0.026, 0.008 and 

0.032 respectively. 

In data set 3 (positions of amino acids, factor values for each position and cleavage 

efficiency values were considered), amino acids at P3 and P2 positions with an importance 

of 0.270 and 0.328 stood out for substrate selectivity. Factor 1, 4 and 5 for amino acids at P1′ 

positions with an importance of 0.090, 0.133 and 0.043 respectively and factor 6 at P4 and 

factor 5 at P4′ were found essential for selectivity. 

In dataset 4 (positions of amino acids, factor values for each position and rate of 

hydrolysis values were considered), the amino acid at the P1 position and factor 4 are 

important with an importance of 0.104 and 0.132 respectively. Factor 1 and 2 at P5, factor 3 

at P3, factor 2 at P2, factor 2 and 3 at P1′, factor 4 at P2′ and factor 6 at P4′ are important. 

SPSS scoring wizard was used to give scores to MMP-9 cleavable sequences. To develop 

a consensus from these four scores, a Z-score was calculated for each data set. The average 

Z-score across the four data sets was then taken to assign a Y-score to each sequence. The 

individual models were investigated to identify whether they favoured high or low values of 

each factor at each position. These could then be used to identify the amino acid that has the 

highest or lowest value – even if it has never been reported at that position in an MMP-9 

substrate. In this way, the sequences featuring the residues with most significant influence 

were identified from P5-P5'. A list of these residues from P5 - P5′ are given in Table 2.3 

below. 
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Table 2. 3. List of all the amino acid residues having significant influence according to the prediction 

tool (model) 

P5 P4 P3 P2 P1 P1′ P2' P3' P4' P5' 

W,G G 

P,W,G 

I,M,S, 

Y,A 

A,W,G, 

Q,P,I 
G,Q,P,Y,A 

L,Q,P,G, 

W,Y,A 
Y,A W,G,Q,P,I A,W,I G 

 

About 100800 sequences were generated from combinations and permutations of the 

residues indicated in Table 2.3. Factor values were allocated to new sequences and automatic 

linear regression was run using SPSS. The scoring wizard from SPSS was used to give four 

Z-scores to these sequences and then to generate a Y-score. A few examples are given in the 

Table 2.4. 

Table 2. 4. List of highly sensitive novel peptides for MMP-9 suggested by prediction tool. Down 

arrow () shows the cleavage point. 

SEQUENCE Y-Score SEQUENCE Y-Score 

WGPIALAGIG 2.20 WGPIGLAGAG 2.06 

WGPIGLAGIG 2.15 WGPIALAQIG 2.04 

WGPIAWAGIG 2.12 WGPIAWAGAG 2.03 

WGPIALAGAG 2.11 WGPIPWAGIG 2.02 

WGPIPLAGIG 2.10 WGPIAPAGIG 2.01 

WGPIGWAGIG 2.07 WGPIPLAGAG 2.01 

 

2.4.2. Docking substrates with MMP-9 

A systematic approach was adopted to dock the substrates in MMP-9. From the frequency 

analysis, frequent amino acids at different position were identified; Gly was most common 

on P1 and Leu was more prominent at the P1′ position; furthermore, Pro at P3 was highest 

in frequency. It is reported that residues (amino acids) with long side chains are not suitable 
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for any sequence to be a good substrate for MMP-9 (421), whereas residues with longer side 

chain don’t have significant effect for other MMPs like MMP-2, MMP-3 and MMP-8 (479, 

480). Gly has no side chain and is the simplest amino acid having molecular mass around 

57.02 g/mol, followed by Ala, with the smallest side chain and molecular mass 71.07 g/mol. 

Ser, Pro, Thr and Cys have molecular mass around 100 g/mol but these are not very common 

at P1′, whereas; Leu and Ile having molecular mass around 113 g/mol were among the 

highest. 

2.4.3. Occupation of S1’ cavity by Leucine is good for substrate binding  

Docking of the substrates into the MMP-9 structure provides a means to understand how 

each residue in the peptide exerts it influence on the MMP-9 cleavability. Various parameters 

can be used to assess the poses that are obtained.  The first is the docking score computed by 

Autodock Vina.  These scores are more negative for better poses.  The other parameter uses 

the knowledge that in order to undergo cleavage at a specific amide bond, the carbonyl of 

that amide must interact with the catalytic zinc atom.  Therefore, poses were examined to 

identify those that satisfied this criterion.  

The docking of di-peptide (GL) into the 1GKC protein structure results in the poses 

shown in Figure 2.7. In both pictures, the carbonyl interacts with the catalytic zinc atom and 

the di-peptide lies along the axis of the catalytic cleft. It can be clearly seen that that Leu’s 

sidechain extends into the S1′ pocket of the catalytic cleft.  The S1′ pocket consists of Val 

398, Leu 397, His 401, Pro 421, Met 422 and Tyr 423, most of which are hydrophobic in 

nature (apart from His and Tyr which have polar groups but also are significantly 

hydrophobic). The Leu amino acid in the docked dipeptide is itself hydrophobic and prefers 

to extend into the hydrophobic zone made up of Val, Leu, Pro and Met. It suggests that this 

hydrophobic zone in the S1′ pocket provides a suitable environment to accommodate Leu. 
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Figure 2. 7. The selected pose for “GL” a di-peptide obtained by Autodock Vina, A) di-peptide 

(sticks) in 1GKC (surface), B) green ball is catalytic Zn, peptide in cyan. 

 

A tri-peptide AGL, was also docked into the 1GKC protein, as shown in Figure 2.8. The 

Leu (L) or Ala (A) can extend into the S1′ pocket. From nine poses obtained, six have Leu 

occupying the S1′ pocket, whereas some preferred Ala in this pocket. One of the possible 

explanations is that both amino acids are hydrophobic in nature, but Leu is slightly more 

hydrophobic than Ala (481, 482). 

 

Figure 2. 8. AGL a tri-peptide docked into 1GKC (surface), the green ball is the catalytic Zn; the tri-

peptide (sticks) is shown in cyan.  A) Leu can be observed extending into the S1’ pocket B) Ala extends 

into the S1’ pocket of the active cleft. 

 

To build on this, several penta-peptides were docked into 1GKC and 2OW2 using the 

same grid size. PLSLY a penta-peptide is shown docked in Figure 2.9. It can be noticed that 

Leu favoured the S1′ cavity in most of the poses after docking and the distance of the 

carbonyl oxygen (the site of the cleavage in these peptide sequences) from the catalytic Zn 
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ranges from 2.2 - 2.7 Å, which makes it a favourable cleavage position. It is believed that the 

carbonyl oxygen acts as a Lewis base activating the C=O bond for attack by water and 

subsequently amide bond cleavage (483). 

 

Figure 2. 9. “PLSLY” a penta-peptide after docking, 1GKC (A, B) and 2WO2 (C, D) shown in 

surface, green ball is catalytic Zn, peptide (sticks) in cyan.  A) Leu can be observed extending into 

the active cleft, Tyr twists outwards as does the other Leu ; the Pro protrudes out at the end of the 

trench-like shape of the active cavity B) Leu extends into the S1’ pocket of active cleft, Tyr is folded 

outwards but drapes on the surface. C, D) Leu can be observed following the same trend (extending 

into the cavity), Tyr twists and wraps out of the trench but onto the surface of the protein and the 

second Leu prefers two different conformations in each pose. Pro sits in the cavity made up of side 

chain of His 405, Gly 408, Leu 409 and Asp 410. 

 

Several hexa-, hepta- and octa-peptides were also docked into 2OW2 with grid size of 10 

x 10 x 25 Å. Some of the docked peptides are shown in Figure 2.10. GPRGLG and PRRLTA 

hexa-peptides docked in 2OW2 are labelled as A and B respectively. It can be clearly seen 

that Leu again prefers to occupy the active cleft in the S1′ cavity. The Gly on the C-terminus 

(A) twists and projects over the side of the S1′ cavity and wraps over the end of the trench-

like active site. On the N-terminus, Arg twists and changes its conformation and occupies 
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the S1 pocket. Pro extends over the side and arranges itself in a way that covers the 

underlying Arg. 

In PRRLTA (B), from the C-terminus, the S1′ pocket is occupied by Leu, whereas Thr 

twists around and projects out of the pocket. Ala wraps around the end of the S1′ cavity. In 

the N-terminus the side chain of Arg at the P1 position projects out of the cavity in such a 

way that it partially obscures the catalytic Zn but presumably in this orientation the charged 

guanidine group is solvated by being surrounded by water. Pro sits in the cavity and Arg at 

P2 extends and wraps over the Pro. The carbonyl oxygen is 2.4 Å from the Zn. 

In hepta- and octa-peptides (RPLGLWG and RPLGLWGA respectively), the same 

behaviour can be observed in most of the poses after docking. Leu at P1′ prefers to go in the 

S1′ cavity and the indole group of the Trp projects outside of the cavity and lies out and over 

the end of the S1′ pocket. Gly at P3′ and Arg at P4 twist to cover the active cleft completely.  

 

Figure 2. 10. Hexa-, hepta- and octa-peptides shown in sticks (cyan) docked into 2WO2 shown as a 

surface; the green ball is the catalytic Zn.  A) In GPRGLG, Leu can be observed extending into the 

S1′ pocket, Gly twists and comes out of the active cleft. The distance between O and Zn is 3.1 Å. B) 

In PRRLTA, Leu extends into the S1′ pocket of the active cleft, Thr twists and projects out of the 
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cavity; Ala wraps over and back onto the protein surface. The side chain of Arg at P1 dangles out of 

the cleft. Pro at P3, sits in a part of the cavity made up of the side chains of His 405, Gly 408, Leu 

409 and Asp 410. C) In RPLGLWG, Leu can be observed following the same trend (extending into 

the S1′ pocket), Trp twists and wraps over the right hand end of the trench and Gly rotates to cover 

the S1′ active cleft. Pro sits in the cavity made up of the side chain of His 405, Gly 408, Leu 409 and 

Asp 410. The side chain of Arg at P4 coils in a way that it covers the S1 pocket and Pro. The distance 

between O and Zn is 2.6 Å. D) In RPLGLWGA, Leu is in the S1′ pocket and Trp wraps around the 

end of the pocket and back onto the protein surface and the distance between O and Zn is 2.2 Å. 

 

Systematic substitution of different amino acids for Leu at the P1′ in the sequence 

PLGXW result in many interesting poses shown in Figure 2.11. Most of the poses docked 

nicely even in the absence of Leu. In PLGDW, Trp twisted in a way that the side chain of 

Trp extended out of the active cleft and the indole moiety wraps back onto the protein surface. 

Glu occupies the active cleft in PLGEW, in quite a different pose to that for the others. In 

PLGFW, the aromatic ring (phenyl) of the Phe sits in the active cleft in the space that the 

Leu sidechain binds. The same phenomenon was observed in PLGYW, where the aromatic 

ring (hydroxyphenyl) occupied the active cleft. It can be suggested the small aromatic 

sidechains can easily fit into the active cleft in the space occupied by Leu and could be a 

better substrate for MMP-9. 
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Figure 2. 11. Penta-peptides shown in sticks (cyan) docked in 2WO2 shown as a surface, green ball 

is catalytic Zn.  A) In PLGDW, the side chain of Trp can be observed extending into the active cleft, 

Asp twists and comes out of the active cleft. The distance between O and Zn is 2.5Å. B) In PLGEW, 

Glu extended into the S1’ pocket of active cleft, Trp twisted and covered over the cavity, the distance 

between O and Zn is 2.7Å.C) In PLGFW, Phe (phenyl) can be observed following the same trend 

(extending in the cavity), Trp twists and wraps over the end of the trench-like active cavity. The 

distance between O and Zn is 2.6Å. D) In PLGYW, Tyr occupied the active cleft and Trp wraps out 

of the active site and the distance between O and Zn is 2.5Å. In the other two peptide sequences, 

replacement of amino acids at positions P3 - P2′ did not affect the Leu’s capability to occupy the 

active cleft. Even in the third peptide it was Ile instead of Leu, but it did not affect the Leu/Ile 

positioning. After docking these 300 peptides, it was noticed that for larger peptides, multiple docking 

of the same peptide did not produce consistent results due to the limited extent of sampling possible. 

 

2.5. Conclusion 

State of the art statistical and molecular modelling tools were employed to identify the 

most suitable substrate for MMP-9. Y-score was calculated for more than 1 million 

sequences after combinations and permutations. NNAAIndex was used to assign factor 

values and to calculate Y-score subsequently. Novel MMP-9 substrates were identified with 

a range of Y-score. These predictions need to be validated experimentally. 
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CHAPTER – 3 EXPERIMENTAL VALIDATION OF 

MOLECULAR PREDICTIONS 

3.1. Introduction 

Several efforts have been made to identify the most suitable substrate for MMP-9. As 

mentioned in the previous chapter, MMP-9 regulates multiple physiological and pathological 

processes. Numerous studies have reported MMP-9 cleavable sequences. Chen et al. used 

modified ELISA to study and calculate the metabolism of phage display library peptides 

(454). In another study, Kridel et al. used MALDI-TOF mass spectrometry for the 

determination of the scissile bond for peptide sequences and fluorescamine was used to 

assess the peptide hydrolysis (484). Real-time monitoring of enzyme kinetic is not possible 

with the above-mentioned techniques. 

Predictions were tested by a novel NMR technique that contrasts with previous studies 

that relied on the fluorescence produced from the fluorogenic material added in the 

experiment. This fluorescence could be from tryptophan (Trp) or tyrosine (Tyr) residues as 

both are fluorescent (463, 464). We designed peptide sequences that are more sensitive to 

MMP-9 than the sequences already reported in literature. So far, we are the first to 

use/introduce fluorine-19 (*F) NMR to investigate the enzyme kinetics of MMP-9 and to 

validate these findings. Nonetheless, NMR has previously been used for enzyme kinetics. 

Her et al. used NMR for real time study of the enzyme kinetics for sucrose hydrolysis to 

glucose (485). Papeo et al. used NMR for studying an enzymatic (trypsin) reaction on 

polyfluorinated peptides (486). We used the latter approach, in which peptides with 

fluorinated amino acids will be synthesized and the degradation profile monitored by *F 

NMR spectroscopy. NMR is relatively insensitive technique meaning higher concentration 
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of sample is required to get suitable results. Furthermore, proteins or bio-macromolecules 

need to be soluble. It also needs labelling with NMR active nuclei.  

In this chapter, various predicted novel MMP-9 sensitive peptide sequences with a range 

of Y-scores have been synthesized; importantly, this includes a peptide predicted to be a poor 

substrate. Novel MMP-9 sensitive peptides were subjected to enzymatic degradation in the 

presence of active MMP-9 using *F NMR. NMR data obtained was processed using various 

state of art tools to calculate the kcat and Km values.  

3.2. Materials and Methods 

3.2.1. Materials 

All L-Fmoc amino acids, Oxyma and ProTide® resin were bought from CEM. N,N′-

diisopropylcarbodiimide (DIC), piperidine, cholesteryl chloroformate (CHF), trifluoroacetic 

acid (TFA), triisopropylsilane (TIPS), acetonitrile, formic acid and N,N-

diisopropylethylamine (DIPEA) and N-(3- Aminopropyl) methacrylamide hydrochloride 

(APMA) were bought from Sigma-Aldrich®. Fmoc-L-4-fluorophenylalanine was purchased 

from Fluorochem®. Dimethylformamide (DMF), 1-(2-pyridylazo)-2-naphthol (PAN) and 

diethyl ether were purchased from Acros Organics®. MMP-9 recombinant human protein 

with a C-terminal polyhistidine tag (10327H08H5) was bought from ThermoFisher 

Scientific®. 

3.2.2. Methods 

3.2.2.1.Peptide synthesis 

Peptides were synthesized using a CEM Liberty Blue® automated microwave-assisted 

peptide synthesizer. Briefly, Rink amide ProTide resin (147 mg; loading capacity 0.61 

mmol/g) was transferred into a reaction vessel. A typical Fmoc-deprotection used 20% v/v 

piperidine in DMF for 90 s at 90oC. DIC and Oxyma solutions (each 1 M) were used as 
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activator and coupling reagents, respectively. Solutions of amino acids in DMF (0.2 M) were 

singly coupled at 90oC, except for Cys, which was coupled at 50oC and Arg, which was 

double coupled at 75oC. The peptide was cleaved from the resin by reacting with 1-2 mL of 

cleavage cocktail (trifluoroacetic acid: water: triisopropylsilane, 90%: 5%: 5%) for 4 h at 

room temperature. The solution was then filtered into cold diethyl ether, which precipitated 

the peptide. Precipitated peptide was washed with further diethyl ether four times to ensure 

the complete removal of impurities. Diethyl ether was evaporated by leaving it overnight in 

the fridge. Finally, the peptide was re-dissolved in water and freeze dried to afford a white 

solid. 

3.2.2.2.Characterization of peptide by LC-MS 

All of the peptides synthesized were characterised by using high-resolution (accurate) 

mass spectrometry. Samples were analysed using an Agilent 1260 Infinity II LC system with 

Agilent 6530 Accurate-Mass QToF spectrometer, using an Agilent ZORBAX Eclipse Plus 

C18 Rapid Resolution HD analytical column (1.8 µm particle size, 2.1 × 50 mm) with a 

binary eluent system comprising MeOH / H2O (12 min gradient: 1-99% with 0.1% formic 

acid) as mobile phase. Operating pressures were in the range of 2000-3000 PSI. Electrospray 

ionisation mass spectrometry was conducted in positive ion mode (m/z range: 50 – 3200) 

using a fragmentor voltage of 150 V, gas temperature of 325 °C (flow 10 L/min) and sheath 

gas temperature of 400 °C (flow 11 L/min). Reference ions were purine (121.0509) and 

hexakis (1H, 1H, and 3H-tetrafluoropropoxy) phosphazine (922.0098) (API-TOF Reference 

Mass Solution Kit, Agilent). Exact mass measurements of the products were based on the 

protonated molecules [M+H]+ and were detected as sodiated adducts [M+Na]+. 
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3.2.2.3.MMP-9 activation protocol 

MMP-9 was activated in TCNB buffer (50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 

0.05% Brij35, pH 7.4 (TCNB)). Firstly, TCNB buffer was prepared and pH was adjusted to 

7.4. 5 µg of MMP-9 was suspended in 50 µL of TCNB buffer (100 µg/mL) and incubated 

for 24 h with APMA to a final concentration of 1 mM at pH of 7.4. The mixture was diluted 

to a concentration of 2 nM and aliquoted. 

3.2.2.4.NMR studies for enzyme kinetics 

Enzymatic studies were conducted by using a Bruker® Ascend™ 600 MHz NMR 

spectrometer with broadband observe (BBO) probe. One-dimensional (1D) fluorine-19 (*F; 

564.686 MHz). Preliminary NMR experiment was performed with proton decoupling at 

room temperature (298 K). For preliminary experiment, accurately weighed TY-6 peptide (5 

mg) was dissolved in 2 mL of ultrapure distilled water. 350 µL of peptide sample and human 

serum were mixed in an Eppendorf tube and transferred into an NMR tube. Peptide products 

and metabolites containing 4-fluorophenylalanine were observed as singlets. Chemical shift 

values were calibrated to TFA (-76.55 ppm) as the internal standard. Data obtained was 

viewed and analysed by using TopSpin® and Dynamics centre 2.4.5 (Bruker®) was used for 

processing and calculating enzyme kinetics. 

All peptides were dissolved separately in ultrapure distilled water at the concentration of 

2.5 mg/mL. Peptide solutions (300 µL) were mixed with 2 nmol activated MMP-9 (450 µL) 

in Eppendorf tubes. The mixture was vortexed for 15 s to ensure complete mixing. These 

solutions were transferred into NMR tubes separately. *F NMR experiments were performed 

as above) with proton decoupling at room temperature (298 K) over a period of 15 h. Data 

was processed using Dynamics centre 2.4.5 (Bruker®) to calculate kcat/Km. 
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3.2.2.5.Peak shape analysis 

Peak shape analysis was performed using MestReNova 6.0.2-5475. Automatic phase 

correction was applied. Global spectral deconvolution (GSD) was used to define all the 

peaks, their position, amplitude and shape in the spectrum. From GSD table, peaks were 

arranged in descending order based on their heights. Peaks higher than 1 cm were selected 

from each spectrum for analysis. 

3.2.2.6.Curve fitting 

Curve fitting was performed by using Dynafit (487, 488) 

(http://www.biokin.com/dynafit/). Dynafit was used with the task set to fit, the data to 

generic, code built in.  The model that fit was Michaelis-Menten Progress Km-Ks and initial 

guesses were provided for Km, Eo, So, rP, Fo and kS. Data was provided as molar 

concentration against time (obtained by comparing integrals with those for TFA for which a 

concentration-peak area calibration curve was created). An example of the script is below.  

[task] 

   task = fit  ;  simulate | design 

   data = generic  ;  progress | rates | equilibria | generic 

   code = built-in 

[equation] 

   MichaelisMentenProgressKmKs 

[parameters] 

   Km = 0.00000064 

   Eo = 0.000000001 

   So = 0.000022 ? 

   rP = 1 

   Fo = 0 

   kS = 29980 ? 

[data] 

http://www.biokin.com/dynafit/
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   variable t 

   directory M:\PhD\Results\NMR_Results\DynaFit4 

   sheet TY6_FOR_ANALYSIS.txt 

   column 7 

[output] 

   directory M:\PhD\Results\NMR_Results\DynaFit4 

[end] 

 

In the above encoding, Km represents the Michaelis constant. Eo represents the total or 

analytic enzyme concentration in appropriate units; So represents the substrate concentration 

in identical units; and rP represents the specific molar response coefficient of the reaction 

product. Fo denotes baseline offset and kS is the specificity number defined as kcat/Km. 

