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Abstract 

Dactolisib (Dac) is an effective dual PI3K/mTOR inhibitor for cancer treatment. It was the 

first PI3K inhibitor to enter clinical trials, which, however, were terminated because of the 

toxicity of Dac to normal tissues. To apply Dac to cancer therapy while avoiding its 

toxicity, we developed a new brain-targeting drug delivery system self-assembled from 

zein, a cell membrane-penetrating amphiphilic protein found in corn. Specifically, the 

amphiphilicity of zein drives its self-assembly into nanoparticles (NPs) that encapsulate 

Dac with high efficiency. RVG29, a 29-mer brain-targeting peptide, is chemically 

conjugated to zein that constitutes the NPs to form Dac-encapsulated NPs (zein-RVG-

Dac_NPs). Both zein and RVG29 facilitate the resultant NPs to cross the blood-brain 

tumor barrier (BBTB) and they are taken up by the glioblastoma (GBM) cells, with RVG29 

being more efficient than zein in the BBB permeation. Administration of zein-RVG-

Dac_NPs through tail veins significantly increased the accumulation of Dac in the 

orthotopic brain tumor of mice and effectively inhibited tumor growth. Neither toxicity 

nor adverse effects in the major organs were found due to the excellent biocompatibility 

of zein and the targeted delivery of Dac into brain tumor cells. These results showed that 

integrating a brain-targeting peptide (RVG29) to a cell-penetrating natural protein (zein) 

could form NPs that could effectively penetrate the blood-brain barriers (BBB) and BBTB 

and then enter brain tumor cells to release Dac, leading to highly effective targeted brain 

cancer therapy. The use of such NPs can be extended to the development of therapeutics 

for treating different brain diseases due to their unique combination of biocompatibility as 

well as brain-targeting, BBB-crossing and cell-penetrating properties. 
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COVID-19 has been posing serious health threat to and significant impact on the social 

life and economy globally since its first report in December 2019. The rapid evolution of 

SARS-CoV-2 to multiple variants with enhanced infectivity and transmissibility has made 

the combat against the pandemic more challenging. It is thus of great importance to 

understand how SARS-CoV-2 variants-associated mutations mediated the interaction 

between the SARS-CoV-2 spike protein, particularly its receptor binding domain (RBD), 

and the receptor in host cells, angiotensin-converting enzyme 2 (ACE2), which is closely 

related to the transmission of SARS-CoV-2. Until now, knowledge about this interaction 

is mainly based on the static structures obtained by Cryogenic electron microscopy (Cryo-

EM) or X-ray crystallography, and no systematic study on this interaction has been 

conducted for various variants of SARS-CoV-2. In this study, RBDs of SARS-CoV-2 wild 

type (WT) and several major variants, including Alpha, Beta, Zeta, Kappa, Delta and 

Omicron, as well as their ACE2 complexes were investigated using hydrogen/deuterium 

exchange mass spectrometry (HDX-MS), a powerful technique for exploring in-solution 

conformational dynamics of proteins, in an effort to reveal the information that cannot be 

obtained by Cryo-EM or X-ray crystallography and understand how SARS-CoV-2 

mutations affect the conformational dynamics of RBD and its interaction with ACE2. 

 

HDX-MS of the unbound RBDs revealed the reduced flexibility of several regions in 

SARS-CoV-2 RBD variants, especially for those with the mutation N501Y in the key 

interaction loops, which helped to stabilize the loop (Y485-Y501, L1) at the closed 

conformation of RBD. In addition, the core of RBD became more rigid as SARS-CoV-2 

variants developed. The Kappa variant (L452R/E484Q) presented the higher flexibility for 
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several vital binding interfaces, which emphasized the conformational effects of the 

mutation L452R. Compared with the Kappa variant, the Delta variant (L452R/T478K) 

showed a more rigid conformation in another interface loop (residues 444-452), suggesting 

that the dual mutations of E478K and L452R closely correlated with the increased binding 

affinity. Upon binding to ACE2, reduced deuterium uptake was observed at two binding 

interface regions covering residues 495-512 and 464-480. Increased HDX and thus higher 

flexibility of the sheet within the RBD core (residues 405-419) were observed for the Beta 

variant containing the mutation at N417K, which would break the existing salt bridge with 

D30 of ACE2. The most dramatically reduced HDX of L1 upon the binding was observed 

for the Alpha and Delta RBDs, which supported the higher transmission of the two 

variants. Moreover, the positively charged mutations Q493R and Q498R of Omicron 

created more favorable connections with the negatively charged E35 and D38 in ACE2, 

resulting in a more compact binding interface. The conformational dynamics of ACE2 and 

the changes upon binding to WT and variant RBDs were investigated as well. Among all 

the studied RBDs, the Alpha RBD (N501Y) was observed to induce the most dramatically 

decreased HDX uptake for the region covering residues F28-S43 of ACE2, which was 

associated with a newly formed π-π stacking between Y501 and Y41 of ACE2, resulting 

in the more compact interfaces of the RBD-ACE2 complex. Allosteric effects on the loops 

at the edge of ACE2, especially upon binding to the Beta, Delta or Omicron variants, which 

were the determinants for viral acceptance, were observed. The binding with the Beta 

variant induced higher flexibility of the edge loop covering S280-T294. Interestingly, the 

Delta RBD allosterically led to the more flexible regions at the edge of ACE2, while more 

compact regions were detected in the Omicron RBD-ACE2 complex. These findings might 
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provide evidence to explain the different performances and clinical symptoms for the 

patients infected with the Delta or Omicron variants. Overall, this study about the 

conformational dynamics of WT and variant RBDs and their binding to ACE2 provides 

valuable information for understanding the evolution of SARS-CoV-2 and improving the 

design of drugs and vaccines against SARS-CoV-2 variants. 
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Part 1: Targeted Glioblastoma Therapy by Integrating Brain-Targeting 

Peptides and Amphiphilic Proteins into Nanoparticles to Cross Blood-
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Chapter 1. Introduction 

 

1.1 Brain tumors 

 

1.1.1 Epidemiology 

These days, there is an increasing incidence of brain tumors, which make up of about 1% 

to 2% of all cancers. The major prescriptive malignant tumor is glioma, which may be 

related to different factors such as special class of radiation exposure and genetic potential. 

As a grade IV astrocytoma, glioblastoma is accountable for more than half of gliomas, 

which are more frequently detected among the elderly population. Compared to the less 

developed regions in Africa and Asia, developed countries in Americas and Europe show 

nearly twice the prevalence of malignant brain tumors. Brain cancer is more generally 

observed among male individuals.1,2 For prognosis, the average survival period of patients 

who have undergone general therapeutic strategy (chemoradiotherapy) is 15 months, while 

that of combined treatment of radiotherapy and chemoradiotherapy is 2-5 years.3 

 

1.1.2 Therapeutic strategies 

 

1.1.2.1 Surgical resection 

Since it is difficult to detect brain tumors are at the early stage, surgical resection is 

regarded as a basic and major choice for glioblastoma treatment for rapid improvement of 

symptoms. However, due to the limitation of complex structure and the location of 

neoplastic tissue within brains, complete removal of all the brain tumors without causing 
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any damage has become a considerable challenge. Recently, surgical resection could be 

accomplished by visual functional technological support of magnetic resonance imaging 

(MRI) and fluorescent tracking, and a slight prolonging of the tumor-free stage for 6 

months results but the overall survival period remains unchanged. Therefore, in addition 

to several unresectable sufferers (20-30% patients), surgical strategies still present some 

major limitations for the treatment of brain cancer. 3,4,5, 6 

 

1.1.2.2 Radiation  

Besides regular MRI, the progressive imaging strategies involving MR spectroscopy and 

positron emission tomography (PET) have improved therapeutic efficacy by precise visual 

tracking of tumor location. Radiation may lead to tissue injuries and curb the growth of 

brain tumors with the prompt effects, resulting in radiation necrosis of tumor tissues. 

However, although radiation therapy is carried out to specific areas, it may cause unwanted 

vessel damage and chronic injury. Radiation causes direct damage to endothelial cells and 

therefore contributes to the reduction of vessels, and finally causing the improper 

functioning of the blood brain barrier (BBB).7 For children younger under five year old, 

the highly effective radiation treatment would create unacceptable adverse side effects, 

therefore not suitable for clinical therapy.8  

 

1.1.2.3 Chemotherapy 

Glioma presents resistance against major therapeutic strategies. Chemotherapy can 

prolong the overall survival among 10% of cancer patients. Rutkowski etc. conducted a 
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clinical survey with 43 patients (including young children below 3 years of age) who had 

been histologically diagnosed with medulloblastoma and had been treated with surgery. 

The patients who had undergone partial or complete surgical resection all accepted the 

same chemotherapy protocol without any undesired toxicity. The study suggested that 

chemotherapy was a more favorable strategy that would be solely or used in combination 

after surgery to reduce demand for radiotherapy among young children.9 The tumor cells 

presenting chemo-resistant properties limited the utilization of chemotherapy. Besides, 

BBB plays its protective functions by blocking chemo-substances, which would cause 

failure of treatment. Although chemotherapy is a powerful remedy against brain cancer, 

the treatment effect of chemotherapy also depends on the various receptivity of cancer 

cells. For patients with significant resistance against several chemo-drugs, there is still an 

urgent need to establish novel systems for targeting specialized cancer types.10 

 

1.1.3 Blood brain barrier (BBB) 

 

1.1.3.1 Composition 

The BBB mainly comprises blood vessels with two different cell types: endothelial cells 

for the interior protection and mural cells for inundating vessels. Endothelial dominates 

the delivery of substances between blood and the brain. It is worth mentioning that the 

arrangement of endothelial within the central nervous system (CNS) is distinctive from 

that of other organs. The surface barrier layer is composed of the tight attachment of 

endothelial cells, which plays a function in regulating the transcellular response.11 Mural 

cells including the muscle cells are enclosed by pericytes and vessels, and pericytes contain 
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the highest covered density for endothelial vessels than any organs or tissues. Pericytes are 

associated with several vital bioactivities, such as monitoring angiogenesis, fluctuating the 

flow of blood, and adjusting the extracellular matrix, however, the characteristics of the 

single pericyte remain unclear.12, 13  

 

The extraordinary structure of BBB has been much studied to reveal the transport 

mechanisms by identifying the appropriate molecular formation of BBB. Due to the tight 

attachment of endothelial cells, the highly organized structure then forms a barrier that 

contains unique size-dependent permeation properties and allows the transition of small 

molecules with sizes up to 4 nm, while creating limited permissibility for larger 

molecules.14 The BBB may finitely permit the passing of many essential substances, and 

the specialized association among different cells supports a sufficient supply of the 

substances. Besides the defense against the entry of outside substances, the composition 

within the BBB is significantly different from that of plasma, which involves exceptional 

factors such as Cystatin-C with primary protective properties. In conclusion, BBB plays 

vital roles in maintaining the microenvironment inside the CNS and supports the ordered 

responses of neurons and avoids damage outside the BBB.15 Therefore, BBB is the 

extensive protected layer that may display the refusal of drug delivery, therefore it 

diminishes the utilization of chemotherapy.13 

 

To deliver substances permeating the BBB, several routes show significant differences in 

targeting the substances with varying degrees of surface polarity. The molecules with 

higher polar surfaces (higher than 80 Å2) prefer being permitted through BBB, compared 
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to the lower polar ones, except plasma proteins. Due to the electronic microenvironment, 

the surfaces of molecules accompanied with charges are more accessible for the 

interactions with cell membranes, therefore promoting the entry of substances.16 It is worth 

mentioning that the transportation of macromolecules including peptides and proteins 

mainly depends on vesicular mechanisms. The specific receptors on the surface of cells 

are recognized for binding to form a vesicle together with the bound macromolecules, 

followed by the internalized functions of endothelial cells.17  

 

1.1.4 Blood brain tumor barrier (BBTB) 

The low-level of glioma may not affect the expected functions of BBB.18 However, the 

invading tumor cells results in the formation of intensified expression of vessels, thus 

forming BBTB of high-class glioma. The BBTB is mainly composed of an overexpression 

of capillaries derived from brain tumors. It is worth mentioning that the proliferation of 

high-class glioma cells may invade and expand outside the brains, simultaneously, while 

the inside the normal brains the ordinary protective properties of the BBB are retained. 

The co-operation between the BBTB and BBB has created a complementary barrier against 

the delivery of therapeutic substances.19, 20 

 

BBB and BBTB are large and dynamic structures that are evolutionarily designed to 

protect the vulnerable brain from harmful substances, including about 98% of the drugs, 

in blood circulation. The BBB and BBTB are composed of cerebral blood endothelial cells, 

pericytes, astrocytes, and highly restrictive tight junctions, all of which work in unison to 

form a robust physical barrier at the interface between the blood and brain.21, 22 The 
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transportation of NPs containing therapeutic substances between the intact BBB and 

BBTB into the brains remains a significant hurdle for general drug interventions.  

 

1.2 Nanoparticles (NPs) for targeting delivery  

To overcome the BBB/BBTB, various drug delivery technologies have been investigated. 

Physical and chemical means of BBB/BBTB manipulation are applied to break down the 

BBB/BBTB.23-25 Molecular structures of the drugs are modified and designed, such as 

prodrugs. Nano-sized carriers are developed to protect the drugs and enrich the 

accumulation of the drugs at specific disease sites.26 The surface modification of 

nanoparticles (NPs) using the brain-targeting agents are able to recognize the over-

expressed receptors on the BBB and BBTB and allow the therapeutic agents to gain access 

to the brains via receptor-mediated transcytosis.22, 27-29 

 

1.2.1 Physicochemical requirements for crossing BBB of NPs  

There are various requirements in penetrating BBB, which are as follows. Firstly, with the 

high arrangement of endothelial cells of BBB, size limitation is one of the most vital 

considerations. The size of NPs below 200 nm is generally considered with the properties 

for being taken up via dominating pathway, while NPs with the size ranging from 200-500 

nm are permitted of caveolae-mediated for passing the BBB.30 Noticeably, clinical safety 

is another crucial prerequisite for utilizing NPs as the drug carrier, which requires higher 

drug loading efficacy, continuous drug release, and appropriate biodegradation through 
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metabolism. The controlled release of NPs makes it possible to release drugs with special 

targeting functions, resulting in sustained higher therapeutic efficacy within a period.31 

 

1.2.2 The widespread receptors of the CNS 

Based on the high level of the overexpressed receptors within the BBB or CNS, there is a 

superior platform via a receptor-mediated pathway to achieve targeting drug delivery and 

imaging diagnosis. The receptors under study with considerable expression and binding 

affinity together with the mechanical pathways for mediation are presented as follows. As 

a transporter, transferrin (Trf) receptor guides the conveying of iron, which plays functions 

in proliferation among normal functional cells. Due to the accelerated growth and 

replication of tumor cells, Trf is commonly detected on the cell surface, in which advanced 

Trf expression which contacts with iron from blood circulation is found.32 Lactoferrin (Lf) 

receptor with microbicidal properties is another iron-associated protein of concern. It is 

related to the regulation within the immune system and differentiation of neurons. It has 

been regarded as a medium of targeting drug delivery for pharmeceutical treatment among 

CNS diseases.33, 34 Besides, due to its more advanced expression and sensitivity, Lf 

receptor is selected as a modifier on the surface of NPs. The superior NPs present superior 

functions for the detection of glioma via in vivo experiments, indicating its utilization 

potential in glioma diagnosis at the early stage.35 

 

A widespread receptor of epidermal growth factor (EGF) distributed on the epithelial is 

demonstrated with a higher expression level within glioma.36, 37 Depending on the cell type, 

density, and microenvironment, EGF receptor (EGFR) participates in multiple signaling 
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pathways, and regulates tumor cells proliferation and metastasis.38 Recently, a novel 

receptor of huntingtin interacting protein 1 (HIP1) associated with EGFR is reported for 

the direct interaction with EGFR and affects its degradation, which further impacts the 

growth of cancer cells.39 There is another highly expressed androgen receptor (AR), AR-

RNA, and AR-protein of glioma, especially among female patients, which is originally 

detected in breast cancer. Recently, several antagonists targeting AR are demonstrated for 

the apoptosis of glioma cell lines, which suggests their genetic effects and medical 

potential.40 To study the low-density lipoprotein (LDL) receptor and its related protein 

(LRP), the binding properties and the expression level were determined by using seven 

brain cancer cell lines. Among them, three cell lines were evaluated with a rich expression 

of LDL, and SF-767 cells were observed with high binding affinity, which indicated the 

accumulation in LDL receptors.41 Compared to the LRP1 knockdown cells, another study 

investigated the indirect facilitating properties of LRP1 to the migration of cancer cells by 

regulating the levels of matrix metalloproteinase 2 (MM2) and MM9.42  

As a membrane protein, folate receptor (FR) performing advanced binding affinity with 

folate presents a high expression level among multiple types of cancer tissues. It provides 

a powerful basis for serving as markers of imaging detection and drug delivery. FRs mainly 

exhibit as clusters and locate on the exposed caveolae, participating in cellular 

internalization.43, 44 Two isoforms of FRα and FRβ are also detected with their anti-cancer 

potential. FRα involves one pathway for folate (FA) transportation, followed by the uptake 

functions of cells. FRα has been demonstrated to suppress the growth of cancer cells in 

preclinical studies.45, 46 
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Insulin receptor (IR), which is characterized by insulin signaling functions, acts as medium 

and signaling transporters. The precise expression of IRs among various cancers is unclear, 

however, due to its regulated properties for downstream expression of surface receptors 

such as EGFR on cancer cells, it is still of great concern. Various IRs belonging to the IRs 

family accommodate multiple factors for slow down the development of cancers.47 

 

Neuronal nicotinic acetylcholine receptors (nAChRs) of transmembrane proteins are 

widely positioned on the neuron cells both inside and outside of the CNS. nAChRs 

comprises two subunits of α and β with several subunits, which provide an entry for 

signaling transportation via an ion channel with voltage. It has been reported the 

proliferation function of nAChRs, especially for α7 nAChR, has been implicated in 

rectifying the effects of nicotine in lung cancer.48  

 

1.2.3 Functional peptides for the permeation of the BBB 

As mentioned before, the specific recognition and interaction of receptors on the BBB may 

establish a receptor-mediated transcytosis platform and provide entry for guiding the 

passing of NPs with sizes over 200 nm. As triggers, numerous peptides play functions in 

targeting various receptors and facilitating permeation of the BBB.  

 

1.2.3.1 Vasoactive intestinal peptide (VIP) 

As a neuron-peptide within the brain, VIP with 28 amino acids length and extraction from 

the intestine is evaluated to have higher binding efficiency for the interactions of receptors 
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within the targeting tissues and advanced sensitivity for detecting the location of tumors.49 

VIP has been approved with the permeated properties against the BBB through HPLC, of 

which the movement is unidirectional transmembrane diffusion.50 VIP is also considered 

to facilitate survival and prevent the death of neuron cells.51 

 

1.2.3.2 Angiopep-2 peptide 

Angiopep-2 is another peptide that can organize transcytosis by detecting the expression 

of LRP-1 on the endothelial cells of the BBB. Several studies have indicated that the 

modified operations for the combined usage of angiopep-2 and anti-cancer drugs induce 

targeting delivery and assistance in chemotherapy.52 Razelle et. indicated that angiopep-2 

peptide displayed high safety and improved the recognizing of LRP-1, via human clinical 

experiments. The novel peptide-based drug with a long half-life presented extremely 

advanced curative effects on solid tumors. The investigation provided substantial support 

for exhibiting the practical implication of angiopep-2-based drugs.53 Angiopep-2 

conjugated with metal NPs displayed great potential in imaging therapy, too. The magnetic 

NPs showed significant suppression of the growth of glioma cells and minimal side effects 

on the healthy cells.54  

 

1.2.3.3 Cyclic arginine-glycine-aspartic (RGD) peptides 

Over the decades, RGD peptides, which are mainly used as radiotracers, have been 

identified with high binding efficacy with integrin αvβ3 antagonists from vessels 

surrounding the cancer cells with low expression among normal cells. The antagonists limit 
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the growth of newly generated vessels and therefore retard the development of tumors.55, 

56 Due to the distribution of antagonists, RGD peptides with high sensitivity would be 

suitable for the bioimaging treatment and radiotherapy.57 A study that compared the 

targeting adequacy of permeating BBB among six common peptide-based NPs found that 

a dual decoration by RGD & angiopep-2 presented an admirable ratio for cellular uptake 

of BBB/BBTB and remarkable prolonged drug release. The findings were proved in vitro 

and in vivo imaging studies, which indicated the chemotherapy potential of RGD 

peptides.58 Yutaka et. also demonstrated a higher accumulation of NPs containing the RGD 

ligand within the BBB. The NPs presented a long period of circulation, deep penetration 

of the BBB, and efficient arriving at glioma sites.59  

 

1.2.3.4 Asn-Gly-Arg (NGR) peptides 

An 8 amino acid length (CYGGRGNG) of NGR peptides have similar functions as that of 

RGD, which would recognize aminopeptidase N as its receptor and further improve the 

transition of NGR-conjugated NPs. Decades ago, researchers indicated the more advanced 

therapeutic potential of NGR-coupled anti-cancer drugs than pure drugs.60 With NGR 

modification, NPs containing PTX with sizes around 50 nm were made and they could 

directly block the proliferation of cells in in vitro and glioma-bearing mice models.61 Dual 

peptides conjugated NPs targeting various receptors were designed for the treatment of 

glioma, T7 and NGR peptides accompanied with a novel biomimetic carrier covering red 

blood cell membranes. The anticancer efficacy was observed in both in vitro and in vivo 

models with remarkable inhibitory for the development of glioma.62  
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1.2.3.5 HIV-1 TAT peptides 

TAT peptides with 9 amino acids (RKKRRQRRR) showing outstanding transition 

properties for delivering NPs through the BBB and BBTB are first identified from HIV-1 

Tat protein.63 TAT may induce a positive charge of NPs/peptides/proteins, resulting in 

enhanced cellular uptake with higher transportation efficacy. To establish a system for 

monitoring the differentiation and evolving of cancer stem cells, a study indicated that the 

novel superparamagnetic NPs were modified by HIV-TAT via cell labeling strategy. The 

labelled cells retained the natural differentiation capability, which could be tracked through 

MR imaging.64 TAT peptides on the surface of liposomes also were proven to be able to 

carry therapeutic substances of around 200 nm inside different types of cell cytoplasm 

without any side effects.65 Gold NPs with superior water-soluble property and small sizes 

were designed by using TAT peptides. The biocompatible NPs were smaller than 30 nm 

and could be synthesized through direct steps. Their high accumulation in the nucleus of 

cells was detected, meaning they could be further utilized for cell imaging and targeting 

drug transportation.66 

 

1.2.3.6 T7 peptides 

As a peptide with small molecular weight, T7 (HAIYPRH) was shown to have a high 

binding affinity towards Trf. The overexpressed Trf was found on the surface of 

endothelial cells. The interaction between T7 and Trf was able to trigger the brain targeting 

delivery.67, 68 The findings suggested the functions of T7 for genetic treatment of glioma 

via RNA interference. T7 was monitored with a 2.17-fold higher targeting capability in in 
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vitro and in vivo models. The NPs with high stability and biocompatibility were shown to 

participate in nanomedical-based glioma treatment.69 These collaborated systems with T7 

peptide ligands had a higher level of accumulation within brain tumors than the non-

revised NPs. Besides, after administration of the NPs, the EGRF receptor was significantly 

decreased in the mice models, demonstrating less distribution and growth of tumor tissue.70 

Another study established a dual-functioned platform containing cediranib (CB) and 

paclitaxel (PTX) containing T7 peptides. It presented a remarkable higher level (7.89-fold) 

for penetration than the non-targeted ones. The BBB permeation ability of the T7-based 

system could be used for the synergetic drug with better anti-glioma effects.71 

 

1.2.3.7 Rabies Virus Glycoprotein (RVG) peptides 

Rabies virus glycoprotein (RVG) showed the capacity of specific binding to the nicotinic 

acetylcholine receptors (nAchR) located in the BBB, and the potential of RVG to facilitate 

the brain uptake has been widely investigated.72 A peptide with 29 amino acids derived 

from RVG, RVG29, has been approved for the function of efficient crossing the BBB via 

nAchR-mediated transcytosis.73 RVG was slightly reorganized by adding monomer 

residue such as Cys and Arg, resulting in an enabled binding of NPs and siRNA. The study 

displayed closable targeting towards neuron cells and made it possible for the direct 

transportation of DNA or siRNA in an imitated region without diffusion.74  
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1.2.3.8 GE11 peptides 

More recently, a novel functionalized peptide GE11 (YHWYGYTPQNVI) with low price 

was supported by both in vitro and in vivo experiments for its precise binding ability 

targeting EGFR.75 The probe-based NPs were coupling modified by Au and GE11, which 

was sensitive enough and could be visualized with forceful absorption for NIR spectral 

region, suggesting its functions in photothermal therapeutic strategy.76  

 

1.3 Nanocarriers for anti-cancer drug delivery 

 

1.3.1 Nanoparticles decoration and characterization 

Various methodologies are developed for the preparation of NPs-based platforms, such as 

evaporation,77 emulsion,73, 78 self-assembly,79 encapsulation,80 and covalent bonds,81 

resulting in the surface modification and inside anti-cancer drug loading. Functional 

ligands conjugation commonly could be accomplished by simple covalent linking via 

crosslinker such as ester derivatives. Due to the vital roles of loading and conjugated 

efficiency, the physiochemical properties evaluation would be quantitively determined. 

