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Abstract 

 

Precise cellular event manipulation is highly demanded in current development of biomedical 

therapeutics. This direction requires highly interdisciplinary design systems that revolutionize 

cell fate regulation. To achieve precise cellular modulation, thorough understanding of 

therapeutic agents entering the cells is required. The localization of such agents within the 

complex three-dimensional cellular structure has substantial implications in the precise 

activation of signal transduction and recruitment of functional components to regulate cell 

events and stress responses. Therefore, spatiotemporal modulation of organelle functions and 

signaling pathways offers ample opportunities in the understanding of disease procession. 

The above-mentioned methods can be utilized to expedite targeted theranostics with utmost 

efficacy.  

In chapter 2, we investigate photothermal nanotheranostics under the influence of 

nanoheaters’ subcellular distribution and their molecular mechanism on cellular heat 

response. We revealed the biological basis of divergent thermal effects at subcellular 

resolution by localizing photothermal nanoparticles into specific locations of cell sections. 

The cell surface conjugation and the lysosomal cellular uptake nanoheaters induced similar 

level of heat shock protein expression in live cells after photothermal excitation. However, 

heat stress from lysosome distribution nanoparticles promoted apoptosis through activation of 

Bid protein, whereas the heat from clusters of cell membrane localized nanoheater stimulated 

more membrane structure perturbation and necrotic cell death. This study stipulates intuitions 

underlying the different subcellular positions of nanoparticles for the selective thermal 

response, which provides valuable perspectives on optimal precision nanomedicine.  

In chapter 3, we developed furin cleavable peptide-substrate caged metabolic precursors that 

can be specifically cleaved in the cytoplasm of targeted tumor cells. Upon specific uptake and 

cleavage of the furin peptide moiety, the free azide sugar is released after self-immolation of 

the linker. The unnatural sugar subsequently undergoes a metabolic process to express 

clickable azide functional group on the cancer cell surface. The conjugated N3 can therefore 
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be easily labelled with DBCO-Cy3 which offers efficient, stable and selective conjugation of 

therapeutics agent independent of its uptake efficiency. 

In chapter 4, we introduce a strategy to degrade casein kinase 2α (CK2α) protein using 

PROTAC molecules. The heterobifunctional degraders were designed based on one warhead 

which specifically targets the CK2α protein, linked with a E3 ligase, CRBN. Upon 

incubation, the protein of interest was ubiquitinated and depleted by the 26S proteasome 

machinery. Our designed molecules exhibited concentration and time dependent degradation 

of CK2α in different cell lines and zebra fish. “Hook effect” was also observed in which high 

concentration beyond a certain threshold reduced its efficacy due to saturation of unfavorable 

binary complexes. Further studies are in progress to investigate the loss of protein function on 

the downstream effect of cellular regulations.   

In chapter 5, we propose a different type of small molecule protein degrader to deplete a 

protein of interest in specific type of cells. Unlike PROTAC molecules which require 

connection of two functional groups including protein ligand and the E3 ligase targeting 

moiety, molecule glues offer simpler chemical structure and are more applicable as clinical 

drugs. Lenalidomide and analogs of thalidomide is a CRBN E3 ligase targeting substrate that 

is known to degrade other proteins such as Ikaros and CK1α. Upon intracellular 

administration, this simple molecule showed uniquely high affinity to both proteins, 

triggering the proteolysis. In this chapter, a nitroreductase responsive moiety was introduced 

into the lenalidomide structure. Under hypoxic conditions, the caging moiety was removed, 

releasing the free lenalidomide to function as a CK1α protein degrader. This study paved 

new insights in the development of small molecule for protein degradation in selected cell 

type. 
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Chapter 1. General Introduction 

 

Precise cellular event manipulation is of high demanded in specific biomedical applications.1 

This interdisciplinary frontier has perceived abundant efforts in designing systems that can 

regulate cell fate for theranostic innovations. Nevertheless, relevant clinical applications of 

these systems are still limited due to general side effects stemming from off-target 

accumulation of therapeutics agents, lack of tunable monitoring over amplitude, time and 

location at deep tissue level.2 These circumstances drove the advancement of stimulous-

responsive platforms which exploit endogenous stimuli (such as pH, enzyme and redox 

reactions, etc.) and exogenous stimuli (such as light, magnetic fields, ionizing irradiation, 

etc.). However, simply delivering the targeted therapeutic agents into a cell is not enough to 

understand the mechanism of action and the cellular response pathways. Therefore, intensive 

consideration should be placed to investigate the localization of the agents endogenously. 

Approaches in targeting specific organelles could develop therapeutics for disorders that have 

a root cause in a particular organelle. For example, increasing evidence for the role of 

mitochondrial dysfunction in cardiovascular diseases suggest that directly targeting the 

mitochondria could be a valuable approach.3 Likewise, targeting small molecules to the 

lysosome for treatment of lysosomal storage disorders, or targeting the endoplasmic 

reticulum in Alzheimer’s disease or diabetes, could potentially contribute to the development 

of disease related therapeutics.4 In this chapter, we summarize approaches in targeting 

different chemical agents specifically to subcellular compartments and their applications in 

achieving efficient non-genetic regulation of cell activities and its ultimate goal of disease 

diagnosis and therapy.  
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1.1 Plasma membrane targeted engineering 

 

1.1.1. Insertion of hydrophobic moiety into the lipid bilayer  

 

Therapeutic agents can be conjugated with hydrophobic moieties to anchor it on the cell 

membrane. Principally, spontaneous insertion into the lipid bilayer can be attained through a 

thermodynamically favored mechanism. Hydrophobic moieties including alkyl chain, lipid 

groups, glycosylphosphatidylinositol (GPI) anchors or cholesterol have been popularly 

recruited to induce membrane insertion.  The relative ease of such membrane anchoring has 

been applied to attach a variety of cargo for cellular monitoring namely fluorescent dyes, 

aptamers, peptide, and antibody.  For example, GPI has been used to tether a membrane 

potential fluorescent dye indicator, nile red onto the cell membrane to manifest the direct 

neuronal voltage with wash-free imaging and to detect supra- and sub-threshold activity.5 

Similarly, by using alkyl chain, FRET probes were attached to the membrane bilipid layers to 

specifically manifest the proteolytic activity on cell surface. As the furin enzyme perform 

differently at localized subcellular area, insertion of small molecular probes in the membrane 

offers opportunities to visualize its function real time.6 Macromolecules such as 

oligonucleotides have been installed as well, enabling the clustering of cells functionalized 

with complimentary sequences.7 DNA probes were attached to the membrane by diacyl lipid 

chains for metal ion sensing in extracellular microspace. The membrane-anchored DNAzyme 

reported and semi-quantified exogenous as well as cell-extruded ions in real time.8 (Figure 1). 

Nanoparticles as well as polymers have also been attached as larger cell-targeting scaffolds, 

including nanoparticles 9 and polymers.10  
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Figure 1: A) Lipid-modified oligonucleotides induce cell surface chemical modelling and 

adhesion. B) Programmed assembly following i) DNA spots, (ii) cells in a flow cell and (iii) a 

single-cell array.7 C) Modification of cell membranes with diacyllipid-DNA probes. D) Flow 

cytometry assay and confocal images of CEM cells after diacyllipid-DNA-FITC treatments.8  

 

1.1.2. Chemical modification or ligand-receptors interacting of cell surface 

components. 

 

The surface area of the cell consists of a variety of functional groups and receptors that can 

be employed for direct chemical conjugation and interaction. This straightforward method 

offers a convenient and stable remodeling of the cell membrane. Commonly, amine and thiol 

groups are ubiquitously present on the membrane proteins. Free amines on the lysine group 

can be readily targeted without any cell pretreatment. Other than proteins, other component 

can also be chemically modified such as lipid, carbohydrate or glycans. Although lacking 

specificity, this method has been extensively applied for induction of intercellular interaction 
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and cell function mediation. The most used method is to react N-hydroxysuccinimide (NHS)-

activated esters with amine groups of lysine or arginine residues. Cells will be treated with 

NHS-biotin group prior to conjugation with other cargo. By this method, antibodies 

recognizing epithelial growth factor receptor (EGFR) can be tethered on the cell surface with 

enhanced ability to interact with the EGFR expressing cell such as HEK293T and Hela.11 

Likewise, streptavidin labelled cells can directly mediate the formation of cell clusters and 

layers.12 Maleimide group can also be introduced into the cell surface by this method which 

could consequently induce the conjugation of thiolated agents or nanoparticles via Michael 

addition of sulfhydryl groups.13 In addition, 3-(acrylamide)phenylboronic acid can be used 

for the binding with membrane glycoproteins through covalent boronate ester bonds to 

generate a crosslink of cells as form of cell aggregations.14  

Membrane receptors or proteins can also be targeted for the attachment of designed cargo. 

For example, the tropane analog dichloropane is a potent ligand of dopamine and 

norepinephrine transporters (DAT and NET respectively). 6-pyrrolyl-7-trifluoromethyl-

quinoxaline-2,3-dione (PFQX), a ligand for α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA)-type glutamate receptor (AMPAR) was conjugated onto a 

dextran polymer carrier for molecule-specific targeting of voltage sensitive dyes by 

selectively binding the target membrane proteins.15 (Figure 2).  
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Figure 2. Design and synthesis of DAT/NET-targeted fluorescent probes. A) Dichloropane 

ligand bearing a Boc-4-aminobutyl linker (5) and its transformation into probe 6. B) 

Schematic illustration of ligand–dye fusion concepts. C) Synthesis of azidopropyl-carbamate-

dextran(6000). D) One-pot assembly of VoLDeMo via click chemistry by the reaction of N3-

dextran 8-w (w = 3.25 or 2.15) with a 1:2 mixture of VSD 9 or 10 and ligand 11.15 

 

 By using this strategy, cell selective delivery and targeting can be attained due to the 

different level of receptors and biomarkers in different cell lines. The HER family of receptor 

tyrosinase kinase which consist of epidermal growth factor receptor (EGFR, also called 

HER‐1 or erbB‐1), HER‐2 (also called erbB‐2 or Neu), HER‐3 and HER‐4 (also called 

erbB‐3 and erbB‐4, respectively) are frequently overexpressed in human carcinomas, 

primarily breast and squamous cancer. The trans-membrane proteins EGFR are activated 

upon binding with peptide growth factors of the EGF-family of proteins. Antibody-drug 

conjugates (ADCs) and antibody-nanoparticle conjugates (ANCs) extensively rely on such 
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receptors for targeted cell selective delivery as well as for plasma membrane perturbation 

(Figure 3).16,17  

 

 

Figure 3. A) Design of Cell Surface Antibody Cross-Linking. B) Confocal fluorescence 

images of 3T3 HER2+ cells indicated mixtures of Tra-TzS, Tra-BCNL, Per-TzS, and 

PerBCNL.17 

 

 1.1.3. Fusion of functionalized liposome. 

 

Lipid membrane fusion is a critical process in cell biology which have been intensively 

investigated and adapted in multiple applications especially in cell engineering. Biologically 

and chemically functionalized liposomes spontaneously fuse with natural cells to present 

respective functions on the receiver. By using this approach, ketone or oxyamine groups 

which originated from palmitoyl-oleoyl phosphatidylcholine, 1,2-dioleoyl-3-

trimethylammonium-propane, and either dodecanone or O-dodecyloxyamine was presented 

on the cell surface. The receivers bearing such moieties can easily be further functionalized 

with other groups through a covalent oxime ligation.18,19  Similarly, vesicles containing the 

biotinylated lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine- N-(biotinyl) (Bio-PE) was 

used for tagging of biotin on cell membrane which enabled the bridging of biotinylated 

moiety via streptavidin.20 Liposome-like particles or extracellular vesicles (EVs) can be 

collected from pre-conditioned cells based on the nature vesicles induction of the cells. The 
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parental cells were initially treated with the synthetic receptors (SRs) delivered from lipid-

based nanoparticles. Subsequently, the functional components could be further incorporated 

in the membrane of EVs secreted from the cells. As a result, SRs could be created on 

neighbouring cells via EV-mediated intercellular lipid transfer (Figure 4). Substantial 

membrane specific spreading of SRs was attained leveraging effective membrane targeted 

phototherapy because of membrane photodamage.21  

 

Figure 4. Schematic representation of cooperative tumour cell membrane targeting 

nanosystem.21 

 

 1.1.4. Metabolic sugar labelling of glycoproteins on the cell surface 

 

Glycosylation is an important process in monitoring cellular activity, immune response, 

transportation, and recognition. The process involves post-translational modification of 

carbohydrate molecules onto specific amino acid residues on proteins which form 

glycoproteins. The glycoproteins are ubiquitous in cells and are mostly found on the cell 

membrane. A thick layer of oligosaccharide chain covering the extracellular matrix of the cell 

is therefore a pivotal target for modification. The metabolic labelling of the cells could be 

attained by modifying the native metabolic process with unnatural sugar analogs.22 This 

method basically relies on the sugar savage pathways of the sugar derivative such as N-
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acetylmannosamine (ManNAc) with additional carbons on the N-acetyl position which is 

transformed to sialic acid derivatives and labelled onto cell surface glycoproteins.23 Further 

extending the sugar analogs with biorthogonal moieties could leverage the covalent bonding 

of adducts with high selective and reactive manner.24 To this end, multiple monosaccharide 

analogs were developed to target different subtypes of glycosylation (Figure 5). Cell and 

tissue specific labelling of azide-clad monosaccharides in heterogenous cellular environments 

expands the utility of the sugar labelling method.  