3.3. Results and Discussion 

To test our predictions experimentally, a range of peptide sequences with different Y-

score was synthesized using a CEM Liberty Blue® automated microwave-assisted peptide 

synthesizer shown in Table 3.1. After cleaving the peptides from the resin, LCMS was 

conducted to assess the purity of peptides and results are shown in Figure 3.1 – 3.11. 

Table 3. 1. Predicted peptide sequences synthesized for experimental validation with *F. Note: these 

Y-scores are calculated with modified sequences as *F was included for analytical purposes only. 

Peptide Sequence Y-score 

TY-6 PLG-L*FGAQ 2.393 

TY-9 PLG-LWG*FQ 2.07 

TY-10 WGPIA-LAG*FG 2.20 

TY-19 GGPIG-LAG*FG 1.93 

TY-21 *FPIAQAQI 1.50 

TY-22 GGPIA-LAG*FG 1.98 
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TY-23 GGPIA-WAG*FG 1.89 

TY-24 GGPWA-LAG*FG 1.76 

TY-25 GGPIA-AAG*FG 1.63 

TY-26 GGPIP-LAI*FG 2.57 

TY-27 GGYGQ-GYW*FG -2.18 

TY-43 RPLA-LR*FSQ 
2.04 

 

 

 

Figure 3. 1. LCMS spectrum of TY-6 (PLGL*FGAQ), a modified version of a literature reported 

standard peptide. The spectrum shows the theoretical mass of 819 Da (encircled red), indicating 

the successful synthesis of the peptide. *F represents L-Fmoc-4-fluorophenylalanine serving as a 

probe for NMR. 
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Figure 3. 2. LCMS spectrum of TY-9 (PLGLWG*FQ), a modified version of a literature reported 

standard peptide. The spectrum shows the theoretical mass of 933 Da (encircled red), indicating the 

successful synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 

 

Figure 3. 3. LCMS spectrum of TY-10 (WGPIALAG*FG), a modified version of a novel predicted 

peptide. The spectrum shows the theoretical mass of 1005 Da (encircled red), indicating the 

successful synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 
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Figure 3. 4. LCMS spectrum of TY-19 (GGPIGLAG*FG), a modified version of novel predicted 

peptide. The spectrum shows the theoretical mass of 862 Da (encircled red), indicating the successful 

synthesis of the peptide. Whereas *F is L-Fmoc-4-fluorophenylalanine serving as a probe for NMR. 

 

Figure 3. 5. LCMS spectrum of TY-21 (*FPIAQAQI), a modified version of a novel predicted peptide. 

The spectrum shows the theoretical mass of 904 Da (encircled red), indicating the successful 

synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 



 

106 
 

 

Figure 3. 6. LCMS spectrum of TY-22 (GGPIALAG*FG), a modified version of a novel predicted 

peptide. The spectrum shows the theoretical mass of 876 Da (encircled red), indicating the successful 

synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 

 

Figure 3. 7. LCMS spectrum of TY-23 (GGPIAWAG*FG), a modified version of a novel predicted 

peptide. The spectrum shows the theoretical mass of 949 Da (encircled red), indicating the successful 

synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 
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Figure 3. 8. LCMS spectrum of TY-24 (GGPWALAG*FG), a modified version of a novel predicted 

peptide. The spectrum shows the theoretical mass of 949 Da (encircled red), indicating the successful 

synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 

 

Figure 3. 9. LCMS spectrum of TY-25 (GGPIAAAG*FG), a modified version of a novel predicted 

peptide. The spectrum shows the theoretical mass of 834 Da (encircled red), indicating the successful 

synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 
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Figure 3. 10. LCMS spectrum of TY-26 (GGPIPLAI*FG), a modified version of a novel predicted 

peptide. The spectrum shows the theoretical mass of 958 Da (encircled red), indicating the successful 

synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 

 

Figure 3. 11. LCMS spectrum of TY-27 (GGYGQ-GYW*FG), a modified version of a novel predicted 

peptide. The spectrum of shows the theoretical mass of 1108 Da (encircled red), indicating the 

successful synthesis of the peptide. *F represents 4-fluorophenylalanine serving as a probe for NMR. 
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The real time enzyme kinetics of the peptide substrates (novel predicted sequences with 

literature reported peptide sequences serving as standard) for activated MMP-9 are shown in 

Figures 3.12 – 3.18. It can be observed that peptide goes under metabolism in human serum 

more than once suggesting that multiple enzymes present in serum are metabolizing peptide 

from different positions as shown in Figure 3.12. 

Figures 3.12 – 3.17 show the changes in substrate (and product) concentrations in the 

presence of activated MMP-9 over a period of time. In Figure 3.13 the substrate peak in the 

spectrum is at -116.688 ppm and TFA at -76.55 serves as an internal standard. After two h, 

another peak appears at -116.792 ppm that represents product. This product peak kept rising 

over time and the reactant peak finally disappeared after 15 h. Similarly, for all the novel and 

predicted MMP-9 substrate the peptides reactant peak is disappearing over time and product 

peak is increasing with different rates for each peptide indicating the specificity of the MMP-

9 for the specific peptide. Some peptides are being metabolized by MMP-9 quicker than 

others making them substrates that are more suitable. 

Non-specific degradation was observed as shown in Figure 3.12 compared to 3.13, 

however, the peptide started to degrade in serum after two hours, and more likely the start 

was by serum MMP-9. Also comparing Figures 3.12 and 3.13 suggests that there is a 2 h 

window in the serum for targeting the brain before the peptide cleavage by serum peptidases 

and proteinases. 
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Figure 3. 12. Evolving NMR spectrum for TY-6 (PLGL*FGAQ) in the presence of human serum over 

the course of 15 h. At 0 min, there is only one peak visible in the spectrum (blue) highlighting the 

intact peptide. After two h, another peak start appearing that shows the cleaved product of the peptide 

(red). After 6 h, two small peaks start appearing which are the products of the metabolites of 

reactants. Similarly, over the period up to 15 h, reactant peak disappeared, and the product peak 

becomes dominant. This disappearance of the reactant peak is due to enzymatic cleavage of the 

peptide which are present in serum. It can be observed the reactant peaks changed/metabolized into 

products which further undergoes enzymatic degradation to produce further peaks. This suggests that 

multiple enzymes present in human serum are metabolising the peptide from different positions. 
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Figure 3. 13.  Evolving NMR spectrum for TY-6 (PLGL*FGAQ) in the presence of activated MMP-9 

over the course of 15 h. At 0 min, there is only one peak visible in the spectrum (blue) highlighting 

the intact peptide. After two h, another peak starts appearing that shows the cleaved product of the 

peptide (red). Similarly, over the period up to 15 h, reactant peak disappeared, and the product peak 

becomes dominant. This disappearance of the reactant peak is due to enzymatic cleavage of the 

peptide. 
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Figure 3. 14.  Evolving NMR spectrum for TY-9 (PLGLWG*FQ) in the presence of activated MMP-

9 over the course of 15 h. At 0 min, there is one dominant peak visible in the spectrum (blue) 

corresponding to the intact peptide. After two h, another peak starts appearing that shows the cleaved 

product of the peptide (black). Similarly, over the period up to 15 h, the reactant peak is disappearing, 

and product peak is increasing. This disappearance of the reactant peak is due to enzymatic cleavage 

of the peptide. 
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Figure 3. 15.  Evolving NMR spectrum for TY-19 (GGPIG-LAG*FG) in the presence of activated 

MMP-9 over the course of 15 h. At 0 min, there is one peak dominant in the spectrum (blue) 

highlighting the intact peptide. After two h, another peak is increasing that shows the cleaved product 

of the peptide (red). Similarly, over the period up to 15 h, reactant peak is disappearing, and product 

peak is increasing. In this case, there is support for more than one product peak. The disappearance 

of the reactant peak is due to enzymatic cleavage of the peptide. 
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Figure 3. 16.  Evolving NMR spectrum for TY-26 (GGPIPLAI*FG) in the presence of activated MMP-

9 over the course of 15 h. At 0 min, there is only one peak visible in the spectrum (blue) highlighting 

the intact peptide. After two h, another peak starts appearing that shows the cleaved product of the 

peptide (black). Similarly, over the period, the reactant peak completely disappeared, and product 

peak is increasing. In this case, it is the fastest cleaving peptide and best substrate for MMP-9. This 

disappearance of the reactant peak is due to enzymatic cleavage of the peptide. 
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Figure 3. 17.  Evolving NMR spectrum for TY-43 (RPLALR*FSQ) in the presence of activated MMP-

9 over the course of 15 h. At 0 min, there is one dominant peak visible in the spectrum (blue) 

corresponding to the intact peptide. After two h, another peak starts appearing that shows the cleaved 

product of the peptide (black). Similarly, over the period up to 15 h, the reactant peak is disappearing, 

and product peak is showing up. This disappearance of the reactant peak is due to enzymatic cleavage 

of the peptide. 
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Figure 3. 18.  Evolving NMR spectrum for TY-27 (GGYGQGYW*FG) in the presence of activated 

MMP-9 over the course of 15 h. At 0 min, there is one dominant peak visible in the spectrum (blue) 

corresponding to the intact peptide. Over the period up to 15 h, there is little change to the spectrum. 

 

The product peaks are not clearly distinct and visible in some peptide sequences. In TY-

24 and TY-25 there was no clear product peak visible as shown in Figures 3.19 and 3.20. To 

investigate that issue, LCMS analysis was run, where possible, especially for TY-24, TY-25, 

TY-26 and TY-27 straight after 15 h. It was found in LCMS data that both peptides TY-24 

and TY-25 are being cleaved, as expected and shown in Figures 3.21 – 3.24, but probably 

the resolution of the NMR is not high enough to detect the change in chemical shift between 

reactant and product. The distance of the *F atom from the cleavage site is proposed to be 

responsible for this lack of sensitivity. In TY-24 and TY-25 the *F is positioned at P4’, too 

far from the cleavage site, the through-bond influences are not sufficient to discriminate 

between the intact substrate and the cleaved product. 
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Figure 3. 19.  Evolving NMR spectrum for TY-24 (GGPWALAG*FG) in the presence of activated 

MMP-9 over the course of 15 h. At 0 min, there is only one extended peak visible in the spectrum 

(blue) possibly due to the peptide binding with the MMP-9 active site cavity. Similarly, over the period 

up to 15 h, the peak changed its shape but there is no product peak visible. 
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Figure 3. 20.  Evolving NMR spectrum for TY-25 (GGPIAAAG*FG) in the presence of activated 

MMP-9 over the course of 15 h. At 0 min, there is only one peak visible in the spectrum (blue) 

corresponding to the substrate. Over the period up to 15 h, the peak did not change its shape. 
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Figure 3. 21. LCMS spectrum of TY-24 (GGPWALAG*FG), a modified version of a novel predicted 

peptide after 15 h in the presence of MMP-9. The spectrum shows the theoretical masses of cleaved 

product 487(encircled red) and 481 (encircled green) Da, indicating the degradation of peptide by 

active MMP-9 at the predicted position.   
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Figure 3. 22. LCMS spectrum of TY-25 (GGPIAAAG*FG), a modified version of a novel predicted 

peptide after exposure to MMP-9 for 15 h. The spectrum shows the theoretical masses of cleaved 

product 414 (encircled red) and 439 (encircled green) Da, indicating the degradation of peptide by 

active MMP-9 at the predicted position. 
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Figure 3. 23.  LCMS spectrum of TY-26 (GGPIPLAI*FG), a modified version of a novel predicted 

peptide after exposure to MMP-9 for 15 h. The spectrum shows the theoretical masses of cleaved 

product 624 Da (encircled red) and 353 Da (encircled green), indicating the degradation of peptide 

by active MMP-9 at the predicted position.   
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Figure 3. 24. LCMS spectrum of TY-27 (GGYGQ-GYW*FG), a modified version of a novel predicted 

peptide after exposure to MMP-9 for 15 h. The spectrum shows the theoretical mass of 1108 Da, 

indicating no change of peptide in the presence of active MMP-9. 

 

From the LCMS data in Figures 3.21 and 3.22 the exact theoretical masses for the 

products can be observed. In TY-24, theoretical masses for the products were detected as 487 

(P5-P1) and 481(P1’-P5’). Similarly, TY-25 showed the theoretical masses of 414 (P5-P1) 

and 439 (P1’-P5’). These LCMS chromatograms support that the peptides are being degraded 

by active MMP-9, but NMR is not able to detect the change, because the analytical *F is too 

far removed from the cleavage site to change chemical shift upon cleavage. 

TY-26 (GGPIPLAI*FG), a novel predicted peptide showed clear distinct peaks for 

reactants and product. The reactant peptide was completely cleaved by MMP-9 into products 

within 5 h making it the best substrate for MMP-9. Interestingly, LCMS data showed it was 

cleaved at a different position than that predicted. The theoretical mass of the peptide was 

958 Da as shown in Figure 3.16, and the cleaved products should have the masses of 439 and 

519, but LCMS data showed the masses of 624 and 353 as shown in Figure 3.23. The 

presence of two proline (Pro) residues in the sequence probably causes this change in the 

cleaving position. It cleaved in-between what had been predicted to be P2’ and P3’ (alanine 

(Ala) and isoleucine (Ile)) instead of the predicted positions P1 and P1’. Pleasingly, TY-27, 

a negative control with a Y-score of -2.18 did not change at all after 15 h and was detected 

intact in the LCMS as shown in Figure 3.24. 

Peak shape analysis was performed using MestReNova 6.0.2-5475 as shown in Figure 

3.25. In Figure 3.24A, two unprocessed peaks are shown which are overlapping preventing 

accurate integration as standalone peaks, In Figure 3.24B  the fitting of two appropriately 

shaped peaks that would accurately recapitulate the observed spectrum is shown and an 
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accurate assessment of the peak areas (and therefore concentrations of the corresponding 

species) can be made. 

 

Figure 3. 25. A NMR spectrum showing the peaks before and after processing. 
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The peak areas from the NMR spectra were converted into absolute concentrations by 

using the presence of TFA in each sample as an internal standard. It is assumed that the TFA 

concentration remains constant throughout the NMR experiment. Using a serial dilution of 

an independently prepared sample of TFA, a calibration curve linking the concentration of 

TFA to peak areas obtained under the same NMR conditions as the enzyme kinetics was 

obtained (Figure 3.26). In the enzyme kinetics experiments, the time-averaged integration of 

the TFA peak was calculated for each system and converted to a concentration by multiplying 

with 0.00007019 from the calibration curve (giving a TFA concentration in mg/ml) and 

dividing it by 114 (MW of TFA) to get the molar concentration of TFA in each sample. At 

each time point, the integral of peaks for reactants and products was compared to the integral 

of the TFA peak at that time point. It was then multiplied by the average concentration of 

TFA for the specific peptide to give molar concentration of peptide species at each time point. 

 

Figure 3. 26. Calibration curve for AUC of TFA in NMR spectrum. 
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Dynafit was used to fit to the concentration changes with time in order to calculate likely 

values of kcat/Km and Km. The results are summarized in Table 3.2. The kinetic parameters 

obtained support that novel predicted TY-26 is the most suitable substrate for MMP-9 

following real time monitoring using *F NMR. It was cleaved and metabolized by the active 

MMP-9 faster than a literature reported best MMP-9 substrate TY-10. Real time monitoring 

of enzyme reaction can be observed in the Figure 3.27 and shows TY-26 peptide undergoing 

enzymatic metabolism in the presence of MMP-9 using *F NMR. 

 

Figure 3. 27. NMR spectrum for TY-26 (GGPIPLAI*FG) in the presence of activated MMP-9 for 15 

h. At 0 min, there is only one peak visible in the spectrum (blue) highlighting the intact peptide. Each 

spectrum corresponds to 20 min. Over time, the reactant peak is decreasing whereas the products 

peak is increasing. 
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Table 3. 2. Predicated peptide sequences with Y-score before and after *F and calculated kcat/Km. 

Peptide Sequence Y-score Y-score after *F kcat/Km (M-1s-1) 

TY-6 PLG-L*FGAQ 2.33 2.01 3.05 x 1000 

TY-9 PLG-LWG*FQ 2.07 2.03 1.39 x 1001 

TY-10 WGPIA-LAG*FG 2.20 2.69 9.65 x 1000 

TY-19 GGPIG-LAG*FG 1.93 2.48 2.24 x 1001 

TY-22 GGPIA-LAG*FG 1.98 2.55 1.05 x 1001 

TY-24 GGPWA-LAG*FG 1.76 2.55 1.93 x 1001 

TY-26 GGPIP-LAI*FG 2.57 1.99 3.16 x 1001 

TY-43 RPLA-LR*FSQ 2.04 2.21 2.24 x 1001 

 

Substitution of different amino acids with fluorinated phenylalanine has changed the Y-

scores for some sequences significantly. This can possibly make them more susceptible to 

enzymatic degradation or vice versa.  

Dynafit was used to determine the rate constants such as Km and kcat. Michaelis-Menten 

progress method used for the curve fitting (Figure 3.28). The results are summarized in Table 

3.3, and kcat/Km values calculated. A graphical representation of the results is shown in Figure 

29. 
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Figure 3. 28. An example after curve fitting by dynafit. Peak 1 is reactant and peak 2 corresponds to 

product after enzymatic digestion of peak 1. 

 

Figure 3. 29. Graphical representation of sensitivity of peptide sequences towards MMP-9. 
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Table 3. 3. Rate constants calculated from processed NMR data of MMP-9 cleavable peptides in the presence of active MMP-9.  

PEPTIDE Peak Shift (ppm) Inc/Dec Km (M) S0 kcat (s-1) 

TY6 1 -116.7236 Dec 4.8 x 10-05 1.6 x 10-05 1.63 x 100 

TY6 2 -116.7942 Inc 3.3 x 10-05 2.1 x 10-05 1.19 x 100 

TY6 3 -117.8711 Dec 6.8 x 10-08 9.8 x 10-07 2.11 x 10-02 

TY9 1 -117.2128 Inc 2.5 x 10-07 1.2 x 10-06 3.75 x 10-02 

TY9 2 -117.1731 Dec 1.7 x 10-07 1.1 x 10-06 2.89 x 10-02 

TY10 1 -117.3666 Inc 4.3 x 10-07 3.7 x 10-07 4.73 x 10-02 

TY19 1 -117.3781 Inc 1.3 x 10-05 3.7 x 10-07 3.12 x 10-02 

TY19 2 -117.3622 Dec 1.4 x 10-07 8.6 x 10-07 3.78 x 10-02 

TY19 3 -117.2828 Inc 7.6 x 10-06 1.3 x 10-06 7.60 x 10-01 

TY22 1 -117.3672 Inc 1.1 x 10-07 2.3 x 10-06 2.20 x 10-02 

TY22 2 -117.3495 Dec 4.6 x 10-07 1.2 x 10-06 4.60 x 10-02 

TY24 1 -117.3678 Inc 5.6 x 10-02 1.6 x 10-06 1.23 x 104 

TY26 1 -117.4502 Dec 1.7 x 10-07 2.4 x 10-06 6.12 x 10-02 

TY26 2 -117.2873 Inc 5.1 x 10-07 2.3 x 10-06 9.69 x 10-02 

TY43 1 -117.2054 Inc 1.2 x 10-07 1.2 x 10-06 3.12 x 10-02 

TY43 2 -117.1633 Dec 1.0 x 10-07 1.1 x 10-06 2.50 x 10-02 
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3.4. Conclusion 

In summary, we used state of the art computational modelling tools to predict substrates 

for MMP-9 with higher sensitivity/cleavability. We utilized NNAAIndex descriptors to build 

QSAR models leading to a consensus value, the Y-score. Peptide sequences with higher Y-

scores are predicted to be the better substrates for MMP-9. In this study, we introduced the 

use of fluorine (*F) NMR to study the enzyme kinetics of MMP-9, providing real time 

monitoring compared to fluorescence-based studies. We supported our findings with auto 

docking (chapter 2) of the peptide molecules in 25 reported MMP-9 enzyme structures. We 

found sequences, especially TY-26, that are better than those in previously reported studies. 

Furthermore, this predicting tool can be used to predict Y-score for the peptide sequences. 
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CHAPTER – 4 DEVELOPMENT OF NANOPARTICLES 

4.1. Introduction 

Numerous invasive (intrathecal/intracerebral ventricle route) (68, 489) and non-invasive 

(such as chemical modification of the drug molecule, physiological transport mechanism, 

chemical and physical disruption of the BBB and nasal drug delivery) (73) techniques have 

been employed to treat NDs. Nanotechnology has gained significant attention in the past 

decade for the delivery of drugs across the BBB (490-493). Polymer (494), liposomes (276), 

exosomes (328), dendrimers (330), metallic NPs (495) and shuttle peptides (496) have all 

been explored for brain drug delivery. The physicochemical properties of NPs such as size, 

surface charge (zeta potential), morphology and composition are important factors deciding 

the fate of NPs, such as passage across the BBB, biological activity, release profile and 

biocompatibility (256). 

Enzyme-responsive self-assembling polypeptide nano-carriers are a highly promising, 

fast-growing area of research into drug delivery systems that do not suffer from the 

shortcomings mentioned in Chapter 1. Peptides generally do not involve the use of harmful 

chemicals toxic cross-linkers in their self-assembly, and the degradation products are natural 

amino acids that are usually non-toxic in controlled amounts. Self-assembling peptides 

provide a platform that makes them ideal for nano-medical applications as they are also non-

immunogenic, non-thrombogenic, and biodegradable (497, 498). Self-assembled peptide 

nanoligand derived from phage display library was used to down regulate the BACE1 

without toxicity and inflammation (499). 