The size of NPs acutely influences the targeting and permeation capability of NPs, 

therefore is of great concern. The size and morphography of NPs were widely evaluated 

by Scanning Electron Microscopy (SEM) and Transmission Electron microscopy (TEM) 

in a solid state, while the distribution and size could be measured by Dynamic Light 

Scattering (DLS), in solution. Evaluating the size of NPs in solution was deeply needed 

for determining their practical usage. The surface charging of NPs (zeta potential) was 

associated with the stability and pathway-mediated entry, which could be further obtained 
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via DLS. To ensure the reaction efficiency, Fourier-transform infrared spectroscopy 

(FTIR), Nuclear magnetic resonance (NMR), and Mass spectrometry (MS) could be used 

as the forceful means for certifying the chemical structural and molecular weight of the 

obtained NPs.4  

 

1.3.2 Nanoparticles for facilitating drug delivery 

There are several advantages of developing NP-based system against multiple cancers, as 

followings: 1) The loading level of anti-cancer agents can be designed by controlling the 

contents of linkers or NPs, which are useful to be utilized for achieving various therapeutic 

purposes. 2) The special targeting functions of NPs help to achieve the targeted delivery 

and a longer retention period. 3) NPs serve as a protected barrier for blocking the harmful 

effects of anti-cancer substances on normal tissues and reducing the side effects. 4) The 

environment of the digestive system could degrade the inner agents, of which, NPs provide 

protection for retaining the activity of the drugs. For brain cancer, several limitations such 

as size requirements and penetration properties decide that not all the NPs could perform 

appropriate responsibilities against BBB. So far, multiple biocompatible NPs obtained 

from either synthesis or extraction have attracted great attention for the early stage of brain 

cancer detection and chemotherapy.4 

 

1.3.2.1 Polyethylene glycol (PEG) 

At present, PEG polymer containing blood-persistent properties is one of the most 

attractive materials for clinical drug administration. Depending on the contents of PEG, 
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the molecular weight range of PEG is 2000-20000 g/moL and presents various surface 

densities.82 PEG-based modifiers are also demonstrated with the higher accumulation level 

within tumor sites, when they are coupled with special targeting ligands or peptides such 

as FA and RGD.83 A study prepared a PEG-PLGA-based carrier conjugating with RGD 

and encapsulating with paclitaxel (PTX), resulted in the enhanced binding towards glioma 

cells and remarkably increased accumulation in brains.84 A previously mentioned 

penetrated peptides, Angiopep-2, was also selected for decorating PEG and expanding a 

brain-targeted drug delivery system. To study the entry mechanism of NPs towards BBB 

and the cellular uptake level of endothelial cells, rhodamine B isothiocyanate (RBITC) was 

utilized as a probe and quantitively evaluated the drug delivery efficiency. The findings 

presented that LRP receptor could display functions in mediating delivery and was 

observed with increased accumulation within different regions of brains, compared to that 

of PEG-NPs.85  

1.3.2.2 Indocyanine green (ICG) 

ICG-based NPs could detect glioma at the early stage and have been approved by Food 

and Drug Administration (FDA) as a NIR dye, for phototherapy. Dual functional 

biomimetic ICG-NPs surrounding glioma cell membranes were observed with 

accumulation in the glioma tissues after 12 hours of administration, moreover, 94.2% of 

the cells’ growth and proliferation was blocked by the photothermal effects, via NIR laser 

irradiation.77 Another study designed an ICG-Au nanoprobe carrying albumin for several 

imaging detections, such as Bioluminescent imaging (BLI), Magnetic resonance imaging 

(MRI), Percutaneous endoscopic gastrostomy (PET), and so on, via animal models. The 

results indicated that the NPs suppressed the growth of glioma, besides, FLI-based imaging 
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therapy presented advanced effects for orthotopic glioma resection, which was supported 

by the precise detected functions of the ICG-Au-based NPs.86  

 

1.3.2.3 Hyaluronan (HA) 

As a detector and carrier, HA is a natural glycosaminoglycan and plays a vital role in 

limiting the cancer development. CD44, a receptor overexpressed on glioma cells, could 

be recognized by HA. It was reported that the lipid-HA-based NPs containing Polo-Like 

Kinase 1 (PLK1) and Cy3-siRNA were established, discovering that the NPs could strongly 

bind and accumulate within glioma cells. The findings described a dramatic longer survival 

rate of mice models treated with the NPs entrapping siPLK1, which also suggested the 

localized accumulation and profitable implication of the therapeutic RNAi NPs.87    

1.3.2.4 Ferritin 

Ferritin is a naturally derived protein comprising 24 amino acids and presents as a shell 

structure via self-assembling.88 It exists in two subtypes, respectively are heavy chain 

ferritin (hFn) and light chain ferritin (lFn). In contrast to (lFn), hFn was recently 

demonstrated with a similar localized manner towards TfR1 as Tr. To explore the 

permeation mechanism of hFn, due to its targeting properties, no extra functional ligands 

would be conjugated on the nanomedicine. After administration, in vivo results presented 

a considerable higher accumulation level of hFn, which was rapidly detected in the tumor 

sites of orthotopic mice, while hardly any accumulation could be observed among the 

normal brain tissues of orthotopic mice. Therefore, the NPs could show the maximum 

accumulation within brain tumor sites and high therapeutic value.89  
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1.3.2.5 High-density lipoprotein (HDL) 

Due to the small size and high tolerance level in human bodies, DHL is able to overcome 

the barrier of BBB and diffuse among the tumor regions, therefore this biocompatible 

cargo is a potential nanocarrier for delivering therapeutic agents. A study conducted a 

DHL-based system co-delivered with CpG oligodeoxynucleotide, an immune responder, 

and DTX, a common chemotherapy agent. The NPs performed the dramatic effects on 

suppressing the growth of tumor cells. Whether the NPs were utilized together with IR 

treatment, 80% of animal tumor models performed the longer survival term, possibly 

contributed to the immunological memory leading by CpG. Since DHL-based NPs have 

been tested by human clinical phase I/II studies and were permitted for industrial scale-

up,90, 91 the novel nano discs were believed with practical implications.92  

 

1.3.2.6 Zein 

Plant-based proteins are inexpensive, abundant, biodegradable, and biocompatible. Many 

of them have been consumed as an integral part of the human diet. Compared to synthetic 

polymers and animal proteins, such as gelatin and albumin, the transfer of zein based drug 

carriers to the clinic can be more direct and rapid. Because of the good biodegradability, 

they undergo enzymatic or hydrolytic degradation in the biological environment into 

nontoxic byproducts. Over the past few decades, zein, the major protein of corn, has been 

investigated as drug and nutrient carriers in the forms of nano-/microcapsules, films, 

nanofibers, and hydrogels. Zein is insoluble in water but readily disperses in ethanol-water 
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mixtures. Zein contains primarily hydrophobic and neutral amino acids but also polar 

amino acids. Thus, as an amphiphile, zein can self-assemble into various structures, 

including spheres, sponges, and films. Self-assembled particles made by amphiphiles, 

including zein, have the ability to transfer through cell membranes, and they also have 

better stability than normal particles because of their unique surface properties. In vivo, 

zein NPs are beneficial for prolonged blood residence of a 7.2-fold increase. Because of 

the good capability of chemical modification, zein and drugs can be conjugated through 

environmentally sensitive links to form prodrugs capable of triggering drug release.81  

 

1.4 Summary 

The usage of traditional drugs for brain cancer therapy involves several limitations, due to 

the protective mechanisms of BBB, there is the lower concentration of therapeutic 

substances in tumor tissues. Besides, without peculiar targeting functions, the drugs may 

cause damage to all cells comprising the normal ones and the cancer cells, resulting in 

severe side effects. Early development of nanocarriers achieved an extended retention 

period and increased accumulation of NPs through “passive targeting”, the complexes 

would permeate the tumor vasculature from the rapid formation of tumor generation.93 

Then, “targeting delivery” with higher efficiency accessed a new era in nano-therapeutics. 

The “active receptors” widely distributed on the tumor regions would be beneficial for 

cancer visualization and targeted therapy. Until now, many chemotherapeutic drugs 

conjugating with nano-agents underwent preclinical or clinical studies, which indicated the 

great success of nanotherapeutics in the treatment of brain tumors.  
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1.5 Objectives 

Glioblastoma with severe survival threat has been considered almost impossible to be 

completely cured by resection or chemotherapy. Therefore, developing the 

nanotherapeutic system with longer circulation, higher tumor accumulation, and lower side 

effects, was of great interest and significance. The regular nanocarriers such as PEG and 

PLGA were comprehensively investigated, for tumor detection and treatment. Here we 

focused on exploring the delivery functions of natural-derived NPs, which were not 

implicated in CNS diseases.  

The objectives of this study were to synthesize the RVG29-conjugated Dac-encapsulated 

zein-based NPs (zein-RVG-Dac_NP) for treating GBM (Figure 1.1). To the best of our 

knowledge, this is the first-time report on integrating a brain-targeting peptide (RVG29) 

and a cell-penetrating natural protein (zein) to deliver Dac for targeted GBM therapy. From 

the study, a natural protein (zein) is firstly selected as a drug carrier to treat CNS diseases 

in vivo, which provides an economical biomaterial system for application. 
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Figure 1.1 Scheme of the formation of zein-RVG-Dac_NPs and the proposed 

mechanism of action for the treatment of GBM. 

 a) Design of the zein-RVG-Dac_NPs. Zein is a major protein of corn and can self-

assemble into NPs because of its amphiphilc molecular structure. The anti-GBM drug, 

Dac, was encapsulated by zein through self-assembly to form zein-Dac_NPs, which were 

surface-modified with the BBB and GBM-targeting peptide of RVG29 to form Zein-RVG-
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Dac_NPs. b) Zein-RVG-Dac_NPs, administered by intravenous injection via tail vein, 

selectively target the overexpressed nAChR receptors on BBB and GBM via receptor-

mediated transcytosis (RMT) to cross BBB and then trigger receptor-mediated endocytosis 

(RME) into GBM cells. c) Zein-RVG-Dac_NPs enter the GBM cells through endocytosis. 

Zein was degraded by the enzymes in the lysosome, and zein-RVG-Dac_NPs are disrupted 

to release the encapsulated Dac. 
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Chapter 2. Materials and Methods 

 

2.1 Materials 

Zein, dimethyl sulfoxide (anhydrous, DMSO, ≥99.9%), DMSO-d6, phenazine 

methosulfate (PMS), and paraformaldehyde (PFA) were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). Peptide with 30 amino acids (RVG29-Cys, 

YTIWMPENPRPGTPCDIFTNSRGKRASNGC, 94.4%) was synthesized by GenScript 

(Zhejiang, China). Dactolisib (Dac) and coumarin-6 (C6) were obtained from Aladdin 

Industrial Corporation (Shanghai, China). Caspase-3 and cleaved caspased-3 antibodies 

were purchased from Cell Signaling Technology (Danvers, MA, USA). PI-9 and BAX 

antibodies were obtained from Lifespan Biosciences (Washington DC, USA). Phosphate 

buffered saline (PBS, pH 7.4) was purchased from VWR Life Science (Radnor, PA, USA). 

Hematoxylin was obtained from Solarbio Life Science (Beijing, China). Ethanol (ACS 

grade) was purchased from Anaqua (Hong Kong) Company Limited. Cy5-NHS ester was 

ordered from BroadPharm (San Diego, CA, USA). 

 

2.2 Synthesis of Nanoparticles 

 

2.2.1 Formation of the Nanoencapsulation of Dac 

Dac was encapsulated via the self-assembly of zein to form zein-Dac_NPs. Firstly, zein 

was dissolved in an aqueous ethanol solution, then Dac was added with a mass ratio of 7:1. 

After the evaporation of the solvent using a nitrogen evaporator, zein-Dac_NPs were 

formed. The excess Dac was removed using a membrane dialysis bag (3 kD molecular 

weight cut-off (MWCO)), for 5 times. Then, the purified zein-Dac_NP was freeze-dried. 



25 

2.2.2 Conjugation of RVG29 and zein-Dac_NPs to Form zein-RVG-Dac_NPs 

The reaction steps of the conjugation of the peptide RVG29 and the zein of the zein-

Dac_NPs were shown as following. Zein-Dac_NPs were suspended in ethanol, and PBS 

was added to reach the pH of 7.5 and the final concentration of PBS in the mixture was 

around 45%. Sulfo-SMCC, a cross-linker, was added to the suspension in the molar mass 

ratio of sulfo-SMCC to zein at 10:1. The zein molecules on the surface of zein-Dac_NPs 

was reacted with sulfo-SMCC to obtain the maleimide-activated zein NPs (SMCC-zein-

Dac_NPs). The amino group (‘NH2-’) of zein was reacted with sulfo-SMCC to obtain 

maleimide-activated zein. SMCC-zein-Dac_NPs were purified, and the excess sulfo-

SMCC was removed using a membrane dialysis bag (3 kD MWCO). RVG29-Cys and 

SMCC-zein-Dac_NPs were mixed with a molar mass ratio of 1.1:1 in the PBS (pH 7.4). 

The thiol groups of RVG29-Cys were conjugated with the maleimide groups of SMCC-

zein-Dac_NPs to obtain zein-RVG-Dac_NPs and the excess RVG29-Cys was removed 

using a membrane dialysis bag (5 kD MWCO). The conjugation efficiency of RVG29-Cys 

was calculated using the following equation:  

Conjugation Efficiency (%)= 
Total RVG29-Free RVG29

Total RVG29
 × 100% 
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Figure 2.1 Synthetic routes for RVG-SMCC-zein obtention. 

 

2.3 Characteristics of Nanoparticles 

 

2.3.1 Dynamic Light Scattering (DLS) 

Zein can self-assemble to make zein_NPs. The zeta potential, size, and polydispersity 

(PDI) of zein_NP, zein-Dac_NP, and zein-RVG-Dac_NP, respectively, were examined 

using DLS. The NP concentration of 1mg/mL was determined by adding 5 mg of dried 

NPs into 5 mL of water and stirred to form a stable dispersion and then was used for size 

and stability determination. For testing the electrophoretic mobility, PBS was added, and 

the final pH was set at 7.4 before the measurement of zeta potential.  
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2.3.2 Encapsulation Efficiency (EE) and Loading Efficiency (LE) 

Zein-RVG-Dac_NPs were re-dispersed in the 80% aqueous ethanol solution. With the 

disruption of encapsulated NPs, the inner Dac was totally released, followed by the 

transferring to a membrane dialysis bag (3 kD MWCO). The UV absorbance at 269 nm of 

the samples was measured to obtain the Dac concentration using the ultraviolet-visible 

(UV-vis) spectrometer, which were performed for triplicate measurements. The EE and 

LE of Dac in zein-RVG-Dac_NP were obtained using the following formulas: 

Encapsulation Efficiency (%)= 
Weight of the drug encapsulated
Weight of the total drug added

×100% 

Loading Efficiency (%)= 
Weight of the drug encapsulated
Weight of the nanoencapsulation

 ×100% 

 

2.3.3 Fourier Transform Infrared (FTIR) Spectroscopy 

The characteristics and RVG conjugation effects on zein, and the encapsulation of Dac in 

the zein-RVG-Dac_NPs were analyzed using a FTIR spectrometer (Agilent Cary 670, 

Santa Clara, CA, USA). The prepared samples of zein, RVG29, zein-RVG, and zein-RVG-

Dac_NP, respectively, were mixed and ground with potassium bromide and pressed into 

disks. The FTIR spectra in the range of 400-4000 cm-1 were recorded, and a resolution of 

4 cm-1 was applied. 

 

2.3.4 Nuclear Magnetic Resonance (NMR)  

The conjugation of RVG29 and zein was analyzed using NMR. The samples of zein, 

RVG29, and zein-RVG, respectively, were dissolved in DMSO-d6 before the NMR 

measurement. The 1H NMR spectra, analyzing the appearance and position of the 
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hydrogen atoms in the molecules, were obtained using a Bruker Avance-III 400 MHz FT-

NMR System (Karlsruhe, Germany).  

 

2.3.5 In Vitro Stability of zein-RVG-Dac_NPs 

1 mg/mL of zein-RVG-Dac_NP was re-suspended in milli Q water with 10% (v/v) fetal 

bovine serum (FBS) at the pH of 7.4. Two groups of the suspensions were keep stored at 

4 °C and 37 °C, respectively. The profiles of the size change during the time period of 72 

hr were determined via DLS following the previous process.  

 

2.3.6 In Vitro Drug Release of zein-RVG-Dac_NPs 

The in vitro Dac release from zein-RVG-Dac_NPs was investigated using the release 

media of the simulated cerebrospinal fluid (CSF, pH 7.3), PBS (pH 7.4) with or without 

10% (v/v) serum, and PBS (pH 6.0) with 10% (v/v) serum, respectively. 2 mg/mL of NPs 

were re-suspended in the release media, followed by being transferred into a dialysis bag 

(3 kD MWCO). The dialysis bag was placed in 100 mL of PBS with vibration at 100 rpm. 

At the selected time points, 2 mL of the release medium was collected for analysis, and an 

additional 2 mL PBS was added into the original release medium. 

 

2.3.7 Cell Culture 

U87, Hela, bEnd.3, and C6 cell lines were obtained from American Type Culture 

Collection (Manassas, VA, USA). U87 MG-Red-Fluc cell line was a gift from Dr. Larry 

Ming-Cheung Chow. U87 cells were incubated in a mixture of DMEM, FBS, and 

penicillin-streptomycin.  
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2.3.8 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium (MTS) Assay 

The in vitro cytotoxicity of zein-RVG-Dac_NPs, zein-RVG_NPs, and Dac was measured 

using an MTS assay. U87 cells were seeded in a 96-well plate with the cell density of 104 

cells/well and separated into 4 groups (n = 6), including 3 sample groups and 1 control 

group. The sample groups were incubated with zein-RVG-Dac_NPs, pure Dac, and zein-

Dac_NPs, respectively, in the Dac equivalent concentrations of 10, 25, and 50 nM for 24 

hr. The activated MTS reagent was formed with the mixture of MTS and PMS, which were 

respectively dissolved in Dulbecco's Phosphate-Buffered Saline (DPBS) at the volume 

ratio of 20:1. Then, the forming MTS reagent was added to the incubated media, and the 

color intensity was recorded using a microplate spectrophotometer (Bio-Rad, Hercules, 

CA, USA).  

 

2.3.9 The nAChR expression on the cell membranes of various cells 

To explore the specific targeting mechanism, the cell-surface expression of nAChR on the 

cells of U87, C6, bEnd.3, and Hela was evaluated using ELISA. The antibody targeting at 

nAChR was prepared and placed in a micro-ELISA plate. The protein concentrations were 

measured, and the expression of nAChR was tested using the micro-ELISA plate under the 

same protein concentration. The fluorescent density at 450 nm was recorded to measure 

the nAChR concentration. The values of nAChR expression were calculated using the 

following formula: 

nAChR (%)= 
𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛ℎ𝑅𝑅
𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

×100% 
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where nAChR was the concentration of nAChR and Cprotein was the concentration of the 

total protein. 

 

2.3.10 Cellular Uptake  

The cellular uptake of Dac, zein-RVG-Dac_NPs, and zein-Dac_NPs, was investigated 

using CLSM (Zeiss LSM 800, Oberkochen, Germany). NHS ester of Cy5 (Cy5) was 

selected as the dye to stain Dac to form Dac/Cy5. The cyanide group of Dac was reduced 

to amino group before the conjugation with Cy5. Zein-RVG-Dac_NPs and zein-Dac_NPs, 

respectively, were stained with the fluorescence dye, coumarin-6 (C6). 1.5 × 104 U87 cells 

were put in 1.5 mL growth media and cultured in 6-well plates at 37 °C for 48 hr. After 

the cell attachment, Dac/Cy5, zein-RVG-Dac_NPs, and zein-Dac_NPs, respectively, in the 

Dac equivalent concentration of 0.1 μg/mL were added to the cells. At 1 hr, three groups 

of the treated cells were obtained and fixed using glutaraldehyde (2.5% v/v). DAPI was 

selected to locate the nucleus in U87 cells before the observation using CLSM.   

 

Flow cytometry was utilized for the analysis of cellular uptake. U87 cells were incubated 

in 1.5 mL of Minimum Essential Medium (MEM) for 24 hr. Cy5 was firstly dissolved in 

100 μL DMSO to reach the concentration of 10 mg/mL. The pH of suspensions of zein-

Dac_NPs and zein-RVG-Dac_NPs, respectively, was regulated to 8.3 using sodium 

bicarbonate. Cy5 was added to the suspensions of NPs to reach the final concentration of 

2.5 mg/mL and reacted for 6 hr to realize the attachment of the dye on the NPs to form 

zein/Cy5-Dac_NPs and zein/Cy5-RVG-Dac_NPs. Excess Cy5 was removed using the 

dialysis bag (3 kD MWCO). Then, the cells were cultured with zein/Cy5-Dac_NPs, 



31 

zein/Cy5-RVG-Dac_NPs, and Dac/Cy5 for 1 hr. The cells were harvested with trypsin. 

Followed by the resuspension of the cells in PBS (500 µL), the quantitative cellular uptake 

was measured using a flow cytometry (Beckman, FCM, DxFLEX, USA). 