 

Figure 5. Examples of first generation metabolic chemical reporters for different 

glycosylation events.24  

 

 Applying the native metabolic glycol-biosynthesis pathways to conjugate click inducible 

groups on the cell membrane, multiple biological cargo were introduced for tracking, 

manipulating and ablating targeted cells. Our group has recently attached 808 nm light 

responsive upconversion nanoparticles on the membrane through a modified dibenzyl 

cyclooctyne (DBCO) moiety with the azide sugar in the glycoconjugate after treatment with 
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peracetylated N-azidoacetylmannosamine (Ac4ManNAz). Upon NIR light illumination, the 

upconverted green emission at 480 nm from UCNs could specifically activate the light-gated 

channelrhodopsins-2 proteins (ChR2), and therefore regulate cation influx (e.g., Ca2+) across 

the cell membrane. This extracellular conjugation method enhanced the specificity of ion 

channel activation with alleviated amount of nanoparticle uptake and laser power used to 

produce physiological impacts which potentially increase cellular toxicity. Directed cell 

membrane damage could also be attained by generating reactive oxygen species at localized 

area. An alkyne-functionalized water-soluble bioorthogonal turn-on probe (TPEBAI) with 

photosensitizing ability was stabilized specifically on the cancer cell membrane. Upon 

irradiation with light, ROS production was observed to be overexpressed on the cancer cell 

and increased its toxicity in a precise manner.25 Immunomodulation of the cell can also be 

obtained via expressing antibody, ligand, antigen or cytokine specifically on the extracellular 

surface. Stable and covalent installation of the antibody recruiting moieties was realized 

through selective delivery of 1,3,4-O-acetyl-Nazidoacetylmannosamine (Ac3ManNAz) to 

folate receptor-overexpressing cells via Ac3ManNAz-folate. Upon close proximity with folate 

receptors, the cleavable linker was released thereby introducing azido group on the cell 

surface glycan as a platform to anchor L-rhamnose (Rha), a hapten, via click chemistry with 

DBCO-Rha. The Rha-attached cells were able to recruit anti-Rhamnose antibody which 

enhanced the destruction of cancer cell through complement-dependent cytotoxicity and 

antibody-dependent phagocytosis.26 Likewise, dendritic cells were tracked and modulated via 

azido-sugar. Azido-labelled dendritic cells (DCs) were detected in lymph nodes for weeks by 

monitoring the fluorescence signal from the Cy5 dye which was attached to the DCs via click 

reaction with DBCO-Cy5. Moreover, DCs could covalently capture DBCO-bearing antigens 

and adjuvants for improved antigen-specific CD8+ T-cell responses and antitumour efficacy. 
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In addition, DBCO-cytokine (e.g., DBCO–IL-15/IL-15Rα) was introduced to improve the 

priming of antigen-specific CD8+ T cells and regulation of DC-T cell interactions in vivo 

(Figure 6). 27  

 

Figure 6. A) Illustration of labelling of dendritic cells with azido-sugar nanoparticles under 

endocytosis disassembling of azide-sugar.  B) Percentage of azide+ DC2.4 cells after 

incubation with Ac4ManAz or G25 NP. C) Labelling of DBCO-cytokines to azido-labelled 

DCs and subsequent T-cell priming.27  

 

1.1.5. Membrane protein modification by enzymes  

 

A less common strategy to model the cell membrane is to use enzymes to trigger the labelling 

of surface protein and glycans. For example, “sortagging” technique was used by exploiting 

the activity of Staphylococcus aureus enzyme sortase A. The conjugation of LPXTG-tagged 

probes and LPXTG-proteins to endogenous membrane was attained on the N-terminal 

glycine of activated CD8 T cell which redirected specific toxicity of the cell with relevant 

antigen.28 Proteins could also be recruited to the inner cell membrane by tethering a peptide 

derived from the protein K-Ras4B to yield a sequence that is a known substrate for protein 
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farnesyltransferase. After the formation of a farnesylated product, the peptide was able to 

translocate from the cytosol/ Golgi to the plasma membrane through enzymatic 

palmitoylation. This migration method relies on the cysteine-containing peptide, opening a 

plethora of application for activation of proteins signaling pathways.29  

1.2. Lysosome chemical engineering 

 

Lysosomes are well known as degradation endpoints of intracellular and exogenous cargo. 

Their catabolic functionality is accomplished by approximately 60 proteases, nucleases, 

enzymes that are encapsulated in an acidic condition created by ATP-driven pumps, and 

vacuolar H+-ATP in harmony with ion channels. Its harsh pH 4.5 condition with multiple 

enzymes assist the lysosome and its equivalent structures to break down macromolecules into 

smaller building blocks and metabolites. Some of the products including amino acid, 

nucleotides, sugars, lipids are exported to the cytoplasm by an array of permeases along the 

lysosomal membrane which can be readily used by the cell. In addition, it can also be stored 

for post-usage such as buffering of cytoplasmic environment and regulating interactions with 

other membrane compartments like the controlled release of calcium ion. Metal ions such as 

zinc, iron, copper, can also be capped inside lysosome to prevent its uncontrolled harmful 

accumulation in cytoplasm.30  

 Lysosomal dysfunctions are therefore the root cause of many human diseases originating 

from its mutations in luminal hydrolase, permease, or storage disorders. Uncontrolled 

accumulation of digestion products inside the lysosomal lumen may result in 

pathophysiological consequences including neurodegeneration, growth retardation or 

metabolic imbalance.  Once the basic balance of the lysosome is perturbed, their inter-
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organelle communication will also be affected due to their malfunction in trafficking and 

fusion.   

  

    

Figure 7. Lysosomal processes and sites as target for chemical engineering. CLEAR, 

coordinated lysosomal expression and regulation; CQ, chloroquine; HCQ, 

hydroxychloroquine; mTORC1, mTOR complex 1; PtdIns(3,5)P2, phosphatidylinositol-3,5-

bisphosphate; RAPTOR, regulatory-associated protein of mTOR; SER, smooth endoplasmic 

reticulum; TFEB, transcription factor EB.31 

 

Figure 7 illustrates the mechanism in which the substrates are recruited and degraded 

through the endo-lysosomal pathway. Among the lysosomal enzymatic system that transport 

cargo from Golgi to lysosome, the most well-known system is the mannose-6-phosphate 

(M6P) receptor which targets newly synthesized hydrolase and escort them to pre-lysosomal 

compartments. Some of the components have become major targeting site for lysosomal 

dysfunction such as membrane proteins (mTOR as mechanistic target of rampamicin), 
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enzymes, ion channels (TRPML1, Ostm1) and other chaperone-mediated transportation 

which can be manipulated by many pharmacological antagonists and agonists. When 

considering lysosomal target, it is necessary to not only target all lysosomes, but also to 

enhance its specificity in localizing on lysosomal proteins or components of defective 

lysosomal organelle or cells.31  

Lysosomal storage diseases and aging cells are normally elevated in acidic lysosomes. 

Chemically targeting lysosome typically relies on acidotropic compounds that accumulate in 

the lysosome due to its acidity. Fluorescent dyes that turn-on under acidic condition can be 

employed to track the lysosome. An example of this labelling method is the use of metabolic 

glycan labelling such as the metabolic installation of 9-azidosialic acid (AzSia) on lysosomal 

membrane proteins. Similar to cell membrane, lysosomal membrane contains large number of 

proteins with highly glycosylated luminal portions. Upon uptake of the AzSia, the glycans 

collectively form a dense layer on the lysosome. Subsequently, acidity-promoted 

accumulation of optical probes was conjugated with the glycan specifically in lysosome 

(Figure 8).32 
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Figure 8. A) Acidity-triggered fluorogenic isomerization of DBCOLyso-Red and structure of 

DBCOLyso-Blue. B) Acidity-mediated accumulation of DBCOLyso-Blue and DBCOLyso-Red in 

lysosomes. GFP-Lamp1 was used as a mitochondria tracker (green).  

 

Importantly, lysosomal cell death triggered by lysosomal membrane permeabilization (LMP) 

which commonly bypasses the caspase-dependent apoptosis pathways have become new 

opportunity for targeting apoptosis and drug-resistant cancers. Many small molecules that 

repurpose antimalaria, antihistamine, and anticancers like thioridazine, fluphenazine or 

toremifene are under clinical trials and are also known to accumulate in lysosomes and cause 

LMP. Interestingly, mix charge [+/-] nanoparticles show great selectivity in localizing in 

lysosome, disrupting the integrity of the membrane and eventually inducing selective cancer 

cell death. Generally, nanoparticles form clusters on the cell surface and are internalized 

through endosomes. Upon subsequent transportation into the lysosome, the low pH induces 

mix-charge supracrystals which result in osmotic flow induction and gradual lysosomal 

swelling. In contrast, normal cell can exclude the mix charge nanoparticles via exocytosis 

process (Figure 9).33 This differentiative behavior of mix charge nanoparticles make it a 

great tool for precise cancer intervention. 
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Figure 9. A) Proposed aggregation pathways for cancer (left) versus normal (right) cells. B) 

Representative TEM images of HT1080 (left) or MEF (right) cells treated with 80:20 NPs for 

24 h. C) Merged images. APs and ALs were marked with eGFP-TagRFP-LC3B autophagy 

sensor, followed by cell incubation with 80:20 [+/−] NPs.  

 

1.3. Mitochondria targeting  

 

Mitochondria are double membrane bound organelles that contain outer membrane, 

intermembrane space, and a matrix. In each mitochondrion, the differing distribution of 

proteins, ion channels, and distinct metabolic pathways synchronically maintain the cellular 

homeostasis. Mitochondria dysfunction is the cause of various diseases namely cancers, 

metabolic disorders, neurodegenerative, and cardiovascular diseases.34 Therefore, 
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development of mitochondria targeting agents to alter and treat diseases have been a popular 

direction in precise medicine. The most effective mitochondria localized small molecules 

should present lipophilic features and delocalized positive charges.  Triphenylphosphonium 

(TPP+) lipophilic cation(s) are commonly used to recognize the mitochondria. The function 

is facilitated by a membrane permeable positive charge which offers highly electrostatic 

interaction with the negative potential across the mitochondria inner membrane (−150 to 

−180 mV and hyperpolarized −220 mV for cancer mitochondria). In addition, lipophilicity of 

the group induces significant accumulation kinetics.35 However, this family of compound is 

difficult to monitor because of its nonfluorescent property. The drawback drives the 

development of fluorescent lipophilic dyes such as Rhodamine derivatives and Mitotrackers. 

Other than cationic dyes, conjugative mitochondria localization of anionic dye was recently 

reported with assistance from mix-charge nanoparticle platform.36 Conventional anionic dyes 

such as 5-aminofluorescein without targeting specificity was loaded on the gold nanoparticles 

through noncovalent interaction with the mix-charge alkanethiolates. The nanoparticles 

functioned as a carrier to deliver the dye linked with asymmetric alkane disulfides. Upon 

intracellular uptake, the mix-charge NPs went through an endolysosomal process to release 

the loaded dye near the mitochondria, in which it conjugated with the organelle through 

disulfide bonds. Gradual release from the lysosome and bonding of dye to the mitochondria 

matrix resulted in long-term mitochondria labelling (Figure 10).  



24 

 

 

Figure 10. A) Confocal microscopy images of various fluorescein nanoparticle assemblies in 

which nM 80:20 [+/−] NPs were mixed with FL derivatives either for 20 min or 18 h in an 

aqueous solution. Representative images are shown without background subtraction. B) The 

signal-to-background ratios (S/B) for free fluorescein derivatives (white bars) and 

sequentially assembled particles. C) The sizes of sequentially assembled nanoparticles from 

fluorescence correlation spectroscopy (FCS) measurements. D) Proposed mechanism of 

mitochondrial targeting of fluorescent ligands with mixed-charge nanocarriers. 