The specific primary sequence of amino acids is crucial in designing polypeptide nano-

carrier systems that effectively cross the BBB and are metabolized by MMP-9. This is to 



 

131 
 

ensure that designed nano-carriers can reach the brain and carry siRNA; and at the same time 

can be degraded by suitable brain enzymes to release the siRNA. A schematic of our 

proposed approach is shown in Figure 4.1. 

 

Figure 4. 1. Schematic presentation of the core of the smart biomaterial and mechanism of action of 

Smart-MMP-9 Responsive drug delivery system. 

 

4.2. Material and Methods 

4.2.1. Materials 

All L-Fmoc amino acids, Oxyma and ProTide® resin were purchased from CEM. N,N′-

diisopropylcarbodiimide (DIC), piperidine, palmitic acid (PA), cholesteryl chloroformate 

(CHF), trifluoroacetic acid (TFA), triisopropylsilane (TIPS), acetonitrile, formic acid and 

N,N-diisopropylethylamine (DIPEA) were bought from Sigma-Aldrich®. 

Dimethylformamide (DMF), 1-(2-pyridylazo)-2-naphthol (PAN) and diethyl ether were 

purchased from Acros Organics®. 12mm square polystyrene cuvettes (DTS0012) and 
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DTS1070 disposable cuvettes were purchased from Malvern analytical. Formvar Carbon 

coated Cu grids were obtained from Agar Scientific Ltd (Stansted, UK). 

4.2.2. Methods 

4.2.2.1. Peptide synthesis 

Peptides were synthesized using a CEM Liberty Blue® automated microwave-assisted 

peptide synthesizer. This employed ProTide resin (147 mg; loading capacity 0.61 mmol/g) 

and typical Fmoc-deprotection required 20% piperidine in DMF for 90 s at 90oC. DIC (1 M) 

and Oxyma (1 M) solutions were used as activator and coupling reagents, respectively. 

Amino acids solutions (0.2 M in DMF) were singly coupled at 90oC, except for Cys, which 

was coupled at 50oC and Arg, which was double coupled at 75oC. The completed peptide 

sequence was cleaved from the resin by treatment with 1-2 mL of cleavage cocktail 

(trifluoroacetic acid: water: triisopropylsilane, 90%: 5%: 5%) for 4 h. The solution was then 

filtered into cold diethyl ether, which precipitated the peptide. The precipitated peptide was 

washed with further diethyl ether four times to ensure the complete removal of impurities. 

Diethyl ether was evaporated by leaving it overnight in the fridge. The peptide was dissolved 

in water, flash frozen (liquid N2) and was freeze dried to afford a white powder. 

A list of the peptides synthesized is given in Table 4.1. Peptide sequences synthesized 

can be divided in two parts; one part (N-terminus) of the self-assembled peptide was a 

literature reported MMP-9 substrate (462), (serving as a standard for further characterization) 

or a novel experimentally validated MMP-9 sensitive peptide, and the second part (C-

terminus)  was a shuttle peptide (which have been reported to cross the BBB in numerous 

studies (138, 500, 501)). Three extra Gly residues were used as a spacer motif on the N-

terminus to facilitate the conjugation of the lipophilic groups as reported in the literature 

(375). Four shuttle peptides were used to find the best combination with better sensitivity to 
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MMP-9, higher BBB permeability and minimal toxicity to cells. First few peptides 

synthesized were conjugated with CHF to facilitate the self-assembly by maintaining the 

hydrophilic-hydrophobic balance (HLB). Later, conjugation of the lipophilic moieties was 

stopped due to complications of the reaction and time consumption (1-2 weeks). Peptides 

self-assembled to form nanoparticles themselves, without added lipophilicity, when the 

appropriate HLB is achieved after the addition of water. Synthesized peptides were freeze 

dried before further characterization. Briefly, peptides were dissolved in 10-12 mL of 

deionized water. Liquid nitrogen was used for instant freezing of peptide solutions and the 

samples were lyophilized affording the corresponding peptides as a white/yellow powder 

(Heto 2.5 FD, UK). 

4.2.2.2. Characterization of peptide by LC-MS 

All of the peptides synthesized were characterised by using high-resolution (accurate) 

mass spectrometry. Samples were analysed using an Agilent 1260 Infinity II LC system with 

Agilent 6530 Accurate-Mass QToF spectrometer, using an Agilent ZORBAX Eclipse Plus 

C18 Rapid Resolution HD analytical column (1.8 µm particle size, 2.1 × 50 mm) with binary 

eluent system comprising MeOH / H2O (12 min gradient: 1-99% with 0.1% formic acid) as 

mobile phase. Operating pressures were in the range of 2000-3000 PSI. Electrospray 

ionisation mass spectrometry was conducted in positive ion mode (m/z range: 50 – 3200) 

using a fragmentor voltage of 150 V, gas temperature of 325 °C (flow 10 L/min) and sheath 

gas temperature of 400 °C (flow 11 L/min). Reference ions were purine (121.0509) and 

hexakis (1H, 1H, and 3H-tetrafluoropropoxy) phosphazine (922.0098) (API-TOF Reference 

Mass Solution Kit, Agilent). Exact mass measurements of the products were based on the 

protonated molecules [M+H]+ and were detected as sodiated adducts [M+Na]+. 
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4.2.2.3. Conjugation of CHF/PA to Peptides 

Conjugation of CHF to the on-resin synthesised peptide was commenced as reported 

previously (16). Briefly, ProTide resin-bound peptide (1 eq. based on loading capacity 0.61 

mmol/g) was added to a solution containing CHF (2 eq.) and DIPEA (4 eq.) in DMF (4 mL), 

which was shaken at 40 ºC for 24 h (16). The Kaiser test was performed to assess the 

completeness of conjugation and the process was repeated until coupling was judged to be 

complete by the absence of a blue/purple colour. The amphiphilic peptide was cleaved from 

the resin using a cleavage cocktail [5 mL; comprising TFA, TIPS and water (9 : 0.5 : 0.5 

v/v)] with regular shaking at room temperature for 4 h. The solution was then filtered into ice 

cold diethyl ether followed by centrifugation. The precipitated amphiphilic peptide was 

repeatedly re-suspended in diethyl ether with subsequent centrifugation for three times. 

Diethyl ether was evaporated by leaving it overnight in the fridge. Amphiphilic peptides were 

dispersed in water, flash frozen in liquid nitrogen and freeze dried, removing excess volatiles, 

to obtain the conjugated peptide (TFA salt) as powder. No further steps were taken to cyclise 

the cysteine amino acids in the peptides or purify the conjugated peptides. 

For Kaiser Test fresh reagents were prepared. Briefly, for reagent 1, 500mg of Ninhydrin 

(Acros Organics) was dissolved in 10 mL of Ethanol. For reagent 2, 40gm of phenol (Fischer 

Scientific) crystals were dissolved in 10mL of Ethanol. Small amount of the resin was placed 

in Eppendorf tubes separately. Five drops of reagent 1 and 2 were added and heated for 5 

minutes at 100oC. Color changes were observed to confirm the complete conjugation. 

4.2.2.4. Nanoparticle Formation 

Peptide nanoparticles were formed by self-assembly. Briefly, peptide (3mg) was weighed 

into an Eppendorf tube. Ultrapure de-ionised water was added to Eppendorf tube to facilitate 

the self-assembly. Peptide was dissolved/dispersed readily without sonication or mixing. 
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Self-assembly is believed to be dependent on the upon the hydrophile/lipophile balance 

(HLB). 

4.2.2.5. Dynamic Light Scattering (DLS) 

Particle size and zeta potential were measured by using a Malvern Zetasizer Nano ZS® 

(Malvern, Worcestershire, UK) containing a HeNe laser source (l ¼ 632.8 nm, 22 mW output 

power). Cuvettes used were DTS0012 from Malvern. Peptides were dissolved in water (2.5 

mg/mL) and sizes were measured with a delay time of two minutes. Sample was stabilized 

for 120 s before measurement. For zeta potential measurements, specialized DTS1070 

cuvettes were used. The refractive index of 1.3 and viscosity of 0.9 cP were used for water. 

Three readings were performed for each peptide. All measurements were carried out in 

triplicates, means and standard deviations (SD) were also calculated. 

4.2.2.6. Scanning / Transmission Electron Microscopy (S/TEM) 

Self-assembled peptide nano-carriers were visualized and characterized morphologically 

by FEI Morgagni transmission electron microscopy. Carbon filmed copper grids were used. 

2.5 mg/mL peptide solution was prepared in distilled water. A small droplet of the peptide 

solution was placed on the grid and left for drying in a fume cupboard. Sample was analyzed 

in TEM after drying. Peptide (2.5 mg/mL) micelles were observed by using the FEI Inspect 

S (Oxford-instruments) at an accelerating voltage of 100 kV. No staining (negative or 

positive) was used. Sample (TYR-3_CHF) was visualized by scanning electron microscopy 

(FEI Quanta 200). The particle size was not measured by TEM, it was only assessed by scale 

bar. 

4.2.2.7. Critical Micelle Concentration (CMC) determination 

CMCs were determined by using a Genesys® 6 UV/Vis spectrophotometer. 20mL 

volume of peptide solution was prepared at 0.5 mg/mL. Peptide solution was serially diluted 

from 0.01 – 0.3 mg/mL solution with saline (0.9 %) solution in volumetric flasks. The peptide 
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solutions were shaken around 20 times to ensure peptide and saline solution is thoroughly 

mixed. PAN is used as probe and dissolved in pentane at the final concentration of 1.6 mM. 

PAN is a water-insoluble organic dye which exhibits low solution absorption below CMC, 

by not dissolving in the aqueous surfactant solution. 500µL of PAN solution was added into 

each volumetric flask containing peptide solution. Samples were left for 30 min for the 

evaporation of pentane in the fume cupboard. After complete removal of pentane, UV 

absorbance was measured. 

The CMC was also measured by fluorescence. Firstly, a pyrene solution was prepared in 

acetone at a concentration of 6.16 × 10-7 M. Next, volumetric flasks were each filled with 20 

mL of the pyrene solution and placed in a water bath at 80°C to allow rapid evaporation of 

the acetone and deposition of pyrene. A stock solution of peptide was then prepared at a 

known concentration. Once acetone had been evaporated, pyrene flasks were removed from 

the water bath and again peptide solutions were prepared at a range of concentrations directly 

in the pyrene flasks. The solutions were shaken thoroughly. The samples were then 

equilibrated for 24 h at 35°C in an oven. Following 24 h of equilibration, the samples were 

removed from the oven and taken to the fluorescence spectrometer to be analyzed. The 

intensity of each solution was recorded (I335 and I320) and the results were plotted onto a 

graph and the inflection point was extracted as the CMC. 

4.3. Results and Discussion 

In this project, we selected a range of peptides [(sRVG, CDIFTNSRGKRA) (138), (Apo 

E, LRKLRKRLLR) (500), (miniAp-3, CKAPETALC) (501)] and T7 (HAIYPRH) (209-212) 

based on the BBB targeting capacity, including specific modifications that were expected to 

enhance the binding with negatively charged cell membranes, exhibit sensitivity to MMP-9 
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and facilitate self-assembly (502). LCMS was performed to confirm the peptide molecular 

mass as shown in Figures 4.2 – 4.4 (Example LCMS chromatograms are shown here, and 

remaining chromatograms can be found in the appendix). From the LCMS chromatograms, 

it was observed that peptides synthesized exhibited the suitable purity and the peptides were 

used as crude for further characterization. 

 

Figure 4. 2.  LCMS chromatogram of TY-28 (GGGWGPIACDIFTNSRGKRA) showing the masses of 

1032.02613(encircled blue, [M+2H]2+), 688.35430 (encircled green, [M+2H]3+) and 2063.04173 

(encircled red, [M+2H]+) with retention time of 8.75 minutes. 

 

 

Figure 4. 3. LCMS chromatogram of TY-39 (WGPIACKAPETALC) showing the masses of 729.86620 

(encircled blue, [M+2H]2+), and 1458.71885 (encircled red, [M+2H]+) with retention time of 8.96 

minutes. 
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Figure 4. 4. LCMS chromatogram of TY-44 (WGPIALAGIGHAIYPRH) showing the masses of 

915.012263 (encircled blue, [M+2H]2+), 610.34559 (encircled green, [M+2H]3+) and 1829.01344 

(encircled red, [M+2H]+)with retention time of 8.58 minutes. 

 

Table 4. 1. List of the enzyme-responsive self-assembled peptide nanoparticles synthesized using the 

CEM Liberty blue synthesizer. The part of the sequence responsible for MMP-9 sensitivity is shown 

in black and the brain targeting ligand is highlighted in red. 

Name Peptide Sequence Molecular 

Weight before 

Conjugation 

Molecular 

Weight after 

Conjugation 

TY-1 CDIFTNSRGKRA 1366.68 1366.68 

TY-2 KGPRQITACDIFTNSRGKRA 2218.18 2218.18 

TYR-3_CHF C27-GGGRPLGLWCDIFTNSRGKRA 2260.16 2672.77 

TYR-3_PA C16-GGGRPLGLWCDIFTNSRGKRA 2260.16 2496.57 

TY-7_CHF C27-WGPIALRKLR 1208.75 1621.36 

TY-8_CHF C27-GGGWGPIALRKLR 1379.81 1793.20 

TY-12_CHF C27-GGGWCKAPETALC 1291.57 1704.18 

TY-13_CHF C27-GGGCKAPETALC 1105.49 1518.1 

TY-16 LLLLLCKAPETALC 1499.85 1499.85 

TY-18 LLLCKAPETALC 1273.68 1273.68 

TY-20_CHF C27-GGGWGPIALRKLRKRLLR 2046.28 2458.89 

TY-28 GGGWGPIACDIFTNSRGKRA 2062.02 2062.02 
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TY-29 GGGWGPIACKAPETALC 1629.76 1629.76 

TY-32 GGPIPLAIFGCDIFTNSRGKRA 2289.21 2289.21 

TY-35 WGPIAHAIYPRH 1416.74 1416.74 

TY-37 PIPLAIFCKAPETALC 1685.89 1685.89 

TY-38 PIPLAHAIYPRH 1383.78 1383.78 

TY-39 WGPIACKAPETALC 1458.7 1458.7 

TY-41_CHF GGGCDIFTNSRGKRA 1537.74 1950.35 

TY-42 GGPIAAAGFGCDIFTNSRGKRA 2165.08 2165.08 

TY-44 WGPIALAGIGHAIYPRH 1829.11 1829.11 

 

The morphology of NPs affects their bio-distribution and cellular uptake. NPs could be 

spherical, cubic, tubular or rod-like in shape (368, 369). A majority of the particles reported 

for brain delivery are roughly spherical in shape. Zeta potential or surface charge of NPs is 

another factor that controls the diffusion across the BBB. It has been reported that a high 

(positive) zeta potential causes toxicity to the BBB (370, 371). Rassu et al. reported that a 

positive surface charge on NPs ensures their mucoadhesion (372). To assess the morphology 

and particle size of NPs, solutions/suspensions (2.5 mg/mL) were prepared. Interestingly, 

peptide powder dissolved instantly with the addition of water giving a clear solution-like 

appearance except for TYR-3_CHF, which exhibited a cloudy suspension upon sonication. 

The samples were subjected to DLS and particle size and zeta potential were measured, and 

the results are shown in Figures 4.5 – 4.6 (only selected examples of DLS chromatograms 

are shown here, remaining data can be found in the appendix). Particle sizes and zeta 

potential for all enzyme-responsive self-assembled peptide nanoparticles are summarized in 

Table 4.2. NPs were formed without CHF/PA due to sufficient hydrophobicity provided by 

MMP-9 cleavable sequences that facilitate the self-assembly. 
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Figure 4. 5. DLS chromatograms for TY-20_CHF (GGGWGPIALRKLRKRLLR) at 2.5 mg/mL in 

distilled water. A) Particle size graph for TY-20_CHF showing NPs size of 166.2 ± 62.76 nm with 

Pdi of 0.197, B) Zeta potential graph for TY-20_CHF showing the surface charge of 16.5 ± 2.89. 
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Figure 4. 6. DLS chromatograms for TY-28 (GGGWGPIACDIFTNSRGKRA) at 2.5 mg/mL in 

distilled water. A) Particle size graph for TY-28 showing NPs size of 41.66± 19.12 nm with Pdi of 

0.189, B) Zeta potential graph for TY-28 showing the surface charge of 31.90 ± 5.08. 
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Table 4. 2. Summary of particle size and zeta potential of self-assembled NPs (n=3) 

Formulation Size (nm) Charge (mV) Pdi CMC (mg/L) 

TYR-3_CHF 726.03 ± 18.16 25.43 ± 0.33 0.385 7, 50 

TYR-3_P.A 72.60 ± 1.62 34.5 ± 4.36 0.426 75 

TY-7_CHF 111.66± 12.39 2.96 ± 6.18 0.223 100 

TY-8_CHF 32.89 ± 17.17 22.9 ± 5.39 0.565 80 

TY-12_CHF 2796 ± 739.5 38.68 ± 2.14 0.986 15 

TY-13_CHF 81.4 ± 7.65 36.53 ± 1.37 0.429 40 

TY-18 1527.05 ± 43.13 24.5 ± 5.59 0.958 N/A 

TY-20_CHF 166.2 ± 62.76 16.5 ± 2.89 0.197 95 

TY-28 41.66 ± 19.12 31.90 ± 5.08 0.189 74 

TY-29 1207.33 ± 42.82 48.61± 3.99 0.658 N/A 

TY-32 48.30 ± 18.61 31.10 ± 4.95 0.467 78 

TY-35 439.61 ± 29.16 17.53 ± 1.40 0.414 110 

TY-37 108.51 ± 17.84 23.8 ± 2.63 0.654 86 

TY-38 536.80 ± 120.82 15.6 ± 6.76 0.704 98 

TY-39 473.2 ± 97.25 37.4 ± 5.70 0.461 88 

TY-41_CHF 293.7 ± 21.75 26.45 ± 6.72 0.625 82 

TY-42 2078.33 ± 325.99 24.5 ± 4.43 0.895 N/A 

TY-44 266.9 ± 22.43 27.40 ± 4.97 0.408 91 

 

DLS analysis revealed that particles were of different sizes ranging from 41.66 nm - 2796 

nm with zeta potential of 2-40 mV. The NPs formulations which exhibited larger particle 

sizes were not dissolved readily and cloudy appearance was observed. The particle sizes are 
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in the same range as those in the literature in various studies 10-207 nm (268-271, 503). 

Studies suggest that NCs should have sizes in the range of 10-24 nm to cross the glia limitans 

and penetrate the brain parenchyma following crossing the BBB or after intrathecal injection. 

It should be added that larger NPs may manage to cross the glia limitans, if the surface of the 

NPs is decorated with appropriate targeting ligands. For example, as explained above, 

albumin NPs decorated with ApoE entered neurons following i.v. injection into mice (504). 

It has been reported that a high (positive) zeta potential causes toxicity to the BBB (370, 

371). Fatouros et al. reported the lipid like self-assembling peptide nano-vesicles of 126/169 

nm for delivery hydrophilic and hydrophobic compounds (505). Bovine Serum Albumin NPs 

with LMWP cell penetrating peptide (BSA-LMWP-NPs) of less than 200 nm in size showed 

excellent in vivo experiments (262). In another study, functionalized solid lipid NPs with 

apolipoprotein E (SLN-DSPE-ApoE-NPs) of less than 200 nm have been reported to 1.5 fold 

enhanced permeability compared to non-functionalized SLNs (261). Angiopep conjugated 

with poly(ethylene glycol)-co-poly(ε-caprolactone): ANG-PEG– poly(ε-caprolactone) NPs 

with particle size of less than 100 nm have been reported to permeating in the mice brain by 

targeting the LDLR (264). Some of our formulations (especially TY-28 and TY32) were 

below 50 nm in size. Similarly, the surface charge for brain penetrating nanoparticles have 

been reported to span a diverse range. Kanazawa et al. reported PEG-poly(ε-caprolactone)-

CH2R4H2C/stearate- CH2R4H2C nanoparticles of 15-20 mV for brain drug delivery (506). 

g7- PLGA-NPs with the particle size of 155±26 nm and surface charge of 15±5.6 mV has 

been employed for brain drug delivery (268, 269). Wu et al. reported the use of nano ligand 

carriers (NLCs) with a zeta potential of 1.55 – 37.8 mV for BACE-1 silencing (499). Our 

novel enzyme- responsive self-assembled peptide nanoparticles exhibited the same 

characteristics in terms of particle size (41.66 – 2796 nm) and surface charge of 2.96 – 48 
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mV. It was observed that changing lipophilic moiety from CHF to PA led to significantly 

(from 726 nm to 72) nm reduced particle size. It was also observed that by adding more 

positively charged amino acids lead to higher surface zeta potential.  

It has been reported that NPs ranging from 10 -207 nm were able to deliver the payload 

across the endothelial monolayer (266, 268-272). In this project, NPs used for in vitro and in 

vivo work of 41 – 200nm except TY-39 and TY-44. It could be possible that larger the 

particles size, lower the chances of transmigration across the endothelial monolayer. Surface 

charge/zeta potential has been reported to influence the ability of NPs to transmigrate the 

endothelial monolayer. It has been reported that high positive charge is linked to cytotoxicity 

(370, 371). On the other hand, positive charge has been linked to enhanced muco-adhesion 

due to electrostatic interaction on the negatively charged cellular membrane. Our NPs were 

positively charged (3 – 48mV) could possibly enhance transmigration across the endothelial 

monolayer by adhering to negatively charged cell membrane.  