 

2.3.11 Western Blot 

U87 cells were treated with 10, 50, and 100 nM of zein-RVG-Dac_NPs, respectively, for 

24 hr. The cells were under centrifuged to obtain the total proteins. The protein 

concentration was measured using the BCA Protein Assay Kit (Thermo Fisher Scientific, 

Waltham, MA, USA). The targeted biomarkers, P53, Bcl-2, caspase-3, and cleaved 

caspase-3, were separated from the total protein samples using sodium dodecyl sulfate-

polyacrylamide gel Electrophoresis (SDS-PAGE). The protein markers were then 

transferred onto a polyvinylidene fluoride (PVDF) membrane. The pre-incubation process 

was conducted in the blocking solution, 5.0% BSA in TBST. It was followed by the 

incubation of PVDF membrane with the primary antibodies (1:1000) at 4 °C overnight. 

Then the membrane was incubated with the solution of secondary antibody of goat anti-

rabbit IgG H&L (HRP) (1:2000) for 60 min at room temperature. Immunoreactive proteins 

were visualized using an imaging system. 

 

2.3.12 Cell Proliferation Assay 

U87 cells were seeded in 6-well plates at a density of 5 × 105 cells/well for 24 hr and 

treated by 0, 0.1, and 0.2 μM, respectively, of the zein-RVG-Dac_NPs for 6 hr. The cells 

were fixed, permeabilized, and blocked with 10% BSA. DAPI was used for the staining of 

the cell nucleus. Rabbit antihuman Caspase-3 antibody (1:400; Abcam, U.K.) was applied 
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for the immunofluorescence. After washed with PBS, the treatment with the secondary 

antibody of goat anti-rabbit IgG H&L (Alexa Fluor® 488) (1:1000) was followed. The 

cells were repeatedly washed before the observation using CLSM.  

 

2.3.13 Apoptosis analysis by flow cytometry 

U87 cells were cultured at a density of 5 × 104 cells /well and incubated for 24 hr. After 

that, the cells were treated with PBS, Dac, zein-RVG-Dac_NPs, and zein-Dac_NPs, 

respectively, for 2 hr in an incubator. After being washed, the cells were collected by 

trypsinization. Then, 1 mL of PBS was added, followed by centrifugation (1500 rpm) for 

5 min. The supernatants were then removed, and the cells were resuspended in PBS. To 

identify the cells of interest, with the removal of debris and other events that are not of 

interest, 10,000 events were captured based on the gating strategy while the other events 

were eliminated from the analysis. Data of these 10,000 events were recorded and analyzed 

using flow cytometry. 

 

2.3.14 In vitro Blood-Brain Barrier (BBB) Permeability Assay 

The bEnd.3 cells (5.0 × 104 cells/well) were incubated in the 24-well transwell plates. After 

7 days of cultivation, when the cells reached confluence, the cell monolayer mimicked the 

morphology and activity of the BBB. The TEER of the monolayer was a parameter 

indicating the tightness of the monolayer and was measured using a volt-ohmmeter. The 

cell monolayer with at least 180 Ω·cm2 of TEER was considered to have reached 

confluence. Dac/Cy5, zein/Cy5-Dac_NPs, and zein/Cy5-RVG-Dac_NPs, respectively, 

were mixed in the apical chamber of the transwell. After 4 hr of incubation, the medium 
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in the apical chamber was removed and washed. The fluorescence of both the apical and 

basolateral chambers was recorded using the IVIS Spectrum Live Imaging System 

(PerkinElmer, USA). 

 

2.3.15 Animal Studies 

All the animal experiments strictly followed the guidelines of the Chinese Association for 

the Accreditation of Laboratory Animals Care. BALB/c nude mice were selected to 

establish the tumor-bearing models, and SD rats were chosen to evaluate the 

pharmacokinetics of the drugs. After transportation, the mice were given a week to 

acclimatize before the experiments. The nude mice were approximately 20 g in weight and 

were fed in cages with free food and water.  

 

2.3.16 In vivo Fluorescence Imaging and Biodistribution 

The biodistribution of zein-Dac_NPs, zein-RVG-Dac_NPs, and Dac was studied using the 

in vivo fluorescence imaging (Scientific Imaging System, ColdSpring Science 

Corporation, Beijing, China). 7.5 × 105 U87 MG-Red-Fluc cells were injected into the 

right brain of the 3-week-old BALB/c nude mice. After 10 days, the mice were randomly 

divided into four groups (n = 5). The zein molecules of zein-RVG-Dac_NPs and zein-

Dac_NPs, respectively, were dyed using Cy5 to form zein/Cy5-RVG-Dac_NPs and 

zein/Cy5-Dac_NPs. Cy5 was applied to stain Dac to form Dac/Cy5. Samples of zein/Cy5-

RVG-Dac_NPs, zein/Cy5-Dac_NPs, and Dac/Cy5, respectively, were intravenously 

administered to mice via tail vein. The intensity and distribution of the fluorescence was 

observed and recorded at 24 hr using the in vivo fluorescence imaging. The mice were 
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sacrificed 24 hr after the administration, and before that, the blood of mice was drained by 

perfusion. The major organs were obtained and observed using in vivo fluorescence 

imaging. The brain tumors were subsequently sliced and observed using CLSM. 

 

2.3.17 Pharmacokinetics 

To evaluate the circulation half-life, zein-RVG-Dac_NPs, zein-Dac_NPs, and Dac, 

respectively, in the Dac equivalent concentration of 20 mg/kg were administered to three 

randomly grouped SD rats intravenously via the tail vein. At selected time points of 0.1, 

0.5, 1, 2, 4, 6, 8, 12, 16, and 24 hr, blood samples were obtained from the orbital cavity, 

followed by centrifugation. The Dac content in the plasma was quantitatively analyzed by 

using HPLC. Triplicate measurements were performed. 

 

2.3.18 Anti-GBM Activity Using an Orthotopic GBM Model 

7.5 × 105 U87 MG-Red-Fluc cells were injected into the right brain of the BALB/c nude 

mice. After 10 days, the mice were randomly divided into 4 groups (n = 12), and the date 

was assigned as Day 0. Three sample groups received the intravenous injections of Dac, 

zein-Dac_NPs, and zein-RVG-Dac_NPs, respectively, in a Dac equivalent concentration 

of 20 mg/kg every 5 days. The control group received saline. Then, six mice were 

randomly selected and sacrificed for each group on Day 20. The change of tumor size was 

observed using the in vivo fluorescence imaging system and the relative tumor volume 

was obtained using the following formula: 

Relative tumor volume= 
Tumor volume on Day 20
Tumor volume on Day 0

 

The other mice were used for the assessment of the survival. 
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2.3.19 Immunofluorescence (IF) Histochemical and Immunohistochemistry (IHC) 

Analysis 

The collected orthotopic brain tumors were fixed with 4.0 % PFA, embedded in paraffin, 

and sliced. For the immunofluorescence (IF) histochemical analysis, TUNEL staining was 

used to observe the apoptotic cells. CD31 staining was applied to show the distribution of 

the microvessels. Three replicates of each sample were studied using the TUNEL and 

CD31 staining, respectively, and analyzed using ImageJ to obtain the integral optical 

density. 

 

For the immunohistochemistry (IHC) analysis, the 4 μm-thick tissue sections were 

incubated with the primary antibody of anti-P53 (1:200, Abcam, UK), anti-BAX, and anti-

PI-9 (1:200, LSBio, USA). Then, the samples were cultured with HPR anti-mouse IgG for 

30 min and restrained with hematoxylin (Solarbio, China) for 5 min. The immune 

expressions of P53, BAX, and PI-9 were determined using the CLSM (Leica microsystem, 

Wetzler, Germany).  

 

2.3.20 Histopathological Analysis  

To evaluate the safety of the NPs, traditional H&E staining was conducted to investigate 

the pathological changes of organs after the treatments. The tissues from the orthotopic 

GBM mice models were fixed in formaldehyde for 48 hr, and then dehydrated, 

permeabilized, and embedded in paraffin. The tissues were sliced into 3 μm-thick sections, 

deparaffinized, and washed with PBS. The sections were dyed using hematoxylin for 3 

min, placed in a hydrochloric acid-ethanol mixture 5 min for differentiation, and stained 
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with eosin for 1 min. The pathological changes of the major organs were investigated using 

the binocular microscope (Zeiss Primo Star, Oberkochen, Germany). 
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Chapter 3. Results and discussion 

 

3.1 Synthesis and Characterization of Zein Based NPs 

The morphology and size distribution of zein-Dac_NP and zein-RVG-Dac_NP, 

respectively, were characterized using scanning electron microscopy (SEM) (Figures 3.1A 

and 3.1B). The well-dispersed spherical particles with uniform particle sizes were observed 

for both zein-Dac_NP and zein-RVG-Dac_NP. The size, surface charge, and 

polydispersity index (PDI) of the zein_NP, zein-RVG_NP, and zein-RVG-Dac_NP in the 

dispersions were analyzed using dynamic light scattering (DLS) (Table 3.1). The mean 

hydrodynamic sizes of zein_NP, zein-Dac_NP, and zein-RVG-Dac_NP, respectively, 

were 187.83 ± 0.14, 205.32 ± 0.37, and 219.74 ± 0.42 nm (Figures 3.1 C, D, and E). After 

the encapsulation of Dac, the size of zein-Dac_NP was slightly larger (17.49 nm) than that 

of zein_NP. After the conjugation of RVG29, the size of zein-RVG-Dac_NP was 14.42 

nm larger than that of zein-Dac_NP. The PDI values of zein_NP, zein-RVG_NP, and zein-

RVG-Dac_NP were 0.079 ± 0.003, 0.063 ± 0.015 and 0.057 ± 0.009, respectively. These 

values are all below 0.1, indicating the uniform distribution of the NPs. The zeta-potentials 

of zein_NP, zein-RVG_NP, and zein-RVG-Dac_NP were -16.17 ± 0.32, -18.86 ± 0.47, 

and -12.85 ± 0.29 mV, respectively. 

 

The encapsulation efficiency (EE) and loading efficiency (LE) of the zein-RVG-Dac_NP 

were 77.9 ± 4.7% and 60.4 ± 3.2 mg/g, respectively. The high EE and LE indicated that 

Dac was successfully encapsulated, and the RVG29-conjugated zein protein (zein-RVG) 

serves as a good drug carrier. The conjugation efficiency of zein and RVG29 was 97.42 ± 
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0.18%, which indicated a successful synthesis. It was calculated that there were 1.43 × 105 

of RVG29 on the surface of each zein-RVG-Dac_NP. 

 

The conjugation between RVG29 and zein, and the encapsulation of Dac by zein-RVG 

were verified using Fourier transform infrared spectroscopy (FTIR). In Figure 3.2, the 

fingerprints of zein were found at 3295 and 2930 cm−1, which were attributed to the 

vibration stretching of the −OH group and the amide A′, respectively. The fingerprints 

were also found at 1656 and 1540 cm−1, which were contributed from the C=O stretching 

of the amide I and the C−N stretching of the amide II, respectively. Since both zein and 

RVG29 are composed of amino acids, RVG29 also had the fingerprints at 3295, 1656, and 

1540 cm−1, but with a much higher intensity because of the high concentrations of the 

related chemical bonds in RVG29. The same peaks with high intensities were also 

observed in the spectrum of zein-RVG, indicating the successful conjugation of RVG29 

and zein. Zein is rich in glutamine while RVG29 does not contain glutamine,94 in 

agreement with the finding that the peak at 1410 cm−1 corresponds to glutamine was found 

in the spectra of zein and zein-RVG but not in that of RVG29 (Figure 3.2). It was observed 

that the fingerprints of Dac mentioned above were also present in the spectrum of zein-

RVG-Dac_NP but absent in the spectrum of zein-RVG. It was concluded that Dac was 

successfully encapsulated by zein-RVG to form zein-RVG-Dac_NP. 

 

The proton nuclear magnetic resonance (1H NMR) spectra of zein, RVG29, and zein-RVG, 

respectively, were obtained (Figure 3.3). The protons on zein were ascribed as following: 
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δ (ppm) ~ 9.16 (-NH), 8.0 (-NH2), 7.97 (amide I, -C=ON-), 3.74 (α-CH, Leu), 1.75 (β-

CH2, Leu; γ-CH, Leu), 1.21 (-CH2), 0.84 (δ-CH2, Leu), and 0.8 (-CH3).95 The chemical 

shifts (δ, ppm) of the protons on RVG29 were ascribed as following:  δ (ppm) ~ 9.33 (-

NH), 8.64 (-NH2), 7.82, 7.73 (CH-4 ring, Trp), 7.54 (CH-7 ring, Trp), 7.45(m-CH, Phe), 

7.39 (p-CH, Phe), 7.34 (o-CH, Phe), 7.28 (CH-6 ring, Trp), 7.20 (CH-5 ring, Trp), 7.19 (o-

CH, Tyr), 6.88 (p-CH, Tyr), 4.6, 4.25 (β-CH, Thr), 4.18 (α-CH, Pro), 4.10 (α-CH, Asp), 

4.01 (α-CH, Asn), 3.94-4.06 (α-CH, Ser), 3.89 (β-CH, Ser), 3.78 (α-CH, Arg; α-CH, Ala), 

3.77 (α-CH, Glu), 3.66 (α-CH, Ile), 3.61 (α-CH, Gly; α-CH, Lys), 3.6 (α-CH, Thr), 3.37-

3.50 (δ-CH, Pro), 3.25(δ-CH, Arg), 3.06 (ε-CH, Lys), 3.03 (β-CH, Asp) and 2.96 (β’-CH, 

Asn), 2.86  (β-CH, Asn), 2.38-2.53 (β-CH, Pro), 2.12 (β’-CH, Glu), 2.06 (β-CH, Glu), 

2.04-2.15 (γ-CH, Pro), 2.01, 1.98 (β-CH, Ile), 1.91 (β-CH, Arg), 1.76-1.85 (β-CH, Lys), 

1.74 (δ-CH, Lys), 1.48  (γ’-CH, Thr; β-CH, Ala), 1.40-1.6 (γ-CH, Lys), 1.33 (γ-CH3, Thr), 

1.26  (γ-CH, Thr), 1.01(γ-CH3, Ile), 0.94 (δ-CH, Ile).96 The selected fingerprints of RVG29, 

with possible slight shifts, were also found in the spectra of zein-RVG, as δ (ppm) ~ 9.06 

(-NH), 8.79 (-NH2), 7.8 (amide I, -C=ON-), 7.7 (CH-4 ring, Trp), 7.3 (CH-6 ring, Trp), 

and 1.78 (β-CH2, Leu; γ-CH, Leu), indicating the successful conjugation of RVG29 and 

zein. The spectra also showed that the characteristic peak of zein at 6.08 ppm 

corresponding to its MAL group disappeared in the spectrum of zein-RVG, suggesting that 

the MAL group of the sulfo-SMCC activated zein had reacted with the thiol group of the 

RVG29 to achieve the conjugation.97 
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Table 3. 1 The particle size, PDI, and zeta-potential of zein_NPs, zein-Dac_NPs and 

zein-RVG-Dac_NPs. 

Formulation Average size (nm) PDI Zeta-potential (mV) 

zein_NP 187.83 ± 0.14 0.079 ± 0.003 -16.17 ± 0.32 

zein-Dac_NP 205.32 ± 0.37 0.063 ± 0.015 -18.86 ± 0.47 

zein-RVG-Dac_NP 219.74 ± 0.42 0.057 ± 0.009 -12.85 ± 0.29 
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Table 3.2 The LE, particle size, and PDI of zein-Dac_NPs made by different mass 

ratios of zein-to-Dac. 

Mass ratios of  

zein-to-Dac 
LE (%) Average size (nm) Zeta-potential (mV) 

50 42.8 ± 1.1 217.83 ± 0.91 -16.98 ± 1.49 

25 47.6 ± 2.4 215.41 ± 1.24 -15.64 ± 1.06 

20 51.2 ± 3.1 216.82 ± 1.06 -13.41 ± 0.79 

16.7 53.5 ± 2.8 208.44 ± 0.82 -15.58 ± 0.92 

12.5 56.4 ± 2.2 205.72 ± 0.65 -17.07 ± 0.71 

10 58.9 ± 2.6 209.41 ± 0.59 -16.57 ± 1.22 

8.3 60.4 ± 3.2 205.33 ± 0.37 -18.86 ± 0.47 

7.1 56.3 ± 1.7 205.61 ± 0.29 -19.33 ± 0.64 
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Figure 3.1 The structural characterizations and stability studies of zein-Dac_NPs and 

zein-RVG-Dac_NPs. 

 (A-B) SEM images of (A) zein-Dac_NPs and (B) zein-RVG-Dac_NPs. Scale bar=1 μm. 

(C-E) The size profiles of (C) zein_NPs, (D) zein-RVG_NPs, and (E) zein-RVG-Dac_NPs. 
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Figure 3.2 FTIR spectra of zein_NPs, RVG29, and zein-RVG_NPs 

in the wavenumber range of (A) 3500 to 2500 cm-1 and (B) 2000 to 1400 cm-1. FTIR 

spectra of zein-RVG_NPs, pure Dac, and zein-RVG-Dac_NPs in the wavenumber range 

of (C) 2000 to 1200 cm-1 and (D) 1200 to 500 cm-1. 
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Figure 3.3 The 1H NMR spectra of zein, RVG29, and zein-RVG. 
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3.2 In Vitro Drug Release and Stability 

The in vitro release of Dac from zein-RVG-Dac_NP was investigated using the simulated 

cerebrospinal fluid (CSF, pH 7.3), PBS (pH 7.4), PBS (pH 7.4) with 10% (v/v) serum, and 

PBS (pH 6.0) with 10% (v/v) serum, respectively, at 37 °C (Figure 3.4A). The release 

amount was 37.4 ± 2.6% in CSF, 55.3 ± 3.7% in PBS (pH 7.4) with serum, 51.3 ± 5.1% in 

PBS (pH 7.4) with no serum, and 61.4 ± 2.9% in PBS (pH 6.0) with serum in 24 hr. The 

release rate was low in CSF compared to that in the other solutions. The total release of 

zein-RVG-Dac_NP at 100 hr was 57.2 ± 2.7%, 75.3 ± 1.8%, 72.7 ± 3.4%, and 83.5 ± 4.1% 

in CSF (pH 7.3), PBS (pH 7.4) with serum, PBS (pH 7.4) without serum, and PBS (pH 

6.0) with serum, respectively.  

 

The in vitro stability of zein-RVG-Dac_NP was further studied by first re-dispersing Zein-

RVG-Dac_NPs in PBS solution (pH 7.4) with 10% (v/v) serum and then storing the 

solution at 4 °C and 37 °C, respectively. The particle size change in 72 hr was recorded 

and presented in Figure 3.4B. At 4 °C, the size of zein-RVG-Dac_NP was gradually 

increased from 219.7 to 229.1 nm, while at 37 °C it was elevated from 219.7 to 238.2 nm. 

The size change was negligible, suggesting that zein-RVG-Dac_NP had good stability in 

serum solution. 
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 Figure 3.4 Cumulative release of Dac from zein-RVG-Dac_NPs. 

(A) Cumulative release of Dac from zein-RVG-Dac_NPs in the simulated cerebrospinal 

fluid (CSF, pH 7.3), PBS (pH 7.4), PBS with 10 % (v/v) serum (pH 7.4), and PBS with 

10 % (v/v) serum (pH 6.0), respectively, at 37 °C. (B) The profile of particle size change 

of zein-RVG-Dac_NPs in the serum solutions at 4 °C and 37 °C, respectively, for 72 hr. 

 

3.3 In Vitro Tumor Targeting 

The cellular uptake of zein-RVG-Dac_NP and zein-Dac_NP in U87 cells was investigated 

using confocal laser scanning microscopy (CLSM, Figure 3.5A). Cy5 was conjugated with 

the drug Dac to form Dac/Cy5 before the encapsulation of Dac/Cy5 to form zein-Dac/Cy5 

and zein-RVG-Dac/Cy5. A fluorescent dye, coumarin-6 (C6), was conjugated with the 

zein molecules on the surface of the zein-RVG-Dac/Cy5 and zein-Dac/Cy5, respectively. 

U87 cells were treated with Dac/Cy5, and C6 labeled zein-Dac/Cy5 and zein-RVG-

Dac/Cy5, respectively, for 1 hr. As shown in Figure 3A, 1hr after the administration of 

Dac/Cy5, zein-Dac/Cy5 and zein-RVG-Dac/Cy5, the green and red fluorescence, which 

were given by C6 and Dac/Cy5, respectively, were observed in the cytoplasm of the U87 

cells. Both zein-Dac/Cy5 and zein-RVG-Dac/Cy5 rapidly entered the cells. The red 
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fluorescence was evenly distributed in the cell cytoplasm, and a clear boundary of the red 

fluorescence was observed (Figure 3.5A). These observations indicated that the zein-

Dac/Cy5 and zein-RVG-Dac/Cy5 entered the cells. The fluorescence intensities in Figure 

3.5A were measured and shown in Figure 3.5B. Zein facilitated the penetration of cell 

membrane,50, 51, 52 while RVG29 promoted the cellular uptake through receptor-mediated 

endocytosis, as evidenced by the high expression of nAChR on the membrane of U87 cells 

(Figure 3.5C). 

 

At 1 hr, zein-RVG-Dac/Cy5 showed significantly higher red fluorescence intensity (p < 

0.01) than zein-Dac/Cy5, which indicated that the conjugation of RVG29 on the surface 

of the NPs facilitated the cellular uptake of the NPs to the U87 cells more than that of zein 

within 1 hr. The CLSM results concluded that both zein-Dac/Cy5 and zein-RVG-Dac/Cy5 

successfully entered the U87 cells. Both zein and RVG29 promoted the cellular uptake of 

the NPs, which was potential for the delivery of the anti-cancer drugs that had low 

solubility and bioavailability. 

 

This finding was further confirmed by the cellular uptake study using flow cytometry. The 

gating strategy was shown in Figures 3.5D and E, and the results were shown in Figures 

3.5F, G, H, and I. Cy5 was applied to label Dac to form Dac/Cy5, while Cy5 was also used 

to label the zein molecule in zein-RVG-Dac and zein-Dac to form zein/Cy5-RVG-Dac and 

zein/Cy5-Dac. After U87 cells were treated with zein/Cy5-Dac, zein/Cy5-RVG-Dac, and 

Dac/Cy5 for 1 hr, zein/Cy5-RVG-Dac showed a 76.54% cellular uptake, while 40.30% of 

zein/Cy5-Dac entered the cells. It can be concluded that both zein and RVG29 facilitated 
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the cellular uptake of the NPs, while RVG29 showed a better effect than zein on the 

promotion of the cellular uptake. We believe that this is because the receptor-mediated 

endocytosis associated with RVG29 is more effective than the zein-assisted cell membrane 

penetration on cellular uptake of NPs. 

 

To compare the ability of zein-RVG-Dac_NP, zein-Dac_NP, and Dac to promote 

apoptosis in the U87 cells, annexin V-FITC was applied to staining the cells. The apoptotic 

efficiency was recorded and analyzed using flow cytometry (Fig. 3M, N). This result 

suggested that the apoptotic efficiency induced by zein-RVG-Dac_NP was comparable to 

that of the zein-Dac_NP and pure Dac, respectively. 