 

Due to its innate characteristic of being rich in oxygen, mitochondria are the most suitable 

organelle for photothermal dynamic therapy, in which its high concentration of oxygen can 

be efficiently converted to reactive oxygen species (ROS). However, due to the short lifetime 

and small diffusion radius, cytotoxic ROS induced by PDT needs to be generated in the 

vicinity of the targeted organelle or cellular compartments to be effective. 
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Triphenylphosphonium (TPP) was used to introduce the mitochondrial targeting function of 

nanoparticles. This highly lipophilic moiety was integrated into poly-(ethylene glycol) 

(PEG)-modified polydopamine nanoparticles (PDA-PEG) loaded with Dox for properties in 

overcoming drug resistance for long-term anticancer therapy.37 These small targeting 

molecules were also functionalized with coumarin-based fluorescent iron oxide nanoparticles 

for improved cytotoxicity in Hela cells in comparison with nanoparticles without the 

mitochondria targeting unit. In agreement with the in vitro studies, 740 nm laser irradiation 

induced tumor suppression in tumor xenograft mouse models through mitochondria-targeted 

hyperthermia nanoparticles.38 Recently, Guang et al. reported the fabrication of mitochondria  

targeted theranostic nanoparticles capable of imaging cancer cells for early-stage diagnostic 

and mitochondria-specific photothermal therapy. NIR heptamethine cyanine dye (me-IR 825) 

was encapsulated in the micelle-forming copolymer Pluronic F127 (PF127) to produce 

nanoparticles with dual channel activatable fluorescent emissions. The emitted 610 nm 

fluorescence was used for in vitro imaging of cancer mitochondria, distinguishing tumor and 

normal cells, accurately detecting cancer at an early stage. Meanwhile, the 845 nm 

fluorescence was applied for in vivo NIR imaging with high contrast. Furthermore, these 

nanoparticles exhibited impressive photothermal tumor ablation both in vitro and in vivo. 

These highly biocompatible and biodegradable nanoparticles are guaranteed for excellent 

biosafe mitochondria-targeted cancer theranostics.39 In addition, mitochondria have similarly 

shown highly susceptibility to ROS. 40 In a recent study, IR 808 small molecules were 

anchored on manganese oxide nanoparticles (IR808@MnO NPs) for effective phototherapy 

of cancer. Particularly, IR808 acted as a tumor cell targeting unit which could relocate 

nanoparticles in the mitochondria, where MnO reacted with H2O2 to continuously produce 

oxygen (O2). Under 808 nm laser exposure, the produced O2 was turned into toxic 1O2 and 
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hyperthermia was promoted. The highly effective synergistic combination therapy from this 

nanoplatforms is expected to broaden the application of precise cancer therapy.41  

Most mitochondrial proteins are synthesized in cytosol before relocating to the mitochondria 

for functioning. This transportation is largely dependent on mitochondria precursor proteins 

which generate targeting signals and subsequently direct the mitochondrial protein to the 

mitochondria. Such precursors are characterized by homologous amino acids (such as 

arginine) or amphiphilic N-terminal regions. Inspired by this mechanism, dendritic 

lipopeptide (DLP) was modified with arginine residues to offer a nanoplatform with 

significant subcellular delivery. The dendritic arginine-rich architecture was designed to 

enhance the mitochondrial interaction of the delivery system. In addition, stearoyl group was 

incorporated to increase the lipophilicity. enhancing the affinity of the nanoplatforms. The 

study revealed a 3.5-fold increase in mitochondrial targeting compared to common TPP-

based liposomes.42  

Other components of the mitochondria also can be specific targets. One of the more 

promising directions would be mitochondrial DNA. Inhibitors of mitochondria transcription 

were developed to target human mitochondrial RNA polymerase (POLRMT) which is 

essential for mtDNA transcription. The small molecule showed impairment of the oxidative 

phosphorylation (OXPHOS) process. Allosteric binding sites of the compound were 

demonstrated through cryo-electron microscopy (cryo-EM) structure that the interaction is 

near the active central cleft of the POLRMT (Figure 11). Oral administration of IMT in mice 

effectively treated the cancer without OXPHOS dysfunction and normal cell toxicity. This 

study provides a promising paradigm in the physiological investigation of mitochondrial 

DNA.43  
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Figure 11. A) Chemical structure of IMT1B (LDC203974). B) Transcript levels of 

mitochondrial gene fragments, NADH dehydrogenase subunit 1 (ND1) and cytochrome b 

(CYTB), after IMT1B treatment for 6 h in HeLa cells. C) mtDNA levels after IMT1B 

treatment. D) Cartoon representation of the cryo-EM structure of POLRMT bound to IMT1B. 

E) Structure of the palm loop in the mitochondrial transcription elongation complex (EC). F) 

Structure of the palm loop in the presence of IMT1B.  

 

1.4. ER and Golgi targeting modulation. 

 

ER and Golgi apparatus gradually gained attention in modulating organelle specific 

therapeutic agents due to its large surface area and their important role in endocytosis. They 

have the largest subcellular structure in the cell, containing weakly alkaline membranes in 

lamellar and tubular cavities with high amount of calcium storage. When activated, the ER 

releases calcium ions and promotes an apoptotic program through caspase 8 initiation. 

Similarly, the ER also regulates the biosynthesis of protein and other macromolecules which 

play pivotal role in cell survival and homeostasis. Meanwhile, Golgi linked with the ER, is 

responsible for cell secretory pathways that label, modify and transport proteins, 

polysaccharides, and lipids. Interference of the Golgi integrity might result in the 
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dysregulation of normal cellular activities during migration, invasion and angiogenesis.  

Precise localization and manipulation of the ER and Golgi activity have become a new 

avenue in disease treatment strategies. It has been shown that some biocompatible metal 

complexes can be used to target ER such as Iridium (III) complex, in which they also 

stimulate ROS production under PDT.44 Other than that, KKXX peptide, propylene oxide, the 

sulfonyl groups have also shown the ability to induce ER accumulation.45  

 

Figure 12. Schematic illustration of FAL-ICG-HAuNS plus FAL-Hb-lipo induce 

endoplasmic reticulum-targeting PTT/PDT therapy with enhanced immunogenic response.46 

 

Interestingly, cell death-associated immunogenicity can be promoted by targeting the PDT 

and PTT locally in ER. Pardaxin peptides were used as ER targeting agents.  ROS 

specifically stress the ER, causing calreticulin translocation to the cell surface which act as an 

“eat me” signal to stimulate the dendritic cell inducing antigen. CD8+ T cell proliferation was 

observed together with the cytotoxic cytokine secretion (Figure 12).46   
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To date, Golgi apparatus targeting design strategies still remain in its infancy. L-cysteine was 

reported to enable the Golgi targeting of carbon quantum dots and silica nanoparticles.47 

Meanwhile, Gong’s team proved that chondroitin sulfate (CS) is a specific ligand for 

glycosyltransferases in the Golgi which makes them a promising candidate for further 

development of Golgi targeting strategies.48  

 

1.5. Nucleus chemical engineering 

 

The nucleus is the largest and stiffest organelle in most cells which contains important 

genetic materials and controls various cell activities including cell migration, cancer 

metastasis. It has been shown that governing nuclear deformability or altering the nuclear 

structure could further mediate cellular functions.49 For instance, nuclear localization signal 

(NLS, CGGGPKKKRKVGG) peptide was conjugated to target the AuNPs to the nucleus, 

hence enhancing nuclear membrane stiffness and improving the inhibition effect on cell 

migration and invasion.50 Notably, therapeutic agents such as Doxorubicin are not efficiently 

activated until they enter the nucleus.51 This issue places the nucleus as another important 

subcellular target for consideration. Unfortunately, most of the chemical reagents cannot 

traverse the nuclear pore complex with a small pore size of around 9 to 12 nm. In order to 

overcome this barrier, several studies have fabricated positively charged nanoparticles to 

increase electrostatic interaction with the nucleus.52 Nuclear localization sequences have been 

designed to target the nuclear translocation property of importin, which were then integrated 

with nanocarriers for its effective nuclear localization.53 Recently, self-assembled 

nanoparticles (PEG-POSS-RB-NPs denoted as PPR-NPs) were introduced by conjugating 

multiamine-containing polyhedral oligomeric silsesquioxane (POSS) molecule with a 
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hydrophilic PEG chain and several hydrophobic photosensitizers such as rose bengal (RB) 

molecules (Figure 9D). Benefiting from the positive charge given by the amine groups on the 

surface, these NPs can easily enter the cell and be entrapped by lysosomes. After irradiating 

with light, 1O2 generation caused significant lysosomal disruption, thereby releasing PPR-

NPs into the cytosol. The exposed POSS molecules with polyamine property substantially 

directed the nanoparticles toward the nuclear membranes. This enhanced production of 1O2 

disintegrated the nuclear membrane, encouraging the nuclear entry of the PPR-NPs. 

Evidently, chemotherapeutics (10-hydroxycamptothecine and docetaxel) and nanomaterials 

were succesfully delivered without conventional chemical modifications.54  

Metabolic labeling of the nucleus is one of the more promising methods for conjugation of 

therapeutic agents and spatially manipulating DNA functions. 5-bromo-2’-deoxyuridine 

(BrdU) is commonly incorporated into the DNA of dividing cells assisted by an endogenous 

enzyme, in which newly synthesized DNA is detected by a fluorescent antibody.55 In general, 

this labelling method requires cell permeabilization and denaturation of DNA which hinders 

their application in live cell targeting and manipulation. In addition, antibody labelling suffers 

from poor tissue permeability. To overcome these hurdles, biorthogonal methods have been 

developed with 5-ethynyl-2’-deoxyuridine (EdU). The alkyl functional group in the EdU 

provides possible conjugation of azide-modified reagents and small molecules which renders 

immunostaining obsolete.56 Nevertheless, EdU is generally toxic and high amount of staining 

may cause DNA damage and cell apoptosis. F-ara-EdU was subsequently developed to 

reduce the toxicity of traditional EdU.57 However, these CuI-mediated azide–alkyne “click” 

cycloaddition (CuAAC) DNA labelling method is still limited by the usage of catalyst, which 

is less desirable in multidimensional pulse-chase labelling. Instead, 5-vinyl-2’-deoxyuridine 

(VdU) can be conjugated through a Diels–Alder (invDA) reaction between electron-deficient 
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tetrazines and electron-rich dienophiles without catalyst which is compatible with cell media 

condition.58  

 
Figure 13. A) The consumption of tetrazine according to normalized absorbance changes at 

530 nm in the presence of of EdU or VdU. B) Confocal fluorescence microscopy images of 

cells treated sequentially with EdU and VdU. C) Confocal fluorescence microscopy images 

cells treated simultaneously with a mixture of VdU and EdU. Tamra-Tz (red) and AF-azide 

(green). The overlay of the two color channels reveals both distinctand dual labeling, 

indicated by circles and squares, respectively. 58 

 

The conjugation kinetics are comparable to the strain-promoted azide–alkyne cycloaddition 

“SPAAC” reactions that are widely used for cellular labelling purposes with similar 

efficiency to EdU with less cytotoxicity and more specific DNA conjugation (Figure 13). 

This labelling method opens a new avenue for drug development and investigation of DNA 

activity. By carefully designing the targeting agents, highly precise manipulation of DNA can 

be achieved. For example, BODIPY-tetrazine compounds were developed to introduce 

photodynamic DNA damage after specific conjugation (Figure 14).59   



32 

 

 
 

Figure 14. A) Schematic illustration of DNA-targeted bioorthogonal strategy for activating 

the phototoxicity. B) ligation of VdU in newly synthesized DNA upon addition of mTz-

BODIPY in comparison with the non-incorporated 5-vinyluracil. C) Phototoxicity of mTz-2I-

BODIPY (4) on HeLa cell viability treated with or without VdU/5-vinyluracil.59 

 

1.6. Protein targeting 

 

Proteins are major a class of biosystems which manipulate all the biological activities of 

living organisms. Therefore, structural and functional investigation of proteins are pivotal in 

the biological research for enhanced biopharmaceutical systems. Modification of proteins in 

complex biological systems with site-specificity and targeting-selectivity have become a 

central research area for protein science in recent years. These non-genetic targeting 
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strategies offer facial regulation of protein processes in living systems including protein-

based biosensors, protein-protein interaction and protein enrichment or depletion.  

1.6.1. Chemo-selective protein modification 

 

Chemical and regioselective modification of proteins are one of the essential methods for 

attaching moieties onto the protein of interest without significant alteration of its activities. In 

many cases, strict control of the modification needs to be considered since small adjustment 

of the protein may result in significant changes to its structure integrity, rigidity as well as 

pharmacodynamics. Generally, chemical targeting of the proteins mainly relies on the natural 

amino acids in proteins to retain their biofunctions.  

One of the most common targeting elements of proteins is cysteine due to its high 

nucleophilicity among canonical amino acids and low abundance in proteins. Simply using an 

appropriate electrophilic reagent such as maleimide or α-halocarbonyls can conjugate 

cysteines via thiol alkylation reactions. However, the linkage is unstable under high 

concentrations of thiol species that triggers thiol exchange reactions. Therefore, off-target 

release or decomposing moieties might lead to an unexpected side effect in vivo. Advanced 

organometallic methods have emerged as promising examples of stable cysteine conjugation. 