Although DLS data suggest that particles size goes above 200 nm, when TEM was 

performed, the particle size was found to be less than 200nm. The reason for the difference 

in size by both techniques is due to presence of solvent molecules that interact with the 

particles via various non-covalent interaction types (such as hydrogen bonding and van der 

Waals forces and aggregation) in the DLS. It measures hydrodynamic particle size, (507) 

whereas in TEM, particle size is measured in a dry state so no interaction with solvent 

molecules is present and a smaller proportion of sample is measured or observed (508). TEM 

measures particle size, on the other hand DLS is based on intensity. DLS can identify larger 

particles easily compared to small particles (509). In DLS, due to the presence of solvent, 

particles can easily agglomerate giving a false impression of larger particles, which can be 

seen Figure 4.7a  and c (510). It can be due the multiple NPs present in close proximity to 
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each other gave a false impression of being a single particle. For morphology, SEM/TEM 

was performed. Unstained self-assembled peptide NPs were visualized by SEM/TEM. Most 

of the self-assembled NPs were found to be spherical except TY-35 (elongated in shape) as 

shown in Figure 4.7 and Figure 4.7a (SEM). TEM revealed that particle size of TY-13_CHF 

(4.7e) is much smaller than it was reported in DLS data as shown scale bar measurement. 

This is due to possible agglomeration of NPs in the presence of water. Zeta potential of 

proteins is a significant physical property that could affect their state aggregation and 

behavior (511). It has been reported that higher the zeta potential lower the tendency to form 

aggregates. The point at which the zeta potential is closer to zero is known as the isoelectric 

point (IEP). At this point electrostatic repulsion is minimised and Van der Waals forces 

facilitate agglomeration (511). As mentioned in methodology, CHF was replaced with PA. 

It was observed that conjugation of CHF to the peptide was complex and time-consuming 

process. Larger particle size was observed after successful conjugation of CHF to the peptide. 

For example, TYR-3_CHF, the particle size was around 726 nm, whereas TYR-3_PA 

exhibited around 72 nm. 
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Figure 4. 7. Morphological studies of unstained self-assembled peptide NPs at a concentration of 

2.5mg/mL on carbon coated grid. A) SEM image of TYR-3_CHF, B) TEM image of TYR-3_PA, C) 

TY-7, D) TY-8, E) TY-13_CHF, F) TY-20_CHF G) TY-12_CHF, H) TY-20_PA and I) TY-28 J)TY-

29, K) TY-32, L) TY-35, M) TY-37, N) TY-39 O) TY-41 
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The self-assembly of these peptide NPs is based on the CMC. Self-assembled peptide 

NPs rearrange themselves at concentrations greater than the CMC to form NPs (375). The 

CMC of all the peptide formulations were determined and are summarized in Table 4.2. Two 

different techniques were used to determine the CMC, PAN (512) and pyrene (513).  The 

CMC for all self-assembled NPs were found to be between 7-110 mg/L. CMC graphs are 

shown in Figures 4.8 – 4.10 (remaining CMC graphs are provided in the appendix). The 

CMCs for all the formulations were closer to the reported CMC of antimicrobial peptides of 

36.1 mg/L (375) except for TYR-3_CHF. TYR-3_CHF exhibited two CMC concentrations 

for unknown reasons (one possible explanation could be: two tier self-assembly, firstly, few 

molecules arrange themselves in to smaller structures and secondly, formation of larger 

assemblies) as shown in Figure 4.8. Fan et al. reported a CMC of P45 peptide NPs 1.25 mM 

which is almost closer to that for our formulations (503). 

 

Figure 4. 8. CMC plot for TYR-3_CHF (GGGRPLGLWCDIFTNSRGKRA) in saline solution. In the 

plot, two different CMC can be observed for unknown reason. It could be possible that this NPs 

exhibits dual characteristics, first CMC value could be due to small NPs and second CMC value 

could be due vesicles formation. 
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Figure 4. 9. CMC plot for TY-20_CHF (GGGWGPIALRKLRKRLLR) in saline solution. The CMC 

for TY-20_CHF is 95mg/L that is not far from the literature reported CMC (375).  

 

Figure 4. 10. CMC plot for TY-13_CHF (GGGCKAPETALC) in saline solution. 
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4.4. Conclusion 

Novel enzyme-responsive self-assembled peptide nanoparticles were successfully 

synthesized with different combinations of MMP-9 sensitive and brain-targeting ligands. 

Adding hydrophobic moiety such as CHF and PA led to self-assembly. In addition, MMP-9 

cleavable peptide sequence was hydrophobic enough to facilitate the self-assembly. Most of 

the formulations self-assembled to form nanoparticles without sonication of 41-200 nm 

diameter with a zeta potential/ surface charge of 2-48 mV. All self-assembled peptide 

nanoparticle formulations were characterized by LC-MS. All self-assembled peptide 

nanoparticles were spherical in shape upon microscopy except TY-35. CMCs for all the self-

assembled peptide nanoparticles calculated were around 7-110 mg/L. 
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CHAPTER – 5 CHARACTERIZATION OF 

NANOPARTICLES 

5.1. Introduction 

NPs used for drug delivery should have specific characteristics: such as drug 

incorporation/encapsulation, drug release, toxicity and bio-distribution (514). Encapsulation 

efficiency is the percentage of drug that is entrapped into the micelle/NPs (515). NPs are able 

to encapsulate, adsorb, or conjugate drugs or diagnostics and release the payload at a specific 

rate in the human body (255). The in vitro release study is a critical test to assess the safety, 

efficacy, and quality of nanoparticle-based drug delivery systems, but there is no compendial 

or regulatory standard (516). The release of drug from NPs follows three possible ways: 

desorption of surface adsorbed drug, diffusion and erosion/degradation/metabolism of NPs 

(517). Dialysis release is simple and well-established technique, which involves the physical 

separation of a reservoir from the acceptor media through a semi-permeable membrane. Un-

encapsulated drug molecules permeates out of the membrane easily, whereas encapsulated 

drug takes time and get released depending on the method of drug release from NPs (518).  

It is quite critical that NP formulations are assessed and confirmed to be safe in terms of 

their non-toxicity to cells, lack of (or negligible) capacity to provoke unwanted 

immunological reactions, and non-lytic effects on the red blood cells. The NP formulations 

targeting the CNS are tested on neuronal cells in vitro to assess their cytotoxicity and 

immunogenicity (519). There is a battery of assays that can be used to assess the effects of a 

substance on cell viability (or its induction of cell death), usually by quantifying treatment-

induced changes to the levels or activities of a specific enzyme or a group of enzymes, or 

residual cellular energy content as indicated by intracellular levels of adenosine triphosphate 

(ATP) (520-522), or residual levels of some other intermediate for metabolic activity. The 
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assays are commonly based on absorbance, fluorescence, or luminescence readouts. Some of 

them are destructive (lytic) and are, therefore, only useful for endpoint determinations, while 

some are non-destructive and, therefore, able to assess changes in either endpoint or kinetic 

mode, thus having an additional advantage of allowing the cells assayed for viability to be 

used for other assays, if required. Examples include the absorbance-based, tetrazolium 

reduction (MTT) assay (one of the most commonly used) or any of its more recent improved 

versions (MTS, XTT, WST-1); the alamar blue assay (fluorescence- or absorbance-based); 

and the bioluminescence-based ATP assays (521, 523, 524). 

Following the successful synthesis of enzyme-responsive self-assembled peptide 

nanoparticles, the particle size, surface charge, CMC and morphology were assessed. The 

next step was to assess the encapsulation efficiency and release profiles of different 

nanoparticle formulations in the presence of external stimuli such as water, fetal bovine 

serum (FBS), glucose, sodium chloride (NaCl), bovine serum albumin (BSA), oral 

rehydrating solution (ORS) and active MMP-9. The toxicity profile for the enzyme-

responsive self-assembled nanoparticles was also been determined using two different cell 

lines; HeLa cells and SH-SY5Y cells. Two different techniques; lactate dehydrogenase 

(LDH) and MTT were used to assess the toxicity profile. 

5.2. Material and Methods 

5.2.1. Materials 

Fluorescein sodium salt (FSS) was purchased from Acros Organics®. Pierce LDH 

cytotoxicity assay kit was bought from ThermoFisher Scientific®. Gibco DMEM growth 

media with 10% FBS, 5% L-Glutamine, sodium chloride (NaCl), bovine serum albumin 

(BSA), glucose, FAM tagged negative siRNA, MTT, cellulose dialysis tubing of 10000 Da 

MWCO and 5% anti-anti were purchased from Sigma Aldrich. Amicon cellulose centrifugal 
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unit Ultra 0.5mL 3K, was obtained from Merck Millipore Ltd. HeLa cells and SH-SY5Y 

cells were kindly provided by Dr Amos Fatokun. 

5.2.2. Methods 

5.2.2.1. Encapsulation efficiency and drug loading 

We investigated the encapsulation efficiency of self-assembled peptide NPs via an 

indirect method. FSS solution (1 mL of 0.09 µg/mL) was transferred into an Eppendorf tube 

containing of peptide powder (3 mg). Upon contact with water, peptides self-assembled into 

NPs encapsulating the FSS. 

The solution (450 µL) was transferred into cellulose centrifugal filter units (Amicon Ultra 

0.5mL 3K, Merck Millipore Ltd.) and centrifuged for 10 min at a speed of 10000RPM. The 

filtrate was then transferred to a clear falcon 96 well plate and the fluorescence was measured 

by using a SpectraMax i3X multi-mode microplate reader with an excitation wavelength of 

460 nm and measuring emission at 515 nm. The encapsulation efficiency was calculated 

using the equation derived from the calibration curve generated by serial dilutions. Each 

experiment was performed four times (n=4). Drug loading capacity was calculated by 

dividing the entrapped drug by the amount of peptide used. 

For in vitro experiments siRNA was used instead of FSS. siRNA is negatively charged 

large molecule which can adsorb on the surface of positively charge NPs. Encapsulation and 

loading capacity for siRNA was not calculated. It is suspected that the siRNA favours the 

adsorption on the surface of NPs than encapsulation due to their size and negative charge. 

5.2.2.2. Release studies 

In vitro FSS release was investigated using a dialysis bag method (525). Release studies 

of the self-assembled peptide NPs were conducted in the presence and absence of fetal bovine 

serum (FBS), distilled water, BSA (4 mg/mL), NaCl (0.9%), Glucose (7.8 mM as normal 
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body level), activated MMP-9 (2 nM) and Dioralyte an oral rehydrating solution containing 

glucose 3.56 g / 200 mL (18 mM), NaCl (0.47 g, 12 mM), potassium chloride (0.30g, 4 mM), 

and disodium hydrogen citrate (0.53 g, 2 mM).  

Briefly, a suitable size (12 cm) of cellulose tube was soaked in distilled water for 5 min 

to help with knotting on both ends. Peptide (3 mg) was transferred into an Eppendorf tube to 

which FSS solution (1 mL, 0.09 µg/mL) was added with gently swirling. The solution was 

transferred to dialysis bag (Cellulose with a diameter of 1″ and 10000 Da MWCO). This was 

dialyzed against distilled water (40 mL). A sample was withdrawn every hour and returned 

after measurement. Release of FSS was calculated by using the equation derived from the 

calibration curve generated by serial dilutions. Each experiment was performed in triplicate. 

For comparison, FSS release from the dialysis bag in the presence of external stimuli without 

NPs formulations was conducted. The release study for TYR-3_CHF was not conducted as 

the NPs had tendencies to precipitate. 

5.2.2.3. Cytotoxicity studies 

The lactate dehydrogenase (LDH) assay was used to assess the potential toxicity of the 

enzyme-responsive self-assembled peptide NPs. HeLa and SH-SY5Y cells were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 2 mM L-

glutamine. Cells were then washed with phosphate-buffered saline (280 - 315 mOsm/kg, pH 

7.4), trypsinised, re-suspended in the growth medium, counted and seeded into an opaque, 

micro-clear, flat bottom 96 well tissue culture plate at a density of 7.5 x 104 cells/mL (7500 

cells/ well at 100 µL/well). The 96 well plate was then incubated overnight at 37°C with a 

5% CO2 supply. Then the NPs were added to the culture wells in triplicate. DMSO (5%) was 

added to the positive control wells. The treated 96 well plate was then incubated for 24 h at 

37°C and 5% CO2, at the end of which, the LDH assay was carried out according to the 
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manufacturer’s protocol (ThermoFisher, Pierce LH Cytotoxicity Assay Kit, Cat. No. 88953). 

Included in the design was a spontaneous LDH activity control (10 µL of sterile water, to 

capture minimum LDH release, i.e., completely healthy cells representing 0% LDH release) 

and a maximum LDH activity control (10 µL of 10× lysis buffer, expected to fully lyse the 

cells, indicative of 100% LDH release). The 96 well plate was then incubated for a further 

45 min at 37°C with a 5% CO2 supply. Following this incubation, 50 μL of medium from 

each test or control well was transferred into a new 96 well flat-bottom plate. Then 50 μL of 

reaction mixture was added to each of these wells and the plate was tapped gently. This plate 

was then incubated at room temperature for 30 min whilst covered in foil to protect it from 

light, after which, 50 μL of stop solution (strong acid) was added to each of the wells and 

was mixed by gentle tapping. Any bubbles made were removed with a syringe needle. Using 

the Clariostar plate reader (BMG Labtech Ltd), the value for the blank well (non-cell-

containing) was subtracted from the negative control value and each treatment value. The 

resultant value at 680 nm was then subtracted from the corresponding resultant value at 480 

nm. These final values were then analysed by expressing the value for the positive control or 

for each treatment as a percentage of the maximum LDH release value. 

For the MTT assay, after treatment with enzyme-responsive self-assembled peptide NPs, 

MTT was added to each experimental well and incubated for 3 h. The supernatant was 

aspirated carefully, and a blue crystal of formazan was dissolved in DMSO by shaking gently 

for 5 min whilst covered in foil to protect it from light. The suspension was read at 570 nm 

and analysis was performed. 

5.2.2.4. Statistical analysis 

GraphPad Prism Software 8.0.1 for Windows (GraphPad Software, Inc., La Jolla, CA, 

USA) was used to conduct one-way analysis of variance (ANOVA) followed by Tukey’s 
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post-hoc test for multiple comparisons in order to identify any statistically-significant 

differences between the means of treatment groups. For statistical comparisons, P<0.05 was 

considered a statistically significant difference. 

5.3. Results and Discussion 

The encapsulation capacity of NPs was calculated by an indirect method (526). To 

calculate the encapsulation efficiency of nanoparticle formulations a calibration curve was 

generated by using different concentrations of FSS solution in distilled water. The calibration 

curve is shown in Figure 5.1. 

0.00 0.02 0.04 0.06 0.08 0.10

0

2×108

4×108

6×108

8×108

Concentration (μg/mL)

A
b

so
rb

a
n

c
e

 

Figure 5. 1. Calibration curve of FSS for encapsulation efficiency with R2⁼ 0.9996. 

The encapsulation efficiency for all enzyme-responsive self-assembled peptide 

nanoparticles ranged from 40-85% as shown in Figure 5.2. It was not possible to determine 

the drug loading in the NPs as they needed solvent to maintain their self-assembly. 
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Furthermore, these self-assembled peptide NPs constantly releasing FSS, and this could 

affect loading capacity. Luo et al. developed high-intensity focused ultrasound (HIFU) 

responsive angiopep-2-decorated poly(lactic-co-glycolic acid) (PLGA) hybrid NPs able to 

transport doxorubicin/perfluorooctyl bromide (ANP-D/P). Decorated-NPs showed 17-fold 

increased accumulation in glioblastoma and 13.4 fold higher than unmodified NPs. 

Significant amount (47%) of drug released within two minutes after HIFU irradiation, 

causing apoptosis of tumour cells (527). Fornaguera et al. reported encapsulation efficiency 

of PLGA nanoparticles around 99.92%, which is higher than our nanoparticles. This could 

be due to the rigid outer core provided by polymer. Ghorbani et al. reported the use of gold-

iron nanocomposites encapsulated with curcumin-lipoic acid, a pH-sensitive delivery system 

for the brain. GSH is used as targeting ligand, leading to 2-fold increases in cellular uptake 

(338). Loading capacity of enzyme-responsive self-assembled peptide NPs was calculated 

and represented in Table 5.1. It should be noted here that the loading capacity is calculated 

from the data of FSS. It is extremely low, as the FSS was used only as a tracer dye to visualise 

the NPs fate. 

Table 5. 1. Loading capacity of enzyme-responsive self-assembled peptide NPs 

Formulation Name Loading Capacity 

µg/100mg 

(drug/peptide) 

Formulation Name Loading Capacity 

µg/100mg 

(drug/peptide) 

TY-8 2.0316 TY-35 1.2460 

TYR-3_P.A 2.3355 TY-37 2.3279 

TY-13_CHF 2.3881 TY-39 2.4137 

TY-20 2.2658 TY-41 2.0733 

TY-28 2.5415 TY-44 2.3562 

TY-32 1.3855   
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Figure 5. 2. Encapsulation efficiency for enzyme-responsive self-assembled peptide nanoparticles calculated via an indirect method.  
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The drug release profile is an important property of nanoparticles, that directly relates to 

the loaded drug stability, therapeutic results and drug-carrier nanoparticle stability (528). 

Release profiling provides the critical information about dosage form behavior and is a key 

parameter used to assess product safety and efficacy (529). To understand the mechanism of 

release of FSS from NPs (all formulations) dialysis was run in the presence of different 

solutions acting as external stimuli. A calibration curve was generated with R2 = 0.9986 as 

shown in Figure 5.3. 

0.000 0.002 0.004 0.006 0.008 0.010

0

50

100

150

Concentration (μg/mL)

A
b

so
rb

a
n

c
e

 

Figure 5. 3. Calibration curve of FSS for release profiling with a R2 = 0.9986. 

 

In vitro release of encapsulated drug was conducted by using a dialysis bag. Seven 

external stimuli were used to assess the pattern of release from the NPs such as: water, FBS, 

NaCl, BSA, glucose, ORS and MMP-9. The rationale behind using multiple external stimuli 
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was to ensure and explore the impact of different stimuli and to mimic the physiological 

characteristics. It was observed that upon addition of FSS solution into a peptide-containing 

Eppendorf tube, self-assembly of the peptide nanoparticles was consistent with encapsulation 

of the FSS, affording the apparent color change as shown in Figure 5.4. 

 

Figure 5. 4. Encapsulation of FSS in TY-20_CHF peptide.  Clear colour differentiation can be 

observed. FSS bag is more yellow in colour compare to the bag containing the peptide nanoparticles 

suggesting the encapsulation of the FSS. 

 

The release profiles for all the enzyme-responsive self-assembled peptide nanoparticles 

is shown in Figures 5.5 – 5.16.
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Figure 5. 5. Percentage release profile for TY-13_CHF (GGGCKAPETALC) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl (0.9%), 

Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating solution 

containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 2 mmol). 
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Figure 5. 6. Percentage release profile for TYR-3_PA (GGGPLGLWCDIFTNSRGKRA) in the presence of different solutions, such as: BSA (4 mg/mL), 

NaCl (0.9%), Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral 

rehydrating solution containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g, 4 mmol), disodium hydrogen 

citrate (0.53 g, 2 mmol). 
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Figure 5. 7. Percentage release profile for TY-20 (GGGWGPIALRKLRKRLLR) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl 

(0.9%), Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating 

solution containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 

2 mmol). 
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Figure 5. 8 Percentage release profile for TY-28 (GGGWGPIACDIFTNSRGKRA) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl 

(0.9%), Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating 

solution containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 

2 mmol). 



 

164 
 

 

Figure 5. 9. Percentage release profile for TY-32 (GGPIPLAIFGCDIFTNSRGKRA) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl 

(0.9%), Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating 

solution containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 

2 mmol). 
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Figure 5. 10. Percentage release profile for TY-35 (WGPIAHAIYPRH) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl (0.9%), Glucose 

(7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating solution containing 

glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 2 mmol). 
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Figure 5. 11. Percentage release profile for TY-37 (PIPLAIFCKAPETALC) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl (0.9%), 

Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating solution 

containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 2 mmol). 
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Figure 5. 12. Percentage release profile for TY-38 (PIPLAHAIYPRH) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl (0.9%), Glucose 

(7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating solution containing 

glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 2 mmol). 
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Figure 5. 13. Percentage release profile for TY-39 (WGPIACKAPETALC) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl (0.9%), 

Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating solution 

containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 2 mmol). 
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Figure 5. 14. Percentage release profile for TY-41_CHF (GGGCDIFTNSRGKRA) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl 

(0.9%), Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating 

solution containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 

2 mmol). 
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Figure 5. 15. Percentage release profile for TY-44 (WGPIALAGIGHAIYPRH) in the presence of different solutions, such as: BSA (4 mg/mL), NaCl (0.9%), 

Glucose (7.8 mmol as normal body level), foetal bovine serum (FBS), distilled water, activated MMP-9 (2 nM) and Dioralyte an oral rehydrating solution 

containing glucose 3.56 g / 200 mL (18mmol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 2 mmol). 
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Figure 5. 16. Percentage release profile for FSS in the presence of different solutions, such as: BSA (4 mg/mL), NaCl (0.9%), Glucose (7.8 mmol as normal 

body level), foetal bovine serum (FBS), distilled water, TCNB buffer (used to activate MMP-9) and Dioralyte an oral rehydrating solution containing 

glucose 3.56 g/200 mL (18 mol), NaCl (0.47 g, 12 mmol), potassium chloride (0.30 g,  4 mmol), disodium hydrogen citrate (0.53 g, 2 mmol). 