 

The in vitro cytotoxicity of zein-RVG-Dac_NP, zein-RVG_NP, and pure Dac was 

investigated. Various concentrations of zein-RVG-Dac_NP, zein-RVG_NP, and pure Dac, 

respectively, were added to the U87 cells, and the results are shown in Figure 3.5L. At the 

lowest concentration of 10 nM, only 49.4% of the cells survived after being treated with 

Dac, indicating that Dac was an effective inhibitor on the growth of the U87 cells. For all 

the concentrations including the Dac equivalent concentrations of 10, 25, and 50 nM, zein-

RVG-Dac_NP showed no significant difference in the cell viability when compared to 

Dac, demonstrating that the zein-RVG-Dac_NPs and Dac had comparable cytotoxicity to 

the U87 cells. The U87 cells treated with various concentrations of the zein-RVG_NPs 

presented a nearly 100% survival rate, which indicated that the carrier itself had no 

cytotoxicity to the U87 cells. 
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To investigate the molecular mechanism of the zein-RVG-Dac_NP-induced apoptosis in 

U87 cells, the expression levels of the specific proteins, including tumor suppressor (P53), 

apoptosis markers (caspase-3 and cleaved caspase-3), and apoptosis regulator B-cell 

lymphoma 2 (Bcl-2), were determined by Western blotting. After treatment with various 

concentrations of zein-RVG-Dac_NP for 24 hr, the expression levels of Bcl-2, P53, 

caspase-3, and cleaved caspase-3, respectively, were measured and shown in Figure 3.5J. 

The expression of P53, which was a marker of the cell apoptosis, was increased with the 

increase of the concentration of the zein-RVG-Dac_NP. Caspase-3, a protein that was 

cleaved and thus activated upon the initiation of apoptosis, was an executioner of the 

programmed death of the cells. As shown in Figure 3.5J, the expression of the uncleaved 

caspase-3 was decreased dramatically while the activated forms of caspase-3, which was 

the cleaved caspase-3, were elevated with the increase of the concentration of the zein-

RVG-Dac_NP. A higher level of the activated caspase 3 in tumor, an indicator of the 

activation of the caspase-3 pathway, was correlated with the increased rate of recurrence 

and deaths. Bcl-2 plays an essential role in blocking programmed cell death and promoting 

cell survival. As shown in Figure 3.5J, the treatment of zein-RVG-Dac_NP reduced the 

expression of Bcl-2. These results demonstrated that zein-RVG-Dac_NP induced 

significant cytotoxicity to the GBM cells through cell apoptosis. 

 

The immunofluorescence analysis was conducted using the apoptotic marker caspase-3, 

associated with programmed cell death. The results are shown in Figure 3.5K. Hoechst, 

presenting blue fluorescence, was used to dye the cell nuclei, while caspase-3 showed 

green fluorescence. After the treatments of zein-RVG-Dac_NP in the concentrations of 0.1 
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and 0.2 µM, respectively, a significant reduction in the amount of the U87 cells was 

observed. According to the colocalization analysis, caspase-3 with the green fluorescence 

was distributed in the U87 cells, and the localization of the cell nuclei could be assisted by 

the blue fluorescence. A comparison among the treatments using 0, 0.1, and 0.2 µM of 

zein-RVG-Dac_NP showed that the amount of the caspase-3 positive cells was the highest 

in the control sample where no zein-RVG-Dac_NP was added. As the concentration of 

zein-RVG-Dac_NP increased, the amount of the caspase-3 positive cells reduced, 

indicating that the cell death was induced by zein-RVG-Dac_NP via caspase-mediated 

apoptosis. Compared to the control sample, the nuclei showed brighter fluorescence after 

the cells were treated with the zein-RVG-Dac_NP of 0.1 and 0.2 µM, indicating a high 

prevalence of nuclear chromatin and fragmentation.98 The morphological changes of the 

U87 cells were also observed after the zein-RVG-Dac_NP treatment. The results 

concluded that zein-RVG-Dac_NP induced the caspase-3 mediated cell apoptosis of the 

U87 cells, which was consistent with the results of the western blot analysis (Figure 3.5J). 

To compare the ability of zein-RVG-Dac_NP, zein-Dac_NP, and Dac to promote 

apoptosis in the U87 cells, annexin V-FITC was applied to staining the cells. The apoptotic 

efficiency was recorded and analyzed using flow cytometry (Figures 3.5M and N). The 

gating strategy was shown in Figure 3.6. In Figure 3.5N, the amount of the apoptotic cells 

was 11.93 ± 1.42%, 8.17 ± 0.94%, and 8.94 ± 1.10% after the treatments with zein-RVG-

Dac_NP, zein-Dac_NP, and Dac, respectively. This result suggested that the apoptotic 

efficiency induced by zein-RVG-Dac_NP was comparable to that of the zein-Dac_NP and 

pure Dac, respectively. 
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To further explore the RVG29-mediated transcytosis of NPs through BBB, a monolayer 

of the mouse brain capillary endothelial cells (bEnd.3) was applied as the in vitro BBB 

model. The monolayer of the compact cells was cultured on the insert of the transwell 

(Figure 3.5O). Dac/Cy5, zein/Cy5-Dac, and zein/Cy5-RVG-Dac, respectively, were added 

to the insert and incubated for 4 hr. As shown in Figure 3.5P, no significant changes in the 

transendothelial electrical resistance (TEER) of the BBB monolayer were detected after 

the incubation. It indicated that the treatments of Dac/Cy5, zein/Cy5-Dac, and zein/Cy5-

RVG-Dac, respectively, had no effect on the integrity and did not cause the degradation of 

the cells constituting the BBB monolayer. Figures 3.5Q and R showed the fluorescence of 

both the insert well and the bottom chamber of the transwell. After the inset well was 

washed by PBS, the fluorescence of the insert well indicated the fluorescence of the NPs 

in the bEnd.3 cells after the cellular uptake. While the fluorescence of the bottom chamber 

indicated the fluorescence of the NPs in the bottom chamber, which had transferred 

through the bEnd.3 monolayer. Dac/Cy5 had no fluorescence in the bottom chamber, 

indicating that Dac/Cy5 cannot pass through the in vitro BBB. Zein/Cy5-Dac groups 

showed fluorescence in both the bEnd.3 cell monolayer and the bottom chamber. Zein, due 

to its cell penetration ability, could also facilitate the transfer of the NPs through the bEnd.3 

cell monolayer. A noticeable stronger fluorescence intensity (~2-fold) was observed in the 

zein/Cy5-RVG-Dac group than that of the zein/Cy5-Dac groups in both the bEnd.3 

monolayer and the bottom chamber. The results concluded that both zein and RVG29 in 

zein-RVG-Dac facilitated the penetration of zein-RVG-Dac through BBB with RVG29 

being more effective than zein.  
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To study the internalization of the NPs in U87 cells, the markers of the early endosomes 

and late endosomes, Rab5 and Rab7, were applied (Figures 3.7A and B). It was reported 

that after endocytosis, most NPs would first be transported to early endosomes before they 

could be trafficked to other organelles.99 The obvious overlap of the green and red 

fluorescence on the white dash line drawn in the cell area in the image of Figure 3.7A 

indicated that zein/Cy5-RVG-Dac colocalized with the early endosomes (Figure 3.7C). 

However, much less overlap of the green and red fluorescence on the white dash line drawn 

in the cell area in the images indicated that zein/Cy5-RVG-Dac generally did not colocalize 

with the late endosomes (Figure 3.7D). It suggested that zein/Cy5-RVG-Dac NPs were 

involved in the early endosomes during intracellular trafficking, while zein/Cy5-RVG-Dac 

NPs escaped from the late endosomes with high efficiency. 
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Figure 3.5 The cellular uptake, cytotoxicity, and in vitro BBTB penetration studies of 

zein-Dac_NPs and zein-RVG-Dac_NPs using the U87 cells. 

(A) The CLSM images of U87 cells after treatment with Dac/Cy5, zein-Dac/Cy5 and zein-

RVG-Dac/Cy5, respectively, for 1 hr. The blue fluorescence indicated the cell nucleus, 

while the red fluorescence indicated the Dac/Cy5, zein-Dac/Cy5, and zein-RVG-Dac/Cy5. 

(B) The red fluorescence intensity of Dac/Cy5, zein-Dac/Cy5, and zein-RVG-Dac/Cy5, 

respectively, at 1 hr in the CLSM images of Figure 3A was analyzed by ImageJ. Data are 

presented as mean ± SD (n = 5); **p < 0.01. (C) The expression of nAChR in U87, C6, 

bEnd3, and Hela cells. Data are presented as mean ± SD (n = 5); *p < 0.05; ***p < 0.001. 

Flow cytometry analysis for the cellular uptake. (D-E) Gating strategy of flow cytometry 

to determine the amount of the drugs and NPs in Figures 3F-I. (F-I) Flow cytometry 

analysis for the cellular uptake of (F) Control, (G) Dac/Cy5, (H) zein/Cy5-Dac, and (I) 

zein/Cy5-RVG-Dac in U87 cells for 1 hr. Data are presented as mean ± SD (n = 5). (J) The 

expression of Bcl-2, P53, caspase-3, and cleaved caspase-3, respectively, in the U87 cells 

after the treatments with  0, 10, 50, and 100 nM of zein-RVG-Dac_NPs, respectively, for 

24 hr. The control sample was treated by PBS. (K) The CLSM images of the U87 cells 

treated with 0, 0.1, and 0.2 µM of zein-RVG-Dac_NPs, respectively, for 24 hr. Hoechst 
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(blue) was used to dye the nuclei of cells, while the caspase-3 showed green fluorescence. 

Scale bar = 50 µm. (L) MTS assay of U87 cells treated with zein-RVG_NPs, pure Dac, 

and zein-RVG-Dac_NPs, respectively, at 37 ◦C for 24 hr. Data are presented as mean ± SD 

(n = 5); ***p < 0.001. (M) Apoptosis assay using flow cytometry. Representative scatter 

plots of annexin V-FITC (x-axis) and propidium iodide (PI) (y-axis). (N) The percentage 

of apoptotic U87 cells treated with PBS, zein-RVG_NPs, pure Dac, and zein-RVG-

Dac_NPs obtained from Figure 3M. Data are presented as mean ± SD (n = 5); **p < 0.01; 

*p < 0.05; ***p < 0.001. (O) In vitro BBB model. (P) The transendothelial electrical 

resistance (TEER) of the in vitro BBB cell monolayer recorded before and after the 

cultivation with Dac/Cy5, zein/Cy5-Dac, and zein/Cy5-RVG-Dac for 4 hr. (Q) CLSM 

images of the in vitro BBB cell monolayer after the cultivation with Dac/Cy5, zein/Cy5-

Dac, and zein/Cy5-RVG-Dac for 4 hr. The yellow dash line indicated the boundary of the 

apical chamber or basolateral chamber. (R) The fluorescence intensity of Figure 3Q 

analyzed by ImageJ. Data are presented as mean ± SD (n = 6); **p < 0.01; ***p < 0.001. 
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Figure 3.6 Gating strategy of the apoptosis analysis using flow cytometry. 

 

Figure 3.7 The internalization of zein/Cy5-RVG-Dac NPs in U87 cells. 
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CLSM images of zein/Cy5-RVG-Dac (red, NPs) and U87 cells stained with (A) Rab5, 

indicating early endosomes, and (B) Rab7, indicating late endosomes. scale bar = 10 μm. 

(C) One straight white dash line was drawn in the cell area of Figure (A) to study the 

colocalization of Rab5 and NPs. The fluorescence intensity of Rab5 (green) and NPs (red), 

respectively, on each point of the white dash line was shown. The distance (in pixels) of 

the X-axis indicated the distance of the point from one end (top left) of the white dash line. 

The overlap of the red and green fluorescence indicated the colocalization of Rab5 and 

NPs. (D) Similar as Figure (C), the fluorescence intensity of Rab7 (green) and NPs (red), 

respectively, on each point of the white dash line in Figure (B) was shown. The overlap of 

the red and green fluorescence indicated the colocalization of Rab7 and NPs. 

 

3.4 In Vivo Studies of Biodistribution and Pharmacokinetics 

The in vivo fluorescence imaging system was used to study the biodistribution and brain-

targeting of the zein-RVG-Dac_NP on the GBM-bearing nude mice. Zein/Cy5-RVG-Dac, 

zein/Cy5-Dac, and Dac/Cy5, respectively, were administered to the mice by intravenous 

injection via tail vein. The biodistribution of the fluorescent NPs was investigated at 24 hr 

after the administrations, and the results were shown in Figure 3.8A. The treatment groups 

in the order of the fluorescence intensity in the brain area from high to low were zein/Cy5-

RVG-Dac, zein/Cy5-Dac, and Dac/Cy5. 

 

24 hr after the administrations, the mice were perfused and sacrificed. The major organs 

were obtained and observed using the fluorescence imaging system (Figure 3.8B). For the 

ex vivo imaging of the brains, the brain tissue of both the zein/Cy5-RVG-Dac and 
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zein/Cy5-Dac groups showed obvious fluorescence, while low or no fluorescence was 

observed in that of the Dac/Cy5 group. The fluorescent intensity of the major organs of the 

different treatment groups was measured and shown in Figure 3.8C. The mean fluorescent 

intensity of the brains was 45.83 ± 3.41, 35.36 ± 5.71, and 3.04 ± 0.82, respectively, after 

the administrations of zein/Cy5-RVG-Dac_NP, zein/Cy5-Dac_NP, Dac/Cy5. The mean 

fluorescence intensity of the brains treated with zein/Cy5-RVG-Dac was significantly 

higher than that of zein/Cy5-Dac, while the mean fluorescence intensity of the brains 

treated with Dac/Cy5 was negligible. The results of Figures 3.8A, B, and C indicated that 

both zein and RVG29 facilitated the in vivo BBB penetration of the NPs, still with RVG29 

being more effective than zein. As shown in Figure 3.8B, among the organs of the heart, 

spleen, kidney, and liver, higher fluorescence was observed in the liver and kidney of the 

zein/Cy5-Dac and the Dac/Cy5 groups than that of the zein/Cy5-RVG-Dac group. It 

indicated that RVG29 conjugation reduced the accumulation of the zein-based NPs in the 

liver and kidney. 

 

The amounts of the nAChR receptor, which facilitated the receptor-mediated transcytosis 

of RVG29, on the cell membranes of various cells were investigated. The expression of 

nAChR in U87, C6, bEnd.3, and Hela cells was measured using ELISA (Figure 3.5C). U87 

cells showed the highest level of nAChR. The bEnd3 cells presented a 130% higher 

expression of the nAChR than that of Hela cells. High expression of nAChR provided 

abundant attachment sites for the receptor-mediated transcytosis of the NPs and facilitated 

both the penetration of BBTB and the targeting to GBM cells. 
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The Dac contents in the major organs at 2 and 24 hr after the administrations, which 

indicated the biodistribution of zein-based NPs, were quantitatively determined using 

HPLC and presented in Figures 3.8D and E. At 2 hr, zein-RVG-Dac_NP had significantly 

higher drug content in the brain than that of zein-Dac_NP and Dac, respectively. There 

was no significant difference between the drug contents of the zein-Dac_NP and Dac 

groups. At 24 hr, there was no significant difference in the drug contents of the zein-RVG-

Dac_NP and zein-Dac_NP groups although they are significantly higher than that of Dac. 

Almost none of Dac was detected in the brain samples of the Dac group at 24 hr. It can be 

concluded that both zein and RVG29 facilitated the BBTB penetration and cellular uptake 

of GBM cells with the latter being more effective than the former. 

 

To fully explore the brain targeting efficacy of zein-RVG-Dac_NP, 20 μm-thick slices of 

the brain tissues of the zein/Cy5-RVG-Dac, zein/Cy5-Dac, and Dac/Cy5 treatment groups 

were prepared and observed using the fluorescence microscope (Figure 3.8F). The 

colocalization analysis inside the tumor region showed that the NPs with the red 

fluorescence were distributed in the tumor region, indicating that the NPs could reach the 

GBM cells. The fluorescence intensity in the tumor regions given by the Cy5 was measured 

(Figure 3.8G). The zein/Cy5-RVG-Dac group exhibited significantly higher red 

fluorescence (2.4-fold) than the zein/Cy5-Dac group, indicating that more zein/Cy5-RVG-

Dac entered the brain tumor than zein/Cy5-Dac. Almost no fluorescence was detected in 

the brains of the Dac/Cy5 group. These results further demonstrated that both zein and 

RVG29 promoted the BBTB penetration and the cellular uptake by the GBM cells, and 

RVG29 was more efficient than zein in such promotion. 
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The in vivo pharmacokinetics of the zein-based NPs were studied using the SD rats. The 

mice were administered with zein-Dac_NP, zein-RVG-Dac_NP, and pure Dac, 

respectively, in the Dac equivalent concentration of 20 mg/kg by intravenous injection via 

the tail vein. At the time points at 0.1, 0.5, 1, 2, 4, 6, 8, 12, 16, and 24 hr, blood samples 

were collected, and the concentrations of Dac were measured using HPLC (Figure 3.8H). 

After the injection, the amount of Dac in the blood of the Dac group decreased rapidly, 

with about 5% left in circulation at 4 hr. However, there were about 18.2% and 15.7% of 

Dac left at 4 hr in the zein-RVG-Dac_NP and zein-Dac_NP groups, respectively. The pure 

Dac was cleared out from the blood circulation at about 8 hr, while it took 12 hr for zein-

Dac_NP and 16 hr for zein-RVG-Dac_NP, respectively, to be cleared from the circulation. 

It indicated that the protective effect of the zein shell of the zein-RVG-Dac_NP and zein-

Dac_NP resulted in a prolonged controlled release of Dac. Also, the RVG29 conjugation 

on the zein shell further increased the retention time of the zein NPs. 
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Figure 3.8 Biodistribution and pharmacokinetics studies of the zein-RVG-Dac_NPs and 

zein-Dac_NPs using the orthotopic GBM mice model.  

(A) In vivo fluorescence images of mice treated with zein/Cy5-RVG-Dac, zein/Cy5-Dac, 

and Dac/Cy5 respectively, for 24 hr. (B) Ex vivo fluorescence images of the major 

organs. Scale bar = 1 cm. (C) The fluorescence intensity of Figure 4B was calculated 

using ImageJ. Data are presented as mean ± SD (n = 5); **p < 0.01; *p < 0.05; ***p 

< 0.001. Dac accumulation in the major organs and blood of the orthotopic GBM mice 

model for 2 hr (D) and 24 hr (E) was quantified by HPLC. Data are presented as mean 

± SD (n = 5); **p < 0.01; *p < 0.05; ***p < 0.001. (F) CSLM images of the slices of 

the brain tumor tissues. Hoechst (blue) was used to dye the nuclei of the GBM cells. 

The yellow arrow and dash line indicated the tumor region. Scale bar = 50 μm. (G) 

The fluorescence intensity of Figure 4F was analyzed by ImageJ. Data are presented 
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as mean ± SD (n = 5); *p < 0.05; ***p < 0.001. (H) In vivo pharmacokinetics of pure 

Dac, zein-Dac_NPs, and zein-RVG-Dac_NPs. 

 

3.5 In Vivo Anti-tumor Efficacy Study Using an Orthotopic GBM Model 

To evaluate the anti-GBM activity, zein-RVG-Dac_NP, zein-Dac_NP, and pure Dac, 

respectively, were administrated to the orthotopic GBM mice model. The mice in the 

control group were administrated with saline. The change of tumor size was recorded using 

the fluorescence imaging system (Figure 3.9A). The relative tumor volume was calculated 

and shown in Figure 3.9B. On Day 20, after 5 times of drug administration, the relative 

tumor volume of the control group and pure Dac group reached 505.19 ± 74.90% and 

389.52 ± 159.37%, respectively. There was no significant difference between the two 

groups. This is probably because ABCG2 at the BBTB impaired the brain penetration of 

Dac, resulting in the hampered intracranial target engagement and thus restricting the 

therapeutic efficacy.100 Zein-RVG-Dac_NP had the best anti-GBM activity among the 

groups, and the relative tumor volume was 14.97% on Day 20. It was observed that the 

tumor volume of zein-RVG-Dac_NP group increased from Day 0 to Day 5 and decreased 

from Day 5 to Day 20. This is because from Day 0 to Day 5, the tumor was still fast 

growing and zein-RVG-Dac_NP slowed down the growth rate of the tumor. However, the 

size of the tumor still increased in the zein-RVG-Dac_NP group from Day 0 to Day 5. 

From Day 5 to Day 20, zein-RVG-Dac_NP continued to suppress the growth of the tumor 

and the tumor size became smaller. The zein-Dac_NP group had a relative tumor volume 

of 164.53% on Day 20. The GBM tumor size was also studied using the H&E staining of 

the brain tissues (Figure 3.10). On Day 20, the tumor size of the zein-RVG-Dac_NP group 
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was the smallest among all of the groups. Since both RVG29 and zein could favor the 

BBTB penetration and the cellular uptake of the GBM, they effectively increased the 

accumulation of NPs at the tumor sites and significantly improved the therapeutic effect.  

The body weight change and the survival time of the mice of different treatment groups 

were also recorded (Figures 3.9C and D). The median survival time of the mice model 

treated with saline, Dac, zein-Dac_NP, and zein-RVG-Dac_NP was 24, 26, 30, and 36 

days, respectively. The survival period of the zein-RVG-Dac_NP treatment group was 

significantly prolonged compared with that of the zein-Dac_NP group (p < 0.05), Dac 

group (p < 0.01), and saline group (p < 0.01). 

 

The brain tumor tissues were stained with Terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL), an apoptosis marker for the quantification of apoptosis, and 

CD31, a hematopoietic function marker for the observation of angiogenesis. The images 

were shown in Figures 3.9E and F, and the fluorescence intensities were calculated and 

shown in Figures 3.9G and H. As shown in Figures 3.9E and G, the amount of the TUNEL-

positive cells, with green fluorescence, in the order from high to low was the zein-RVG-

Dac_NP, zein-Dac_NP, Dac, and control groups. Compared to the other groups, zein-

RVG-Dac_NP induced significantly higher inhibition (19.1 ± 4.8%) on the tumor growth.  

For the images stained with CD31, lower expression of CD31 indicated the fewer 

microvessels and the increased number of the apoptotic tumor endothelial cells. As shown 

in Figures 3.9F and H, the higher amount of red fluorescence, which indicated the higher 

expression of CD31, was observed in the control and pure Dac groups. The zein-Dac_NP 

group showed a notable reduced amount of red fluorescence, and the zein-RVG-Dac_NP 
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group displayed the lowest CD31 expression. These results clearly showed that zein-RVG-

Dac_NP increased the ablation of the blood vessels in the GBM, which could cause the 

apoptosis of the GBM cells.  

 

IHC staining was widely used in the observation of abnormal cells, such as cancer cells.  

In this study, specific molecular makers, including the tumor protein P53, the Bcl-2-

associated X protein (BAX), and the proteinase inhibitor 9 (PI-9), were used to characterize 

the proliferation and apoptosis of the tumor cells. The images were shown in Figure 3.9I, 

and the amount of the expression of P53, BAX, and PI-9 was calculated and shown in 

Figures 3.9J, K, and L, respectively.  

 

P53 plays a vital role in the pathway of the cellular response of the apoptotic cell death and 

was widely used as a marker of cell apoptosis in cancer studies. In Figures 3.9I and J, the 

zein-RVG-Dac_NP group showed an increased expression of P53 compared to the zein-

Dac_NP, Dac, and control groups, indicating that the zein-RVG-Dac_NP group induced 

more cell apoptosis in the brain tumors than the other groups. BAX, another marker of 

apoptosis, also presented increased expression in the zein-RVG-Dac_NP group than the 

other groups (Figure 3.9K). PI-9, an apoptosis inhibitor, presented the highest level of 

expression in the control group, and showed the lowest expression in the zein-RVG-

Dac_NP group (Figure 3.9L). The results consistently concluded that zein-RVG-Dac_NP 

showed better induction of apoptosis of tumor cells than zein-Dac_NP and Dac, which was 

in agreement with the results of the in vitro western blot study (Figure 3.5J). 
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Figure 3.9 In vivo anti-tumor activity study of the zein-RVG-Dac_NPs, zein-Dac_NPs, 

and pure Dac using the orthotopic GBM mice model. 