Particularly, Aryl palladium (II) complexes with 2−2-dicyclohexylphosphino-2′,6′-

diisopropoxybiphenyl (RuPhos) ligands reacted quickly and chemo-selectively with cysteine 

thiol to generate high yields of conjugates.60 Nevertheless, the transition metal-based protein 

modelling may suffer from insolubility and toxicity, hence would require judicious designs 

and purification of obtained conjugates. Notably, the nucleophilic thiol of cysteine can be 

converted to dehydroalanine (Dha) as an electrophilic reactive handle by oxidative or bis-

alkylation-induced β-elimination of the thiolate. Site-specific protein modification with 
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nucleophile-tethered reagents can be obtained by a number of methods with Michael-type 

addition between Dha and thiol nucleophiles although high thiol-containing reagents may 

perturb the disulfide bonds in proteins.61  

Lysine side chains with amine group handle is another popular target for the conjugation of 

proteins due to the rich chemistry available for simple and mild condition reactions. 

Generally, a pH of around 8 is suitable for efficient conjugation of primary amine with 

activated esters, sulfonyl chlorides, isocyanates, isothiocyanate, etc. Meanwhile, the high 

abundance of lysine groups on the protein surface needs to be taken into consideration as 

multiple labelling sites may interfere, such as off-target modification of highly active lysine 

around protein active site.62 Computer assisted calculation and simulation can play a role in 

predicting the most active lysine on the protein. As such, different reaction conditions and 

reagents can be used to selectively manipulate the more accessible lysine compare to other 

nucleophilic amino acids.63  

On the other hand, modification of aromatic amino acids in proteins is generally less common 

due to its lower reactivity. However, modern organic chemistry has broadened the toolbox for 

the selective labelling of proteins through advanced conjugations with tyrosine or tripsine, 

such as azo coupling of tyrosine with diazonium salts, Manich reaction with aldehyde, aniline 

or ene-like reaction with cyclic diazodicarboxamides, etc.64-66 Selective targeting of tyrosine 

can be obtained by probe-appended boronic acid and rhodium salt inducing tyrosine side 

chain metalation. This method is applicable with multiple antibodies without interferences 

from other basic side chains as well as other aryl side chains including phenylalanine, 

tripsine.67  
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1.6.2. Protein tagging by ligand-directed approach.  

 

Chemically modifying protein through its amino acid is important but the most significant 

approach is to selectively target the protein of interest (POI). While the underlying chemistry 

in amino acid reactions mainly focus on the selective site of the protein surface or pockets, 

ligand-assisted conjugation offers a protein selective pathway for more biological 

applications in which the protein is present in complex environments. Early affinity labelling 

methods utilized ligand-directed tosyl chemistry. Typically, after the POI is functionalized 

with the ligand, the phenylsulfonate (tosylate) ester group is in close proximity with other 

nucleophilic amino acids on the proteins which generates an SN2 reaction to release the 

ligand and conjugate the labelling moiety on the protein. The main challenge of this method 

is its slow reaction kinetics and low labelling yields, especially for intracellular proteins.68 

Efforts in alleviating the disadvantage is to switch the cleavable reactive group for 

moderately reactive alkyloxyacyl imidazole, in which can be used for protein acylation, 

efficiently labelling the folate receptor on the cell membrane. However, these kinds of ligand-

directed acyl imidazole reagents are degraded inside the cytoplasm as directed by 

intracellular enzymes such as esterase, proteases, etc.69 Therefore, further advancement 

utilized reactive moieties that are not substrates of cellular enzymes. Dibromophenyl 

benzoate scaffolds were adopted to increase the steric hindrance of the substrate so that it is 

less susceptible to enzymatic reactions while maintaining the rapid protein labelling 

intracellularly.70 In order to improve reaction kinetics, N-acyl-N-alkyl sulfonamide chemistry 

with comparable kinetic to those of prevalent self-labeling protein tag methods (e.g., SNAP-

tag, Halo-tag) and biorthogonal reactions (e.g., IEDDA cycloadditions between tetrazines and 

trans-cyclooctenes). For proteins that cannot be targeted by small molecular ligands, catalyst 



36 

 

-mediated traceless protein labelling is a complemented alternative. For instance, affinity-

guided 4-dimethylaminopyridine (DMAP) can selectively target the POI and facilitate the 

transfer of the acyl group from the thiophenyl ester to a nucleophilic amino acid that is in 

vicinity. Using this method, cell membrane proteins such as glycoprotein, endogenous HER2 

and EGFR can also be labelled. Nonetheless, selective conjugation of intracellular proteins 

are still hindered by the insufficient biorthogonality of acyl donors and multicomponent 

involvement of the reactions.71,72  

1.6.3. Activity-based protein modification. 

 

Since the activity of a protein is tightly regulated by post-translational modification and 

interaction with other components inside the living cell, the tracking of its activity is vital in 

dissecting the biological functions of the POI. To access the functions of the POI, the most 

direct method is to target their active site.  Activity-based probes generally contain three 

components, a conjugative moiety which link the active site amino acids, a spacer to reduce 

steric hindrance and a reporter tag for detection of protein activities. Many protein activities, 

especially enzymes, have been targeted real-time in living systems.73 More importantly, this 

method can also be used to develop POI inhibitors. Proteins treated with the inhibitor can be 

blocked.  Quantitative LC-MS/MS analysis in combination with activity-based conjugation 

generate simple and robust ways to evaluate the potential efficiency of objective inhibitors.74  

1.6.4. Small molecular- induced protein degradation. 

  

In order for the cell to function normally, the expression level of proteins is strictly 

maintained and harmonized. Minimal malfunction of proteins and their interactions may 

cause severe cell and tissue disorganization which can be lethal to the living system. In 

contrast, targeted removal, distortion or blocking of a protein plays an essential role in 



37 

 

investigating protein activities, drug development and treatment of multiple diseases at the 

cellular level. Tremendous efforts have been placed on these primary factors and marvelous 

achievements have been attained, including molecular inhibitors, gene silencing and editing. 

However, high dosage of inhibitors is normally required to generate the relevant 

pharmacological inhibition since efficiency is only attained with > 90% target engagement. 

Genetic lockdown strategies can monitor protein levels at an early stage before its expression 

based on antisense oligonucleotides, RNA interference, CRISPR/Cas9 and other methods. 

Despite its high therapeutic potential, inadequate accumulation at the targeted site with 

minimum side effects and metabolically unstable properties of the reagents have hindered 

their systematic gene knockdown applications. Therefore, chemical knockdown strategies are 

the gold standard for successful protein level mediation. Proteolysis targeting chimeras 

(PROTACs) and molecular glues are small molecule ligands with the ability to hijack natural 

protein homeostasis machinery, depleting the POI. Specifically, the bifunctional molecules 

recruit E3 ubiquitin ligase to the protein and tag the enzyme to ubiquitinate the chosen 

protein. The ubiquitin chains direct the proteins to the proteasome for unfolding and 

destruction. Such protein digestion method offers tremendous promise for future drug 

discovery which can tackle pathologies originating from protein that are previously 

considered as “undruggable” due to its inaccessibility to small-molecule intervention. 

PROTACs were first reported in 2001, in which the peptidic degron of hypoxia induced 

factor 1α is used to recruit protein to the Von Hippel Lindau factor (VHL), a component of 

the Cul2-Rbx1- EloB/C-VHL E3 ligase. This study is valuable in proving the machinery 

concept but was limited in vivo mainly due to the use of long peptide sequences. Smaller 

ligands with non-peptidic moieties were subsequently developed with different protein 

ligands and varied E3 ligase recruiters. For instance, small molecule nutlin was linked with 
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an androgen-receptor-binding group to recruit the protein to MDM2 E3 ligase.75 Optimization 

of the VHL targeting moiety was also possible for in vivo protein knockdown (Figure 15).76  

   

Figure 15. A) PROTACs recruit VHL to target proteins to induce their ubiquitination and 

subsequent proteasome-mediated downregulation. PROTACs were generated to two target 

proteins: the orphan nuclear receptor ERRa (B), and the protein kinase RIPK2 (C).76 

 

“Molecular glues” are the simplest small molecules that can cause protein destabilization 

through simultaneously engaging the binding pockets on two separate proteins. For example, 

Indisulam drives the CRL4 component attachment and causes degradation of RNA Binding 

Motif Protein 39.77 Thalidomide analogues including lenalidomide, pomalidomide were 

discovered to target cereblon (CRBN), an associated factor of DNA-damage binding protein 

1 CRL4 E3 ubiquitin ligase. Rather than acting as an inhibitor, the thalidomide analogs bind 

to the cereblon surface and create a hotspot for protein-protein interaction, recruiting 

transcription factors, Ikaros and Aiolos for ubiquitination and degradation at the same 

time.78,79 
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Figure 16. A) Overall structure of the DDB1ΔBPB–CRBN–lenalidomide–CK1α complex. 80 

B) Structures of thalidomide, lenalidomide, pomalidomide and CC-122. C) Protein levels of 

IKZF1 and CK1a assessed by tandem mass tag quantitative proteomics. D) Western blot 

analysis of CK1a and IKZF1 protein levels in MDS-L cells treated with different analogs. E) 

KG-1 cells were treated with DMSO or lenalidomide in the absence or presence of different 

concentrations of CC-122. F) Schematic presentation of the interaction of different 

thalidomide analogues with CRBN, substrates, and therapeutic indications.81 

 

Later studies have shown that lenalidomide itself is also a specific platform to attach casein 

kinase 1α (CK1α) for degradation of proteins in Myeloma, del(5q) MDS cells (Figure 

16).80,81 These findings opened a new avenue for the development of other simpler E3 ligase 
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targets in PROTACs with thalidomide analogues as CRBN recruiters. It was reported that 

BRD4 and FKBP12 inhibitors conjugated with pomalidomide are able to produce robust 

targeted protein degradation.82 Vast number of reports subsequently demonstrated the 

universal applicability of this method to degrade different intracellular proteins.  

        

Figure 17. A) Chemical structure of pomalidomide conjugation with protein target ligands 

for as degraders of BRD4 and FKBP12. B) Western blot analysis of BRD4 degradation in 

cells treated with dBET1 in concentration and time controls and the cell viability after drug 

treatments. C) Western blot analysis of FKBP12 degradation after treatment with respective 

degraders and the inhibitors as controls.82 

 

Extracellular or membrane proteins can be targeted and degraded by the complement method 

developed recently by the Bertozzi group. They reported lysosome targeting chimeras 

(LYTACs) that bind to both cell-surface lysosome-shutting receptor and endogenous proteins. 



41 

 

Agonists of the lysosome-targeting induction process are glycopeptide ligands that 

specifically bind to the cation-independent mannose-6-phosphate receptor (CI-M6PR). Upon 

linkage with the POI, the agonist activates the lysosomal degradation of the proteins via 

multiple enzymes and its acidic condition. This strategy showed efficient induction of 

lysosome-assisted degradation of apolipoprotein E4, EGFR, CD71 and PD-L1 which are all 

therapeutically important.83  

 

Figure 18. A) Lytacs recruit a glycopolupeptide ligand for CI-M6PR to drag targeted protein 

to lysosome. B) Live cell confocal image of NA-647 protein recruited to the lysosome using 

Lytac.Cell membrane protein such as EGFR (C, D) and CD71 (E) was degraded by Lytacs.83 

  

Although substantial advancements have been made in the field of heterobifunctional 

degraders, considerable degree of skepticism about their clinical translations still exists. To 
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fulfil the desired physicochemical properties with the prerequisite architecture of the linked 

ligands, the PROTAC molecules normally deviate from the conventional “rule of five”. 

Complicated structures with high molecular weight substantially hindered their biophysical 

performances such as low cellular uptake efficiency or minimum biocompatibility with less 

stable metabolic characteristics. The clinical validation of this promising group of compounds 

is therefore still pending, especially their oral availability. Unlike molecular glues that have 

simultaneous binding of both POI and E3 ligase, heterobifunctional degraders perform 

differently in pharmacology. As the structure is separately divided into two different moieties, 

individual binary complexes may be saturated at high concentration, which compete with the 

formation of E3 ligase-substrate-ligand ternary complexes.84 This “hook effect” complicates 

the investigation and drugs activity screening of each PROTAC system since concentration 

dependence in different compounds and cell lines need to be thoroughly investigated. “Hook 

effect” might also interfere in vivo whereby the concentration at the targeted area fluctuates 

due to the dosage and pharmacokinetic of each compound in a complex system. Importantly, 

current PROTAC molecules are mostly unable to induce specific drug targeting. Addition of 

affinity ligands to selected cell lines with different cellular factors may even hinder their 

clinical translation since it brings additional complexity to the compound. Tissue-specific 

degradation is therefore rendered impossible via conventional binding. Improvement of its 

physicochemical properties and new design considerations are still ongoing to bring back 

historically undruggable proteins into play for therapeutic benefits.   

At present, many breakthroughs have been made in the innovation of subcellular targeting 

agents for specific disease diagnosis and treatment. These methods offer efficient and highly 

precise theragnostic results even with lower dosage of therapeutic agents. With intensive 

investigations on small molecules, macro biomolecules, cellular behaviors as well as the 
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innovation of optical and nanomaterial techniques, improvements in this area are believed to 

proliferate in near future for precision treatment. 