 

172 
 

 

Figure 5. 17. Percentage release profile for FSS from all enzyme-responsive self-assembled NPs in the presence of activated MMP-9 (2 nM). 
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Release patterns of the encapsulated FSS were investigated in the presence of different 

external stimuli to mimic the physiological conditions. Release of the FSS changed in the 

presence of different stimuli. In distilled water, release of FSS in TY-13, TY-32, TY-35, TY-

37, TY-39, TY-41_CHF and TY-44 was around 50% or more, whereas 40% of FSS was 

released in TYR-3_PA, TY-20_CHF and TY-28. This demonstrated that the self-assembled 

NPs were stable in water for up to 24 h. Interestingly, in the first hour 13% FSS was released 

in TYR-3_PA compared to 31% TY-13. TY-39 showed unusual release compared with other 

NPs, almost all encapsulated FSS was released in the presence of water suggesting that it is 

not stable enough to maintain its structure. Release of FSS in the presence of FBS was very 

high. It is suggested that the presence of enzymes/peptidases start metabolizing the peptide 

and hence the release of FSS. Almost 100% of FSS was released after 24 h in the presence 

of FBS in most of the NP formulations. Surprisingly, the release of FSS from self-assembled 

NPs in the presence of BSA was low. In most cases, release was around 30-40%. Release of 

FSS from the dialysis bag in the presence of external stimuli without NPs showed that about 

90% released, whereas in the presence of TCNB buffer and BSA it was around 51% and 23% 

respectively as shown in Figure 5.16. All the NP formulations showed a range of responses 

to MMP-9. TY-32 and TY-44 were among the most responsive to MMP-9 cleavability 

whereas TYR-3_PA and TY-41 were least responsive to MMP-9. Although being highly 

responsive to MMP-9, TY-32 was not investigated further due to precipitation caused in FBS. 

TY-13_CHF, TY-28 and TY-37 sensitivities were found to be between the highest and 

lowest. Interestingly, for TY-35, TY-38, TY-39, and TY-41 in the presence of active MMP-

9, the release of the FSS was closer to other stimuli like water, NaCl and glucose. However, 

for rest of the NPs formulations the release of FSS was higher than other stimuli except FBS.  

To have an insight into the degradation kinetics of NPs in the presence of MMP-9, TYR-
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3_CHF was synthesized with *F (C27-GGGRPLGLWCDI*FTNSRGKRA). The construct 

easily was dissolved in aqueous media against the parent construct with phenylalanine only. 

These NPs were incubated with MMP-9 and NMR spectra were obtained. Surprisingly, the 

NMR signal was not strong and were comparable to the background noise, while the NMR 

spectra of an MMP-9 responsive peptide (PLGLWG*FQ) showed a strong signal, which 

changed with time in the presence of MMP-9. These observations suggested that MMP-9 

cleavable sequences might not have been available to MMP-9 and buried inside the NPs. 

In the presence of BSA, release of FSS was significantly lower. One of the possible 

explanations was the formation of a protein corona that prevents the release of encapsulated 

drugs (395). This protein corona can affect the targeting ability of NPs (530). In DLS data, 

it was observed that the particle size before addition of BSA was around 90 nm and after 

addition of BSA increased to 615 nm.  

After these release experiments, it can be deduced that these self-assembled peptide 

nanoparticles were sensitive to MMP-9 and can be tailored to exhibit desired release pattern. 

It was observed that the release profile in the presence of water, NaCl and glucose was almost 

similar, whereas in the presence of MMP-9 and FBS it was much quicker. It should also be 

noted that the sensitivity of novel enzyme-responsive self-assembled peptide NPs towards 

MMP-9 was lower than anticipated and measured by NMR experiment in NMR. One of the 

possible explanations could be due the dilution of MMP-9 inside the dialysis bag. In addition, 

MMP-9 require specific condition/environment (TCNB) to remain active and cleave peptide 

in experimental conditions. In the presence of BSA, release of FSS was very slow and only 

20-30% released after 24 h. In the previous studies saline water (0.9 %) (531) and PBS (532) 

buffers are most commonly used. 
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In vitro toxicity of self-assembled NPs was assessed by LDH (Figures 5.18 – 5.20) and 

MTT (Figures 5.22 – 5.24) using HeLa and SH-SY5Y cell lines. It was found that the NPs 

were toxic at higher concentration whereas non-toxic at lower concentrations. At lower 

concentrations cells released less amount of LDH indicating relatively less toxic/safe. TY-

20_CHF was found to be the most toxic formulation as shown in Figure 5.20. One of the 

possible explanations for that is positive charges in the peptide sequences as reported 

previously (533). Highly positively charged NPs can bind to negatively charged membrane 

and permeates easily in contrast to negatively charged and neutral NPs (534). Microscopic 

images for toxicity at different concentration is shown in Figure 5.21. TY-8 and TY-20 were 

not further investigated after toxicity studies. The reason behind that is the high toxicity of 

the NPs by both methods. NPs used in this project used up to 400 µg/mL were found to be 

significantly less toxic, whereas at higher concentrations of 0.75 mg/mL were found toxic. 

Similar findings were reported in previous studies (535, 536). 

It was observed from all cytotoxicity experiments that self-assembled NP formulations 

with higher positively charged amino acids exhibited higher toxicity compared with less 

positively charged sequences (534). For example, TY-20_CHF is the NP formulation with 

six positively charged amino acids exhibited highest cytotoxicity even at its lowest 

concentration. However, TY-13_CHF, a NP formulation with only one positively charged 

amino acid in the sequence was found to be least cytotoxic. The toxicity and immunogenicity 

of these peptides decorated NPs depends on the surface charge (zeta potential), surface 

functional group, particle size and chemical composition (537). Lee et al. reported, Ag-

CALNNK-NPs (positively charged) have lower toxicity than the Ag-CALNNE-NPs 

(negatively charged) (537). Kai et al. reported different toxicities of three similarly sized 

oleic acid-coated Fe3O4, carbon-coated Fe, and Fe3O4 NPs with different zeta potentials of 
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4.5, 23.7 and 14.5 mV. Baek et al. reported positively charged ZnO NPs exhibited greater 

toxicity compared with negatively charged ZnO NPs. Smaller particle sizes (20 nm) showed 

more toxicity than the larger size NPs (70 nm) (538). This suggests that the higher the surface 

charge, the greater the electrostatic interaction with the cell membrane.  (535, 536). Tudisco 

et al. tested Fe3O4 magnetic NPs for toxicity using human brain microvascular endothelial 

cells (HBMEC) and A-172 cells. They used different concentration (10 and 20µg/mL) for 

24, 48 and 72 hours. It was reported that all the formulations have around 90% cell viability 

in both cell  lines (539). Based on the encapsulation, release and toxicity data NPs were 

shortlisted for further experiments. TY-13_CHF, TYR-3_PA, TY-28, TY-39, and TY-44 

were selected for BBB (endothelial monolayer) in vitro experiments and in vivo brain 

delivery using the self-assembled peptide NPs. The selection of these NPs for in vitro 

experiment was based on various factors such as targeting ligand used, optimum particle size, 

suitable encapsulation capacity, rate of encapsulated drug release and lesser toxicity. TY-

13_CHF were around 81 nm in size and the viability of the cells at a concentration of 0.75 

mg/mL was around 85% and unique mini-Ap4 targeting was used. TYR-3_P.A exhibited the 

particle size of about 75 nm with encapsulation capacity of around 80%. Although cell 

viability at a concentration of 0.75 mg/mL was extremely low but inclusion of P.A and sRVG 

targeting ligand made it a candidate for further investigation. TY-28 were the smallest NPs 

with the size of about 42 nm and relatively safer at a concentration of 0.75 mg/mL. No 

hydrophobic moiety (CHF or P.A) was conjugated to facilitate the self-assembly. This 

modification and lesser toxicity made it suitable candidate for further investigation. In case 

of TY-39 and TY-44, although the particle size was larger than 200 nm, however 

encapsulation capacity was around 75 %. Furthermore, TY-39 was found to be safe at a 

concentration of 0.75mg/mL, however cell viability for TY-44 was lower. Another reason 
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that contributed for TY-44 selection was targeting ligand used. Targeting ligand used in TY-

44 is reported to bind with TfR. These all characteristics were considered for further 

investigation of NPs. 
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Figure 5. 18. In vitro cellular toxicity of enzyme-responsive self-assembled peptide nanoparticles at 

0.0469 mg/mL) in SH-SY5Y cells measured by using LDH assay. Sterile water served as control. 
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Figure 5. 19. In vitro cellular toxicity of enzyme-responsive self-assembled peptide nanoparticles at 

0.1875 mg/mL) in SH-SY5Y cells measured by using LDH assay. Sterile water served as control. 
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Figure 5. 20. In vitro cellular toxicity of enzyme-responsive self-assembled peptide nanoparticles at 

0. 75 mg/mL) in SH-SY5Y cells measured by using LDH assay. Significance bars are not drawn here 

as it will make the graph more complex. Sterile water served as control. 
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Figure 5. 21. Microscopic images of SH-SY5Y cells treated with self-assembled peptide nanoparticles 

for 24 hours at different concentration (0.0469, 0.1875 and 0.75 mg/mL). A) TY-8_CHF, B) TYR-

3_PA, C) TY-13_CHF, D) TY-18, E) TY-20_CHF, F) TY-28, G) DMSO 5% and H) negative control 

(media only). 
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Figure 5. 22. In vitro cellular toxicity of enzyme-responsive self-assembled peptide nanoparticles at 

0.0469 mg/mL) in SH-SY5Y cells measured by using MTT assay. 
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Figure 5. 23. In vitro cellular toxicity of enzyme-responsive self-assembled peptide nanoparticles at 

0.1875 mg/mL) in SH-SY5Y cells measured by using MTT assay. 



 

181 
 

TY
-8

_C
H
F

TY
R
-3

_P
A

TY
-1

3_
C
H
F

TY
-1

8

TY
-2

0_
C
H
F

TY
-2

8

TY
-3

5

TY
-3

7

TY
-3

9

TY
-4

1_
C
H
F

TY
-4

4

D
M

S
O
 5

%

0

50

100

150

200

P
e
r
c
e
n

ta
g

e
 v

ia
b

il
it

y

 

Figure 5. 24. In vitro cellular toxicity of enzyme-responsive self-assembled peptide nanoparticles at 

0. 75 mg/mL) in SH-SY5Y cells measured by using MTT assay. 

5.4. Conclusion 

In this chapter, encapsulation capacities for novel enzyme-responsive self-assembled 

peptide nanoparticles were calculated by an indirect method. The encapsulation (FSS) 

capacity ranges from 40-80%. TY-28, TY-39 and TY-44 were among the highest 

encapsulation capacity nano-formulations. TY-32 and TY-35 had poorest encapsulation 

capacity. All NP formulations exhibited different release patterns of model drug in the 

presence of external stimuli. NP formulations were found to be MMP-9 sensitive. The 

sensitivity towards MMP-9 can be tailored by manipulating the sequence. Novel enzyme-

responsive self-assembled peptide nanoparticles were found to be least cytotoxic at lower 

concentration, however at higher concentration they were found to be cytotoxic, showing a 

range of cell viabilities. 
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CHAPTER – 6 IN VITRO ENDOTHELIAL MONOLAYER 

PERMEABILITY 

6.1. Introduction 

Various techniques have been reported to measure and visualize the in vitro uptake of 

NPs by cells. Flow cytometry is a well-established diagnostic method that revolutionized cell 

diagnostics in vitro (540). Flow cytometry is a robust method to assess fluorescently 

labelled/fluorescent encapsulated NPs, taken up by cells (541). It rapidly analyses the single 

cell/particle suspended in buffered salt-based solution as it flow past single or multiple lasers. 

Each particle is analysed for visible light scatter and for various fluorescence parameters 

(542). Light scattered is measured in the forward direction (Forward Scatter or FSC) and at 

90° (Side Scatter or SSC) these are indicative of relative size of the cell and internal 

complexity/granularity respectively (543) as shown in Figure 1. Samples for fluorescent 

measurements are prepared by transfection or expression of proteins (green fluorescent 

protein) (544, 545), encapsulating fluorescent substance such as dye or fluorescently labelled 

siRNA (546). 
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Figure 6. 1. Schematic presentation of FACS flow cytometry (547).  

The visualization of nanoparticles/nano-carriers has become increasingly important in 

biomedical imaging (548). The confocal microscope utilizes pinhole technology that 

removes out of focus light at the image plane. It allows only focused light to the detector 

(549).  Confocal microscopy offers a valuable tool to assess the delivery and function of 

siRNA at single cell resolution (550). Various fluorescent dyes and fluorescently labelled 

siRNA have been employed to track the NPs into cells. Risnayanti et al. have used Cy5.5-



 

184 
 

labeled siRNA@PLGA NPs to evaluate the delivery of siRNA in SKOV3-TR and A2780-

CP20 cancer cells (551). In vitro blood brain barrier models have been employed to assess 

the permeability of drugs and drug delivery systems. In vitro endothelial monolayer models 

offer the advantage of being inexpensive, robust and the potential for high throughput 

screening (552). The transwell migration assay has been employed to assess the ability of 

NPs to cross the membrane in numerous studies (264). These models range from simple 

monolayer to sophisticated spheroid and chip style models (553, 554). In this assay, cells are 

grown on the thin mesh surface until a layer of cells is formed. Monolayer formation is 

assessed by measuring Transepithelial/transendothelial electrical resistance (TEER). 

TEER is a widely used quantitative technique to assess the integrity of tight junctions in 

endothelial monolayer models. TEER values are indicative of endothelial monolayer 

integrity and are performed pre- and post-permeability experiments as shown in Figure 2. As 

mentioned in chapter 1, that histamine and bradykinin increase the permeability by disrupting 

the TJ (555). Numerous in vivo studies have reported increased BBB permeability by opening 

the interendothelial cell TJ when administered luminally or abluminally to microvasculature 

of the brain (556, 557). We investigated the effects of histamine and cimetidine (H₂ receptor 

antagonist) on the TEER values of hCMECD/3 cell line. 
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Figure 6. 2. Schematic presentation of TEER measurement and cell migration assay.  

In this chapter, in vitro uptake and permeability was assessed by using multiple 

techniques such as flow cytometry, confocal microscopy, and in vitro blood brain barrier 

models. In addition, agarose gel electrophoresis was performed to assess the complex 

formation and protection of siRNA from serum enzymes. In chapter 5, following 

encapsulation efficiency, release profiling and cytotoxicity studies, the five best formulations 

were selected for further investigation based on various factors: higher encapsulation, better 

release profile, sensitivity to MMP-9, least cytotoxicity and different brain targeting ligands. 

6.2. Material and Methods 

6.2.1. Materials 

Immortalized human brain endothelial (hCMEC/D3 cells) and EndoGRO-MV kit media 

(supplemented with EndoGRO-LS supplement, rh EGF, L-glutamine, hydrocortisone 

hemisuccinate, heparin sulfate, ascorbic acid and fetal bovine serum) were purchased from 

Merck EMD Millipore Corporation, 28820 Temecula, USA. Gibco DMEM growth media 
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with 10% FBS, 5% L-glutamine, FAM tagged negative siRNA and 5% anti-anti were 

purchased from Sigma Aldrich. Passage number used was from 1 to 11 with Lot number of 

3,130,216. FITC-dextran with a molecular weight of 70 kDa, Histamine and Cimetidine were 

purchased from Sigma-Aldrich (Dorset, UK). Polyethylene terephthalate 0.4 μm inserts 

(Sarstedt, Leicester, UK) were obtained from Sarstedt. EVOM2 Trans Epithelial electric 

resistance (TEER) meter was obtained from world precision instruments, USA. FITC-

dextran with a molecular weight of 70 kDa was purchased from Sigma-Aldrich (Dorset, UK). 

Polyethylene terephthalate 0.4 mm transwell inserts (Sarstedt, Leicester, UK) were obtained 

from Sarstedt. 

6.2.2. Methods 

6.2.2.1. In vitro cellular uptake/ Flow Cytometry 

SH-SY5Y cells were seeded with a density of 20000 in a 24 well plate. Briefly, 

formulations containing siRNA-Fam and FSS were added to the wells. The plate was 

incubated with NPs for 1, 2 and 4 h. The DMEM media was aspirated and cells were washed 

to remove the excess of the formulation using PBS. The cells were detached from the plate 

by trypsinising (100 µL of trypsin) the cells. The trypsin was neutralized with addition of 

200 µL of media. The cells were analysed using a BD Accuri™ C6 flow cytometer 

employing 488 nm and 640 nm lasers with fluorescence detection of FAM positive viable 

cells assessed using the FL-1 detector (λex 488 nm; λem 533/30 nm). For the analysis, BD 

Flow software was used, and viable cells were positively gated based on forward and side 

scatter parameters and dead cells and cellular debris excluded from fluorescence 

measurement.  

6.2.2.2. Confocal microscopy 

To visualize the cellular uptake, confocal microscopy was performed by using Zeiss LSM 

780 confocal microscopy system (Carl Zeiss Meditec AG, Jena, Germany). siRNA solution 
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(500 nM) was prepared in nuclease free water. Peptide (10 mg) was added to a pre-prepared 

solution of siRNA+FAM (1 mL). The self-assembly of the NPs facilitate the 

encapsulation/adsorption of siRNA. hCMEC/D3 cells were seeded into 4 chambered glass 

slides at a density of 30000 cells/well. Cells were incubated for 2 days and desired confluence 

was achieved. TYR-3_PA and TY-13 (0.3 mg/mL) were added to wells and incubated for 24 

h. Cells were washed three time with PBS. 600 µL of cold methanol was added and the slide 

was placed in the freezer for 10 minutes. Methanol was decanted and cells were washed with 

PBS (2-3 times). DAPI (100 nM) solution (500 µL) was added to each well and left for 10 

minutes. DAPI was decanted and washed with PBS 2-3 times and let it dry. Three to four 

drops of mounting media were added, and cover slip was placed. The slide was visualized 

under confocal microscope. Images were processed by using ImageJ software. 

6.2.2.3. Electrophoresis/Agarose gel retardation  

Complex formation and serum protection assay for enzyme-responsive self-assembled 

peptide NPs with siRNA was performed using an agarose gel retardation electrophoresis 

assay. Briefly, 1% gel was cast in the mould (1.5 g of agarose was dissolved in 100 mL of 

Tris/Borate/EDTA (TBE) buffer by boiling). Red dye (GelRed) (2 µL) was added to the 

solution and left to cool.  

After cooling to room temperature, the sample was added into each well (8 µL of peptide 

+ siRNA with 3 µL of loading dye (bromophenol blue and xylene cyanol FF)) siRNA and 

FBS mixture (50:50) was also analysed over a period of 24 h to measure any degradation of 

siRNA. For complex formation dilutions of peptide solutions were prepared and siRNA was 

added.  Electrophoresis was performed by using BIO-RAD PowerPack High Current Power 

Supply at 70mV for 20mniutes. The gel was analysed with a BIO-RAD spectrophotometer. 
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6.2.2.4. Transepithelial electrical resistance (TEER) measurement and preliminary 

experiment 

For the assessment of NPs permeability across the endothelial monolayer, hCMEC/D3 

cells were seeded in Sarstedt TC inserts (24 well, PET 0.4 µm) at the densities of 30000, 

60000 and 90000 cells/insert. 500 µL of EndoGRO media was added to the apical 

compartment and 1.6 mL of EndoGRO media was added to basolateral compartment. The 

culture plate was placed in an incubator at 37ºC with 5% CO2. Cells were grown for 24, 48, 

72 and 140 h and TEER values were measured using Epithelial Volt/Ohm (TEER) Meter via 

standard STX2 handheld “chopstick” electrodes. Briefly, STX2 electrodes were dipped into 

100% ethanol for 10-15 min then dried to ensure the complete evaporation of ethanol. After 

assurance of complete removal of ethanol, STX electrodes were dipped in a way that one 

arm embedded in the insert and the other arm was dipping in the media around the insert in 

the well. 

6.2.2.5. In vitro endothelial monolayer permeability 

The endothelial monolayer in vitro model was constructed using a protocol supplied by 

Merck Millipore. In vitro permeability across the mono layer of neural cells was performed 

using immortalized hCMEC/D3 cells in a Transwell-type endothelial monolayer model 

(Figure 6.3). hCMEC/D3 cells were seeded (90000 cells/insert) in Sarstedt transwell inserts 

(PET 0.4 µm, TP) pre-coated with Collagen I, rat tail as described in protocol. Cells were 

cultured using EndoGRO media (SCME004) supplemented with hydrocortisone, ascorbic 

acid, heparin sulfate, rh EGF, L-glutamine, EndoGRO-LS supplement and 5% FBS. TC 

inserts were placed in a 24 well plate containing 1.6 mL of pre-warmed (37ºC) in each well 

(basolateral compartment). After 24 h, TEER was measured by using EVOM2 (World 

Precision Instruments, Sarasota, Florida, USA). The contents of the (300 µL) was replaced 

every 24 h with fresh media. At the highest TEER values, NP (0.380 mg/mL except TYR-

3_PA 0.200 mg/mL) formulations (encapsulated with FAM+siRNA) were added to the 
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apical compartment at final concentration. Fluorescence in the basolateral compartment was 

measured after every h using a SpectraMax i3X multi-mode microplate reader (Molecular 

Devices, USA) at excitation wavelengths of 460 nm and emission at 495 nm. Fluorescence 

was measured up to 6 h and each experiment was performed in triplicate. Furthermore, active 

MMP-9 (2 nM / 140 ng) was added to the basolateral compartment in order to assess whether 

after crossing the endothelial monolayer, NPs get metabolized by the MMP-9. 