 (A) In vivo imaging of the brain tumors, (B) the relative tumor volume (n = 12) as reflected 

by the ratio of bioluminescence on a specific day to day zero, (C) the profiles of the change 

of the body weight (n = 12), and (D) the cumulative survival (n = 6) of the U87 MG-Red-

Fluc GBM-bearing mice after the administrations of zein-Dac_NPs, zein-RVG-Dac_NPs, 

and pure Dac, respectively. Data are presented as mean ± SD; **p < 0.01; *p < 0.05; ***p 

< 0.001. (E) TUNEL staining (green) and Hoechst staining (blue), and (F) CD31 staining 
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(red) and DAPI staining (blue) of the brain tumor tissues were analyzed using CLSM. The 

yellow arrow and dash line indicated the tumor region. Scale bar = 100 μm. Mean 

fluorescence intensities of the (G) TUNEL and (H) CD31 staining were calculated. (I) IHC 

analysis of the brain tumor tissues using the molecular makers, P53, BAX, and PI-9. The 

yellow arrow and dash line indicated the tumor region. Scale bar = 100 μm. Mean 

fluorescence intensities of the (J) P53, (K) BAX, and (L) PI-9 in the images were calculated. 

Data are presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001. 

 

 

Figure 3.10 H&E staining of mouse brain sections. 

Yellow arrows indicate the red blood cells in the blood vessels. 
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3.6 Histopathological analysis 

To further assess the potential toxicity of zein-RVG-Dac_NP, the histopathological 

analysis was conducted on the major organs, including the heart, liver, spleen, lung, and 

kidney, collected from the orthotopic GBM model after the treatments (Figure 3.11). The 

organ tissues were sliced before the hematoxylin and eosin (H&E) staining. As shown in 

Figure 3.11, obvious necrosis (labelled by A) and aggregates of inflammatory cells 

(labelled by B) were observed in the kidney of the pure Dac group, indicating that pure 

Dac caused notable kidney damages. In contrast, no pathological inflammation was 

observed in the other groups. These results approved that zein-RVG-Dac_NP had no safety 

problems and no side effects on the major organs as a brain-targeting drug carrier. 

 

The brain sections were stained with H&E to observe the effect of different treatments on 

the integrity of the cerebral blood vessels of the mice (Figure 3.12). Yellow arrows point 

the erythrocytes in the blood vessels. The results showed that the blood vessels of the mice 

in each group were intact, and the blood vessel walls were clear. The morphology of the 

blood vessels in the Dac, zein-Dac_NP, and zein-RVG-Dac_NP groups was consistent 

with that of the control group. There was no erythrocyte extravasation observed in the 

images, indicating that the integrity of the cerebral blood vessels was kept after the 

treatments.101 It concluded that the long-term administrations of NPs would not affect the 

integrity of cerebral blood vessels. 
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Figure 3.11 Histopathological analysis using the orthotopic tumor mice model. 

The major organs, including heart, liver, spleen, lung, and kidney, collected from the mice 

after the treatments with saline, Dac, zein-Dac_NPs and zein-RVG-Dac_NPs, respectively, 

were evaluated by the H&E staining. Scale bar = 100 μm. Label A indicated the necrosis. 

Label B showed the aggregates of inflammatory cells. 
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Figure 3.12 H&E staining of mouse brain sections with the tumors after various 

treatments. 

The tumor regions were marked using yellow dash lines. 

 

3.7 Assessment of the serum biomarkers 

Alkaline phosphatase (ALP), Aspartate transaminase (AST), and Alanine transaminase 

(ALT) were biomarkers of liver function. The increased levels of ALT, AST, and ALP 

were usually caused by the damage or disease of the liver. The level of creatinine (CREA) 

in serum was used as an indicator of kidney function, and an elevated CREA level 

indicated the impaired function or disease of the kidney. The results in Figure 3.13 showed 

that there was no significant difference in the amounts of ALT and ALP among the four 

groups. However, the Dac group showed higher serum CREA and AST levels than the 

other groups, indicating that Dac induced damage of the hepatic cells. The results 

confirmed that the administration of pure Dac could induce acute renal and hepatic 

toxicities. In contrast, the zein based NPs as the brain-targeting drug carriers could 

circumvent the damage to the renal and hepatic tissues and reduced the intrinsic toxicity 

of the Dac. 
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Figure 3.13 The blood biochemistry study was conducted using the orthotopic GBM 

mice model. 

The levels of serum biomarkers in mice were measured after a 20-day treatment. Data are 

presented as mean ± SD (n = 3); *p < 0.05; **p < 0.01. 
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3.8 Summary 

In this study, a novel brain-targeting drug delivery system, zein-RVG-Dac_NP, was 

formed by the conjugation of RVG29 on the surface of the self-assembled zein NPs with 

the encapsulation of Dac. The results of FTIR and NMR confirmed the successful 

conjugation of zein and RVG29 as well as the encapsulation of Dac in the zein-RVG-

Dac_NPs. The in vitro cytotoxicity study revealed that zein-RVG-Dac_NPs had similar 

cytotoxicity to the U87 cells as pure Dac in the Dac equivalent concentration range of 10-

50 nM. Both zein and RVG29 enhanced the cellular uptake of the NPs to U87 cells with 

the latter being more efficient than the former. In the in vivo studies of biodistribution and 

brain targeting, both zein and RVG29 facilitated the BBTB penetration and GBM targeting 

although RVG29 was more efficient than zein in this effect. As a result, a significantly 

higher amount (2.4-fold) of the zein-RVG-Dac_NPs penetrated through the BBTB than 

that of the zein-Dac_NPs, enabling zein-RVG-Dac_NPs to present a better therapeutic 

effect than pure Dac on the orthotopic GBM mice models. In addition, no histopathological 

changes and side effects were detected in the major organs of the mice after the 

administration of the zein-RVG-Dac_NP. In summary, the RVG29-conjugated zein NPs 

are highly potential for drug delivery to the brain to treat brain-related diseases. 

 

 

 

 

 

 

 



76 

Part 2: Conformational Dynamics of SARS-CoV-2 Variant RBDs and 

their Interactions with ACE2: Insights Revealed by Mass Spectrometry 
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Chapter 4. Introduction 

 

4.1 COVID-19 and SARS-CoV-2 

Since its outbreak in Wuhan, China in December 2019, Coronavirus Disease 2019 

(COVID-19) has affected more than 200 countries, and as of 18 October 2021, it has 

caused more than 240 million confirmed infections and more than 4.8 million deaths,102 

rendering substantial social and economic disruption worldwide. Severe Acute Respiratory 

Syndrome Coronavirus 2 (SARS-CoV-2),103 the causative agent of COVID-19, was found 

to show 79% genomic similarity to SARS-CoV, but the high transmission rate under 

weakly symptomatic or even asymptomatic condition of this novel coronavirus sparks the 

global pandemic. The structure of SARS-CoV-2 is similar to those of other members in 

the family Coronavirinae, and contains a 29.9 kb long single strand RNA that encodes four 

structural proteins, i.e., nucleocapsid (N), membrane (M), envelop (E) and spike (S) 

proteins, and a batch of 16 non-structural proteins that are responsible for virus replication 

(Figure 1).103, 104 The viral RNA wrapped by N protein forms the capsid, which is buried 

inside the viral envelop constructed by M and E proteins. The characteristic corona 

appearance of SARS-CoV-2 is attributed to the crown-like S protein linked to the 

outermost surface of the envelop. 

 

4.2 Interaction of S protein with ACE2 

 

4.2.1 Angiotensin-converting enzyme 2 (ACE2) 

As a type I membrane protein, ACE2 is widely expressed in many organs such as the lung, 

pancreas, heart, kidney, and liver. Its main function is the regulation of the level of 
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angiotensin (Ang), which is a potential modifier for vasoconstriction and blood pressure.105 

However, ACE2 mediates cell entry and therefore supports the entry of SARS-CoV-2 into 

the target host cells.106 ACE2 forms a dimer and contains an N-terminal peptidase domain 

(PD) and a C-terminal collectrin-like domain (CLD). The PD domain of ACE2 is regarded 

as a trigger for endocytosis and translocation of both virus and ACE2. The domain involves 

two lobes, between which, the peptide substrate binding sites are formed.107, 108  

 

ACE2 serves as a regulator for the blood pressure and cardiac functions. Besides, due to a 

high expression level of ACE2 on the surface of endothelial cells, which are mainly located 

along the lining of the lung and small intestine, access for SARS-CoV-2 is allowed and 

might exhibit the manifestations of SARS infections.109 As a human receptor, the 

molecular mechanisms of ACE2 were firstly indicated by in vivo models expressing 

SARS-CoV, explaining what often led to lung failure.110 By evaluating the pathologies of 

lungs infected by COVID-19, the activated ACE2 was confirmed to exhibit mitigated 

tissue damage engendering from SARS-CoV-2.111 More recently, genetic differences of 

the expressions of ACE2 have been observed, among Asian males. These genetic 

differences of ACE2 might affect its functions, which could explain the different 

infectivity among the population.112 
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Figure 4.1 Structure of the full-length ACE2-B0AT1 complex.105 

 

4.2.2 Spike protein 

The spike (S) protein is high-density glycosylated and covers the surface of SARS-CoV-

2.113 It exhibits major roles in viral entry, and as a most accessible target, it is responsible 

for the development of virus attachment inhibitors, neutralizing antibodies, and 

vaccines.114 S protein consists of two subunits: the receptor recognition subunit S1 

(residues 14-685), and the transmembrane fusion subunit S2 (residues 686-1273).115 S1 

and S2 subunits are connected by the furin cleavage site. S1 subunit belongs to the C-

terminal domain and contains the receptor binding domain (RBD, residues 333-527), 

which is able to specifically recognize and bind to the host receptor, ACE2.106 On the other 
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hand, the S2 subunit plays crucial functions in mediating the fusion between virus and host 

cells and subsequently providing a cell entry for the S1 subunit.116  

 

As a highly movable trimer protein, the transmission of S protein from the prefusion state 

to the postfusion state is initiated by the targeting cells’ attachment. To understand the 

potential functions of S protein, Cryo-EM is selected to perform the structural details of 

full-length S trimer, at the two states. In both prefusion and postfusion states, the furin 

cleavage site of concerns is located in a disordered loop and exposed to the surface of the 

S trimer. In addition, mild condition alterations using detergents can trigger states 

transmission, suggesting a low kinetic barrier for S1/S2 boundary.117  

 

Figure 4.2 Crystal structure of S protein at prefusion state.115 
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4.2.3 S protein binding to ACE2 

Before entry to the host cells, the S protein occurs as a trimetric in the metastable prefusion 

conformation. RBD can have two conformations at the prefusion state, “up” and “down”, 

the flexible RBD is able to bind the receptor when it is in the “up” conformation.115 Once 

the S1 subunit completes binding to the host cell receptor, the membrane fusion between 

the viral membrane and host membrane is triggered, resulting in the rearrangement of the 

S protein conformation from prefusion state to postfusion state. The changes of 

conformational state provide energy to overcome the kinetic barriers of the membrane 

fusion process caused by repulsive hydration forces.118 In this process, the S2 subunit 

serves as a trigger and driver. In addition, a cellular serine protease, TMPRSS2, cleaves 

the boundary between S1 and S2 subdomain and facilitates the efficient cell entry of S 

protein.119 Furthermore, TMPRSS2 is the first to be clinically identified as a blocker for 

preventing SARS-CoV-2 infection.119   

 

4.3 SARS-CoV-2 variants 

S trimer plays vital functions of viral entry. It has been utilized as a main target for 

antibodies, which means the mutations on S trimer, especially on RBD, may take effects 

on the efficiency of therapeutic strategies and vaccines.120 Therefore, the continuous 

emergence of new SARS-CoV-2 variants has complicated the situation and become a 

challenging issue of the pandemic. Several prevalent variants, including Alpha, Beta, 

Gamma, and Delta variants, are categorized as the Variant of Concern (VOC) by the World 

Health Organization (WHO), which have enhanced transmissibility and infectivity, and 

currently used diagnostic methods, therapeutics and vaccines have reduced effectiveness 
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against these variants.121 Multiple variants such as Zeta and Kappa have been identified as 

the Variants of Interest (VOIs). More recently, a novel variant named Omicron has been 

identified with multiple mutations on S trimer, especially in the RBD region, through 

sequence alignment. Omicron has been approved with the strongest loss of antibodies’ 

potential, therefore is of great attention.122  

 

4.3.1 Alpha 

 

4.3.1.1 Infectious properties and immune performance 

The B.1.1.7 variant, also known as Alpha, was firstly reported in the United Kingdom in 

early December 2020,123 which rapidly spread among European countries and then became 

predominant in America. It involved a mutation in RBD, at position Y501, which presented 

~ 10-fold higher binding affinity to ACE2 than that of N501.124 Besides, increased 

transmission (43%-90%) and higher mortality (~30%-50%)125 rates were estimated using 

various mathematical models.  

 

For neutralization, similar efficiency of Pfizer Cominarty against the variant was observed 

compared to the wild type strain among the individuals who obtained two doses of 

vaccines.126 Bamlanivimab (LY-CoV555) played the functions of blocking the interactions 

between WT SARS-CoV-2 and ACE2, and the binding region was extremely close to the 

site N501. Therefore, to detect the immune potential, the binding affinities of 

Bamlanivimab towards WT and the Alpha variant were measured. Interestingly, WT and 

Alpha were observed to have very similar binding capabilities, which indicated the similar 

immune response of Alpha compared to WT.124 
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4.3.1.2 Structural alteration 

The local structural changes induced by the mutation at N501Y were revealed by MD study, 

and resulted in a weaker connection of E498 (a residue close to N501Y) with N38 and Y41 

of ACE2.127 The mutation also led to conformational alterations, the Cryo-EM structure 

introduced a new π–π stacking formation between Y501 and Y41 of ACE2, provided a 

more stable structure of SARS-CoV-2-ACE2-complex.128, 129 The conformational changes 

strongly supported the increased binding affinity between the Alpha variant and ACE2. 

 

4.3.2 Beta 

 

4.3.2.1 Infectious properties and immune performance 

The B.1.351 variant was named Beta and initially discovered in South Africa on December 

18, 2020, slightly later than the B.1.1.7 variant.123 The genomic and epidemiological data 

indicated that the emergence of this variant caused a rapid increase in the number of 

infections.130 Several studies demonstrated the possible immune escape of this variant, 

which contained three mutations in RBD, respectively K417N, E484K, and N501Y. 

 

The neutralizing activities of convalescent plasma from the early infected individuals 

showed a remarkable reduction against the Beta variant, and it presented resistant 

properties against the major monoclonal antibodies (mAbs) targeting RBD.131 Another 

study indicated that E484K and K417N contributed to the immune escape, allowing 

B.1.351 to completely escape from three classes of the applicated antibodies.132  
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4.3.2.2 Structural alteration 

Recently, MD simulations showed the most significant structural changes in the Beta 

variant, which involved the formation of several new hydrogen bonds. The RBD loop 

segment containing K484 exhibited higher flexibility, resulted in a more stable RBD-

ACE2 complex.133 Similar MD simulations were conducted and showed the formation of 

a new salt bridge and other interactions, possibly due to the increase of positive charge in 

E484K mutation.134 Additionally, MD simulations and Principal Component Analysis 

(PCA) confirmed the highest degree of structural changes were observed through the triple 

combination mutations of K417N, E484K, and N501Y, compared to the single/dual 

mutations.135 Another in silico study demonstrated that Beta RBD interactional region was 

quite flexible, while the complex of RBD-ACE2 was more stable with strong binding, 

which could be explained by the increased number and strength of hydrogen bonds. In 

conclusion, the Beta variant displayed a more suitable conformation for molecular 

interactions with ACE2, which might be correlated with its higher infectivity and 

transmission, compared to that of WT strain.136 

 

4.3.3 Zeta 

 

4.3.3.1 Infectious properties and immune performance 

The variants of P.1 and P.2 (Zeta) both initially spread among Brazil, P.1 lineage contained 

three mutations in RBD, but Zeta only involved a single mutation at position E484K. For 

E484K mutation, due to the possible evasion from monoclonal and neutralizing antibodies, 

it has attracted the great attention of researchers. For binding affinity, the experimental 

results presented a minor difference of 1.6 fold reduction (11 nM) compared to that of wild 
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type RBD (7 nM).137 A study indicated that the slightly increased binding affinity E484K 

might correlate to higher transmissibility .138  

 

The Zeta variant is generally regarded as a variant that could dramatically reduce the 

efficiency of vaccines and antibodies.139 The study demonstrated that the neutralization 

sensitivities of the Zeta variant against two widely used mRNA vaccines, BNT162b2 and 

mRNA-1273, were significantly decreased by 2.9-5.8 fold.120 Similar negative impact has 

been observed for the utilization of several class I antibodies, which led to decreased or 

completely nullified neutralizing functions.140 Besides, less sensitivity to neutralization of 

E484K was visualized for convalescent human sera.141 

 

4.3.3.2 Structural alteration 

To explore the internal connection between S (E484K)-ACE2 binding affinity and viral 

spread, MD simulations were conducted. Since a change from Glu to Lys means a change 

from a negatively charged side chain to a positive one, the mutation permitted a new 

transient contact ion-pair interface with E75 of ACE2.135 The conformational changes 

showed the slight conformational changes of the Beta variant, upon binding to ACE2. 

 

4.3.4 Kappa 

 

4.3.4.1 Infectious properties and immune performance 

The sudden emergence of the variant in India was rapidly spread with a higher prevalence 

and stronger transmission. The lineage B.1.617.1 (Kappa) contained double mutations in 

RBD, respectively were E484Q and L452R. In which, E484Q shows similar immune 
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escape ability as E484K.142 In vitro experiments demonstrated an increment in infectivity 

of L452R mutation, slightly lower than that of N501Y mutation, in pseudovirus infection. 

A 4-fold decrease in neutralization antibodies of convalescent plasma was reported in the 

study.143 Another study also indicated the mutation L452R leads to significant increase in 

the binding affinity where the KD value was 1.20 ± 0.06 nM. In addition, similar in vitro 

results confirmed a higher infectivity in pseudovirus infection and stronger viral 

replication capacity.144 It was reported that the mutation of L452R close to the RBD 

“receptor binding ridge” was much easier to leading the immune escape against mAbs LY-

CoV555 and its related cocktail product, LY-CoV016. For bamlanivimab, FDA confirmed 

that the L452R could reduce bamlanivimab neutralization for over 1000-fold.145  

 

4.3.4.2 Structural alteration 

The computational simulations help to understand the interactions between the Kappa 

RBD and ACE2 and indicated a stronger binding affinity and three newly formed hydrogen 

bonds of L452R and E484Q.146 The position 452 was in a hydrophobic patch of RBD, 

L452R mutation promoted the interaction between S trimer and ACE2, and then enhanced 

the infectivity. Another MD simulations showed that E484Q disrupted the initial salt 

bridge between E484 and K31 of ACE2 and increased the stability of S trimer at the same 

time.147 These newly formed connections supported the more rigid conformation for the 

Kappa-ACE2 complex. 
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4.3.5 Delta 

The emergence of the Delta variant (lineage B.1.617.2) closely followed the Kappa variant, 

at the end of 2020, and then spread across India. The Delta variant shared a common 

mutation at L452R with Kappa, with an additional mutation at T478K of RBD. The 

prevalence of the Delta variant rapidly overcame the previous predominant variants of 

Kappa and Alpha.148  

 

4.3.5.1 Infectious properties and immune performance 

At the first emergence of the Delta variant, a study summarizing five studies gave an 

estimated mean reproductive statistic of 5.08, and therefore predicted a possible 

continuous epidemic.149 It was reported that the Delta variant displayed higher replication 

and exceptional viral mediated entry capabilities, which may explain the prominence of 

Delta. Besides, as seen in infected patients, the Delta variant was observed with lower 

vaccine efficiency and remarkably reduced antibody responses.150 The Delta variant was 

also proved to have higher infectivity for the early stage of infectious patients. Surprisingly, 

the PCR-testing of the infected patients demonstrated a 1000-fold stronger positive result 

compared to the previous variants, indicating a considerably increased viral replication 

with this variant.151 There was a study that also investigated the transmission of the Delta 

variant and suggested an improved capability of membrane fusion for the S trimer 

compared to the other variants, facilitating interactions with human receptors even at a low 

ACE2 level.152 Another study revealed a 1.5-fold higher transmission and 20% reduction 

of immune potential, together with 27% reinfections of the Delta variant, resulted in the 

rapid spread of this variant.153 
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Infections of the Delta variant were identified in the population who has been fully 

vaccinated, raising the concern for the immune escape potential of the variant. In the 

vaccinated population, the individuals diagnosed with positive PCR results for SARS-

CoV-2 had significantly higher antibody levels than the ones with negative results. The 

findings suggested an enhanced antibody response in the vaccinated population who has 

been infected by the Delta variant, indicating a large-scale improvement of population 

immunity via extensive vaccination and developed infections.154 A clinical study was 

conducted for evaluating the vaccine breakthrough cases of Delta, where six Delta infected 

patients with full vaccination supported the possibility of immune escape.155  

 

4.3.5.2 Structural alteration 

The Cryo-EM structures of the Delta S trimer containing RBDs at various states were 

visualized without major structural alterations. To study the structural response of the Delta 

variant, the S trimer of the Delta variant was superposed onto the conformation of D614G, 

followed by the alignment of the S2 subunit. The results identified the differences in N-

terminal domain (NTD) involving five mutations, which rearranged to give a loop 

(fragments 173-187) and substantially affected the antigenic surface of the S2 subunit. This 

structural rearrangement mainly changed the antigenic surface close to NTD, which 

supported the possible loss of functions and neutralizations of antibodies targeting NTD.152 

The interactions between the Delta RBD and ACE2 were explored by MD simulations, 

which exhibited a β-loop-β alteration (fragments 472-490) within the RBD. Compared to 

other strains such as WT, Alpha, and Beta, the loop of Delta with T478K mutation 

exhibited lower flexibility, which might be mainly owing to the changes of a disulfide 
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bond that resulted in different conformations towards various directions with increased 

stability.156 Another study indicated that the Delta variant involved the more flexible loop 

containing a mutation at T478K  and therefore enhanced the interactions with ACE2, by 

identifying the Cryo-EM structure of the Delta S trimer.157  

 

 

Figure 4.3 The structure alignment between Delta RBD-ACE-complex and WT RBD-

ACE2-complex (PDB ID:6M0J). 