     In this thesis, I would like to provide general insights for the development of precision 

therapy. Although multiple methods have been intensively investigated for the organelle 

specific labeling, deeper understandings of the specific localization of the reagents are needed. 

Typically, subcellular targeted reagents enhanced the efficiency of the therapy with lower 

used dosage or milder treatment conditions. In fact, concentrating the reagents on an 

individual location inside the cells, which is the disease origin, can significantly enhance the 

precision of disease monitoring without affecting other cell functions. However, how much 

significant it is for the different organelle targeting is not so clear. For example, light 

responsive nanoparticles can be engineered to target differently into separated cell organelle, 

but it is not clear whether the efficiency of the photo-stimulated nanoparticles in such 

separated location is higher than other locations. In the chapter 2 of my thesis, such 

investigation for the same light treatment condition but different location of photothermal 

nanoparticles will be proceeded to provide insights for the importance of organelle specific 

consideration of photothermal nanoparticle applications. In addition, cell specific targeting of 

the reagents is still the utmost important factor in precision therapy, even though subcellular 

localization can be achieved. The combination of cell and subcellular specific targeting can 

ultimately provide ways for the highly accurate manipulation of the cell functions in the 

complex living condition. A method to provide a cell specific labelling of cell membrane will 

be provided in chapter 3 of the thesis. Moreover, the direction for precision therapy have 

been mainly basing on specific delivering of the reagents or drugs into the cell before using 

external stimulus for activation of the reagents, but other methods using protein-protein 

interactions or cell-cell interaction after subcellular localization is still limited. In chapter 4, 
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we will provide a proteolysis method for the depletion of a targeted protein using a small 

molecular inducing protein-protein integration. The method will be further extended in cell 

specific development in chapter 5, in which an enzyme-guided pathway provides a cell 

selective degradation of a specific protein in living cell. These examples in organelle 

localizations and its application in regulating cellular event manipulations and therapy 

provide further insight and new directions for the precise medicine.  
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Chapter 2. Manifestation of Nanoheater’s Position Effect on Cellular Photothermal 

Responses 

 

2.1 Introduction 

 

Within the three-dimensional cell structure, subcellular compartments possess a substantial 

implication in locally activating signal transduction, trafficking essential components and 

conveying bio-molecules to manipulate cell events as well as downstream stress effectors.1,2 

Comprehension on how to specifically monitor organelles functions, and to spatiotemporally 

regulate the unique signaling pathways in a sophisticated cell environment offers great 

possibility for in-depth understanding of the etiology of disease procession. These 

conceptions can be fully employed for the facilitation of targeted theranostics with maximum 

efficacy.3-9 Among the various endeavors for such high accuracy, the strategy based on light 

irradiations, especially utilizing the near-infrared (NIR) spectral window, represents an 

extraordinary option to achieve deep-tissue penetration and minimize side effects of ever-

present biomolecules and endogenous chromophores.10-13  

 As one typical light-responsive therapeutic modality, photothermal treatment (PTT) 

directly utilizes the photo absorbing components in nanostructures that are capable of 

absorbing and converting photon energy to heat. Such light-transduced thermal effect can 

ablate targeted diseases cells, thus engendering their promising applications in precision 

nanomedicine.14-19 Thus far, a plethora of photothermal nano-absorbers have been developed 

with a main focus on the strategies to improve biocompatibility, specific diseases affinity and 

photoconversion efficiency for maximal thermal regulation.20-23 However, the biological basis 

conferring the cellular response to PTT is still under controversy. In spite of the possibility of 

heat response through the expression of heat shock proteins (HSPs) as an intrinsic 

cytoprotective effect, their cochaperone interactions and molecular mechanism remain 
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elusive.24 Moreover, the cell death pathways including apoptosis or uncontrolled cell dying, 

namely necrosis, occurred in photothermal response to severe heat stress have also been 

intensively investigated but are mostly dependent on the temperature controls by the different 

light treatment settings including irradiation duration, laser types and the power intensity.25,26 

    Considering the importance of subcellular compartments in cell function mediations, 

organelle specific localization of thermal-induced nanomaterials is critical for PTT precision 

with ultimate efficacy. Furthermore, attributed to the biological diversity in molecule 

components, native physiological properties and their relative proximity to heat-sensors, 

subcellular compartments can be affected divergently by localized thermal stress which might 

cause varied cellular responses.27-29 However, despite the abundant designs of photothermal 

nano-heaters with the significant efficiency, studies on their subcellular distribution and 

distinguishable effects on photothermolysis are still unconceivably scarce.  

    Herein, we selected the rare-earth upconversion nanoparticles with surface coated 

polydopamine (termed as UPDAs) as a representative model of tissue penetrable NIR light-

activated nano-heaters for dissecting intracellular behaviors to heat shock responses, mostly 

due to their unique photoluminescence properties.30-35 Different intracellular recognition of 

UPDAs can be achieved by selective modification of particles surface with poly-ethylenimine 

(PEI) and membrane-associated bioorthogonal moieties. Typically, UPDAs were coated with 

PEI to provide enhanced cell uptake for efficient cytoplasm localization. We incorporated a 

monosaccharide precursor, peracetylated N-azidoacetylmannosamine (Ac4ManNAz) 

modified with a bioorthogonal azido tag, N3, on cell surface through the process of intrinsic 

glycan metabolism. Meanwhile, nanoparticles functionalized with DBCO (dibenzyl 

cyclooctyne) were conjugated with the pre-treated N3-tagged glycans via copper-free click 

reaction, achieving specific surface localization of UPDAs onto live cells.10 Upon 808 nm 
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laser excitation, heat released from specifically localized UPDAs was monitored to 

comparatively study the heat shock response in cells, thus disclosing their molecular modes 

of cell death (Scheme 1). 

 

Scheme 1. Specific localization of photothermal upconversion nanoparticles dissect 

distinguished cellular responses to heat stress.  

 

2.2 Results and discussions. 

 

2.2.1. Rational designs and characterizations of upconversion nanoheaters.  

 

Figure 1A presented the design of our NIR light responsive nano-heaters, in which 

biocompatible polydopamines with high NIR spectral absorbance36 were coated on 

NaYF4:Yb/Tm/Nd (30/0.5/1%) @NaYF4:Nd (20%) core-shell upconversion nanoparticles 

(UPDA) to produce promising photothermal effect after 808 nm laser excitation. TEM 

images showed the homogeneous coating of polydopamine on UCNs with a thickness of 8 

nm (Figure 1A). The hydrodynamic diameter in buffer solution was determined as 100.5 ± 

19.13 nm through dynamic light scattering (DLS) analysis (Figure S1A). Meanwhile, 
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upconversion luminescence characterized by blue emission peaked at 460 nm (highest 

intensity emission among the emission peaks) facilitates the applicable tracking of UPDA 

position in live cells (Figure S1B). We then modified UPDA with different chemical moieties 

on the particle surface using DBCO-NH2 by typical Michael addition and/or Schiff-based 

reaction with catechol and amine groups on UPDA or using PEI polymer coating (Figure 

S1C). The successful conjugation of DBCO on UPDA and effective click chemistry with N3 

group was confirmed by the fluorescent conjugation through 5-carboxyfluorescein-azide 

(FAM-N3) with the optimal amount of DBCO of ~ 363 nmol/mg (Figure S2). Moreover, PEI 

was coated on UPDA for increasing the efficiency of cellular uptake, which further enhanced 

the subsequent localization in cytoplasm. There was no obvious morphology and shape 

difference observed among the modified nanoparticles (Figure S1D, E). Zeta potential 

measurement indicates a negative value of -10 mV for UPDA-DBCO. Meanwhile, a positive 

potential was found for UPDA-NH2 (+16 mV) (Figure S1F), indicating its great possibility 

for cell uptake of the UPDA-NH2. 

     The obtained nano-heaters demonstrated the time and concentration dependent heat 

effects (Figure 1B, C) upon 808 nm light illumination of the nanoparticle solution, which was 

also observed even under deep tissue depth (Figure S19). Importantly, the UPDAs showed 

great stability in different pH condition with minimum change in the absorbances, PDA 

thickness, nanoparticle morphology (Figure S3, 4) and repeated cycles of photothermal 

treatment with ΔT of around 24 ℃ (Figure S5). Moreover, these particles indicated similarity 

in heating and natural cooling cycles in their photothermal performance (Figure 1D) as well 

as calculated to have comparable photothermal conversion efficiencies (Figure S6). These 

properties enable a reasonable comparison of heat response through different localization of 

UPDA in cells by introducing equal amount of nanoparticle in each position of interest. 
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2.2.2. Specific cellular localization of nanoheaters.  

For conjugation of nanoparticles on the cell membrane, the covalent glycan labelling 

approach was first conducted by introducing the N3-tagged glycans onto human lung 

adenocarcinoma epithelial (A549) cells. Upon feeding with Ac4ManNAz precursor (50 µM) 

for 48 hours, the A549 cells were incorporated with azido groups on the membranes through 

ubiquitous cellular metabolism (Figure S7). The N3-tagged cells were further incubated with 

UPDA-DBCO and dynamic imaging was performed, revealing the gradual localization of 

UPDA on cell membrane (Figure S8). The membrane accumulation of nanoparticles reached 

plateau after 1 h. Notably, extended incubation time (e.g. 2 h) resulted in slow cellular 

internalization, while majority of UPDA were still anchored on the cell membrane. Moreover, 

control studies by unmodified UPDA alone or untagged cells revealed negligible number of 

nanoparticles on the cell surface, which further consolidated the specificity of the labelling 

through the metabolic glycol-biosynthesis (Figure S9). During this process, care needs to be 

taken to maximize the quantity of UPDA on the cell surface with minimum internalization by 

optimizing the incubation time (e.g. 1 h) to make sure that the specific thermal response 

mainly originates from the membrane localized nano-heaters (Figure S8). 
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Figure 1. Fabrication and characterization of nano-heaters and the specific localization in 

cells. A) Polydopamine coating scheme and TEM image of polydopamine coated on 

upconversion nanoparticles. (B) Thermal images of irradiation-time dependent temperature 

increase (1 mg/mL UPDA) in aqueous solution. C) Temperature curves of UPDA under 

different concentrations upon 808 nm irradiation for 10 min (1.3 W/cm2), UCNs without 

surface coating as a control. D) Heating curves of UPDA, UPDA-NH2 and UPDA-DBCO 

(200 µg/mL) during laser irradiation and natural cooling process. E) Confocal fluorescence 

and upconversion luminescence (UCL) of membrane conjugation of UPDA-DBCO (top) and 

cytoplasm distribution of UPDA-NH2 (down). Green: CMSK-Cy5 (λex: 640 nm, λem: 670/50 

nm), red: UPDAs (λex: 543 nm, λem: 580/50 nm), UCL imaging at λem: 460/50 nm. Scale bar: 

20 µm.  
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 In addition, we examined the possibility for different localization of upconversion 

nanoheaters in live cells. Typically, the effective cellular distribution of nanoparticles inside 

cells can be obtained by incubation of A549 cells with UPDA-NH2. The time-dependent 

cellular uptake was monitored by confocal and upconversion imaging analysis to optimize the 

comparable quantity of nanoparticles internalized as contrast to those UPDA-DBCO 

counterparts located on the membrane upon different time incubation (e.g. 6h, Figure S10). 

Indeed, as shown in Figure 1E, different from the UPDA-DBCO labelled on the plasma 

membrane, the UPDA-NH2 could be taken up efficiently and almost no membrane-located 

interference was observed in cell imaging. In order to monitor their contribution to cellular 

thermal response, we individually localized UPDA-DBCO and UPDA-NH2 into different 

compartments, and then carried out ICP measurement to quantify the amount of incubated 

UPDA in live cells.37,38 The relatively same number of nano-absorbers (e.g. a ratio of ~ 1 : 

1.05) were precisely maintained on the cell membrane and cytoplasm, respectively (Figure 

S11), which promise a rational strategy for further comparative investigations. 

2.2.3. Heat shock proteins expression upon photothermal stimulation.  

 

Upon the localization of UPDA on the different positions in the cells, both the nanoheaters 

on membrane and cytoplasm were irradiated with 808 nm laser (1.3 W/cm2 at the irradiated 

area) for thermolysis analysis. The heat effect was carefully monitored through the NIR 

thermograph to optimize the proper concentration (e.g. 200 µg/mL) and temperature 

increment (e.g. ~ 8.5 ℃ from 37 ℃) (Figure 1C, S12) for effective photothermal response in 

live cells.39 Prior to NIR light irradiation, there was no obvious thermolysis observed in the 

nanoparticle localized cells without laser illumination, suggesting negligible cell perturbation 

even under high concentration of nanoparticles (Figure S12A). After laser irradiation, cells 
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with specific UPDA localization experienced significant thermolysis effect (Figure S12B), 

suggesting suitable concentration and light treatment for further photothermal study.  