 

Figure 6. 3. Schematic representation of the transwell setup used for endothelial monolayer 

permeability experiments. 

 

Prior to the permeability experiment, the sensitivity of the endothelial monolayer was 

tested by using histamine and cimetidine. Briefly, media were replaced, and histamine was 

added in to inserts at a final concentration of 50 mM. The plate was incubated for 30 min at 

37 oC. TEER values were measured at 36 h. Cells were washed with sterile PBS buffer and 

fresh media were added. Cimetidine was added into inserts at a final concertation of 50 mM. 

The plate was incubated for 1 h and TEER values were measured. Culture media were 

replaced with fresh media and incubated for 12 h. TEER values were measured again after 

48 h. Furthermore, TEER values were determined after transmigration tests. All 
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measurements were carried out in triplicate, means and standard deviations (SD) were also 

calculated (558). 

6.2.2.6. In vitro endothelial monolayer permeability by mimicking physiological 

conditions 

In addition, two experiments were conducted in the presence of MMP-9. MMP-9 was 

added to apical and basolateral compartments to mimic the healthy (50 ng/mL) and diseased 

individuals (100 ng/mL) (559, 560). After 6 h, cells were washed with PBS carefully and 

pre-heated media was added. TEER values were measured again and media was replaced 

with pre-heated fresh media. 10 µL of FITC-Dextran solution (1 mg/mL) was added to the 

inserts and florescence (λexc 485, λems 520) was measured in the basolateral compartment for 

6h. 

6.2.2.7. Statistical Analysis  

GraphPad Prism Software 8.0.1 for Windows (GraphPad Software, Inc., La Jolla, CA, 

USA) was used to conduct one-way analysis of variance (ANOVA) followed by Tukey’s 

post-hoc test for multiple comparisons in order to identify any statistically significant 

differences between the treatment groups. For statistical comparisons, P<0.05 was 

considered a statistically significant difference. 

6.3. Results and Discussion 

The uptake of enzyme-responsive self-assembled peptide NPs loaded with siRNA+FAM 

was investigated by flow cytometry (561). In a previous study, uptake of AgNPs was studied 

by flow cytometry (562). It was reported that positively charged AgNPs accumulated more 

readily than other AgNPs (562). Lin et al. reported a 2.5-fold increased uptake of bovine 

serum albumin NPs decorated with a cell-penetrating peptide (LWMP) compared to non-

decorated NPs in U87 cells (262). Enzyme-responsive self-assembled NPs developed in this 

project exhibited the same characteristics. Clear differences in the fluorescence were 
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observed after 4 h for both TY-13_CHF and TYR-3_PA as shown in Figure 6.4. Cellular 

uptake of encapsulated siRNA was significantly higher than the naked siRNA. These novel 

enzyme-responsive self-assembled NPs were able to penetrate the neural cells because of the 

brain-targeting ligand. (138, 171) It was noticed that penetration was time dependent. In the 

first hour, uptake was less but with the passage of time, up to 4 h, it increased substantially. 

Cellular uptake was confirmed by confocal microscopy. 

 

Figure 6. 4. In vitro cellular uptake of self-assembled peptide NPs. A) FACS analysis for cellular 

uptake (fluorescence) shown in bar chart. B) FACS chromatogram for TYR-3_PA after 4 h and C) 

FACS chromatogram for TY-13_CHF after 4 h. 
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The uptake of enzyme-responsive self-assembled peptide NPs showed higher uptake 

compared to naked siRNA, with the exception for TY-20 as shown in Figure 6.5. The uptake 

of TY-28 and TY-44 was highest compared to other formulations as shown in Figure 6.7. 

The uptake of NPs was time-dependent and was confirmed in TY-28 as shown in Figure 6.6.  

 

Figure 6. 5. In vitro cellular uptake of self-assembled peptide NPs. A) FACS chromatogram for TY-

20 after 1 h. B) FACS chromatogram for TY-28 after 3 h and C) FACS chromatogram for TY-35 after 

1 h. D) FACS chromatogram for TY-37 after 1 h E) FACS chromatogram for TY-39 after 1 h F) 

FACS chromatogram for TY-44 after 1 h.  
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Figure 6. 6. In vitro cellular uptake of TY-28, an enzyme-responsive self-assembled peptide NP. A) 

Uptake of the NPs by SH-SY5Y cells was time-dependent shown in bar chart. B) Uptake of the NPs 

over a period of 3 h: green denotes the uptake after 1 h incubation, blue represents uptake after 2 h 

and red line corresponds to uptake after 3 h.   
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Figure 6. 7. FACS analysis for cellular uptake of siRNA+FAM encapsulated in enzyme-responsive 

self-assembled NPs in SH-SY5Y cells incubated for 1 h shown in bar chart. 

 

The uptake of enzyme-responsive self-assembled peptide NPs loaded with siRNA+FAM 

was visualized by confocal microscopy (563). Briefly, hCMEC/D3 cells were cultured in 

pre-coated chambered slides. After desired confluence, NPs were added and incubated after 

24 h. Cells were washed with PBS, fixed with ice cold methanol, mounted on the slide and 
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observed using confocal microscopy. siRNA+FAM on its own was employed as a control. 

From the images presented in Figure 6.8 ‒ 6.11, uptake of NPs can be observed and can be 

seen in the cell cytoplasm around the nucleus. However, no evidence of siRNA+FAM 

administered as a control was found inside cells.  

 

 

Figure 6. 8. Confocal microscope images of hCMEC/D3 cells following incubation with TY-13_CHF 

NPs for 24 h. A) DAPI channel, B) FAM channel, C) bright field channel and D) merged image, 

DAPI stained nucleus as blue, green colour (FAM) around the nucleus. 
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Figure 6. 9. Confocal microscope images of hCMEC/D3 cells following incubation with TYR-3_PA 

NPs for 24 h. A) DAPI channel, B) FAM channel, C) bright field channel and D) merged image, 

DAPI stained nucleus as blue, green colour (FAM) around the nucleus. 

 

Figure 6. 10. Confocal microscope images of hCMEC/D3 cells following incubation with TY-28 NPs 

for 24 h. A) DAPI channel, B) FAM channel, C) bright field channel and D) merged image, DAPI 

stained nucleus as blue, green colour (FAM) around the nucleus. 
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Figure 6. 11. Confocal microscope images of hCMEC/D3 cells following incubation with TY-44 NPs 

for 24 h. A) DAPI channel, B) FAM channel, C) bright field channel and D) merged image, DAPI 

stained nucleus as blue, green colour (FAM) around the nucleus. 

To assess the complex formation and siRNA loading ability, agarose gel retardation was 

used. It was found that TYR-3_PA formed a complex with siRNA as shown in Figure 6.12. 

Complex formation of siRNA with siRNA was achieved at N/P of 20, suggesting that TYR-

3_PA NP was able to bind with siRNA to hinder degradation in the process of 

electrophoresis. However, in blank where siRNA+FAM was subjected to electrophoresis on 

its own, the gel indicated the presence of siRNA. A similar pattern was observed for TY-28 

NPs as shown in Figure 6.12C. Results for the agarose gel retardation assay in this study 

coincide with the literature reported results by Xia et al. (564). On the other hand, TY-13 did 

not form a complex with nucleotide across a wide range of concentrations according to 

agarose gel retardation assay, perhaps due to having only a single positive electrostatic 

charge in the construct. However, in the following (Figure 6.17) it will be shown that TY-

13_CHF NPs were able to transport siRNA across the endothelial monolayer model. It may 

be speculated that TY-13_CHF encapsulated siRNA in a similar way as liposomes, i.e. TY-
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13_CHF NPs were nano-hollow-vesicles. As mentioned in chapter 4, majority of enzyme-

responsive self-assembled peptide NPs were positively charged, however siRNA was 

negatively charged. This opposite charge facilitated the adsorption/encapsulation of siRNA 

on the NPs. It should also be noted that FSS is relatively small molecule than the siRNA that 

enables its encapsulation. However, siRNA is larger molecule with negative charge favours 

the adsorption on the surface of NPs. 

 

Figure 6. 12. Agarose gel electrophoresis of siRNA-Fam and in complex with peptide NPs. A) It 

shows the siRNA-Fam and TYR-3_PA NPs in combination. Formation of complex and disappearance 

of siRNA is encircled red B) siRNA+FAM only. At N/P of 20 peptide forms complex and no signal 

observed in gel. C) It shows the siRNA-Fam and TY-28 NPs in combination suggesting the complex 

formation and disappearance of the siRNA encircled red. 

 

RNAse present in the serum can completely degrade the siRNA (565). There is a need to 

ensure the stability of siRNA in the presence of serum to improve the intracellular 

transfection efficiency (566). For evaluating the ability of enzyme-responsive self-assembled 
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peptide NPs to protect siRNA from degradation in serum, NPs encapsulating siRNA were 

incubated in DMEM medium with 50% FBS and the stability was assessed by gel retardation 

assay. siRNA on its own was almost degraded by RNAse after 1 h incubation. After 2 h 

incubation, naked siRNA was completely digested by RNAse and no signal was observed in 

the gel. However, siRNA encapsulated in TY-28 NPs was protected reasonably after 2 h 

incubation. This suggests that the NPs could protect siRNA from RNAse up to a certain time 

(2h) (564).  

 

Figure 6. 13. Agarose gel electrophoretogram showing siRNA protection by TY-28 for different 

incubation compared to naked siRNA in serum. Naked siRNA not exposed to RNAse was used as 

control. 

 

In order to assess the endothelial monolayer permeability, the same protocol was used as 

described in our previously published work (558). The human endothelial hCMEC/D3 cell 

line was chosen as a suitable model for simulation of the endothelial monolayer. hCMEC/D3 

cell lines have been employed in numerous studies exploring permeability or transmigration 

(567-570). Although Biemans et al. questioned the hCMEC/D endothelial monolayer 

integrity, it remains one the most used cell line for permeability experiments. Numerous 

studies have reported the use of hCMEC/D3 as a endothelial monolayer model (571, 572). 
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Figure 6. 14. hCMEC/D3 cell grown for 24 h, 10x magnification. Images taken by OLYMPUS IX71 

microscope. 

For in vitro permeability, preliminary experiments were performed to assess the 

formation and integrity of the endothelial monolayer model. TEER was measured as it has 

been linked with this integrity (573). hCMEC/D3 cells were seeded at 30000, 60000 and 

90000 cells/insert.  TEER values were measured. These were found to be 16, 34 and 56 Ω 

cm2 respectively. It was observed the TEER values increased with increasing density up to a 

certain time. But after that, TEER values slumped due to the cell’s death in the inserts. TEER 

values for insert with 90000 cells went to 92 from 147 Ω cm2 after 140 h as the cells started 

dying. However, 136 Ω cm2 was recorded for the insert with 30000 cells after 140 h. It is 

indicative that the cells are still growing and have enough nutrients. Maherally et al. reported 

the highest TEER value of 920 Ω cm2  at a density of 75000 cells/well after 60 h (574). 

Biemans et al. reported TEER value of 8.7 Ω cm2 after a 4-day incubation. 

Various factors can affect the TEER values in both experiments, firstly, Biemans used 

passage 28-35 (575), whereas we used passage number from 1-10. Secondly, EBM2 basal 

media was used, but we used EndoGRO™ basal media. Hydrocortisone in the experiments 

by Biemans et al. was at 1.4 µM whereas we used 2.76 µM at final concertation. It has been 

reported that addition of extra hydrocortisone leads to higher TEER values (576). TEER 

values in the range of 20 to 200 Ωcm2 have been reported (576). High TEER values (reaching 
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levels of 1000‐1200 Ω cm2) have been achieved under specific experimental conditions 

(577). Winger et al. reported the TEER values between 200-250 Ω cm2 (578). These TEER 

values coincide with our findings. From this preliminary experiment 90000 cells/ insert was 

selected for further experiments. 

 

Figure 6. 15. TEER values for hCMEC/D3 cells grown in EndoGRO media for different time intervals 

at density of 30000, 60000 and 90000 cells/insert. 

For further assessment of the NP formulations, cells were seeded in the inserts at 90000 

cells/insert. TEER values were measured at 24, 36 and 48 h. These conditions were used to 

assess the effect and response of hCMEC/D3 cells towards different external stimuli such as 

Histamine, a H1-4 G-protein coupled receptor (50 µM at final concentration), Cimetidine, a 

H2 receptor antagonist (50 µM at final concentration) and siRNA. TEER values were 

measured after 24 h. Histamine was added into one of the inserts. In another insert cimetidine 

and histamine were added and TEER values were measured. 

The TEER values of the endothelial monolayer model reached 239 ± 28 Ω cm2 after 48 

h of incubation; and slightly increased to 250 ± 13 Ω cm2 after the treatment of the cells with 

MMP-9 inhibiting NPs. Histamine treatment resulted in the reduction of TEER values from 
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200 Ω cm2 to 62 Ω cm2. Treatment with cimetidine helped the TJ to restore their integrity up 

to 145 Ω cm2 as shown in Figure 6.16.  

 

Figure 6. 16. TEER values for in vitro endothelial monolayer prepared by hCMEC/D3 cells seeded 

at 90,000 cells/insert after 24 h, 36 h, post histamine and post cimetidine treatment, presenting 

formation of a biological barrier that can be compromised by pharmacological compounds 

(histamine) and restated by pharmacological agents (cimetidine). Error bar indicate SD (n = 3). 

 

After 48 h when the TEER values were restored to their highest, NP formulations 

encapsulating/adsorbing siRNA+FAM were added. siRNA+FAM was added to one insert 

serving as control. In addition to that, histamine and cimetidine were added to the inserts 

along with siRNA+FAM. Fluorescence was measured in the basolateral compartment every 

hour up to 6 h at excitation λ of 465 and emission λ of 495 nm and TEER values were 

measured after the experiment. 
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Figure 6. 17.  In vitro percentage permeability of enzyme-responsive self-assembled peptide nano-formulations across the endothelial monolayer model 

(hCMEC/D3 cells) seeded at 90000/insert after 24 h, 36 h, post histamine and post cimetidine treatment.



 

203 
 

The permeability of siRNA+FAM on its own was measured at around 5.78 ± 4.09 after 

6 h, whilst siRNA+FAM in the presence of histamine was around 18.71 ± 3.01 and in the 

presence of cimetidine was 5.84 ± 4.07. Chemical compounds influence the endothelial 

monolayer integrity as has been reported previous in another study (579). Enzyme-

responsive self-assembled peptide NPs showed permeability of around 34%. The 

permeability of TY-28_siRNA was 36.77 ±2 .40 and for TY-39_siRNA it was 33.74 ± 3.85. 

To mimic the pathological conditions, active MMP-9 (140 ng/mL) (580) was added to 

the basolateral compartment. TY-13_siRNA showed the highest permeability of 

41.62±3.09% and for TYR-3_PA_siRNA was around 27.66 ± 2.69% after 24 h.  TY-

28_siRNA and TY-44_siRNA showed permeability of more than 50%. TY-39_siRNA was 

about 28.56 ± 1.48% as shown in Figure 6.18. Khongkow et al. reported a maximum of 20% 

permeability of surface-modified gold NPs (581). In another study conducted by Song et al. 

reported an in vitro permeation of 11.6% - 21.3% was found to depend on the size (582). 

Enzyme-responsive self-assembled peptide NPs used in this study showed permeability in 

range of 30-40%. Brain targeting ligand used in TY-13_siRNA and TY-39_siRNA has been 

reported to show 50% permeability compared to apamin (parent compound, apamin; a bee 

venom) (171). Similarly, brain targeting ligand used in TYR-3_PA_siRNA and TY-

28_siRNA have been reported to show an excellent permeability by targeting nAchR (138, 

168). Brain targeting ligand used has been reported to increase doxorubicin accumulation by 

1.7-fold in the tumor by targeting transferrin receptor (210) and 1.3 × times higher than the 

naked liposomes (212). In vitro data demonstrated the permeation of siRNA across the 

endothelial monolayer with the caveat of no significant permeability observed in in vivo data. 

A further two experiments sought to mimic the healthy physiological (50 ng MMP-9 in 

apical) and diseased conditions (100 ng MMP-9 in apical) (559, 560). Cells were grown in 
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the same pattern except for the addition of MMP-9 in both compartments. TEER values were 

measured and are shown in Figure 6.19. TEER values were in the range of 230-260 Ω cm2. 
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Figure 6. 18. In vitro percentage permeability of enzyme-responsive self-assembled peptide nano-

formulations across the endothelial monolayer model (hCMEC/D3 cells) seeded at 90000 cells/insert 

after 24 h in the presence of 140 ng in basolateral compartment, demonstrating ability of the NPs to 

cross the endothelial monolayer. Error bars present SD (n = 3). 

 

The permeability of enzyme-responsive self-assembled peptide NPs was higher at the 

healthy MMP-9 levels. For TY-13_siRNA it was noticed around 70.75 ± 5.77 and TY-

39_siRNA and TY-44_siRNA also showed more than 50%. The encouraging results of 

this in vitro study now pave the way for an in vivo experiment to explore the potential of our 

novel NPs in delivering therapeutic agents to the brain (583). Surprisingly, TYR-

3_PA_siRNA and TY-28_siRNA showed lower permeation of 29.64 ± 0.91 and 41.12 ± 

5.18, respectively, as shown in Figure 6.20. One possible explanation for the lower measured 

permeability of TYR-3_PA_siRNA was precipitation in the apical compartment. Although 

TYR-3_PA_siRNA did not show any precipitation in the release profiling experiments with 
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FBS and MMP-9. The precipitation in permeability experiment could be due to the presence 

of supplementary ingredients in EndoGRO media which were not present in FBS. Due to 

precipitation, TYR-3_PA_siRNA was excluded from diseased condition experiment and TY-

41_CHF_siRNA was included which had the same brain targeting ligand except MMP-9 

cleavable sequence.  

 

Figure 6. 19. TEER values for in vitro endothelial monolayer prepared by hCMEC/D3 cells seeded 

at 90,000 cells/insert after 24 h and 48 h, presenting formation of a biological barrier. Error bar 

indicate SD (n ⁼ 3). 
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Figure 6. 20. In vitro Percentage permeability of self-assembled enzyme-responsive peptide Nano-

formulations across the endothelial monolayer model (hCMEC/D3 cells) seeded at 90000/insert after 

48hrs in the presence of MMP-9 (apical 50ng) and (basolateral 140ng). 

 

For verification of the permeability results and assessment of the integrity of the 

endothelial monolayer model, FITC-dextran 70000 was added to the inserts after stabilizing 

the cells for 30 minutes. Permeation of FITC-dextran was measured every h up to 6 h by 

reading the sample in the basolateral compartment at 485 nm and 535 nm excitation and 

emission, respectively. Very low amounts of FITC-dextran managed to cross the endothelial 

monolayer after the NPs permeability experiment. 0.32 ± 0.02 ‒ 2.46 ± 0.31% of FITC-

dextran escaped through the endothelial monolayer suggesting the integrity of endothelial 

monolayer before and after experiment. TEER values measured after the experiment did not 

change significantly, suggesting the integrity of monolayer. 

 

Figure 6. 21. Percentage permeability of FITC-dextran across the endothelial monolayer after the 

NPs formulations. It showed negligible amount of FITC-dextran managed to get though the 

endothelial monolayer, suggesting the endothelial monolayer integrity, and confirming that the 

permeability of siRNA+FAM is due to NPs formulations. 
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In the diseased state experiment where the MMP-9 level is higher, the permeability for 

TY-13_siRNA NPs was 51.19 ± 2.05 that is almost 20% less compared to the level of MMP-

9 in healthy individuals. This decline in permeability can be attributed to MMP-9 enzymatic 

action that cleaves the NPs and hence reduced the permeability. A similar pattern was 

observed for TY-39_siRNA and TY-44_siRNA, however TY-28_siRNA remained almost 

unchanged as shown in Figure 6.22. 
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Figure 6. 22. In vitro Percentage permeability of self-assembled enzyme-responsive peptide Nano-

formulations across the endothelial monolayer model (hCMEC/D3 cells) seeded at 90000/insert after 

48hrs in the presence of MMP-9 (apical 100ng) and (basolateral 140ng). 

 

TEER values were measured again after the experiment to ensure the integrity of 

endothelial monolayer and it was noticed that TEER values did not change significantly as 

shown in Figure 6.23 after in vitro permeability experiments. We chose three different 

ligands targeting different receptors on the neuronal cells (584). Enzyme-responsive self-

assembled NPs showed higher transport across the endothelial monolayer BBB model when 
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MMP-9 levels were elevated and the brain-targeting ligand was responsive to MMP-9. The 

data suggested that these NPs would transport more therapeutic agent across the endothelial 

monolayer when the active MMP-9 levels are elevated in both the blood stream and brain 

interstitial fluid.  

 

Figure 6. 23. TEER values for in vitro endothelial monolayer prepared by hCMEC/D3 cells seeded 

at 90,000 cells/insert after 24 h and 48 h, presenting formation of a biological barrier. Error bar 

indicate SD (n ⁼ 3). 