Newly formed hydrogen bonds were shown as the red dotted lines.157 

 

 

4.3.6 Omicron 

23 months after the first detection of SARS-CoV-2 a new variant emerged. This variant of 

concern was named Omicron and rapidly spread among the world, overcoming the 

previous predominant variant Delta.158 So far, the Omicron variant with several 
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sublineages was the most heavily mutated variant (including 15 mutations within RBD for 

BA.2) showing large-scale conformational changes,159 and therefore led to a new 

consideration of natural immune escape.160  

 

4.3.6.1 Infectious properties and immune performance 

In silico study was used for evaluating the binding affinity of the Omicron variant towards 

ACE2 compared to that of WT and the Delta strains. Compared to the Delta variant, the 

Omicron variant comprised more hydrophobic amino acids (Phe and Leu) in the core of 

RBD, which help to create a more stable structure.161 Another study also demonstrated that 

the environmental endurance of Omicron might also improve due to the increased stability, 

leading to increased infectivity,162 even though the Surface plasmon resonance (SPR) assay 

displayed a similar binding affinity for Omicron S protein towards ACE2 as that of Beta, 

Delta, and D614 strains. In vitro experiments were conducted for testing the infectivity of 

the Omicron variant, which exhibited enhanced infectivity of about 10-fold for S-mediated 

viral entry compared to the Beta and Gamma variants.163 Another study indicated different 

findings, which observed a lower entry efficiency together with reduced cleavage 

capability for Omicron. These findings may explain the reduced accumulation of virus in 

the lung in in vitro and ex vivo models, resulting in less severe symptoms of the Omicron 

variant.164  

 

Nowadays, the heavily mutated Omicron variant has been confirmed to have immune 

escape potential. A study reported a significant reduction of the antibodies level in the 

convalescent sera for the patients infected with previous strains. These findings strongly 
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supported the reduced immune properties against the Omicron variant for the full-

vaccinated people and previous infectious ones.163 Several studies repeatedly demonstrated 

the comprehensive reduction of immune responses against the Omicron variant. In the 

study, two types of T cells (CD8+ and CD4+) obtained from the individuals who received 

BNT162b2 and Ad26.COV2.S vaccines were selected for testing the immune strength. 

The results were consistent with previous conclusions, but it also suggested CD8+ T cells 

have cellular immunity roles for the protection against severe SARS-CoV-2 diseases, 

which further explained the importance of increasing the vaccination rate among the 

population.165 

 

4.3.6.2 Structural alteration 

Recently, the structural details of the Omicron S trimer in free state and Omicron RBD-

ACE2 complex were displayed. The X-ray crystallography and Cryo-EM structure 

indicated that the mutations of the Omicron variant led to the significant interaction 

differences upon ACE2 interaction, mainly caused by the charge reversal. A study 

investigated the structure of S trimer, which indicated a compact arrangement of three S2 

subunits, resulting in a highly stable structure. At the prefusion state, enhanced internal 

contacts of S1-S1 and S2-S2 subunits were observed, possibly due to the localized shift of 

internal subunit interfaces, explanative of the improved tolerance and lower plasticity of 

the Omicron variant.162 Upon binding to ACE2, the Omicron RBD displayed a preliminary 

scale of positive district possibly contributed by the mutations of T478K, Q493R, and 

Q498R. Q493R and Q498R could attract a negative region containing E35 and D38 of 

hACE2 and enhance the hydrogen bonds, therefore improving the binding affinity.166 
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Another cryo-EM study also revealed the structural information of Omicron RBD-ACE2 

complex, which indicated a newly formed interaction between N477 and S19/Q24 of 

ACE2 not seen with the WT RBD. Besides the external connections with ACE2, the 

mutations of S371L, S373P, and S375F within a loop located in the core of the Omicron 

RBD reduced the main-chain connection.166, 167 The conformational studies revealed the 

most significant conformational changes of binding interfaces between the Omicron 

variant and ACE2.  

 

 

Figure 4.4 (A) Crystal structure of Omicron RBD-ACE2-complex. 

(B) Magnified view presenting the interactions between Omicron RBD and ACE2. (C) 

Magnified view presenting the interactions between WT RBD and ACE2.168 

 

4.4 Methodologies for revealing the proteins interactions  
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4.4.1 X-ray crystallography 

X-ray crystallography has become a powerful strategy to provide structural interaction 

details of proteins and macromolecules. Under x-ray beam exposure, diffraction patterns 

of the highly concentrated crystallized samples are measured to calculate the electron 

density of the structure. The structure model can then be deduced via optimization of the 

three dimension (3D) map.169 

 

The X-ray crystallography structure experiment for revealing the details of interfaces 

between SARS-CoV-2 RBD and ACE2 was first performed in Mar 2020. Following the 

process of SARS-CoV-ACE2 complex crystallization, a study determined the structure of 

SARS-CoV-2-ACE2 complex to 2.68 Å. Compared to SARS-CoV, SARS-CoV-2 created 

a larger attachable interface with ACE2, mainly contributed from the loops interactions 

with ACE2 ridge with a disulfide bond, resulting in a notable conformational alteration. 

With a main chain hydrogen bond addition between N487 and A475, the loop became 

closer to its receptor.170  

 

In recent months, several structural studies showed the information for viral interactions 

with its receptor, which further revealed the conformational alterations of SARS-CoV-2 at 

atomic level. However, the difficult sample preparation process still limited the usage of 

X-ray crystallography. 

 



94 

4.4.2 Electron cryo-microscopy (Cryo-EM) 

The development of Cryo-EM also facilitated structural determination by providing more 

structural details. The major benefit of Cryo-EM over X-ray crystallography is the 

structure could be visualized via thin film compared to crystallizing proteins. The rapid 

development of cryo-EM technology may provide a strong structural basis for evaluating 

protein interactions and antibodies responses.171 

 

Multiple comparative experiments have been conducted for indicating the potential targets 

for special antibodies designation and highlighting the special viral features of SARS-

CoV-2, such as the overall structure similarities among SARS-CoV, MERS-CoV, and 

SARS-CoV-2. From Cryo-EM structures, an inherently flexible RBD has been identified 

all three viruses, supporting viral entry. A study emphasized the vital regions of SARS-

CoV-2 RBD including T470-T478 loop and point residue Y505, which displayed 

remarkable characteristics for binding to ACE2.172-174 In addition, the crucial functions of 

S2 subunit accompanied with glycans were explored. Critically, researchers found that due 

to the ability of glycans to prevent the accessible surface of state transition, they might 

protect the S2 subunit from the recognition of antibodies. The glycans also played 

functions in facilitating membrane fusion steps.175 Besides the crystal structure of S protein 

at prefusion and postfusion state, the overall Cryo-EM structure also revealed an 

intermedium state. These findings helped to understand mRNA replication circles of 

CoV.176  
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Cryo-EM can also be utilized for detecting the immune potential of mAbs, especially the 

neutralizing sensitivity for the continuous evolution of variants. The Beta and Gamma 

variants containing point mutation at E484 were generally regarded as having notable 

immune escape properties. However, the Cryo-EM structures exhibited different immune 

responses between the Beta and Gamma variants, mainly caused by the NTD mutations, 

in which the Gamma variant displayed higher immune sensitivities.177 More recently, 

structures of several antibodies interfaces with the Omicron variant were displayed via 

Cryo-EM. Due to multiple mutations within the RBD of the Omicron variant, the mAbs 

directly targeting RBD demonstrated significant escape ability.178 

 

Taken together, Cryo-EM structures can display the effects of extended mutations on viral 

conformations and mAbs activities. However, Cryo-EM with the size limitation of proteins 

could only show the static structure of SARS-CoV-2 and its binding complexes, the in-

solution conformation was still unrevealed.  

 

4.4.3 Kinetics and thermodynamics 

Studying binding kinetics of viral glycoproteins may provide insights for understanding 

the infectivity and spread of viruses. Several strategies have been applied for evaluating 

the binding affinity between SARS-CoV-2 S/RBD and ACE2. The binding process 

between proteins is a rate limiting step. Smoluchowski equation179 firstly proposed the 

reactive collision rate between two systematic spherical particles in solution. Surface 

plasmon resonance (SPR), Bio-layer interferometry (BLI), and Enzyme-linked 



96 

immunosorbent assay (ELISA) are the most general methodologies permitting precise 

binding kinetics.  

 

As SARS-CoV-2 continuously evolved, the behaviors of emerging strains have been 

investigated. Specifically, a study quantified the impact of existing single/combined 

mutations within RBD among Alpha, Beta, and Gamma, and general mutated ACE2, on 

binding kinetics. To simulate the physiological conditions, the experiments in this study 

were conducted at 37°C. The kinetic and equilibrium constants were correlated with pH 

and temperature. The results indicated that, most mutations performed higher binding 

affinity with ACE2 except for the point mutation at K417N. Furthermore, S477N (within 

the Omicron variant) and N501Y in several VOCs not only contributed to higher binding 

but also to improved transmission.180 Another study selecting BLI built a 1:1 molar ratio 

binding model at pH 7.4, and the results also demonstrated reduced binding kinetics for 

the mutation K417N, while the other mutations such as E484K displayed a minimal effect 

on the binding properties.181 To investigate the binding affinity to ACE2 of more recent 

variants, data for WT, Delta and Omicron variants were compared. According to ELISA 

results, Delta displayed the highest affinity, while much weaker binding was observed for 

Omicron.182 Another study mentioned the point mutation S477N within Omicron induced 

a 37-fold increment for binding affinity to ACE2. Combined with the other mutations such 

as Q498R and N501Y that causes tighter binding, the targeting capability of the Omicron 

variant towards ACE2 is retained.167  
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In summary, with the natural evolution of variants, the point mutations located inside RBD 

could increase or decrease the viral fitness for survival. For the combined mutations, the 

variants maintained binding potential with ACE2, which was beneficial for viral spread. 

Revealing the binding kinetics would be helpful for providing an explanation for the 

rebalance of viral attachment with ACE2. 

 

4.4.4 Molecular dynamics (MD) simulation  

The computer simulations are useful for displaying protein interactions at the atomic level, 

especially emphasizing the effect of single amino acid on protein structure. MD simulation 

can reveal the direct and indirect interfaces between proteins such as charge influences, 

which are invisible from the crystal structures. The single residue within “hot spots” can 

be altered and then predict its possible causes for the change in binding affinity, which 

would be an advanced means for predicting the development of mutations. 

 

As a mutation firstly presented a rapid spread in the population, the complex model of the 

Alpha RBD-ACE2 was built and used for determining its molecular mechanism. The 

complex arrangement for environmental transformation was accomplished during 185-ns 

MD simulation. WT RBD binding complex indicated the interfaces containing fragment 

A475-N487 and external hydrogen bonds at the residue N501. While Alpha RBD increased 

a π stacking interaction with ACE2, which was consistent with the x-ray structure.183 

Another study described an extremely flexible loop, which comprised three naturally 

emerged mutations T478I, S477N, and V483A, at unbound state. This loop was undetected 

from several Cryo-EM structures, suggesting higher bioactivity and conformational 
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dynamics. Therefore, building the whole structural models with the loop demonstrated the 

significant impacts on current and ongoing mutations.184 

 

To detect the binding profiles towards ACE2, a recent study compared the interactions of 

WT, the Delta, and Omicron RBD with ACE2. MD simulation described slight changes 

caused mostly by point mutations inside RBD, while mainly displaying the effects on their 

binding with mAbs. The mutation at L452R indirectly enhanced a hydrogen bond at Q493, 

and further stabilized the side chain of RBD. As a heavily mutated variant, Omicron was 

observed with two additional salt bridges with ACE2, which also emphasized the special 

binding functions of Q493R.185 Besides evaluating the properties of the existing variants, 

MD study was utilized for prediction of possible functions of mutations, which might be 

helpful for epidemic prevention.186 

 

4.5 Hydrogen/deuterium exchange mass spectrometry (HDX-MS) 

 

4.5.1 Development of HDX 

HDX is a well-developed strategy with significant benefits for detecting the 

conformational dynamics and protein interactions. This methodology focused on isotopic 

labeling could be traced to the study of Linderstrøm-Lang in the 1950s.187 With the 

recognition of protein secondary structure as α-helix and β-sheet, HDX was initially used 

for testing the kinetics of proteins188 and their inner hydrogen interactions.189 In the early 

days of HDX development, it was combined with nuclear magnetic resonance (NMR), as 

a detecto.190 Since the late 1980s, as methodologies for obtention ionization, Matrix 

Assisted Laser Desorption/Ionization (MALDI) and Electrospray Ionization (ESI) were 
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selected and cooperated with LC separations and pH adjustment for quenching.191, 192 Due 

to the leading contribution, these two methodologies making outstanding macromolecular 

detection possible were awarded for Nobel Prize in 2002. The LC-MS-based strategy has 

the most significant advances superior to NMR for achieving HDX measurement, 

gradually became a useful mean for structural biological studies. HDX is able to break the 

limitations of cryo-EM size constraints, although unable to perform atomic resolution. It 

can also provide conformational dynamic details, which is a dramatic improvement 

compared to the classic X-ray crystallography strategy, especially for the utilization in 

protein studies.  

 

4.5.2 HDX conception 

The exchange of amide backbone within protein is directly correlated with the structural 

dynamics, which can be further studied for revealing the effects on biological functions of 

proteins.193 All the sites containing the labile hydrogens are possible for exchange to occur, 

however,  HDX mainly focuses on recording the exchange of -NH located in the peptide 

backbone due to the uniform distribution and hydrogen bonds formation. Besides, the 

quenching process with pH variation can be rapidly accomplished at different time points 

of exchange for the amide backbones.194 
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Figure 4.5 Presenting the hydrogen types. Hydrogens at amide backbones were labeled 

in cyan and side chain hydrogens as grapefruit color.195 

 

Multiple parameters determine the exchange rate of HDX, such as pH, temperature, and 

the polarity of samples. The definition of pHmin is the lowest deuterium exchange with 

similar acid- and base-catalyzed rate, at the range of 2.5-3. Both the pH increment and 

decrement contributed to a higher exchange rate. Another vital factor affecting exchange 

is temperature, which is positively related to the exchange rate. Compared to 0 °C, about 

14-fold increment in exchange is observed, at 25 °C. 
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Figure 4.6 Factors affecting the exchange rate of (a) pH and (b) temperature.195 
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Linderstrøm-Lang had developed the HDX model with proposal of two steps for achieving 

exchange. Two states of amides were indicated, as -NH (close) state of solvent 

inaccessibility and exchange attainable at -NH (open) state, respectively. However, the 

proteins with high bioactivity can lead to the structural unfolding and therefore resulting 

in the state transformation between -NH (close) and -NH (open) state. The HDX kinetics 

were displayed as following: 

 

Kop and Kcl are responsible for the rate constants at opened and closed states, while Kch is 

the intrinsic exchanging rate. The exchange equation was proposed as following: 

 

 

The observed exchange rate is mainly determined by the rate of proteins back to the closed 

state. With the kinetic limitations, there are two kinetics, EX1 and EX2. EX1 displays two 

recognizable mass sections for peak distribution, while EX2 displays a steady increment 

in mass. EX2 is preferable and more commonly used for observing the exchanges under 

natural conditions, but in contrast EX1 involves in less frequent envelopes.196 The two 

distinct steps in HDX are widely accepted for investigating the conformational dynamics 

of proteins. 
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Figure 4.7 The performances of two different kinetic limits, EX1 and EX2.197 

 

4.5.3 HDX workflow 

 

4.5.3.1 HDX-MS 

Various workflows would be applied depending on the different protein types and 

monitoring detectors but ultimately HDX-MS employs the same sample preparation 

process. After protein expression and purification, the highly pure protein samples undergo 

labeling. Deuterium labeling is conducted by diluting protein samples in 10-fold deuterium 

buffer, resulting in isotopic exchange of hydrogens located on the proteins. Subsequently, 

adjusting the final pH to 2.5 is accomplished by adding a quenching buffer which mainly 

consists of acid, while denatured ingredients can be added. The quenched samples can be 

injected into MS for studying the local HDX (online digestion) or can be digested by 

various enzymes before MS detection. These two methods are referred to as global (protein 

detection) and local HDX (peptide detection) respectively (Figure 4.8). Ultra-performance 

liquid chromatography (UPLC) separation can be added before MS detection, with the 

desalting process via trap column and then performing separation via C4 or C18 column. 
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As MS detectors, time-of-flight (TOF) and orbitrap are the most general instruments for 

analyzing. 

 

 

Figure 4. 8 The workflow of global/local HDX-MS.195 

 

4.5.3.2 Mass spectrometry 

To achieve high-resolution detection, ESI (including nano-ESI) and MALDI are ionization 

techniques mainly used for achieving soft ionization. Besides, ion mobility (IM) enables 

full recognition of the isotopically labeled peptides using size separation, and therefore is 

often combined and utilized with MS detector. First developed by Waters, it could 

dramatically improve the separation efficiency while allowing real-time observation, 

which is especially useful for structural studies .198, 199 Another methodology providing 

less back exchanges for peptides separation was capillary electrophoresis (CE), which 

isolate peptides by charges and size. Recently, a study demonstrated a more rapid approach 

with high digestion efficiency of bovine hemoglobin using CE-ESI compared to UPLC 

platform. Therefore, CE based separation might achieve a higher deuterated level and more 

reliable results with the decreased back exchange due to the faster process.200 

 



105 

4.5.3.3 Deuterium labeling 

There are two labeling approaches named on exchange and off exchange. On-exchange is 

a straightforward and more widely accepted strategy for labeling within the chosen 

timeframe. In contrast, off-exchange is a less frequently selected method, which records 

the reduced mass for the fully deuterated proteins or peptides in the H2O buffer.201, 202 

 

It was worth to mention that, depending on the different purposes of studies, pulse labelling 

could be utilized in HDX. It is used for recording the folding transition and inter-medium 

state of proteins, while continuous labelling reveals the conformational dynamics of the 

same proteins at various states.203 Continuous labelling follows classic workflow with 

different labelling periods and quenching at pH 2.5/0 °C.201 However, pulse labelling 

exhibits at the fixed period starting from deuterium labelling, therefore, each time scale 

with unique conformation is attributed for exploring the folding mechanisms of proteins.204  

 

4.5.3.4 Bottom-up and top-down 

The fragmentation process of local HDX for the labelled proteins can be classified into 

bottom-up proteolytic digestion and top-down gas-phase formation. Bottom-up with 

online/offline proteolytic digestion is a well-developed and widely used method compared 

to the top-down method. In this step, pepsin is the predominant choice due to its acid-stable 

properties and extraordinary performance at 0 °C.205 In addition, protease XIII designed as 

dual functional proteases together with pepsin is observed to have well sequence coverage, 

resulting in a better digested performance for online digestion.206 Online digestion 
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following LC separation and MS recording can be accomplished via a lower sample dosage 

but carryover can be a problem of concern.207 

 

 

Figure 4.9 The workflow of bottom-up and top-down methods.195 

 

4.5.3.5 Data analysis 

With the development of computational technologies, data analysis as a vital section for 

HDX study is currently trending towards automated systems. Nonetheless, the manual data 

analysis process remains critical for verification the misrecognition by software 

processing.208, 209 At the beginning of data analysis, the digested peptide list should be 

identified, depending on the software verification, such as ExPASy and FindPept. These 

software could provide a peptide list with MS/MS sequencing as supporting materials, for 

further targeting peptides analysis.210, 211 With the peptides list, the deuterium uptake level 

for each obtained peptide could then be recorded and calculated by many software (e.g. 

DynamX, HDX Workbench, HDExaminer, etc.) With the relative deuterium uptake for 
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peptides at different states, it could be conducted for data interpretation, and therefore 

deduced several novel findings.212 

 

4.5.3.6 Limitations and opportunities 

HDX-MS is a powerful technique that is able to reveal important information on the in-

solution conformational dynamics of proteins. This technique shows several advantages 

over conventional techniques for studying protein structures, e.g., X-ray crystallography 

and NMR, including less limitation in protein size, higher tolerance to sample purities, 

requiring only a minimal amount of samples and eliminating the labor-intensive quality 

protein crystal preparation.213 Obviously, software development has revolutionized and 

changed the utilization of HDX-MS, resulting in a more reliable and rapid methodology 

for data processing and further creating advancements for the acquisition of more 

conformational information.  

 

There remain several shortcomings of concern: 1) LC separation may lead to retention for 

minutes of several peptides and then cause back exchange.214 2) Due to the acid tolerance 

limitations, few proteases can perform regular digested functions. The proteases display 

weak digested capacity for proteins with several disulfide bonds, which is still a great 

challenge for HDX.215 3) The analysis of hydrophobic membrane proteins is another 

considerable challenge.216  
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4.6 Objectives 

Currently, the whole world is still suffering from COVID-19, with the impact wave of the 

pandemic coming one after another. The numbers of infected and dead people continue to 

surge, causing great economic loss to the world and dramatic changes to our living styles. 

Even though vaccination has been commonly applied, there are still many uncertainties, 

and it has been proposed that SARS-CoV-2, the causative agent of COVID-19, may co-

exist with humans for the long term. More seriously, the evolution of SARS-CoV-2 has 

led to the emergence of various variants, and some of the variants were found to have the 

properties such as higher transmission and infectivity, as well as immune escape from the 

vaccines. To combat the pandemic and develop the drugs and vaccines, it is necessary to 

have a good understanding of the molecular mechanism of evolutionary properties of the 

SARS-CoV-2 variants, which is still lacking now.  

 

In this project, we focused on the key elements and steps of SARS-CoV-2 infection, i.e., 

SARS-CoV-2 RBD and its interaction with the host receptor ACE2, and used 

hydrogen/deuterium exchange mass spectrometry (HDX-MS) to provide unique 

information about the effects of SARS-CoV-2 variants on conformational dynamics of 

RBSs and their interaction with ACE2. The outcomes of this project will allow us to obtain 

insights into the molecular mechanism of SARS-CoV-2 variant infection, understand the 

relation of the conformational dynamics changes with the evolutionary properties (e.g., 

transmission and infectivity) of SARS-CoV-2 variants, and provide valuable information 

for the design of drugs and vaccines against SARS-CoV-2 variants. 
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Chapter 5. Materials and Methods 

 

5.1 Protein preparation and characterization 

RBD and its variants were expressed according to the literature.105, 217 The same length 

(residues 319-591, GenBank: P0DTC2) of wild type (WT), the Alpha, Beta, Zeta, Kappa, 

and Delta RBD were expressed with HEK293 cells, and Omicron (residues 319-541, 

GenBank: P0DTC2) was expressed by HEK293 cells. The mutations within various RBDs 

were described in Table 6.1. The recombinant proteins contained his & avi tag and 

Omicron with his tags at the C-terminus. The expression system of human ACE2 

(fragments Gln18-Ser740, GenBank: Q9BYF1) was expressed by using CHO cell line. All 

the proteins were obtained from Genscript (Singapore). 

 

5.2 Protein characterization 

After expression, all proteins were purified with sodium dodecyl-sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) certification, and then transferred into phosphate-

buffered saline for maintaining similar pH at 7.4 as human body condition. The 

concentration of samples was determined by using Bradford Protein Assay, in which BSA 

played a function as standard. The purification was assessed by SDS-PAGE, supporting 

for over 95% purity.218 WT RBD and its variants at 1 μg/mL were certified with a high 

binding activity with ACE2, which was tested by enzyme-linked immunosorbent assay 

(ELISA).219 All the proteins were obtained from Genscript (Singapore). 
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Figure 5.1 The purification of RBDs. 

The purification was certified as > 95% of (a) the WT RBD; (b) the Alpha RBD; (c) the 

Beta RBD; (d) the Zeta RBD; (e) the Kappa RBD; (f) the Delta RBD; (g) the Omicron 

RBD; and (h) ACE2, via SDS-PAGE. 
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Figure 5.2 Binding potential analysis of RBDs. 
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Binding potential analysis of (a) WT RBD; (b) the Alpha RBD; (c) the Beta RBD; (d) the 

Zeta RBD; (e) the Kappa RBD; (f) the Delta RBD; and (g) the Omicron RBD, with ACE2. 