     Notably, soon after the heat stress was exposed, the cells started to produce heat shock 

protein (HSP), as a cytoprotective response against the detrimental increase of temperature 

(Figure S13).40 Three hours after the heat stress triggered by NIR laser irradiation, both 

groups of cells with different subcellular nano-heaters localization induced the significant 

production of HSP70, as indicated in green fluorescence from Alexa Fluor 488 labelled anti-

Hsp70 antibody (Figure 2A, B). Controlled experiments showed the minimum expression of 

HSP70 in cells that lack UPDA treatment or without laser irradiation (Figure S14). 

Quantitative fluorescence-activated cell sorting (FACS) analysis demonstrated relatively 

equal amount of HSP70 expression at both 1 h and 3 h post-irradiation in each group of cells 

(Figure 2D, E, F). Although the detailed mechanism of such stimulated protection remains 

controversial, the heat induced native protein denaturation could be a possible driving force 

to stimulate the transcription of heat shock proteins upon binding to the promotor of the 

specific HSP gene.41 Additionally, recent studies also indicated the possibility of membrane 

perturbation for cytoprotective HSP70 expression, in which cell surface disruption could 

compromise the membrane integrity and give rise in bulky membrane hyperfluidization.42 To 

this end, we treated the live cells with benzyl alcohol (BA), one typical membrane 

perturbation reagent. Indeed, as shown in Figure 2C, the effective activation of HSP70 clearly 

suggested the possible involvement of membrane function and the integrity in cellular 

response to the stimulated stress. In our case, the accumulation of UPDA on membrane 

concentrated heat onto a confined area, which possesses low thermal conductivity, and may 

therefore contribute to larger temperature gradients and membrane disruption.43,44 Apparently, 

UPDA membrane conjugated A549 cells indicated the well-organized surface structure with a 
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specific residing of nanoparticles before NIR light exposure. However, 15 min post laser 

irradiation, the membrane tracker signal was disturbed, and the signal showed the releasing of 

cytoplasm components after 30 min (Figure S15). These results confirmed the occurrence of 

membrane perturbation during stimulation of UPDA localized on cell surface. Although the 

detailed processes involving HSPs expression require further investigation, the potential 

disruption of membrane integrity triggered by heat stimulation would be one noticeable 

perspective (Figure 2G).  

 

Figure 2. Cellular analysis of photothermal effect and heat shock response. A) Confocal 

images of HSP70 expression in A549 cells treated with localized UPDA-NH2, B) UPDA-

DBCO, 3 h after photothermal stimulation, and C) Benzyl alcohol (50 mM). Scale bar in 
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images: 40 μm. (λex: 488 nm, λem: 515/30 nm). D, E) Flow cytometry analysis of HSP70 

expression in different time points post-irradiation of cell with membrane and cytoplasm 

localized UPDA, respectively. Treated cells were stained with Alexa Fluor 488 labelled anti-

Hsp70 antibody. F) Mean intensity of HSP70 levels. G) Potential mechanism of heat-shock 

protein expression.  

2.2.4. Distinguishable photothermolysis at different subcellular locations.  

 

We further examined the possible mode of cell death after NIR irradiation of nano-heaters 

located at different cellular compartments. Typically, cells with site-specific labelling of 

UPDA were irradiated and the standard AnnexinV/propidium iodide (AnnV/PI) co-staining 

were recruited to compare the cell death pathways. As shown in Figure 3A, heat from 

cytoplasm located UPDA stimulates outer membrane translocation of phosphatidylserine (PS) 

at early time duration after irradiation, as detected by green emission from FITC-AnnV 

binding protein. Upon further incubation, PI molecules were gradually permeated into the 

nucleus. As contrast, cells with membrane conjugated UPDA experienced rapid intracellular 

uptake of PI molecule. Moreover, the level of apoptosis and necrosis were analysed by FACS. 

Figure 3B and S16 showed similar trends of cell death pathways as observed from confocal 

imaging. Particularly, at 1 h and 3 h post irradiation, cells that internalized the UPDA 

encountered 4.96 % and 16.12 % of apoptosis at early stage, respectively. This group of cells 

faced secondary necrosis with approximately 31.15 % of total cells after 5 h incubation. 

Meanwhile, the membrane localized UPDA induced gradual increase in necrosis level from 

initial stage after illumination (4.48 % in 1 h to 47.09 % after 5 h) and minimum amount of 

early apoptosis was detected. Such different thermal response revealed that UPDA 

internalized cells experienced apoptotic process which remained membrane integrity at the 

primary stage after illumination. In contrast, membrane localized UPDA obviously caused 
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membrane perturbation which allows prompt internalization of PI molecules, and therefore 

likely to proceed the cell death pathway to necrosis. 

     To further validate the distinguished cellular lethality, the molecular basis associated 

with light triggered thermolysis was investigated. First, we employed LDH leakage as an 

indicative assay for membrane integrity. As indicated in Figure 3C, irradiation of cell surface 

distributed UPDA could lead to a time dependent LDH release. Specifically, at 5 h post-

irradiation, there were nearly 3 times increase in LDH level as compared to the initial amount 

observed in the same culture medium. Differently, LDH content in medium was found to rise 

up slightly in cytoplasm localized with UPDA and the rate of leakage was much slower than 

the former case of UPDA on the cell surface. These different outcomes further confirmed the 

presence of necrosis in cells with the membrane located by UPDA.  

     Secondly, we investigated the activation of caspase 3, a standard biomarker for 

apoptosis, after locally triggered heat stress by NIR light irradiation. The fluorescent signal 

from caspase 3 probes was analyzed to monitor caspase 3 activity. As shown in Figure 3D, 

the level of caspase 3 enzyme in live cells with cytoplasm accumulation of nano-heaters 

uplifted to around 2 times within 3 h post laser irradiation. Whereas, in the cells with particles 

conjugated on the plasma membrane, less enzyme activity was detected even prolonging the 

incubation time, up to 5 h post laser irradiation.  
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Figure 3. Cell death pathway analysis. A) Confocal images of AnnV-PI co-staining of the 

cells with specific nano-heater localization after heat stress, Green: FITC (λex: 488 nm, λem: 

515/30 nm), red: PI (λex: 543 nm, λem: 580/50 nm). Scale bar: 20 μm. B) FACS analysis of 

apoptosis and necrosis by AnnV-PI staining of different groups of cells after 1 h irradiation. 

C) LDH release and D) Caspase 3 activity at 1, 3, 5 h after laser irradiation of cell with the 

UPDAs on membrane and in cytoplasm. 

 

So far, apoptosis has well been recognized as one of standard pathways in the heat-

stimulated cell dying, and lysosomal leakage of nano-heaters would be one critical step that 
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initiates chain of events before activating caspase 3 in apoptosis (Figure 4A).45,46 Such initial 

step of cell death was also observed in our cells with cytoplasmic UPDA localization under 

NIR light exposure. After being internalized, UPDAs were mostly loaded in the lysosome as 

confirmed by co-localization of lysosome tracker (green) and UPDA (red) with the yellow 

colour in the merged image (Figure S17). Nanoparticles were released from lysosome 

presenting as a single red colour signal after 10 minutes NIR light illumination while 

negligible lysosomal escape was observed in the cell without laser irradiation (Figure 4B, 

S18). Principally, heat stress from nano-heaters disrupts the integrity of lysosomal 

membranes, resulting in lysosomal membrane permeability (LMP) that triggers cathepsin-

mediated cell death pathway. At early stage of this process, a pro-apoptotic protein, Bid, can 

be cleaved to its truncated tBid and initialize the intrinsic mitochondria apoptosis pathway.47 

Herein, we evaluated the level of tBid in two groups of cells with site specific localization of 

UPDA on membrane and in cytoplasm, respectively. Typically, immunofluorescence analysis 

exploiting tBid antibody and fluorescent secondary antibody were applied to label tBid 

protein. As indicated in Figure 4C, tBid was activated in cytoplasmic UPDA containing cells, 

revealed by the green fluorescence, while the membrane accumulated one showed lower 

intensity. Western blot experiment was also performed, and the results clearly indicated the 

decreased amount of the full-length Bid and the enhanced quantity of tBid in the UPDA 

internalized cells in response to photothermal stress. Meanwhile, the similar irradiation of 

membrane located UPDA cells resulted in an insignificant tBid expression in comparison 

with the control without laser treatment (Figure 4D). These distinctive observations 

demonstrated that the localization of UPDA in lysosome organelle and their subsequent 

liberation can convert the Bid protein to its activated form, tBid, which thus functions as a 

key factor to initialize apoptosis. These fundamental biological assays clearly indicated the 
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importance of subcellular position of nano-stimulators for their differentiated heat response 

which will therefore affect further cell lethality significantly. 

 

 

Figure 4. Lysosomal permeability to activate pro-apoptosis protein. A) Scheme of lysosomal 

leakage induced apoptotic cell death. B) Confocal images indicating lysosomal escape of 

UPDA-NH2 at 15 and 30 min after 10 min 808 nm irradiation (1.3 Wcm-2). White arrows 

indicate location of UPDA-NH2 after lysosomal release. Green: Lysosomal tracker, Alexa 

Fluor 488 (λex: 488 nm, λem: 515/30 nm), red: UPDA (λex: 543 nm, λem: 580/50 nm). C) 

Images of tBID expression in cells with site-specific nanoparticle localization at 5 h post-

irradiation. Blue: Hoechst 33342 (λex: 405 nm, λem: 460/50 nm), green: Alexa Fluor 488 (λex: 
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488 nm, λem: 515/30 nm). Scale bar: 20 μm. D) Western-blot analysis of Bid activation after 

irradiating the site-specific located UPDA. GAPDH was used as internal control. 

 

2.3 Conclusion 

 

In summary, NIR light responsive upconversion nano-heaters positioned at different 

cellular location can differently affect the process of cell responses on the photothermal 

stress. On one hand, we employed the intrinsic glycan metabolic process to introduce azido 

group on cell surface which subsequently conjugated the DBCO modified UPDA onto the 

cell membrane. Upon 808 nm laser irradiation, temperature elevation caused by UPDA-

DBCO promoted the destruction of the plasma membrane, thus stimulating the expression of 

HSP70 and directing the cell death to necrosis. Whereas, UPDA-NH2 were internalized by 

cells, where these cytoplasm localized nanoparticles not only induced HSP70 expression 

upon light-triggered temperature increment as those UPDAs on the cell surface, but more 

significantly, they can also promote lysosomal membrane permeability upon photothermal 

treatment, thereby inducing the activation of tBid cleavage and resulting in a differentiated 

cell death, apoptosis. Our study specifically revealed the molecular basis of the critical 

importance of photothermal nanoparticles with organelle-specific localization in 

manipulating cellular responses. With the ubiquitous properties of these organelles 

responsible for multiple cellular pathways, we expect that the integration with innovative 

nanotechnology designs could offer great opportunity to precisely regulate other cell 

functions and better understand the cellular basis of photothermal responses. Prospectively, 

this strategy could render optimized practical conditions for future personalized 

nanomedicine. 

2.4. Experimental details 
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2.4.1. Materials 

 

Y(CH3CO2)3, Yb(CH3CO2)3, Tm(CH3CO2)3, Nd(CH3CO2)3, oleic acid, 1-octadecene, NH4F, 

NaOH, peracetylated N-azidoacetylmannosamine (Ac4ManNAz), in vitro toxicology assay 

kit (TOX8, resazurin based), Hoechst 33342 (bisBenzimideH 33342 trihydrochloride), 

Dibenzylcyclootyne-amine (DBCO-NH2), DBCO-Cy3), 5-carboxyfluorescein-azide (FAM-

N3), dopamine hydrocloride, branched polyethylenimine (PEI25000), and Annexin V-PI 

detection kit, caspase-3 fluorometric assay kit were purchased from Sigma-Aldrich. CytoTox 

96 nonradioactive cytotoxicity assay kit were purchased from Promega. Rabbit monoclonal 

[Y8] to Bid, Goat Anti-Rabbit IgG H&L (Alexa Fluor 488) were purchased from Abcam. 

BID p15 Polyclonal Antibody was purchased from Thermal Fisher. Dulbecco’s Modified 

Eagle Medium (DMEM), Minimum Essential Medium (MEM), fetal bovine serum (FBS), 

penicillin-streptomycin and trypsin-EDTA, Cell Mask™ deep red plasma membrane stain kit 

(CMSK-Cy5). All the commercially reagents were used as received unless otherwise noted. 

The human lung adenocarcinoma epithelial cell line (A549) was cultured in Dulbecco's 

modified eagle medium (DMEM) medium with 10% fetal bovine serum (FBS) at 37 ℃ in a 

humidified atmosphere with 5% CO2. 

2.4.2. Characterization and measurement.  

 

Transmission electron microscope (TEM) images were obtained using a FEI EM208S TEM 

(Philips) operated at 100 kV. Dynamic light scattering (DLS) and zeta potential 

measurements were performed by Brookhaven 90 Plus Nanoparticle Size Analyzer. 