 

It should be noted that here that TY-13_siRNA was around 84 nm in size with a positive 

charge of 36 mV. The targeting ligand used was reported to follow the receptor mediated 

transport. However, TYR-3_P.A_siRNA with sRVG as a targeting ligand that targets nAchR 

receptor with the slightly lower positive charge showed lesser permeability across the 

endothelial monolayer model. It should also be noted that the CMC for TY-13_siRNA was 

around 40 mg/L, whereas it was around for 100 mg/L for TYR-3_P.A_siRNA. Similarly, 

TY-28_siRNA with particle size of 40 nm showed better permeability compared to TY-

39_siRNA. 
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Furthermore, in the presence of active MMP-9 in the basolateral compartment, better 

permeability was observed. As the NPs were designed in a way that make them highly 

sensitive to MMP-9. It can be suspected/assumed that NPs after passing through the 

endothelial monolayer get metabolized in the basolateral compartment by MMP-9 and 

release the adsorbed/encapsulated siRNA. Improved permeability was observed in the 50ng 

of MMP-9 (healthy state) compared to 100 ng of MMP-9 (diseased state). This decreased 

permeability can be attributed to enzymatic degradation of NPs. 

6.4. Conclusion 

In vitro uptake of enzyme-responsive self-assembled peptide NPs was confirmed by 

confocal microscopy and flow cytometry. NPs used in this study were found around the 

nucleus using confocal microscopy. Enzyme-responsive self-assembled peptide NPs were 

significantly more readily taken up by SH-SY5Y cells compared to naked siRNA+FAM in 

flow cytometry. Enzyme-responsive self-assembled peptide NPs showed up to 40-70% 

permeability when investigated by in vitro hCMEC/D3 endothelial monolayer model in 

healthy (50ng) and diseased (100 ng) conditions. TEER values were measured before and 

after permeability experiments to ensure the integrity of the endothelial monolayer model. 

FITC-dextran permeability was negligible (2.5 %) compared to enzyme-responsive self-

assembled peptide NPs. Results of in vitro studies have shown the potential of enzyme-

responsive self-assembled peptide NPs as permeating carriers/vectors in brain drug delivery 

applications therefore justifying their further investigation. 
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CHAPTER – 7 IN VIVO BBB PERMEABILITY 

7.1. Introduction 

NP mediated drug delivery has been extensively investigated by in vivo techniques (585). 

In vivo is a Latin word meaning "within the living". Any in vivo experiments should be 

conducted in animals that mimic the human clinical situation as closely as possible. An ideal 

animal model is one in which the outcome and systems in the specific animals used 

completely coincide with those relevant to the system of interest (usually the human system) 

and this can be almost achieved in certain engineered animals. A model that exhibits 

pathogenesis and disease progression closely analogous to those in humans might be 

considered an ideal model (586). The most commonly used animals for experiments are 

rabbits, mice, rats, goats, sheep, pigs, dogs, and cats (587). 

For tissue engineering research, rats are used due to their low cost and easy maintenance 

(586). Mice are also widely used for in vivo experiments due their easily modifiable genome 

and easy handling. Mice have been used to study brain drug delivery via the nasal route 

(588). Mice can be used as normal healthy animals or can be engineered genetically or via 

their environment to mimic disease states (589). Multiple sclerosis (MS) is a disease that 

involves the BBB. Experimental Autoimmune Encephalomyelitis (EAE) is widely 

investigated model of demyelinating diseases such as MS (590). Angiogenesis (formation of 

new blood vessels), contributes towards formation of the BBB in newly formed brain 

microvasculature. It starts at gestational week 8, (591)  and peaks at gestational week 35 

(592). However, in mice, it starts at embryonic day (E) 9.75 and completes shortly after birth 

(593). Male Fisher 344 rats have been used for the evaluation of the ability of iron oxide NPs 

to accumulate in tumors in the presence of magnetic fields (594). Lin et al. used glioma 
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bearing Balb/c nude mice (3−4 weeks old) to evaluate the therapeutic effects of LMWP-

BSA-NPs (262). In another study, conducted by Xin et al.  ANG-NP-PTX were successfully 

used for treatment of glioma by using Balb/C mice (264). 

Alzheimer's disease (AD) is an irreversible, progressive neurodegenerative disorder. 

Amyloid-beta (Aβ), a 42-amino acid peptide isoform is considered to be one of several 

candidates for a possible causative agent in AD. AD pathogenesis is characterized by age-

related Aβ misfolding, aggregation, deposition, neurofibrillary tangles, and neuronal loss 

(595). β-secretase-1 (BACE-1) has been associated with neurodegeneration and 

accumulation of amyloid precursor protein (APP) products (405, 406). The inhibition of 

BACE-1 reduces the levels of Aβ and is a possible therapeutic strategy for AD treatment 

(407). 

siRNA against BACE-1 have been used to halt Aβ production directly, leading to less 

neurodegenerative and behavioral deficits in APP transgenic mice (406, 596). Numerous 

studies have reported the use of rabies virus glycoprotein (RVG) as a brain-targeting ligand 

on the siRNA delivery vectors, such as exosomes (597), poly(mannitol-co-PEI) (598), 

trimethylated chitosan (271), chitosan coated solid lipid NPs (372, 599) and BACE-1 siRNA 

delivery to the mouse brain via systemic injection. 

In this chapter, enzyme-responsive self-assembled peptide NPs were tested for their 

ability to deliver FAM tagged siRNA to the brain in Balb/C mice. Preliminary experiments 

were performed to develop an optimum method for the experiment. For in vivo experiments, 

TY-28 and TY-44 were selected for several reasons including having: a) better release 

profiles, b) sensitivity to MMP-9, c) lower toxicity, d) a targeting ligand (sRVG) and e) 

functioning as a better in vivo imaging system (IVIS) signal in preliminary experiments. 
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Subsequently, enzyme-responsive self-assembled peptide NPs were investigated for their 

ability to silence BACE-1 in SH-SY5Y cells by using BACE-1 mRNA and BACE-1-

antisense transcript (BACE-1-AS) (600, 601). The in vitro BACE1 silencing efficacy was 

evaluated by real-time polymerase chain reaction (RT-PCR). 

7.2. Material and Methods 

7.2.1. Materials 

Balb/C female mice (weighing 22.33±0.55gm and 6 months old) were obtained from 

Liverpool John Moores University animal house (563). FAM tagged negative siRNA was 

purchased from Sigma Aldrich. Imaging services were used at the University of Liverpool, 

United Kingdom. The animal handling license used for the experiment was PA693P221. All 

animal experiments were performed under a license granted under the UK Animals 

(Scientific Procedures) Act 6 1986 and were approved by the Liverpool John Moores 

University ethics committee. BACE-1 siRNA (SASI_Hs01_00126124, 

CUGUUAUCAUGGAGGGCUU [dT][dT]) and BACE-1_AS (SASI_Hs01_00126124_AS, 

AAGCCCUCCAUGAUAACAG [dT][dT]) with a molecular weight of 13302 were 

purchased from Merck, KGaA, Darmstadt, Germany. LunaScript RT SuperMix kit was 

purchased from ThermoFisher, UK. ReliaPrep RNA Cell Miniprep System was purchased 

from Promega Corporation, Madison, USA. QuantiTect Primer Assay was purchased from 

Qiagen, UK. SH-SY5Y cells passage 22 was used. 

7.2.2. Methods 

7.2.2.1. Preparation of the enzyme-responsive self-assembled peptide NPs for 

injection 

Peptide solution (1 mg/mL) was prepared in sterile saline solution (1 mL) and was added 

(360 µL) to siRNA+FAM (30 µg) in an Eppendorf tube. The ratio of the siRNA to peptide 

was 10:1. 
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7.2.2.2. In vivo Injection and imaging 

In order to study the capability of enzyme-responsive self-assembled peptide NPs to 

access the brain, Balb/C mice were used. NP formulations encapsulating siRNA+FAM and 

siRNA+FAM control on its own (control) were administered to each animal via tail vein 

injection (n = 3). Nine healthy Balb/C mice were selected and divided into 3 categories. One 

serving as control and two triplicates were used for enzyme-responsive self-assembled 

peptide NPs. Each mouse was weighed and placed into a small laboratory scale heating 

device. This was to ensure the dilation of veins to facilitate the injection. Each animal 

received 10 µg of siRNA and 100 µL in terms of volume. After injection, animals were 

placed in the ventilated cages and their behavior was observed. Animals were culled (CO2) 

after 3 h and transferred to Liverpool university for imaging. Fluorescence was measured by 

using a fluorescence imager (IVIS Spectrum, Perkin Elmer, UK) at λexc 465 nm and λems 520 

nm. Imaging data were normalized to the acquisition conditions and expressed as radiance 

(photons/second/cm2 /steradian (p/s/cm2 /sr)), and the colour scale was adjusted according to 

the strength of signal detected. 

7.2.2.3. Ex vivo imaging 

Animals were removed from the imaging system and placed on the dissection board. 

Each animal was dissected from the dorsal/supine side. Liver, kidneys, lungs, heart, spleen 

and brain were harvested from the body and placed on parafilm. Parafilm along with organs 

was placed in the imaging device and fluorescence was measured. 

7.2.2.4. Cell culture 

SH-SY5Y cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% FBS and 2 mM L-glutamine. They were then washed with 

phosphate-buffered saline, trypsinised, re-suspended in the growth medium, counted and 

seeded into an opaque, micro-clear, flat bottom 12 well tissue culture plate at a density of 1.2 
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x 105 cells/mL (120000 cells/ well at 100 µL/well). The plate was then incubated overnight 

at 37°C with a 5% CO2 supply. After 24 h incubation, media was aspirated and serum 

free DMEM only media was added, and cells were transfected with enzyme-responsive self-

assembled peptide NPs encapsulating siRNA. Cells were incubated for 4 h. DMEM was 

replaced with fresh growth media. Cells were left in the incubator for 48 h. 

7.2.2.5. Cell harvesting 

After 48 h, media was aspirated, and adherent cells were harvested by following the 

protocol from the supplier and total RNA from transfected cells was extracted using 

ReliaPrep Minicolumn. Briefly, adherent cells were washed with ice cold PBS. 150 µL of 

BL+TG buffer was added to the cells and the plate was gently rocked. Cells were rinsed by 

repeated pipetting of the lysate over the well surface, 8-10 times. Lysate was collected from 

each well and transferred in to micro-centrifuge tubes. Cells were centrifuged at 300 x g for 

5 min. Cell pellet was carefully washed with ice cold sterile PBS. Supernatant was discarded 

and 50 µL isopropanol was added to the cells. Lysate was transferred to ReliaPrep 

Minicolumn and centrifuged at 12,000 x g for 30 s at room temperature. Filtrate was 

discarded and 500 µL of RNA Wash Solution was added to the ReliaPrep Minicolumn. It 

was centrifuged at 12,000 ‒ 14,000 x g for 30 s. 30 μL of this freshly prepared DNase I 

incubation mix was added directly to the membrane inside the column by making sure that 

the solution is in direct contact with and thoroughly covering the membrane. It was incubated 

for 15 min at room temperature. After incubation, 200 µL of column wash solution was added 

to ReliaPrep Minicolumn and centrifuged at 12,000 ‒ 14,000 x g for 15 s. Filtrate was 

discarded, 500 μL of fresh RNA wash solution was added and centrifuge at 12,000–14,000 

× g for 30 s. Filtrate was discarded. 300 µL of RNA wash solution was added and centrifuged 

at high speed for 2 min. ReliaPrep™ Minicolumn was placed into elution tube and 20 µL 

nuclease-free water was added to column and centrifuged at 12,000 ‒ 14,000 x g for 1 min. 
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The yield of RNA was measured by using a NanoDrop spectrophotometer. A small droplet 

was placed on spectrophotometer. RNA yield was measured at 260 nm. The RNA was 

reverse transcribed into cDNAs (T100 Thermal Cycler, Singapore) using LunaScript RT 

SuperMix kit according to the protocol of the manufacturer for 200 ng of RNA from each 

sample. The cDNA amplification (Rotor-Gene Q, Germany) was performed using 

QuantiTect Primer Assay with SYBR green based RT-PCR. 

7.2.2.6. Statistical Analysis 

GraphPad Prism Software 8.0.1 for Windows (GraphPad Software, Inc., La Jolla, CA, 

USA) was used to conduct one-way analysis of variance (ANOVA) followed by Tukey’s 

post-hoc test for multiple comparisons in order to identify any statistically-significant 

differences between the means of treatment groups. For statistical comparisons, P<0.05 was 

considered a statistically significant difference. 

7.3. Results and Discussion 

The ability of enzyme-responsive self-assembled peptide NPs to penetrate to the brain 

was assessed by injecting the NPs into mice tail veins. Post-injection, all the animals behaved 

reasonably, and behavior was not indicative of toxicity. Surprisingly, mice were found to be 

more active, running and playing on the running wheel. This confirms that the enzyme-

responsive self-assembled peptide NPs were safe upon injection.  

 From the ventral side scan, no increasing signal (P < 0.05) was observed amongst the 

animals including control and tests as shown in Figure 7.1. One of the possible reasons could 

be that the fluorescence is too low to be visualized in full body/animal. The fluorescence 

from  (602). Another reason was the low dose of siRNA (10 µg/mouse) used in this 

experiment, whereas studies reported in the literature used 50 µg/mouse (155, 602). In 

another study, 20 µg/mouse of coumarin-6 was injected and visualized in whole mice (263). 
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The use of higher dose of siRNA might have led to successful visualization of the signals in 

the mouse. In this study, 10 µg/mouse was used, due to financial constraints and the 

encapsulating capacity of enzyme-responsive self-assembled peptide NPs. Wang et al. 

reported that the highest penetration of CGN-PEG-PDMAEMA NPs occurs in the first hour 

after injection with each mouse receiving 32 µg siRNA (603).  

 

Figure 7. 1. In vivo distribution of enzyme-responsive self-assembled peptide NPs in mice after 

intravenous administration and culling after 3 h. A) TY-28 NPs B) Control, C) TY-44 NPs and D) 

Mean flux (p/s) control vs tests (n=3). 

 

When there was no signal observed in full body mouse, further investigations were 

conducted after dissecting the mice and different organs were scanned at 465/520 nm. It was 

observed that ex vivo experiments showed fluorescence in brain that was higher than other 
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organs except liver and kidneys (Figure 7.2). This might be because drug metabolism takes 

place in the liver (604) and elimination of the drug from the body is carried out by the kidneys 

(605). We established that the liver or bile (fluid that is made and released by the liver and 

stored in the gallbladder) must be auto-fluorescent as the controls showed the signal too.  

 

Figure 7. 2. Ex vivo distribution of enzyme-responsive self-assembled peptide NPs in mice organs 

dissected following intravenous administration and culling after 3 h. A) Control B) TY-28 NPs and 

C) TY-44 NPs (n=3). 

 

There was increased fluorescence in the brains of the treated mice, the differences are 

small and not statistically significant as shown in Figure 7.3. Data from this study and 

literature, suggests that animals should have been culled and the brains should be scanned 1 

h post-injection, rather than 3 h. Xia et al. harvested the mice organs at different time intervals 



 

218 
 

starting from 0.08 – 12 h and reported highest penetration after 30 minutes (263). Huang et 

al. dissected and scanned mouse organs 1 h post injection and reported the penetration of 

lactoferrin-modified NPs (155). NPs designed in this project were for diseased brain, when 

the MMP-9 levels are high, therefore, in healthy mice, there may not be a strong brain 

accumulation as would be expected. 
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Figure 7. 3. Ex vivo distribution of enzyme-responsive self-assembled peptide NPs into mice organs 

dissected after intravenous administration and culling after 3 h (n=3). 

 

Time duration (3 h) post injection, was enough for serum enzymes and RNAse to 

digest/metabolize the enzyme-responsive self-assembled peptide NPs and siRNA 

respectively as shown in chapter 5 (5.2.2.2) and 6 (section 6.2.2.3). It has been shown that 

the enzymes present in the serum start digesting NPs and siRNA. This digestion could have 

been avoided if the animals were scanned 1 h post-injection. In vivo experiment showed that 

enzyme-responsive self-assembled NPs were unable to permeate/penetrate into the mice 

brain significantly.  
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Figure 7. 4. Ex vivo distribution of enzyme-responsive self-assembled peptide NPs. A) mice brain 

dissected after intravenous administration and culling after 3 h (n=3). B) Graphical representation 

of mean fluorescence in the mice brains. 

 

The therapeutic potential of enzyme-responsive self-assembled NPs constructed in this 

project was investigated for their ability to silence BACE-1 expression in vitro. Cells 

transfected with NPs were harvested for RNA. RNA measured in each sample ranged from 

93.3 – 527.3 ng/µL. Volumes needed for cDNA synthesis were calculated and 4 µL of 

LunaScript RT SuperMix was used. The yield and volume of RNA used are summarized in 

Table 7.1. Slight BACE-1 gene silencing but not significant statistically was observed in the 

SH-SY5Y cells compared to medium and negative control as shown in Figure 7.5.  
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Table 7. 1. Practical yield of RNA collected from the transfected cells by treating SH-SY5Y cells with enzyme-responsive self-assembled peptide NPs. In 

addition, calculation of the volumes used of reagents such as RNA, Water and LunaScript SuperMix cDNA synthesis. 

Treatment RNA 

(ng/µL) 

260/280 

(Purity ratio) 

LunaScript RT 

SuperMix (µL) 

RNA Volume (µL) Nuclease-free water 

(µL) 

Total Volume 

(µL) 

Medium only 93.3 2.29 4 2.14 13.86 20 

TY-28 only 132.6 2.21 4 1.51 14.49 20 

TY-28 + siRNA Test (100 pm) 191.4 2.2 4 1.04 14.96 20 

TY-28 + siRNA Control 171.1 2.18 4 1.17 14.83 20 

Medium only 164.5 2.2 4 1.22 14.78 20 

TY-28 only 131 2.23 4 1.53 14.47 20 

TY-28 + siRNA Test (100 pm) 149.5 2.2 4 1.34 14.66 20 

TY-28 + siRNA Control 184.2 2.19 4 1.09 14.91 20 

Medium only 427 2.12 4 0.47 15.53 20 

TY-28 only 352.6 2.12 4 0.57 15.43 20 

TY-28 + siRNA Test (100 pm) 527.3 2.11 4 0.38 15.62 20 

TY-28 + siRNA Control 474.7 2.12 4 0.42 15.58 20 

TY-28 + siRNA Test (50 pm) 448.9 2.12 4 0.45 15.55 20 
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TY-28 + siRNA Test (25 pm) 428.4 2.12 4 0.47 15.53 20 

TY-28 + siRNA Test (50 pm) 473.7 2.13 4 0.42 15.58 20 

TY-28 + siRNA Test (25 pm) 426.4 2.13 4 0.47 15.53 20 

TY-28 + siRNA Test (50 pm) 519.4 2.13 4 0.39 15.61 20 

TY-28 + siRNA Test (25 pm) 448.8 2.12 4 0.45 15.55 20 
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Figure 7. 5. The BACE1 mRNA expression in SH-SY5Y cells treated with enzyme-responsive self-

assembled peptide NPs encapsulating BACE-1 siRNA at 37 °C for 4 h. Data were presented as 

Mean ± SD (n = 3).  

 

Results from the transfection experiment to silence the BACE-1 showed that enzyme-

responsive self-assembled peptide NPs were not effective at silencing the BACE-1. One of 

the possible reasons could be due to compromised complex formation and encapsulation of 

BACE-1 siRNA (606). Secondly, lipofectamine was not used as a positive control due to 

financial constraints, a well-known transfecting agent. This cationic lipid binds with 

negatively charged siRNA and promotes the internalization of payload (606, 607).  Lastly, 

the ability of BACE-1 siRNA used in this study to silent the BACE-1 should be investigated 

by using lipofectamine, a well-established transfecting agent and in the SH-SY5Y cell line 

as used in this study. 
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7.4. Conclusion 

In vivo studies suggested that the enzyme-responsive self-assembled peptide NPs 

managed to get into the brain of mice. Although in full body scans, no increasing signal was 

observed, ex vivo examination showed that enzyme-responsive self-assembled NPs managed 

to permeate into the brain but not significantly. Results from the transfecting experiment 

showed that enzyme-responsive self-assembled peptide NPs were unable to silence the 

BACE-1. It could be explained in multiple ways. Complex formation ability of NPs with the 

BACE-1 siRNA, ability of BACE-1 siRNA to silence the BACE-1 in this particular cell line 

(SH-SY5Y). Further studies including lipofectamine as a positive control could shed more 

light on the efficacy of NPs to transfect the cells. 
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GENRAL DISCUSSION 

Neurodegenerative diseases (NDs) have devastating effects on the quality of life and 

socio-economic status of sufferers and potentially lead to permanent disability. Numerous 

invasive (intrathecal/intracerebral ventricle route) (68, 489) and non-invasive (such as 

chemical modification of the drug molecule, physiological transport mechanism, chemical 

and physical disruption of the BBB and nasal drug delivery) (73) techniques have been 

employed to treat NDs. Nanotechnology has gained significant attention in past decade for 

the delivery of drug across the BBB (490-493). Polymeric (494), liposomes (276), exosomes 

(328), dendrimers (330), metallic NPs (495) and shuttle peptides (496) have been explored 

for brain drug delivery. 

Peptide decorated NPs have been reported to efficiently cross the BBB with 

minimum toxicity. Diaz-Perlas et al. used linear and branched THRre (pwvpswmpprht) 

peptide to cross the BBB, that binds transferrin receptor (216). They found branched THRre 

peptides has 2.6 fold increase permeability (216). Apolipoprotein E (Apo E, residues 141-

150), which binds with low-density lipoprotein (LDL) have been extensively explored for 

brain drug delivery to treat mucopolysaccharidosis (MPS) type I, most common lysosomal 

storage disorders with CNS deficits (206, 608). 