 

5.3 HDX-MS 

5.3.1 HDX 

The acquisition of RBDs-ACE2-complex was conducted, seven RBDs with various 

concentrations respectively were diluted to 15 μM, followed by gentle mixing with ACE2 

at molar ratio of 1:1, for each RBD. On the basis of kD value (0.566-31.4 nM) and the 

samples’ concentration, the RBD-ACE2-complexes were calculated with more than 90% 

binding efficacy. RBDs and ACE2 were cultured in PBS (pH 7.4) at room temperature for 

30 min with 500 rpm. Deuterium exchange was performed at room temperature, 45 μL of 

labelling (PBS buffer in D2O, pD 7.4) was added into 5 μL of proteins. The protein samples 

of ACE2, RBDs, and RBD-ACE2-complex, respectively, were diluted by using deuterated 

PBS buffer for 1, 10, and 60 min. Control samples were prepared by dilution with normal 

PBS buffer. After exchange for selecting periods, reactions were quenched by 10 μL of 

prechilled 1.5 M GnHCl and 3.2% formic acid, resulting in the pH value around 2.5 and 

temperature at 0 °C. The obtained solution was then incubated 1 min for better protein 

denaturing, followed by LC-MS analysis. 

 

5.3.2 LC-Mass Spectrometry 

The quenched solution (50 μL, 30 pmol) was injected into a Waters nanoACQUITY UPLC 

combined to a Synapt G2-Si QTOF mass spectrometer system, manipulating the positive 
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ion and resolution mode with mass range of 50-2000 Da, at 0 ℃. The syringed samples 

were undergone online pepsin digestion (Waters BEH pepsin column, 300Å, 5 µm, 2.1 

mm x 30 mm). The desalted processing (Waters BEH C18 trap column, 130 Å, 5 µm, 300 

µm × 50 mm) was applied for better MS signal, flowing with 0.1% formic acid for 3 min 

at 100 μL/min. Then, the digested peptides were eluted via reverse phase Waters UPLC 

BEH C18 column (130Å, 1.7 µm, 2.1 mm × 100 mm), flowing with ACN gradient of 5-

40% with 0.1% formic acid as solvent B, at 60 μL/min for 12 min. Pepsin washing (1.5 M 

guanidine hydrochloride, 4% acetonitrile, 0.8% formic acid, pH 2.5) was used for three 

times after individual sample digestion and lockspray at 10 μL/min was selected as 

references for avoiding mass interferences. In this study, three replicates of each sample 

were under investigated.217   

 

5.3.3 Data collection and analysis 

To generate the peptide maps, the recorded proteins in MSE mode without deuteration were 

selected for analysis, by using Waters ProteinLynx Global Server (PLGS, v3.0.2). Based 

on the protein sequence database, PLGS was used for peptides identification, performing 

with no specific protease. After that, the peptide lists from PLGS were analyzed by Waters 

DynamX 3.0, of which were filtered by following parameters. 

1) the minimum PLGS score: 6.5 

2) the minimum intensity: 4000  

3) the minimum products per amino acids: 0.2  

4) the selected eluting time: 3-7 min  
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The filtered peptides with over two out of three presenting in undeuterated samples were 

individually studied and reported, without back exchange correction. We detected all the 

peptides covering glycosylation sites including two of RBSs and eight of ACE2.  

 

The fractional deuterium uptake showed the average deuterons level of exchanged peptides 

within the maximum exchangeable amides of the peptide. The relative uptake figures for 

proteins in unbound state and HDX plots were both recorded by Microsoft Excel via the 

analyzed data exporting from DynamX. To further monitor the structural dynamics, HDX 

with a 95% confidence interval (CI) was calculated and served as a significant change 

among HDX plots. The details for experiments were concluded in Tables 5.1-5.3 and 

shown as following.  

 

5.3.4 Modelling for HDX-MS 

Based on the previous processed HDX data, the relative fractional uptake of proteins was 

mapped onto different crystal models of proteins through PyMol 2.0.7 (Schrodinger, LLC). 

The Cryo-EM structures of full-length S trimers at closed position, Protein Data Bank 

(PDB) 6ZGE of WT, PDB 7R13 of Alpha, PDB 7VX1 of Beta, PDB 7DF3 of Zeta, PDB 

7SBP of Kappa, PDB 7SBK of Delta, and PDB 7QO7 of Omicron were selected for 

modeling the individual conformation of RBDs in free state. The structures of RBD-ACE2-

complexes, PDB 6M0J of WT, PDB 7EKF of Alpha, PDB 7EKG of Beta, PDB 6M0J of 

Zeta, PDB 7VX5 of Kappa, PDB 7W9I of Delta, and PDB 7WBL of Omicron were 

exhibited by using the crystal structures for RBD-ACE2-complexes.  
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Table 5.1 HDX summary for RBD wild type and its variants in free state 
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Table 5.2 HDX summary for RBD wild type and its variants upon binding to ACE2. 
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、 

Table 5.3 HDX summary for ACE2 upon binding to different types of RBD. 
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Chapter 6. Results and discussion 

 

6.1 Introduction 

The emergence of SARS-CoV-2 variants is causing grave difficulties for the whole world. 

Developing new vaccines and drugs, particularly targeting variants, crucially depends on 

a good understanding of the structural details of the emerged variants. In this project, we 

will apply HDX-MS to investigate conformational dynamics of SARS-CoV-2 RBD and 

its variants, as well as their interactions with ACE2. Since RBD played a vital function in 

binding to the human receptor, many researchers focused on exploring the interaction of 

RBD or S1 and ACE2. Recently, a study reported the conformational dynamic of S trimer 

at in-solution prefusion and postfusion state by using HDX-MS. They investigated 

unbound long-range allosteric propagation of wild type S trimer, and interestingly, after 

ACE2 interaction, S2 subunit exhibited the significant conformational changes.220 As a 

driver of membrane fusion, the conformational changes of S2 subunit may accelerate cell 

fusion and facilitate vital attachment. In this project, we aim to develop an HDX-MS based 

methodology to detect the differences in allosteric propagation for ACE2, with binding to 

the emerged variants. 

 

Due to the infectious advantages and natural selection, the widespread variants in the 

population may affect the effectiveness of existed vaccines. The determination of possible 

interactions between RBD and its mutants with ACE2 could show the hotspots for the 

binding of vaccines and antibodies targeting RBD. It performed the changes of flexible 
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fragments in RBD and provided strong support to predict the possible escape of mutations 

from current therapy. 

 

Recently, several crystal structures of WT RBD and newly emerged variants, such as Delta 

and Omicron, have been revealed via Cryo-EM and X-ray crystallography.157, 178, 221 Our 

understanding of viral entry mechanisms was mainly prescribed from static details, there 

were few studies displaying conformational alterations. Therefore, our study would be 

crucial for guiding the insights of viral interfaces and additional potential “hotspots” for 

vaccine development. 

 

Figure 6.1 Sequence identification of wild type RBD (residues 319-391). 

 

 

Figure 6.2 X-ray structure of RBD-ACE2-complex. 

Loops in RBD are presented in green, purple for helix and yellow for sheet. (PDB ID: 

6M0J) 
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Table 6.1 Residue mutations of several widely spread variants. 

Name of 

variant 
Lineage 

First 

identified 

country 

Mutations in RBD  

Binding affinity 

with ACE2 

(Dissociation 

constant, Kd) 

Alpha B.1.1.7 UK N501Y 3.3 nM181 

Beta B.1.351 South Africa 
K417N, E484K, and 

N501Y 
6.5 nM181 

Zeta P.2 Brazil E484K 11.3 nM181 

Kappa B.1.617.1 India L452R and E484Q 25.0 nM222 

Delta B.1.617.2 India L452R and T478K 25.1 nM166 

Omicron B.1.1.529 South Africa 

G339D, S371L, S373P, 

S375F, K417N, N440K, 

G446S, S477N, T478K, 

E484A, Q493R, G496S, 

Q498R, N501Y, and 

Y505H 

31.4 nM166 

 

In the chapter, the effects of the major SARS-CoV-2 variants on the conformational 

dynamics of the RBD and its interaction with ACE2 would be revealed. Therefore, we 
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deeply investigated the relations between the conformational dynamics changes and the 

evolutionary properties. 

 

6.2 The local flexibility of WT RBD and its variants (early emerged strains) 

To explore the structural features of various variants of SARS-CoV-2, the same length of 

RBDs were purchased from Genscript (U.S.A.), which were certified with over 95% purity 

and confirmed by SDS-PAGE (Figure 5.1). In the study, to deeply reveal the internal 

association between conformational dynamics and viral spread of SARS-CoV-2, HDX-

MS was selected for comparing the structural dynamics of wild type RBD and its mutants. 

With online pepsin digestion, deuterium exchanged peptides were obtained and analyzed 

by using LC-MS. The coverage maps of RBDs in free state were shown in Figure 6.3 and 

the profile presenting the differences in deuterium uptake of WT RBD and its mutants for 

1 min deuterium exposure was shown as Figure 6.4. The same length of RBDs (residues 

319-591) were undergone online pepsin digestion, generating over 100 peptides with high 

signal to noise ratios. Although RBDs contained two glycosylation sites at N331 and N343, 

the overall sequence coverage has arrived 95% with good redundancy.  
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Figure 6.3 Coverage map for identified peptides of WT, the Alpha, Beta, Zeta, Kappa, 

Delta, and Omicron RBD. 

 

 

Figure 6.4 Deuterium uptake of unbound RBD and its mutants at 1 min. 

 

Two partially occupied glycosylated residues locating in the core of RBD (Figure 6.5) 

were still observed within various peptides among RBD and its variants. The previous 
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study suggested that the independent presence of N343 played a vital role in triggering 

states changing of RBD, from “closing” to “opening”.223 In this project, the relative 

fractional uptake (RFU) of N343 among various RBDs presented a similar level as 12.8% 

-16.7% at 1 min and 21.1%-26.9% at 60 min, without apparent differences in exchange 

rates. The abundance level of glycans was mainly affected by the cell types for RBDs 

expression, which was retained with less diversity via the same cell source.224 Thus, in the 

study, we will not focus on extending the special characteristics of glycans for facilitating 

viral entry. 
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Figure 6.5 Deuterium exchange of the key region. 

(a) Deuterium exchange of key region containing residues 495-512. (b) Two glycosylated 

residues inside RBD. (PDB ID: 6VXX) (c) The location of residues 495-512. (PDBID: 

6VXX) 
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The structural flexibility and viral infectivity of RBDs could be investigated in accordance 

with the relative deuterium uptake. As shown in Figure 6.4, the Kappa variant including 

the mutations at L452 and E484 presented higher deuterium uptake in four regions, 

respectively were residues 425-442, 495-512, 516-533, and 575-584. The mutation E484 

was detected among the Beta, Kappa, and Zeta variants, of which, the Beta and Zeta 

(E484Q) variants exhibited similar deuterium uptake levels in the four regions, compared 

to wild type RBD. Therefore, the higher conformational dynamics of the Kappa variant 

might assume to be caused by the dual mutations of E484Q and L452R. In addition, the 

previous study indicated that L452R contributed to a more flexible structure of the Kappa 

variant.225 The existence of L452 in the Delta variant also could explain the higher 

replication and viral fitness of the variant, as previously mentioned.150 The region (residues 

495-512) containing three tyrosine residues of RBD was reported to play a vital function 

for receptor binding, which has the potential to form hydrogen bonds with the polar 

hydroxyl group of ACE2 among all the variants. Interestingly, the Alpha and Beta variants 

with the mutation at N501 position, induced lower deuterium uptake levels in the region, 

which may help to stabilize the loop (Tyr495-Asn501) at the closed conformation of RBD. 
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Figure 6.6 Deuterium exchange of key region containing residues 401-420. 

(a) Deuterium exchange of the key region containing residues 401-420. (b) The location 

of residues from 401 to 410. (PDBID: 6VXX) 

 

It was worth to mention that the region covering V401-Y420 comprised a loop between 

two helices. In which, WT and the Beta variant performed a faster deuterium exchange 

than other variants (Figure 6.6). For RBDs in free state at closed conformation, hydrogen 

bonds were observed between K417 of RBD and N370 in the neighboring S trimer, 

resulting in a more stable structure. The deuterium uptake level between WT and the Beta 

variant (containing N417K) was considerably similar, suggested an unnoticeable structural 

change of the region covering N417 at RBD closed state.226 The mutation at K417N 

occurred in a stable helix locating at the back of RBD would allow significant 
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conformational changes and create a favorable formation of RBD upon binding to ACE2,  

and nonvisible impacts for RBD in free state.227 

 

Figure 6.7 Local HDX uptake plots (residues 471-491) of the Zeta, Beta, and Kappa 

RBD. 
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(a) Local HDX uptake plots (residues 471-491) of the Zeta, Beta, and Kappa RBD. (b) 

The location of residues 471-491. (PDBID: 6M0J) 

 

Figure 6.7 presented a local deuterium uptake plot for the Zeta, Beta, and Kappa RBD 

covering the residues 471-491. All the three variants contained the mutation at E484, which 

is located in a highly flexible loop.186 Besides, the residues of C480-C488 are the region 

connects another key loop inside receptor binding motif (RBM), which is indicated as the 

binding domain for receptor and antibodies.228 The Beta and Zeta variants contained a 

mutation at position E484K, while Kappa was mutated to glutamine (Q) at residue 484. 

Among the three strains, the Kappa RBD showed a significant enhancement in deuterium 

uptake, while the Beta and Zeta variants performed a relatively lower and similar exchange 

uptake level. These results suggested when combined with L452R mutation, the Kappa 

variant was closely related to the changing structure of the vital region, which presented a 

more flexible structure. 
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Figure 6.8 Deuterium exchange of key region containing residues 442-453. 

(a) Deuterium exchange of the key region containing residues 442-453. (b) The location 

of residues 401-410. (PDBID: 6VXX) 
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To reveal more precise conformational behavior of RBDs, changes of deuterium uptake 

were labeled onto the structure of isolated RBD (PDB ID: 6VXX) and shown as Figure 

6.8b. The local deuterium uptake plots of Figure 6.8a presented the individual differences 

in deuterium exchange among the variants. The Beta and Zeta RBDs presented the highest 

deuterium exchange level, suggested a high mobile potential of the region covering 

residues 442-452. The results indicated that the Kappa variant with a mutation at residue 

L452R performed higher deuterium uptake levels compared to WT and Alpha. The 

mutation L452R is also within RBM but not directly contacts the interactions of ACE2. 

The results focused on revealing individual features of the special peptides covering 

fragments 442-452, which further showed a positive correlation between charge reversal 

(emergence in the Beta and Zeta variants) and structural flexibility. A computational study 

selecting several modeling methodologies such as MD and Principal Component Analysis 

(PCA) also supported our results, that L452R might destabilize RBD structure at free 

state.229 

 

In this study, we firstly described the individual conformational dynamics among the 

various variants based on their crystal structures. We pointed out the flexibility diversity 

of possible binding domains among the variants and the conformational changes caused 

by the single or combined mutations. Despite such results consistent with the viral residues 

for binding, as previously mentioned, besides the reported immune potential, we paid more 

attention to the possible conformational alterations caused by E484 mutation. Another 

mutation at L452R of concern may lead to a significant contribution to the extensibility of 
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RBD. These mutations are indicative of a favorable conformation for binding and higher 

receptor fitness. 
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6.3 Localized conformational characteristics of the Kappa and Delta variants 
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Figure 6.9 Deuterium uptake comparisons for WT, the Kappa, and Delta RBD at unbound state, for 1 min.
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To detect the structural effects of the variants, Kappa and Delta, our investigation 

comprehensively revealed the differences for RBDs at unbound state, by using HDX-MS. 

Deuterium uptake level of Kappa (mutations at residues L452R and E484Q) and Delta 

(mutations at residues L452R and T478K) has been individually compared to that of WT. 

Besides, the commonly recorded peptides between the Delta and Kappa variants, and 

among the three strains, were obtained for further understanding the correlation of the 

mutations and the viral conformations. 

 

Generally, the Kappa variant displayed a similar deuterium uptake level as WT, except the 

core regions of RBD with minor differences, which was supposed as the different 

glycosylated level of two glycan sites. Interestingly, the region (residues 495-512) 

enclosing two key loops commanded receptor binding which was inspected with 

considerably lower deuterium uptake for the Delta variant, compared to WT and Kappa. 

Delta without any mutation at this region, therefore, the differences were supposed to be 

created by the mutation at residue T478K. T478K was responsible for the increment of 

positive charges, interestingly, it showed the long-distance effects on the interfaces of 

ACE2. Our study was consistent with previous crystal structures obtention from X-ray and 

Cryo-EM structure, supported an allosteric effects166 of Delta on the binding interactions.  

 

It was indicated that the conformational differences for the region (fragments 442-455) for 

the Kappa and Delta variants were mainly attributed to the profiles of hydrogen bonds 

within the main chain, via MD study. In the region, our HDX study adopted a consistent 
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result, which was observed in a more rigid structure of Delta. The inflexible structure might 

be explained by the more regular arrangement of β sheet, which resulted in the different 

hydrogen bond patterns.156, 230 

 

The mutations of RBD created more stable patterns of Delta, which might provide a 

structural basis for the higher transmission and increased viral replication, certified by 

clinical recordings. It was demonstrated that L452R might serve for a better viral 

expression, which was closely related to the higher viral replication circulation.231, 232 We 

firstly pointed out the allosteric effects on the binding interfaces, which were caused by 

the mutations of Delta. We believed that the rigid conformation could display an 

extraordinary viral fitness and emphasize the exceptional structural influences of mutations 

with charge reversal. 

 

6.4 Multiple mutations within Omicron displaying the structural effects on RBD 

 

Figure 6.10 Deuterium uptake for WT and the Omicron RBD at unbound state, for 1 

min. 
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Recently, a predominant variant with the most mutated residues within RBD was named 

Omicron, it was particularly of concern due to the higher population susceptibility.162 In 

the study, we revealed the detailed conformational features of the Omicron RBD. As a 

consequence of the highest mutation number of Omicron, regrettably, we only determined 

several common peptides patterns between WT and the Omicron RBD. The significant 

difference of concern was the deuterium exchange for the vital binding region containing 

residues 495-512. Omicron comprised five mutations in this region, which completely 

changed its conformation. Several studies described a comparable binding affinity for the 

Omicron and WT RBD with ACE2,233 while the others showed a slightly higher binding 

kinetics of the Omicron variant, as references.182, 234 In this study, our results showed that 

the Omicron variant represented a more rigid and tightly arranged structure inside RBD, 

which might be beneficial for receptor binding.  
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6.5 Conformational dynamics of the binding interactions between WT RBD and ACE2 
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Figure 6.11 The effect of ACE2 binding on WT RBD. 

(a) The differences in HDX uptake (ΔHDX) profiling at 1 min, 10 min, and 60 min HDX time, were mapped onto the structure of 

WTRBD at the opening state, respectively. (PDB ID: 6M0J). (b) Differences in HDX were plotted for all the identified peptides with 

peptides group clusters.
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As Figure 6.11 shown, the region covering residues 495-512 presented a significant 

reduction in uptake, especially for 1 min deuterium exchange. The results suggested a vital 

binding function of this region with ACE2, which was consisted with the previously 

reported X-ray structure of RBD-ACE2 complex. The region involved a β-sheet covering 

P507-Vl512, an α helix, and a loop, which directly contacted the key binding region of 

ACE2. The deuterium differences of these fragments presented that, the helix containing 

G496-G503 was under protected from deuteriation. The protected properties were mainly 

contributed by the existed hydrogen bonds with ACE2. Our results supported previous 

high-resolution X-ray structure, which indicated three hydrophilic interactions as 

T500/N501 of SARS-CoV-2 and Y41 of ACE2, G502 of SARS-CoV-2 and K353 of ACE2, 

Y505 of SARS-CoV-2 and R393 of ACE2, were formed, in the region.228  

 

The identified fragments covering residues 442-452 was another loop with notable 

decrement in deuteriation after ACE2 binding. The region was observed with considerable 

flexibility at free state, especially for the variant with single mutation at residue L452R. 

The region was far from the core of RBD, it might play the functions in facilitating receptor 

binding. The results also supported the two hydrogen bonds of Y449 of RBD with D38 of 

ACE2 and G446 of RBD with Q42 of ACE2, which were described in the high-resolution 

X-ray structure.228 In addition, as a key position for receptor recognition, L455 was located 

in a neighboring loop.170 The two loops of concern were visualized with uptake reduction, 

which might be closely related to the stabilized functions of the hydrogen bonds between 

RBD and ACE2.  
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To further study the potential binding sites, the levels of deuterium exchange for fragments 

401 to 421, 401 to 422, 412 to 420, 412 to 421, and 412 to 422, were compared. The results 

presented a similar exchange degree for fragments 401 to 421 and 401 to 422, upon binding 

to ACE2. On the contrary, the region with residues 412-422 covering an important residue 

at K417 presented a visible reduction of deuterium exchange for 10 and 60 min. Therefore, 

the region (residues 412-422) provided an important contribution in exchange, while 

residues 401-412 were not involved and exhibited tiny fluctuations. The position of residue 

K417 was near but not directly in contact with the receptor, which was mentioned to form 

a salt bridge (co-existing of hydrogen bond and ion pair) with D31 of ACE2.235 The 

formation of hydrogen bond led to a conformational change with protective functions and 

resulted in a less flexible structure for this region after binding. 

 

A detectable increased HDX of peptides (residues 516-533) was involved within a loop at 

the boundary of RBD for 60 min exchange. The loop performed as a rather rigid region of 

WT RBD in unbound state, which increased its flexibility with receptor interaction. The 

lagging in response of the region was possibly attributed to the indirective effects of 

binding. Relatively more distinct decreased exchanges were indicative of a highly stable 

formation for RBD-ACE2-complex, after ACE2 intervention.
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6.6 Comparison of Conformational Changes among the mutants of RBD 
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Figure 6.12 Differences in HDX of RBDs. 
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H/DX-MS presenting the interactions between RBDs and ACE2. Differences in H/DX of 

(a) the Alpha RBD with significant ΔHDX > 0.29 Da (b) the Beta RBD with significant 

ΔHDX > 0.27 Da; (c) the Zeta RBD with significant ΔHDX > 0.27 Da; (d) the Kappa RBD 

with significant ΔHDX > 0.24 Da; (e) the Delta RBD with significant ΔHDX > 0.22 Da; 

and (f) the Omicron RBD with significant ΔHDX > 0.25 Da, were plotted for all the 

identified peptides with peptides group clusters. 

 

Studies experimentally determined the binding affinity of RBD-ACE2 formation by 

surface plasmon resonance (SPR) and biolayer interferometry (BLI) Assay, which 

presented KD in the range of 0.566-31.4 nM among RBDs.124, 181, 182, 228 Despite the 

discrepancy of KD value, we obtained a more than 90% binding efficiency by calculating, 

for all sampled RBDs, which was fit to conduct HDX experiments.   