Fluorescence emission spectra were recorded on a RF-5301PC Spectro fluorophotometer 

(Shimadzu, Japan) at room temperature. Photothermal performance was monitored by FLIR 
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E60 thermal imaging camera. The cell viabilities were measured by a Tecan’s Infinite M200 

microplate reader. Confocal imaging of cells was carried out on Carl Zeiss LSM 800 confocal 

laser microscopes (Germany). Photo-irradiation experiments were performed with an 808 nm 

NIR diode laser (Changchun New Industries Optoelectronics Technology Co., Ltd., China). 

Flow cytometry analysis was performed using BD LSRFortessa™ X-20 flow cytometer. 

2.4.3. Synthesis of PDA-coated UCNP (UPDA)  

 

The synthesis of NaYF4:Yb/Tm/Nd (30/0.5/1%) @NaYF4:Nd (20%) core-shell upcoversion 

nanoparticles were synthesized based on the standard method published by our group 

previously.10 Subsequently, in a flask containing 5 ml of cyclohexane, 5 mg of the prepared 

core-shell UCNs were added together with 0.4 ml of Igepal CO-520 and sonicated for 30 min. 

Then, 40 μL (28 wt % in water) ammonium hydroxide was carefully added into the solution 

and stirred for 30 min. The aqueous solution of dopamine hydrochloride was prepared from 

16 mg of dopamine hydrochloride in 100 μL of deionized water (for 8 nm polydopamine 

shell thickness) before slow addition of the above mixture under ultrasonication at a rate of 5 

μLmin−1. The reaction mixture was stirred for an additional 24 h. The UPDAs were 

precipitated by adding ethanol, collected by centrifugation and washed several times with 

ethanol and water.  

2.4.4. Synthesis of UPDA-DBCO, UPDA-NH2 and Rhodamine-UPDA 

 

The polydopamine coated UCNs were covalently modified with DBCO-NH2 by typical 

Michael addition and/or Schiff-based reaction with catechol and amine groups on UPDA. 

Briefly, the as-prepared UPDA (5 mg) were dissolved in Tris buffer solution (pH 8.5) with a 

mixture of deionized water and ethanol (2:1) as solvent. DBCO-NH2 (5 mg) was dissolved in 

ethanol before carefully added into the prepared mixture. After 24 h magnetic stirring at room 
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temperature, the DBCO-UPDA was obtained by centrifugation (14,000 rpm, 10 min) and 

washed by ethanol three times to remove excess reactant. The precipitate was stored in fridge 

before use. The amount of DBCO moiety on the surface of UCNs was determined based on 

the fluorescence of conjugated 5-carboxyfluorescein-azide (FAM-N3) molecules by copper-

free click chemistry reaction. Generally, the as-prepared DBCO-UPDA (1 mg) were 

dissolved in DMSO (200 uL) containing FAM-N3 (0.2 mg, 43.6 μmol) and stirred in the dark 

for 2 h. The nanoparticle was centrifuged (14,000 rpm, 10 min) and washed by ethanol three 

times to remove excess reactant. The precipitate was re-dispersed in 1 mL DMSO for later 

determination of the DBCO binding efficiency by measuring the fluorescence at 540 nm, 

excitation: 488nm.  

    The synthesis of UPDA-NH2 was conducted by dispersing the UPDA (5 mg) in a 1 mg/ml 

branched polyethylenimine (PEI25000) solution, stirred for 12 h. The obtained UDPA-NH2 

was collected by centrifugation (14,000 rpm, 10 min) and washed with ethanol and water.  

    For UPDA to be tracked from confocal imaging, Rhodamine B-UPDAs were synthesized. 

Specifically, 1 mg of Rhodamine B was activated by EDC/NHS (1:1 molar ratio) in DMSO at 

room temperature for 2 h. The mixture was then added dropwise into the UPDA aqueous 

solution (5 mg UPDA) and stirred vigorously overnight. The obtained nanoparticles were 

collected by centrifuging at (14,000 rpm, 10 min) and washed with ethanol 3 times for 

removing unbound dyes. 

  

2.4.5. Photothermal performance measurement 

 

0.2 mL aqueous dispersion of different concentration of UPDA nanocomposites were 

irradiated with an 808 nm laser at 1.3 W cm−2 for 10 min and monitored the temperature 

changes by an infrared thermal camera (E60, FLIR). 
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2.4.6. Cell membrane conjugation of DBCO-functionalized agents 

 

 

The human lung adenocarcinoma epithelial (A549) cell line was cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS), 100 

units mL-1 penicillin and 100 μg mL-1 streptomycin and maintained in a humidified incubator 

with 5% CO2 at 37 ℃. The cells were subsequently incubated with a density of 5×105 cells in 

an ibidi dish (35 mm, plastic bottom) in 1 mL DMEM medium with Ac4ManNAz (50 μM) 

for 48 hours. The resulted azido-labelled cell membrane was then stained with DBCO-Cy3 

(10 μM, 30 min), CMSK-Cy5 (5 μM, 10 min) and Hoechst 33342 (1 μM, 30 min) separately. 

The cells without azido sugar treatment and azido-labelled cell membrane blocked with 

DBCO-NH2 (50 μM, 30 min) were used as control experiments. 

2.4.7. Conjugation of UPDA-DBCO on cell membrane 

 

 5×105 A549 cells were cultured in an ibidi dish (35 mm, plastic bottom) and incubated with 

Ac4ManNAz (50 µM) in DMEM medium at 37 ℃, 5% CO2 for 48 h. The cells were then 

washed with PBS (pH 7.4) three times before adding 200 µg/ml of UPDA-DBCO in 1 mL 

DMEM medium. After further 1-hour incubation, the cells were washed carefully with PBS 

three times and the specific localization of nanoparticles was monitored by a confocal 

microscope with CMSK-Cy5 as a membrane tracker. 

2.4.8. UPDA-NH2 localization in the cytoplasm 

  

5×105 A549 cells were cultured in an ibidi dish (35 mm, plastic bottom) in DMEM medium. 

After 48 h, the cells were washed with PBS three times before adding 200 µg/ml UPDA-NH2 

and further incubated for 6 h. The specific distribution of nanoparticles inside the cells was 

monitored using a confocal microscope with CMSK-Cy5 as a membrane tracker.  
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2.4.9. ICP quantification of UPDA 

 

Two groups of cells after specific localization of UPDA (using optimized condition for each 

localization) was washed three time with PBS. After that, the cells were collected by 0.25% 

trypsin-EDTA, centrifuged at high-speed (10, 000 rpm, 10 min) and treated with 70% nitric 

acid for 24 h. The clear solution was diluted in water (2% nitric acid), filtered with 0.22 μm 

filter and analyzed for yttrium (Y3+) concentration by ICP-OES.37,38 

2.4.10. Cell viability test 

 

The A549 cells were seeded with a density of 1×104 cells per well in 200 μL DMEM in the 

96-wells plate and incubated with 50 µM of Ac4ManNAz for another 48h before adding 

UPDA-DBCO with different concentration in 1h for membrane conjugation and incubated 

for 24h. Meanwhile, other A549 cells were seeded with a density of 1×104 cells per well in 

200 μL DMEM in the 96-wells plate and incubated for 48 h before washed carefully with 

PBS and incubated with different concentration of UPDA-NH2 in culture medium for 

internalization during 24 h. After that, the cell treated with different nanoparticles were 

washed with PBS and fresh cell culture medium containing TOX8 was added to the wells, 

and the plate was incubated for another 3 h. The fluorescence at 590 nm was measured by a 

Tecan’s Infinite M200 microplate reader with 560 nm excitation. Cell viability was expressed 

by the ratio of the fluorescence of cells conjugated with nanoparticles to that of control. 

    For photothermal cell viability test, A549 cells with specific conjugation of UPDA was 

monitored with previous mentioned incubation time to have equal number of nanoparticles in 

each group of cells before being irradiated with 1.3 Wcm-2 808 nm laser for 10 minutes. The 

photothermal treated cells was then further incubated for 24 h before being washed with PBS 

and measured the viability using the same TOX8 based method described above. 
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2.4.11. Hsp70-expression analysis 

 

UPDA membrane conjugated and UPDA cytoplasm localization of A549 cells were seeded 

on the 8-well ibidi dishes containing 5×104 cells per well in 200 μL DMEM media. After 10 

min irradiation with 1.3 Wcm-2 808 nm laser irradiation, the media was removed, and cells 

were washed with PBS 3 times. After additional incubation for 5 min, 1 h, 3 h, 5 h, A549 

cells were washed and fixed with 4% paraformaldehyde solution for 15 min at room 

temperature.  After that A549 cells were washed with PBS before staining with anti-Hsp70 

antibody conjugated with Alexa Fluor 488 (Biolegend Alexa Fluor 488 anti-Hsp70) at room 

temperature for 15 min. Stained A549 cells were washed with PBS and observed with 

confocal microscope.  

    For flow cytometry (FCM) analysis, A549 cells was seeded in 6 well dishes in 2 mL 

DMEM cell culture media with density of 1×106 cells per well and allowed for site-specific 

localization of UPDA-DBCO and UPDA-NH2 (200 ug/mL for each). After photothermal 

treatment as above-mentioned method, cells were further incubated for 1 h or 3 h before 

collected by 0.25% trypsin-EDTA, fixed with 4% paraformaldehyde solution for 15 min at 

room temperature.  The collected cells of each group were washed with PBS before staining 

with anti-Hsp70 antibody conjugated with Alexa Fluor 488 (Biolegend Alexa Fluor 488 anti-

Hsp70) at room temperature for 15 min. Stained A549 cells were washed with PBS and 

analysed with BD LSRFortessa™ X-20 flow cytometer.  

   For benzyl alcohol induced HSP70 expression, 1×106 in ibidi dished (35 mm) was 

incubated with 50 mM of BA in cell culture DMEM media for 1 hour. After that, the cells 

were carefully washed with PBS and fixed with 4% paraformaldehyde solution for 15 min at 

room temperature before staining with anti-Hsp70 antibody conjugated with Alexa Fluor 488 
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(Biolegend Alexa Fluor 488 anti-Hsp70) at room temperature for 15 min. Stained A549 cells 

were washed with PBS and observed with confocal microscope, using 488 nm laser and 480 

± 25 nm filter. For FCM analysis, cells with the same BA treatment condition were collected 

by 0.25% trypsin-EDTA, fixed with 4% paraformaldehyde solution for 15 min at room 

temperature. The collected cells were then washed and stained with anti-Hsp70 antibody 

before analysed with BD LSRFortessa™ X-20 flow cytometer. 

2.4.12. Apoptosis/ necrosis imaging and FCM analysis 

 

Double-stain molecular probe consisting of Annexin V-Alexa Fluor 488 (AnnV) for detecting 

apoptosis cells and propidium iodide (PI) staining necrotic cells was used to investigate the 

membrane integrity as well as cell necrosis and apoptosis. Typically, 5 µL volume of AnnV 

(100 µg/mL) and a 1 µL volume of PI (100 µg/mL) were added to each group of cells with 

different site-specific UPDA localization after photothermal treatment in 100 µL of 1× 

annexin-binding buffer. After staining, fluorescence images were taken using a Carl Zeiss 

LSM 800 confocal laser microscope and the quantity of early apoptosis, late apoptosis and 

necrosis cells was analysed by BD LSRFortessa™ X-20 flow cytometer. 

2.4.13. LDH release assay 

 

 For investigation of necrosis, Cyto Tox 96 assay (Promega) was carried out according to the 

manufacturer’s instructions. Generally, each group of site-specific UPDA localization cells 

was grown in 96 well-plates with 1×104 cells/well density. Cells was washed with PBS 

before photothermal treatment. After 1-, 3-, and 5-hours additional incubation, the sample 

solution was incubated with LDH substrate buffer solution in dark for 30 minutes. Then, stop 

solution was added before measuring the absorbance at 490 nm a Tecan’s Infinite M200 
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microplate reader. Each experiment was repeated three times and the results was reported in 

average values and standard deviations. 

2.4.14. Caspase 3 activity assay 

 

Caspase 3 activity assay (Caspase 3 Assay Kit, Fluorimetric, Sigma-Aldrich) was carried out 

according to the manufacturer’s instructions. Typically, 1×104 site-specific UPDA 

localization cells were grown in each well of 96 well plate. After photothermal treatment, 

cells were washed with PBS and lysis buffer was added. The cells were then allowed to be 

lysed in 0 ℃ for 20 min. Consequently, assay buffer containing caspase 3 probe was added 

and further incubated for 30 min. The increase in fluorescence at 460 nm under 360 nm 

excitation of each sample solution was recorded by a Varian Cary Eclipse Fluorescence 

Spectrophotometer. Each experiment was repeated three times and the results was reported in 

average values and standard deviations. 

2.4.15. Immunofluorescence analysis of tBid protein 

 

Each group of site-specific localization of UPDA cell with density of 5×104 cells in each well 

of 8-well ibidi-dishes was experienced photothermal treatment as described above. After 5 h, 

the cells were fixed with 4% paraformaldehyde for 15 minutes, permeabilized with 0.25% 

Triton™ X-100 for 10 minutes and blocked with 5% BSA for 1 hour at room temperature. 