The 29-mer (YTIWMPENPRPGTPCDIFTNSRGKRASNG) of rabies virus 

glycoprotein (RVG), which binds specifically to the acetylcholine receptor (nAchR), has 

been used to transport drug molecule and siRNA across the BBB (609). sRVG 

(CDIFTNSRGKRA) a 12-mer of RVG, is also reported to bind with nAchR and able to cross 

the BBB (138). MiniAp-4 (H-[Dap]KAPETALD-NH2), a venom derived peptide able to 

cross the BBB with minimum toxicity, immunogenicity and protease resistance (171). All 

of the mentioned work used shuttle peptides to decorate the NPs, which rendered the ability 

to cross the BBB. 
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In this project we developed Novel enzyme-responsive self-assembled NPs with aim to 

deliver the drug (FSS) across the endothelial monolayer. In the first phase, peptide sequences 

which are substrates for the MMP-9 enzyme were identified by using state of the art 

statistical and molecular modelling techniques. Those sequences were synthesised, tested 

and experimentally validated using a novel *F-labelling technique to assess their specificity 

towards MMP-9. In the second phase, highly sensitive peptides to MMP-9 were synthesized 

with a little modification (attachment of BBB targeting ligand peptides). In addition, 

lipophilic moieties were conjugated to maintain the hydrophilic/lipophilic balance to 

facilitate the self-assembly and finally NPs formation. 

For statistical and molecular modelling, a total of 369 peptide sequences were 

downloaded including some that feature non-natural amino acids from MEROPS. Gly at P4 

was most prominent comprising more than 32% of all the sequences followed by Ala and 

Leu with 8.45% for each. At P3, Pro was the most frequent, occupying about 41% followed 

by Ala for more than 14%. Interestingly, at P2 several amino acids were frequent: Ala, Gly, 

Pro, Arg, Ser; comprising 14.6%, 10.3%, 10%, 9.5% and 7.3 % respectively. Gly (almost 

33%) and Ala predominantly occupy P1 (around 12.6%). 

It was observed that the percentage (rate of incidence of amino acid in any sequence) for 

all amino acids in any given peptide (MMP-9 cleavable reported in MEROPS) sequence at 

any position includes at least one amino acid that is much higher than the standard natural 

occurrence from the human gene bank. It was observed that factor values of amino acids in 

MMP-9 substrate sequences is significantly different than the standard natural occurrence 

from human gene bank. Natural and Non-natural Amino Acids Index (NNAAIndex) was 

applied to describe the amino acids by assigning them factor values. About 100800 

sequences were generated from combinations and permutations of the residues with most 

significant influence were identified from P5-P5'. Computational docking has been used to 

explore protein-ligand interactions for better understanding. It was observed that that Leu’s 
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sidechain extends into the S1′ pocket of the catalytic cleft.  The S1′ pocket consists of Val 

398, Leu 397, His 401, Pro 421, Met 422 and Tyr 423, most of which are hydrophobic in 

nature (apart from His and Tyr which have polar groups but also are significantly 

hydrophobic). Novel MMP-9 sensitive sequences were identified with range of Y-scores. 

Predicted novel MMP-9 sensitive peptide sequences with a range of Y-scores have been 

synthesized; importantly, this includes a peptide predicted to be a poor substrate. Novel 

MMP-9 sensitive peptides were subjected to enzymatic degradation in the presence of active 

MMP-9 using *F NMR. Various predicted MMP-9 sensitive peptides with a range of Y-

score were synthesized and to enzymatic degradation in NMR. TY-26 was found to be the 

most sensitive to MMP-9. Ability to cross the BBB depends on the brain targeting ligand, 

therefore a range of brain targeting ligands were selected from literature. We used three 

different targeting ligands which have been reported to cross the BBB efficiently in 

numerous studies (138, 500, 501, 610, 611). Brain targeting peptides with the incorporation 

of MMP-9 sensitive sequence and conjugation of lipophilic moiety to facilitate the self-

assembly. 

In the previous study, gold NPs of around 48 ± 1.5 with polydispersity index (PDI) 0.247 

and exosomes coated gold NPs of 225 ± 33.4 (612) polysaccharides NPs (531) of below 200 

nm showed higher membrane permeability in astrocyte cell and mouse brain endothelial 

cells (bEnd3) respectively. In another study, chitosan coated human serum albumin NPs of 

261± 8 with a zeta potential of 45± 1mV showed excellent permeability in hCEMC/D3 cells 

as BBB model (572). Novel enzyme responsive self-assembled peptide NPs were of about 

200 nm with almost similar PDI and zeta potential of 16-40mV. Most of the NPs were of 

spherical in shape as reported in earlier studies (531, 572). NPs used in this work were of 

the same size range and morphology reported in literature. Interestingly, NPs were visualized 

in TEM without any staining compared negative stained literature reported NPs. Even in the 

absence of staining agent, NPs were visualized clearly. 
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The particle size of enzyme-responsive self-assembled range from 41.66 nm - 2796 nm 

with zeta potential of 2-40 mV. The NPs formulations which exhibited larger particle sizes 

were not dissolved readily and cloudy appearance was observed. Studies suggest that NCs 

should have sizes in the range of 10-24 nm to cross the glia limitans and penetrate the brain 

parenchyma following crossing the BBB or after intrathecal injection. It should be added 

that larger NPs may manage to cross the glia limitans, if the surface of the NPs is decorated 

with appropriate targeting ligands. For example, as explained above, albumin NPs decorated 

with ApoE entered neurons following i.v. injection into mice (504). The NPs showed 

positive zeta potential values, which is a desirable property since it will further facilitate the 

binding of the particles to the negatively charged lipid bilayer membrane of the BBB (375). 

CMC is an important parameter, above which an amphiphilic macromolecule forms 

core/shell structured NPs. As the NPs are self-assembled so CMC was measured for each 

formulation using pyrene (613) as a probe in distilled water. The CMCs for all the 

formulations were closer to the reported CMC of antimicrobial peptides of 36.1 mg/L (375) 

except for TYR-3_CHF. TYR-3_CHF exhibited two CMC concentrations for unknown 

reasons (one possible explanation could be: two tier self-assembly, firstly, few molecules 

arrange themselves in to smaller structures and secondly, formation of larger assemblies. 

The physicochemical properties of NPs such as size, charge and encapsulation efficiency 

can highly influence their in vivo stability and kinetics (614). In a previous study, mPEG-

chitosan micelles with 50-200 nm and encapsulation efficiency of more than 80% have been 

reported (615). In another study chitosan NPs of 292.5nm with entrapment efficiency of over 

91% showed excellent diffusion across the membrane (616). Similarly, PLGA NPs with 

particle size of 140-170 nm and encapsulation efficiency of above 69% showed higher 

permeation across the BBB (617). Novel enzyme responsive self-assembled peptide NPs 

used in this work also showed similar encapsulation efficiency of 70-80%. 
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In vitro release of encapsulated drug was conducted by using a dialysis bag. Seven 

external stimuli were used to assess the pattern of release from the NPs. It was observed that 

the release profile in the presence of water, NaCl and glucose was almost similar, whereas 

in the presence of MMP-9 and FBS it was much quicker. In the presence of BSA, release of 

FSS was very slow and only 20-30% released after 24 h. In the previous studies saline water 

(0.9 %) (531) and PBS (532) buffers are most commonly used.  It should also be noted that 

the sensitivity of novel enzyme-responsive self-assembled peptide NPs towards MMP-9 was 

lower than anticipated and measured by NMR experiment in NMR. One of the possible 

explanations could be due the dilution of MMP-9 inside the dialysis bag. In addition, MMP-

9 require specific condition/environment (TCNB) to remain active and cleave peptide in 

experimental conditions. In the presence of BSA, release of FSS was very slow and only 20-

30% released after 24 h. In the previous studies saline water (0.9 %) (531) and PBS (532) 

buffers are most commonly used. In vitro cellular toxicity was assessed by LDH and MTT 

using HeLa and SH-SY5Y cell lines. NPs used in this study used, up to 400 µg/mL were 

found to be significantly less toxic, whereas at higher concentrations of 0.75 mg/mL were 

found toxic. Similar findings were reported in previous studies (535, 536). It was observed 

from all cytotoxicity experiments that self-assembled NP formulations with higher positively 

charged amino acids exhibited higher toxicity compared with less positively charged 

sequences (534). Lee et al. reported, Ag-CALNNK-NPs (positively charged) have lower 

toxicity than the Ag-CALNNE-NPs (negatively charged) (537). 

In vitro cellular uptake assessed by FACS and confirmed by confocal microscopy. It was 

reported that positively charged AgNPs accumulated more readily than other AgNPs (562). 

Lin et al. reported a 2.5-fold increased uptake of bovine serum albumin NPs decorated with 

a cell-penetrating peptide (LWMP) compared to non-decorated NPs in U87 cells (262). 

Enzyme-responsive self-assembled NPs developed in this project exhibited the same 

characteristics. 
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In vitro permeability was assessed using hCMEC/D3 BBB model. Numerous studies 

have reported the use of hCMEC/D3 as a BBB model (571, 572). We chose three different 

targeting ligands targeting different receptors on the neuronal cells (584). The permeability 

of siRNA+FAM on its own was measured at around 5.78 ± 4.09 after 6 h, whilst 

siRNA+FAM in the presence of histamine was around 18.71 ± 3.01 and in the presence of 

cimetidine was 5.84 ± 4.07. TY-13_siRNA_NPs achieved up to 71% of total NPs crossing 

the BBB model in the presence of active MMP-9, indicating that NPs could achieve a high 

efficiency in crossing the BBB in the presence of active MMP-9 when the brain-targeting 

motif is responsive to MMP-9, which mediated cleavage. 

Chemical compounds influence the endothelial monolayer integrity as has been reported 

previous in another study (579). Enzyme-responsive self-assembled peptide NPs showed 

permeability of around 34%. The permeability of TY-28_siRNA was 36.77 ±2 .40 and for 

TY-39_siRNA it was 33.74 ± 3.85. Significant signals/permeation/delivery of siRNA was 

not observed in in vivo experiments. Similarly, enzyme-responsive self-assembled peptide 

NPs were unable to transfect the SH-SY5Y cells. One of the possible reasons in failure of 

transfection could be due to compromised complex formation.  

State of the art statistical and molecular modelling techniques were employed to identify 

the most suitable substrate for MMP-9. The statistical predictions were tested experimentally 

by using novel *F NMR technique. We are the pioneer that used this technique to study the 

kinetics of MMP-9. Enzyme-responsive self-assembled peptide NPs were synthesized 

successfully and characterized in terms of size, surface charge, CMC, encapsulation 

efficiency, release profiling and toxicity. Enzyme-responsive self-assembled peptide NPs 

were evaluated to deliver the FSS in in vitro endothelial monolayer BBB model. These NPs 

were tested in vivo to assess the ability to deliver siRNA into mouse brain. Enzyme-

responsive self-assembled peptide NPs were able to deliver the FSS across the endothelial 

monolayer model but were unable to deliver significant amount in vivo. 
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GENRAL CONCLUSION 

In this project, novel enzyme-responsive peptide NPs were synthesized for drug 

delivery to brain for the treatment of neurodegenerative diseases. In this study, the MMP-9 

enzyme has been targeted, which is believed to play a crucial role in the pathogenesis of 

neurodegenerative diseases. In the first phase of project, State of the art statistical and 

molecular modelling tools were employed to identify the most suitable substrate for MMP- 

9. Y-scores were calculated for more than 1 million sequences after combinations and 

permutations of the influential amino acids at all positions from P5 – P5'. NNAAIndex was 

used to assign factor values and to calculate Y-scores. Novel MMP-9 substrates were 

identified with a range of Y-score. Peptide sequences with higher Y-scores were predicted 

to be the better substrates for MMP-9. In this study, we introduced the use of fluorine labels 

for 
19

F NMR to study the kinetics of MMP-9 mediated proteolysis of the designed substrates, 

providing real time monitoring compared to fluorescence-based studies. We supported our 

findings with auto docking (Chapter 2) of the peptide molecules in 25 reported MMP-9 

enzyme structures. We found sequences, especially TY-26, that are better than those in 

previously reported studies.  

Novel enzyme-responsive self-assembled peptide nanoparticles were successfully 

synthesized with different combinations of MMP-9 sensitive and brain-targeting ligands. 

Adding hydrophobic moiety such as cholesteryl chloroformate and palmitic acid led to self-

assembly. In addition, the MMP-9 cleavable peptide sequence was hydrophobic enough to 

facilitate the self-assembly. Most of the formulations self-assembled to form nanoparticles 

without sonication of 41-200 nm diameter with a zeta potential/ surface charge of 2-48 mV. 

All self-assembled peptide nanoparticle formulations were characterized by LC-MS. All 

self-assembled peptide nanoparticles were spherical in shape upon microscopy except TY-

35. CMCs for all the self-assembled peptide nanoparticles calculated were around 7-110 

mg/L. 
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The encapsulation capacity ranged from 40-80%. TY-28, TY-39 and TY-44 were 

among the highest encapsulation capacity nano-formulations. TY-32 and TY-35 had poorest 

encapsulation capacity. All NP formulations exhibited different release patterns of model 

drug in the presence of external stimuli. NP formulations were found to be MMP-9 sensitive. 

The sensitivity towards MMP-9 can be tailored by manipulating the sequence. Novel 

enzyme-responsive self-assembled peptide nanoparticles were found to be least cytotoxic at 

lower concentration, however at higher concentration they were found to be cytotoxic, 

showing a range of cell viabilities. 

In vitro endothelial monolayer permeability model was used to assess the ability of 

NPs, to cross the endothelial monolayer. A monolayer of hCMEC/D3 cells was used and 

TEER values were measured. In vitro uptake of enzyme-responsive self-assembled peptide 

NPs was confirmed by confocal microscopy and flow cytometry. NPs used in this study were 

found around the nucleus using confocal microscopy. Enzyme-responsive self-assembled 

peptide NPs were significantly more readily taken up by SH-SY5Y cells compared to naked 

siRNA+FAM in flow cytometry. Enzyme-responsive self-assembled peptide NPs showed 

up to 40-70% permeability when investigated by in vitro hCMEC/D3 endothelial monolayer 

model in healthy (50 ng/mL) and diseased (100 ng/mL) conditions. TEER values were 

measured before and after permeability experiments to ensure the integrity of the endothelial 

monolayer model. FITC-dextran permeability was negligible (2.5 %) compared to enzyme-

responsive self-assembled peptide NPs. Results of in vitro studies have shown the potential 

of enzyme-responsive self-assembled peptide NPs as permeating carriers/vectors in brain 

drug delivery applications therefore justifying their further investigation. 

In vivo experiments were conducted using BALB/c to visualize the targeting ability of 

the NPs. IVIS was used to scan the mouse for the assessment of targeting. Novel enzyme-

responsive self-assembled NPs were subjected to test their transfection efficiency by using 

BACE-1 siRNA and knock down of BACE-1 gene was assessed by real time PCR. In vivo 
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studies suggested that the enzyme-responsive self-assembled peptide NPs penetrated the 

brains of mouse models. Although, in full body scans, no significant signal was observed, 

ex vivo experiments confirmed that enzyme-responsive self-assembled NPs managed to 

permeate into the brain. However, the results could have been different/better if animals 

were scanned 1 h post injection. Results from the transfecting experiment showed that 

enzyme-responsive self- assembled peptide NPs were unable to silence the BACE-1 gene. 

This could be explained in multiple ways. Complex formation ability of NPs with the BACE-

1 siRNA should have been investigated and the ability of BACE-1 siRNA to silence the 

BACE-1 should be assessed by using transfecting agent. Further studies including 

lipofectamine as a positive control could shed more light on the efficacy of NPs to transfect 

the cells. Enzyme-responsive self-assembled NPs were developed that can target the brain 

cells and penetrate the BBB with minimal toxicity and are able to deliver the drug. 

FUTURE WORK 

Neurodegenerative disorders are challenging to treat pharmacologically due to the 

shielding provided by the endothelial monolayer. Brain drug delivery has been investigated 

extensively in the last two decades. Numerous barriers in delivering drugs to the brain lead 

to the pathway of developing a brain targeting drug delivery systems. A promising drug 

delivery system should address basic concerns such as biodegradability and elimination of 

the delivery system from the brain, specific targeting of the brain and minimal toxicity. 

In this project, we used multiple MMP-9 responsive substrates with literature reported 

brain targeting ligands. Numerous MMP-9 sequences can be used other brain targeting 

ligands to improve encapsulation, toxicity and targeting ability. A combination of two or 

more different ligands can be used to improve the targeting by dual targeting. For example, 

ApoE ligand which bind to LDLR and transferrin receptor binding ligands can target the 

transferrin receptors expressed on the brain cells. Furthermore, multiple MMP-9 responsive 



 

234 
 

peptides can be used to facilitate the self-assembly and can offer a range of sensitivity 

towards MMP-9. Prolonged circulation of the self-assembled enzyme responsive 

nanoparticles can be achieved by using various MMP-9 responsive peptides. 

These novel enzyme-responsive self-assembled peptide nanoparticles should be tested 

in diseased animals when MMP-9 levels are elevated in the brain. Screening other novel 

enzyme-responsive self-assembled peptide nanoparticles TY-37, TY-38 and TY-39 for 

siRNA delivery. Delivery of therapeutic peptides like NGF to the brain, by the novel 

enzyme-responsive self-assembled peptide nanoparticles should be investigated. Blood 

compatibility and complement activation tests for the novel enzyme-responsive self-

assembled peptide nanoparticles, both in blood samples of healthy volunteers and patients 

with diseased brain such as multiple sclerosis should be investigated. Evaluating the 

immunogenicity of the novel nanoparticles. Employing Circular dichroism to analyse the 

formation of alpha helix or beta sheets in the amphiphilic peptides. 

Self-assembly of these enzyme-responsive nanoparticles can be used for dual targeting 

by encapsulating particle inside particle. Smaller nanoparticles encapsulating the 

siRNA/drug can be encapsulated into larger nanoparticles for dual targeting and protection 

of siRNA/drug. For example, siRNA encapsulated in 30 – 40 nm nanoparticle can be 

encapsulated in larger nanoparticles of 70 – 80 nm. This can be investigated. Protein corona 

influences the targeting ability of nanoparticles. Another step for further investigation could 

be to study the effect of protein corona on enzyme-responsive self-assembled peptide 

nanoparticles. 
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Appendices 

 

Appendix -1. LCMS chromatogram of TYR-3_PA (C16-GGGRPLGLWCDIFTNSRGKRA) showing 

the masses of 833.33 (encircled blue, [M+2H]3+)and 1249.63(encircled red, [M+2H]2+)with 

retention time of 11.93 minutes. 

 

 

Appendix -2. LCMS chromatogram of TY-8_CHF (C27-GGGWGPIALRKLR) showing the masses of 

897.2204 (encircled blue, [M+2H]2+)and 1793.2095(encircled red, [M+2H]+)with retention time of 

14.22 minutes. 
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Appendix -3. LCMS chromatogram of TY-20_CHF (C27-GGGWGPIALRKLRKRLLR) showing the 

masses of 820.93 (encircled blue, [M+2H]2+)and 1230.3(encircled red, [M+2H]+)with retention 

time of 11.93 minutes. 

 

Appendix -4. LCMS chromatogram of TY-41_CHF (C27- GGGCDIFTNSRGKRA) showing the 

masses of 651.04124 (encircled blue, [M+2H]2+)and 976.05666 (encircled red, [M+2H]+)with 

retention time of 14.21 minutes. 
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Appendix -5. DLS chromatograms for TY-7_CHF (C27-WGPIALRKLR) at 2.5 mg/mL in distilled 

water. A) Particle size graph for TY-7_CHF showing NPs size of 111.66 ± 12.39 nm with Pdi of 

0.223, B) Zeta potential graph for TY-7_CHF showing the surface charge of 2.96 ± 6.18. 
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Appendix -6. DLS chromatograms for TY-8_CHF (C27-GGGWGPIALRKLR) at 2.5 mg/mL in 

distilled water. A) Particle size graph for TY-8_CHF showing NPs size of 32.89 ± 17.17 nm with Pdi 

of 0.565, B) Zeta potential graph for TY-8_CHF showing the surface charge of 22.9 ± 5.39. 
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Appendix -7. DLS chromatograms for TY-13_CHF (C27-GGGCKAPETALC) at 2.5 mg/mL in 

distilled water. A) Particle size graph for TY-13_CHF showing NPs size of 81.4 ± 7.65 nm with Pdi 

of 0.429, B) Zeta potential graph for TY-13_CHF showing the surface charge of 36.53 ± 1.37. 
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Appendix -8. DLS chromatograms for TY-37 (PIPLAIFCKAPETALC) at 2.5 mg/mL in distilled 

water. A) Particle size graph for TY-37 showing NPs size of 108.51 ± 17.84 nm with Pdi of 0.577, 

B) Zeta potential graph for TY-37 showing the surface charge of 23.8 ± 2.63. 

 

Appendix -9. DLS chromatograms for TY-44 (PIPLAIFCKAPETALC) at 2.5 mg/mL in distilled 

water. A) Particle size graph for TY-44 showing NPs size of 266.9 ± 22.43 nm with Pdi of 0.408, B) 

Zeta potential graph for TY-44 showing the surface charge of 27.40 ± 4.97. 
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Appendix -10. CMC plot for TYR-3_PA (C16-GGGRPLGLWCDIFTNSRGKRA) in saline solution. 

Appendix -11. CMC plot for TY-7_CHF (C27-WGPIALRKLR) in saline solution. 
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Appendix -12. CMC plot for TY-8_CHF (C27-GGGWGPIALRKLR) in saline solution. 

Appendix -13. CMC plot for TY-13_ CHF (C27-GGGCKAPETALC) in saline solution. 
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