 

States transformation was an essential step for RBDs converting into up conformation, 

which fully exposed RBM for receptor binding.236 In this study, we compared the details 

of conformational dynamics among different RBDs and ACE2 and summarized as Figure 

6.12 a-f. Similar to WT RBD, all RBDs presented a dramatic reduction in the region 

covering residues 495-512. However, among the six variants, higher level deuterium 

uptake reduction was observed in the Alpha, Beta and Omicron variants containing N501Y 

mutation. Interestingly, the mutation at N501Y created a more stable RBM for RBDs at 

unbound state, resulted in the enhanced binding potential. Our findings supported the 

higher binding affinity between N501Y mutation and ACE2 of previous studies.173, 237 
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6.6.1 Alpha 

The widespread variant with N501Y mutation was indicated the vital function for 

enhancing the binding affinity between SARS-CoV-2 and ACE2.238, 239 The region 

containing N501Y mutation showed a significant uptake reduction, which might affect the 

viral transmission. It was worth to mention that all the variants showed the reduction in 

exchange at the region covering F464-C480 adjacent to a β-sheet directly connected with 

ACE2, while invisible exchange was detected in wild type RBD. Interestingly, the three 

variants (Alpha, Beta and Omicron) containing the mutation at N501Y performed the most 

dramatic exchange in the region. The high-level exchange implied the mutation was able 

to create a more inaccessible and tightened structure of this region. The results also 

indicated that N501Y might strengthen the viral activities and resulted in a variant with 

higher binding affinity. In addition, a region (fragments 332-349) containing two 

glycosylation sites displayed a strong increased HDX within the Alpha variant at 10 and 

60 mins. As major epitopes, glycosylation sites served as a discernible targeting for 

antibodies.240 The changes of the peptides containing glycosylation sites in the Alpha 

variant were observed, which also supported the promoted functions of glycosylates for 

binding to ACE2.  

 

6.6.2 Beta 

The Beta variant containing three mutation sites would lead to a higher degree of 

conformational dynamics. Compared to WT RBD, the region with increased HDX 

covering E516-T530 became to an HDX reduction region. Based on the crystal structure 

of RBD-ACE2 complex, the region mainly contains a loop, which is close to the loop with 
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N417. A dramatically increased HDX was detected for the region (fragments 405-419) at 

1 min, 10 min, and 60 min, for the Beta variant. The mutation at position N417K broke an 

existed salt bridge which was formed with D30 of ACE2. The dismiss of the salt bridge 

would lead to an easier solvent accessible conformation for the region. In addition, N417K 

of the Beta variant might form a more stable loop and further protect the spatially adjacent 

loop with fragments 516-530, resulted in a rather compact structure. Of the significantly 

reduced HDX, residues Y453-T470 was another attractive region, which was in an active 

loop for ACE2 interactions. It was observed that the region containing several fragments 

(453-467, 453-470, 453-471, 456-467, 456-470, and 456-471) presented a more strongly 

protective properties from HDX in 60 min, upon binding to ACE2. Due to the combined 

mutations of N501Y and E484K, they might create allosteric effects for stabling the loop 

with fragments 453-471. The vital interface region with a more stable structure might 

enhance the viral fitness, resulted in a more favorable receptor response. 

 

6.6.3 Zeta and Kappa 

Both the Zeta and Kappa variants shared the mutation at position E484, respectively to 

K484 and Q484. Due to the possible loss of neutralization, the mutation at 484 has attracted 

researchers’ great attention.222 For the mutation E484K, it was mainly reflected in charge 

conversion and reduced antibody neutralization, however, a slight impact was observed 

for the structure. Interestingly, the region containing residues 429-445 of the Zeta and 

Kappa variants performed a significant reduced deuterium exchange at 1 min. E484 

locating within a sheet might prefer to form sheet-sheet interaction241 with another sheet 

(covering residues 429-438). This interaction was likely to create the more compact sheets 
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of the core inside RBD, although the region was distal from the residue 484. To maintain 

the stability within RBD, the space neighbored helix within the RBD core (fragments 417-

420) released its structure, therefore displayed as the promoted HDX. The findings 

indicated that the mutation at E484 might increase the structural dynamics for the core of 

RBD, but not affect the binding affinity between RBD and ACE2. A subsequently emerged 

variant (Kappa) with mutation at L452R was reported with higher binding affinity with 

ACE2 and stronger pathogenicity.143, 144 The mutation of L452R also changed the charge 

of the loop, which might result in a stronger charge complementarity between RBD and 

ACE2.242 

 

6.6.4 Kappa and Delta 

The Kappa and Delta variants both contained the mutation at residue L452R, the structural 

impacts causing by the combined mutations of L452R/T478K in the Delta variant would 

be comprehensively explored. Due to the indirect receptor contacting location of 

L452R/T478K, for Delta RBD-ACE2-complex, none of additional regions with decreased 

HDX was observed, however, the region covering residues 495-512 performed a more 

dramatic reduction. These findings were consistent with the formation of new inner 

hydrogen bonds and induced conformational alterations of the loop caused by the mutation 

T478K, from the crystal structure. Subsequently, the loop created two new H-bonds with 

ACE2.157 In addition, few regions presented increased uptake upon binding to ACE2, 

suggested a more rigid and inflexible structure of complex. The appropriate structure of 

Delta RBD-ACE2-complex could maximize the viral fitness and therefore be beneficial 

for leading pandemic. 
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6.6.5 Omicron 

The Omicron RBD with 15 mutations displayed the highest level of conformational 

changes among all the selected strains. X-ray structure approved eight mutations 

responsible for ACE2 recognition locating at the interfaces, in which the mutations at 

T478K, Q493R, and Q498R increased the positive charge scale, in particular. HDX 

presented a significant difference for the region covering residues 475-506, which 

supported the newly formed H-bonds (N477 of Omicron RBD and S19 of ACE2) and salt 

bridge (R498 of RBD and Q42 of ACE2), obtained from Cryo-EM structure. Besides, the 

positive sites of Q493R and Q498R created a more attractable environment for a better 

connection with E35 and D38 with negative charge within ACE2, resulted in a more 

compact structure of the vital interfaces.166 Interestingly, after binding to ACE2, several 

mutations positioning on the core of RBD presented a reduced HDX upon binding to ACE2, 

suggested a tightening up arrangement. Meanwhile, it displayed conformational 

deprotected functions on the spatially adjacent positions such as fragments 407-416 from 

HDX, allowing a more flexible region. Different structural effects of the mutations were 

observed, the new bonds’ connection causing by the mutations would be beneficial for 

ACE2 recognition. Moreover, the mutation at H505 showed a weaker Van der Waals’ with 

ACE2. Overall, although the heavily mutated RBD resulted in several strengthened and 

newly formed bonds, weakened and dismissed connections also occurred, which finally 

attained a stable Omicron RBD-ACE2-complex. Our HDX study also highlighted the 

conformational dynamics caused by the mutations with charge alterations, which would 

be not only related to ACE2 integration but also create a broader range of hosts.166 
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6.7 Conformational dynamics of ACE2 upon binding to RBDs 

 

Figure 6.13 Coverage map for identified peptides of ACE2. 
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Figure 6.14 Deuterium uptake level of ACE2 for 1 min, 10 min, and 60 min exposure, at free state. 
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Figure 6.15 Differences in HDX of ACE2 binding with RBDs. 
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Differences in HDX of ACE2 interaction with (a) WT RBD, significant ΔHDX > 0.23 Da; 

(b) Alpha RBD, significant ΔHDX > 0.21 Da; (c) Beta RBD, significant ΔHDX > 0.19 Da; 

(d) Zeta RBD, significant ΔHDX > 0.2 Da; (e) Kappa RBD, significant ΔHDX > 0.18 Da; 

and (f) Delta RBD, significant ΔHDX > 0.15 Da were plotted for all the identified peptides 

with peptides group clusters. The differences in HDX of ACE2 which were displayed as 

Figure 6.15 g-k profiling 1 min were mapped onto the structure of ACE2 (PDB ID: 6M0J), 

and (l) was mapped onto the structure of ACE2 (PDB ID: 7W9I). Figure 6.15 m-n 

presented the differences in HDX with Omicron RBD interaction (significant ΔHDX > 

0.32 Da) and the mapped structure. 

 

As a type I membrane protein and entry receptor, ACE2 supported the entry of SARS-

CoV-2 to the target host cells.106 Recently, the structure of full length ACE2 has been 

described by using Cryo-EM.105 In the study, we selected HDX-MS to investigate the 

conformational dynamics of ACE2 upon binding to RBDs and further revealed the viral 

entry mechanism. To evaluate how RBDs recognizing, and binding affect the structural 

plasticity of ACE2, we selected the monomeric ACE2 (Q18-S740) and compared the 

conformational dynamics of ACE2 before and after binding to various RBDs. The CHO 

human cell line expressed ACE2 was certified with over 95% purity by using SDS-PAGE, 

and the binding potential with RBDs was confirmed via ELISA (Figure 5.2). Revealing 

binding interactions and structural changes of ACE2 upon binding to different RBDs 

would be helpful to provide conformational support for detecting novel targeting hotpots 

of vaccines towards various variants. 
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ACE2 itself performed highly structural plasticity, which fulfilled the recognition and 

binding requirements of evolutionary RBDs. For ACE2 in free state, our results presented 

peptides with sequence coverage reaching 99.2% (Table 5.3). After interaction with RBDs, 

the deuterium exchange was displayed as Figure 6.15, which provided details for revealing 

the correlation between the mutations of the various RBD variants affecting HDX and 

those contributing to the allosteric changes. Most peptides within RBDs underwent HDX 

in short periods, which was also observed with significant changes for ACE2. Therefore, 

we chose 1 min exchanged profiling for mapping the crystal structure of ACE2 and 

presented as Figure 6.15 g-l. 

 

6.7.1 Common effects 

Two key binding domains containing fragments 28-39 and 58-72 were detected with 

significantly reduced HDX among all the selected variants except the Delta and Omicron 

variants, which indicated the possible binding hotpots at K31, D35, and E38 of ACE2, 

consistent with the previous study.170 Common combination of the two regions inside 

ACE2 might demonstrate the vital roles of these hotpots for screening special targeting 

antibodies. The impact of the Alpha RBD with Y501 substitution on ACE2, was observed 

with the most dramatic decreased uptake in the region covering residues F28-S43 among 

all the RBDs. It might be associated with a newly formed hydrogen bond between Y501 

substitution and Y41 of ACE2, which was performed by Cryo-EM structure.129 Besides, 

compared to the Alpha and Beta RBDs, RBDs without mutation at N501 exhibited a lower 

level of HDX. 
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6.7.2 Allosteric changes 

Intriguingly, our results showed the notable reduced HDX in the region with residues 

P253-D269, except for ACE2 interplaying with the Beta and Omicron RBDs. The presence 

of the dynamics indicated a stabilized function among WT, the Alpha, Zeta, and Kappa 

RBDs for the allosteric region. According to the crystal structure of full length ACE2 (PDB 

ID: 6M18) and RBD-ACE2-complex (PDB ID: 6M0J), the allosteric region was mainly 

located in a loop (loop 1 with fragments 250-261) and its connected helix at the edge of 

ACE2. In contrast, the Beta variant that has been widely supported with immune 

evasion,140 performed destabilization for the region containing residues Y279-D295 of 

ACE2. ACE2 conferring the Beta variant binding induced loop 2 (covering S280-T294) 

activation and further led to the structural release to this region. Our findings firstly 

demonstrated the allosteric changes of two loops locating at the edge of ACE2, which were 

permitted by viral binding. The flexibility of loops at the edge of ACE2 might be regarded 

as a determining factor for viral binding.  

 

A region (fragments 497-511) locating in the core of ACE2 was detected with significantly 

reduced HDX upon the binding of three RBDs including WT, the Beta and Zeta variants. 

The deeply inside helix was under highly structural protection of ACE2 in the unbound 

state, which was also influenced by the interactions with RBDs. The three RBDs were 

observed for allosteric stabilized a core helix inside ACE2, resulting in a more stable RBD-

ACE2 complex. Notably, compared to WT and the Zeta variant, visible HDX of the Beta 

variant with three combined mutations was exclusively observed at 1 min. The findings 
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suggested that the mutations with possible higher infectivity such as N501Y and L452R 

would reduce or disrupt the stabilized functions.   

 

Another allosteric protected region covering fragments 149-160 was detected among the 

Zeta and Kappa RBDs. The two variants both included the mutation at E484 and presented 

a similar structure as WT RBD. The region was in a highly structured position, which 

contained a basic formation of “helix-loop-helix”. The mutation at E484 led to the local 

changes in the electrostatic environment and played a minor role for conformational 

differences, as described. Surprisingly, because of the existence of electrostatic functions, 

the attractive mutation affected the allosteric sites of ACE2. The charge reversal might 

facilitate receptor recognition and create a preferable conformation for the acceptance of 

ACE2. However, due to the high class of structural changes caused by the combined 

mutation of the Beta variant, the allosteric effects might be offset. Besides neutralization 

properties, our results firstly suggested an allosteric change in conformational dynamics 

induced by the single mutation at E484. 

 

 

Figure 6.16 Allosteric regions in the structure of RBD-ACE2 complex. 

The yellow color presented as RBD. (PDB ID: 6M0J) 
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Interestingly, upon binding to the Delta RBD, it displayed absolute various effects on 

ACE2. For other variants, except binding regions, several allosteric changes performed as 

decreased HDX, indicated more constricted regions for RBD-ACE2-complex. However, 

the Delta RBD caused noticeable structural release for ACE2. The region covering residues 

W203-F230 was visualized for a more compact conformation, which led to the reduced 

HDX upon binding to the Delta RBD and created a more flexible structure for the spatially 

adjacent “helix-loop-helix”. Interactions with the Delta RBD, another loop (residues from 

557-565) other than the binding interfaces at the edge of ACE2 was also observed with 

weaken HDX. In the study, we found the Delta RBD displayed the significant effects on 

the conformation of ACE2. The flexibility of loops positioning on the edge of ACE2 was 

visualized with several changes. In general, the loops locating on the edge of ACE2 

became much looser, were performed higher flexibility. The conformational changes 

might be closely related to charge reversal effects causing by mutation T478K or the 

combined functions with L452R.  

 

Delta was generally regarded as a variant with higher clinical pathogenicity and more 

serious disease presentations, especially for the pathological changes of lung. However, a 

slight difference could be observed for the binding affinity of the Delta RBD and ACE2, 

compared to that of WT RBD. In the study, we revealed multiple allosteric responds of 

ACE2, which might explain the significant effects caused by the Delta RBD. The dramatic 

conformational changes of ACE2 might assume responsibility for the Delta impact on lung, 

where was detected with a high-level expression of ACE2 on its surface.  
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The profile of exchange from the Omicron RBD-ACE2 was different from that of the other 

RBDs-ACE2-bound forms. The interaction of the Omicron RBD stabilized the vital 

interfaces, however, it showed the comparative lower reduced HDX than that of the other 

variants. Interestingly, the regions at the edge of ACE2 were under protected from 

exchange and became more rigid, while the inner domain of ACE2 became more flexible. 

These changes were different from that of the Delta RBD-ACE2 complex, which was 

observed with the more flexible conformation for the edge of ACE2. The various 

conformational effects of the Delta and Omicron variants on ACE2 might provide evidence 

to explain the different clinical symptoms for the patients infected with the Delta and 

Omicron variants. Interestingly, the ACE2 binding complexes with the two variants (Beta 

and Omicron) which have been supported with significant immune escape properties, 

showed the most significant reduced HDX. Several allosteric regions at the edge of ACE2 

might be useful for developing the special targeted antibodies against the Beta and 

Omicron variants.  

 

In the study, we determined the effects of various variants on the receptor binding, which 

further revealed the allosteric changes and favorable binding of ACE2. All the findings 

rendered the extensive spread mutations of the variants more prone to receptor binding, 

which might increase their ACE2-binding affinity and ultimately resulted in the upgrading 

viral fitness and transmissibility. The single mutation leading to a local charge difference 

might be a critical determinant and could affect the backbone dynamics and HDX 

exchange. 
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6.8 Summary 

S protein of SARS-CoV-2 displayed a relatively higher mutation rate, resulting in the 

variants with spread advantages, neutralizing reduction, and better environmental fitness. 

In the study, we focused on investigating the characteristics and conformational dynamics 

of RBD, which presented the most vital functions for the interfaces of ACE2, via HDX-

MS. 

 

Our study firstly compared the conformational differences of WT and the variants RBD in 

unbound state. Interestingly, for the Alpha, Beta, and Omicron variants, the region with 

mutation N501Y displayed a lower deuterium uptake level. The region (residues 495-512) 

covering two vital loops for the interactions with ACE2 performed a more compact 

structure, which might be beneficial for the recognition and binding of ACE2. Interestingly, 

the natural emerged mutations were more easily to be detected in the loops, direct or 

indirect contact with the receptor. In addition to the more compact structure of the variants 

RBDs containing the vital mutation such as N501Y, the core of RBD became more rigid, 

as viral development. It was worth to mention that although the single mutation at E484K 

(charge reversal) exhibited slight conformational effects on RBDs, it showed more 

allosteric effects on the conformation of ACE2. The conformational differences for the 

vital binding regions among the variants may explain the increased inner stability and 

environmental tolerance for natural emerged variants, which can provide evidence for the 

virus infection in the population. 
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In this study, the conformational alterations of the RBDs for different deuterium exchange 

time upon binding to ACE2 was revealed. After binding to ACE2, two regions covering 

residues 495-512 and 464-480 were visualized with reduced deuterium uptake. The HDX 

changes further supported the previous reported interfaces from the crystal structure. WT 

RBD showed the existed covalent bonds for the region covering residues 405-419, with 

ACE2, while our results observed a more flexible region of the Beta variant, caused by the 

diminishing of one salt bridge. There was an attractive finding that the Delta variant was 

visualized with a much dramatic reduced HDX for the vital binding regions. However, as 

the other variant sharing the commonly emerged mutation at L452R, the Kappa variant 

showed the slight conformational dynamics for the region, suggested an enhancement for 

ACE2 recognition of the single mutation at T478K or the dual mutations at L452R/T478K.  

 

It was worth to mention that the Omicron variant led to the highest class of conformational 

changes among the selected strains. Due to the heavily mutated RBD of the Omicron 

variant, more regions could be detected with notable HDX. Compared to WT RBD, the 

initial vital interfaces remained unchanged, however, several regions presented increased 

flexibility, upon binding to ACE2. The significant structural differences exactly 

maintained the binding capability of the Omicron variant, consistent with the similar 

binding affinity supported by bioassay.  

 

The structural changes of ACE2 might provide the conformational details for indicating 

the special regions which would be beneficial to develop antibodies blocking RBDs 

binding. After binding to the Delta RBD, ACE2 exhibited fewer regions with a more 
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compact structure, compared to the structure at unbound state. Fewer regions with a slight 

reduction of HDX might describe a structure with fewer chemical bonds and therefore 

represented as reduced binding affinity. On the contrary, ACE2 displayed the significant 

reduction in HDX of several allosteric regions after binding to the Omicron RBD, which 

led to the more stable structure of the Omicron RBD-ACE2 complex. In addition, Beta 

was another variant of concern, it caused significant allosteric changes of ACE2, which 

indicated several regions with potential for blocking the viral interactions. This finding 

also emphasized the functions of point mutation (E484K in the Zeta variant) with charge 

reversal at the interfaces, for the possible correlation with the greatly reduced immune 

activities. Overall, our study indicated the more rigid structure of ACE2, upon binding to 

the variants supported with immune escape potential, such as the Beta and Omicron 

variants. The findings firstly revealed the special allosteric regions of ACE2, which might 

provide the vital information for presenting the edge regions of ACE2 with functions of 

allosteric blocking the binding of variants. 

 

The study was the first one to systematically investigate the effects of SARS-CoV-2 

variants-associated mutations on the conformational dynamics of RBD and its interaction 

with ACE2. The findings allowed us to obtain insights into the relation of the 

conformational dynamics with the evolutionary properties of SARS-CoV-2 variants and 

provide valuable information for improving the design of drugs and vaccines against 

SARS-CoV-2 variants. 
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Chapter 7. Conclusions 

 

The thesis involved two parts, which described the delivery of zein-based NPs for targeting 

permeation via BBB for the treatment of glioma and the conformational dynamics of 

SARS-CoV-2 variants RBDs upon binding to its receptor-ACE2, were deeply investigated 

via HDX-MS, respectively. 

 

The first part introduced the current development of nanomaterials for achieving targeting 

glioma therapy. A novel brain-targeting drug delivery system, zein-RVG-Dac_NP, was 

formed by the conjugation of RVG29 on the surface of the self-assembled zein NPs with 

the encapsulation of Dac. The results of FTIR and NMR confirmed the successful 

conjugation of zein and RVG29 as well as the encapsulation of Dac in the zein-RVG-

Dac_NPs. The in vitro cytotoxicity study revealed that zein-RVG-Dac_NPs had similar 

cytotoxicity to the U87 cells as pure Dac in the Dac equivalent concentration range of 10-

50 nM. Both zein and RVG29 enhanced the cellular uptake of the NPs to U87 cells with 

the latter being more efficient than the former.  

 

We also focused on evaluating the in vivo efficacy of this novel nano-system with 

functional peptide decoration. Animal models were utilized for studying the 

biodistribution and brain targeting abilities of the NPs, both zein and RVG29 facilitated 

the BBTB penetration and GBM targeting, although RVG29 was more efficient than zein 

in this effect. As a result, a significantly higher amount (2.4-fold) of the zein-RVG-

Dac_NPs penetrated through the BBTB than that of the zein-Dac_NPs, enabling zein-
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RVG-Dac_NPs to present a better therapeutic effect than pure Dac on the orthotopic GBM 

mice models. In addition, no histopathological changes and side effects were detected in 

the major organs of the mice after the administration of the zein-RVG-Dac_NP. In 

summary, the RVG29-conjugated zein NPs are highly potential for drug delivery to the 

brain to treat brain-related diseases. 

 

The second part was a conformational study for further indicating the entry mechanisms 

of SARS-CoV-2 into host cells, via RBD of its spike protein to the receptor, ACE2, at 

molecular level. In the study, the conformational dynamics of highly flexible proteins were 

identified by using HDX-MS, in solution. Besides evaluating the conformation dynamics 

of RBDs of SARS-CoV-2 wild type and the Alpha, Beta, Zeta and Kappa, Delta, and 

Omicron variants, as well as their bindings with ACE2. It appeared to be important to 

identify the conformational dynamics of ACE2 upon viral acceptance that were closely 

associated with blocking the viral interactions. It was a comprehensive study for indicating 

the structural effects of single/combined mutations inside RBDs and further revealed the 

inner connection between viral conformations and spread properties. 

 

In the study, on the basis of previously reported X-ray structures, we conducted 

comprehensive comparisons and then referred to the possible effects of mutations inside 

RBDs among WT RBD and its variants. Interestingly, the mutations positioning at the 

interfaces led to a more inflexible structure of RBD, at free state, such as N501Y. With 

viral evolution, the core of RBD presented the decreased flexibility, resulted in a more 

favorable environmental stability, and subsequently promoted the survival period of 
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viruses. Besides the significant immune escape detected towards the Beta variant, it 

showed the significant allosteric effects associated with the combined mutations within the 

Beta RBD on the conformation of ACE2. As a consequence of another mutation with 

charge changes (T478K), binding to ACE2 resulted in a notable significant conformational 

diversification for the Delta variant. The findings firstly explained the possible structural 

effects that might be built by the mutations with charge changes on the ACE2 receptor. 

ACE2 was observed with the more rigid edge upon binding to the Omicron RBD. The 

study indicated several edge regions for the developing of ACE2-targeted antibodies 

against the possible immune escape of the emerged variants.  

 

In summary, our study supported the hotspots responsible for ACE2 binding, which were 

consistent with the previous X-ray structure studies, by using another powerful strategy, 

HDX-MS. This study provided a novel view on the structural effects of the ACE2 receptor, 

which introduced several regions with great potential for allosteric blocking the viral 

interactions. These findings selected several variants firstly revealed the conformational 

dynamics with viral evolution and therefore deserved great attention for possible viral 

mutations in the future. 
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