The cells were then labelled with BID (p15) Rabbit polyclonal Antibody in 1% BSA and 

incubated for 3 hours at room temperature. Subsequently, Alexa Fluor 488-Goat Anti-Rabbit 

IgG secondary antibody was stained for 30 minutes at room temperature. Nucleus was stained 

with Hoechst 33342. The induction of Bid cleavage site (p15 tBID) was visualized with Carl 

Zeiss LSM 800 microscopes. (Hoechst 33342: Ex = 405 nm, Em = 460/50 nm; Alexa Fluor 

488: Ex = 488 nm, Em = 515/30 nm). 
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2.4.16. Western-blot analysis of Bid protein activation 

 

 The lysates of each group of site-specific localization UPDA at 5 h after photothermal 

treatment were collected and centrifuged at 12,000 × g for 10 min at 4 ℃. Protein levels in 

supernatants were determined using Nanodrop and equalized to the same concentration and 

boiled for 10 min with SDS-PAGE sample loading buffer before being separated using SDS-

PAGE and transferred to the PVDF membrane. The membrane was then blocked with 5% 

BSA-TBST blocking buffer overnight at 4 ℃. Subsequently, full length BID primary 

antibody (1:2000) (Rabbit monoclonal [Y8] to Bid, abcam) and p15 Bid cleavage site-

specific antibody (1:1000) was incubated at room temperature for 2 hours in 2% BSA-TBST 

buffer. After series of washing, the goat-anti rabbit IGG (H&L) secondary antibody was 

added and incubated for 1 hour in 2% BSA-TBST.  All signals were developed using Super 

Signal West Femto kit, visualized using myECL imager. 
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Figure S1. A) DLS measurement of hydrodynamic size of UPDA. B) Upconversion 

luminescence spectra (inset: photoluminescence image) of UPDA (1 mg/ml) at λex = 808 nm. 

C) Scheme of UPDA modification for site-specific localization of UPDA. D, E) TEM images 

of UPDA-DBCO and UPDA-NH2. Insets are DLS of hydrodynamic sizes. F) Zeta potential 

of UPDA, UPDA-DBCO, UPDA-NH2. 
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Figure S2. A) Schematic illustration for detecting the DBCO moiety on the UPDA. B) 

Fluorescence spectra of FAM-N3 and the standard curve for quantifying the amount of 

DBCO in 1 mg/mL UPDA-DBCO. (λex: 488 nm, λem: 540 nm). 

 

 

Figure S3. Absorbance of UPDAs in varied pH buffer solutions after 24 h storage at room 

temperature.  

 

Figure S4. TEM images of UPDA-DBCO and UPDA-NH2 after 24 h storage in different pH 

buffers. 
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Figure S5. Measurement of photostability by monitoring temperature performance of UPDA 

aqueous solution (1 mg/ml) upon laser on/off cycles. 

 

Figure S6. A) Time constant for heat transfer from the system is determined by applying the 

linear time data from the cooling period versus negative natural logarithm of driving force 

temperature. B) Table of calculated photothermal conversion efficiencies. 
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Figure S7. Imaging azido groups on A549 cell membrane stained by DBCO-Cy3 (10 µM) 

after feeding with (top) or without (middle) Ac4ManNAz (50 µM) for 48 h. DBCO-NH2 was 

also added in Ac4ManNAz treated cells (bottom) as a control. Blue: Hoechst 33342 (λex: 405 

nm, λem: 460/50 nm), red: DBCO-Cy3 (λex: 543 nm, λem: 580/50 nm), violet: CMSK-Cy5 

(λex: 640 nm, λem: 670/50 nm). Scale bar: 60 µm. 

 

Figure S8. Confocal images of conjugation of UPDA-DBCO on A549 cell membrane at 

different incubation times (red: UPDA-DBCO, λex: 543 nm, λem: 580/50 nm). Scale bar: 20 

µm. 
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Figure S9. Confocal images of UPDA distribution in A549 cells with Ac4ManNaz feeding 

and UPDA incubation (top) and with UPDA-DBCO but without Ac4ManNaz treatment 

(bottom). The cells were incubated with UPDAs for 1 h. Violet: CMSK-Cy5 (λex: 640 nm, 

λem: 670/50 nm), blue: UPDAs (λex: 543 nm, λem: 580/50 nm). Scale bar: 40 µm. 

 

Figure S10. A) Time-lapsed cytoplasm localization of UPDA-NH2. B) Images of cell 

membrane conjugation of UPDA-DBCO with optimized treatment condition (200 µg/ml, 1 h 

incubation). C) Mean fluorescence intensity of the uptake UPDAs during different time 
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controls in comparison with that of membrane located UPDAs after optimum treatment 

condition.  

 

Figure S11. ICP analysis of Y element in site-specific UPDA conjugation cells. Graph: 

calibration curve for quantification of Y. Table: quantification of Y in real sample of cells 

with membrane bounded-UPDA and cytoplasm located UPDA. 

 

Figure S12. A) Cytotoxicity test of A549 cells after treatment with different concentration of 

UPDA-DBCO and UPDA-NH2. B) Cell viability of cells treated with UPDA-DBCO and 

UPDA-NH2 (200 µg/ml) before and after photothermal treatment with 10 minutes of 808 nm 

laser irradiation (1.3 Wcm-2). 
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Figure S13. Confocal images of HSP70 expression of cells with different location of UPDA 

at different time points after 10 minutes of 808 nm laser irradiation (1.3 Wcm-2). Green: 

Alexa Fluor 488 (λex: 488 nm, λem: 515/30 nm). 

 

Figure S14. Confocal images of HSP70 expression of A549 cells in controlled experiments. 

Hoechst was used for nucleus tracking. Green: Alexa Fluor 488 (λex: 488 nm, λem: 515/30 

nm), blue: Hoechst 33342 (λex: 405 nm, λem: 460/50 nm). Scale bar: 20 µm. 
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Figure S15. Confocal images of membrane and cytoplasm specific located UPDA in A549 

cells before and after 10 minutes of 808 nm laser irradiation (1.3 Wcm-2). Green: CMSK-Cy5 

(λex: 640 nm, λem: 670/50 nm), red: UPDAs (λex: 543 nm, λem: 580/50 nm). Scale bar: 10 µm. 

  

Figure S16. Flow cytometry analysis of AnnV/PI staining cells with membrane and 

cytoplasm specific UPDA localization 1 h, 3 h, 5 h after 10 minutes 808 nm laser irradiation 

(1.3 Wcm-2). Red numbers indicate necrosis, blue numbers secondary necrosis/ late apoptosis 

and green numbers indicate early apoptosis. 



89 

 

 

Figure S17. Time-dependent lysosomal uptake of UPDA-NH2. Green: lysosomal tracker, 

Alexa Fluor 488 (λex: 488 nm, λem: 515/30 nm); red: UPDA (λex: 543 nm, λem: 580/50 nm). 

 

Figure S18. Confocal images of cells without laser irradiation show minimum lysosomal 

escape. Green: lysosomal tracker, Alexa Fluor 488 (λex: 488 nm, λem: 515/30 nm); red: UPDA 

(λex: 543 nm, λem: 580/50 nm). 
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Figure S19. Deep tissue penetration properties of 808 nm light. Cells that uptake UPDA were 

covered with chicken tissue in different thicknesses and irradiated with 808 nm light (1.3 

Wcm-2). Thermal images of cell dishes (after removing chicken tissue) were then taken after 

10 minutes irradiation.  
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Chapter 3. Specific Cell Membrane Metabolic Staining Through Proteolytic Furin 

Response 

 

3.1 Introduction 

 

Cell surface receptors are the key regulators of cellular interaction with the microenvironment, 

cell-cell communication, and intracellular signaling pathways. Different cell types with 

distinguishable genome sequences display variation in cell surface components. These 

membrane receptors have been extensively targeted for specific recognition of particular 

diseases, precise therapeutic agent delivery, and minimum side effect treatment strategies. 

Popular receptors such as human epidermal growth factor receptor 2 (HER2/neu), which is 

overexpressed on some breast cancer cell membrane has been used for the development of 

cancer targeting drugs or nanoparticles.1, 2 However, solely relying on the different levels of 

such receptors sometimes constrains their applications since higher natural expression of 

them only can observed in some cell lines and some normal cells also expressed certain 

populations of the similar receptors. To enable significant targeted cell monitoring, an 

artificial method needs to involve in constructing the cell membrane with amplified receptors 

using gene transfection method.3,4 However, such a stringent technical method hurdles the 

translational application of therapeutic agents which normally also come with many potential 

detrimental effects and nonspecific gene delivery.5 Instead of increasing the level of receptors, 

protein modification with additional functional moieties can also be introduced into the cell 

by using mutant aminoacyl-tRNA synthetases and suppressor tRNAs.6 Subsequently, 

extracellular materials can be recruited into the cell membrane by chemical reactions, 

mimicking the receptors interaction. Nevertheless, this strategy normally confronts with 

sophisticated insertion of gene and tRNA synthetase conduction. Although promising and 
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pivotal, efficient modification of the extracellular membrane still meets bundle of challenges, 

requiring further investigation and developments.  

In addition, other cell surface components can also be considered to provide innovative cell 

surface modification. Glycoengineering is one of prominent candidates employing the 

abundance of sugars covering almost all over the cell surface.7 The metabolic 

glycoengineering technique exploits process of the unnatural glycans mimicking 

mannosamine, galactosamine, fucose, and sialic acid as precursors for the exogenous 

generation of chemically targeted cell surface.8,9 Particularly, N-acetylmannosamine 

(ManNAc) undergoes the sialic acid biosynthesis pathways which is linked at the non-

reducing termini of cell-surface glycans. N-acetylgalactosamine (GalNAc), and N-

acetylglucosamine (GlcNAc) participate in uridine diphosphate (UDP) Golgi compartment 

transportation for eventual conjugation on glycoconjugates. Fucose shares the similar process 

after being conjugated to guanosine diphosphate (GDP) by fucokinase and fucose-1-P 

guanylyltransferase. Straightforward tagging of the live cell can subsequently be achieved by 

applying bioorthogonal moieties for reagent-free click chemistry. Compared to conventional 

active targeting strategies, metabolic sugar labelling with dynamic process of unnatural 

sugars internalizing, metabolizing, and expressing continuously offers many advantages. First, 

the higher density of chemically mediated tags can be obtained from the ubiquitous and 

abundance of glycans on the glycoproteins covering thick layer outside the cell which is 

much higher than the normal receptor proteins. Secondly, small molecules for simple 

bioorthogonal reactions generate a site-specific targeting with minimum impairment of the 

natural protein properties compared to large-sized antibodies. Together, it offers opportunities 

to conveniently construct and deliver the drugs or nanoparticles into targeted cells by varying 

the ligand density and linker chemistries. Thirdly, the method is considered as less 
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immunogenic compared with other methods, especially when applying in vivo. Additionally, 

the click chemistry for covalent bondings between the cell surface and therapeutic agents 

makes the system more stable and promises long term cell membrane mediation, suitable for 

the time-resolve investigations and applications.  

One of the prominent unnatural sugars that are popularly used for the cell metabolic labelling 

is Tetraacetyl-N-azidoacetylmannosamine (Ac4ManAz).10 The formation of the open chain 

aldehyde form of azidomannosamine at the C1 position is critical in the metabolic process 

since it directly determines subsequent downstream reactions. Replacing the anomeric acetyl 

group (C1–OAc) of Ac4ManAz with a protective ether bond can inhibit the labelling of the 

sugar with the cell membrane glycoproteins. Therefore, release of the ether bond caged 

Ac4ManAz analogs can be monitored for the controllable trigger-responsive targeting.11-13 

This uncaging strategy is to eliminate the biggest drawback of the metabolic 

glycoengineering and offer cell selective targeting of therapeutic reagents.  

Herein, we developed a furin cleavable peptide-substrate caged metabolic precursor that can 

be specifically cleaved in the cytoplasm of the targeted cells. Furin is ubiquitously expressed 

within the endocytic, Golgi complex as well as the cellular surface which functions as an 

activator of multiple proproteins and triggers various pathological conditions and 

progressions of the cells.14-16 Especially in degenerative disease such as cancer, furin was 

found to be overexpressed in the head, neck, breast and non-small cell lung carcinomas.17,18 

The furin specific peptide caged for metabolic precursors consist of three components, a furin 

specific peptide moiety (Arg-Val-Arg-Arg, RVRR) with enhanced cellular uptake functions, 

a self-immolative linker (paminobenzyloxycarbonyl) which plays as a spacer linker, and a 

metabolic precursor of triacetylated N-azidoacetyl-d-mannosamine (Ac3ManNAz). As shown 

in Scheme 1, the targeted cells uptake and cleavage the furin peptide moiety and release the 
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free azide sugar after self-immolation of the linker. The unnatural sugars are subsequently go 

through metabolic processes to express the clickable azide functional group on the cancer cell 

surface. The conjugated N3 can therefore easily be labelled with DBCO-Cy3 which offer 

efficient, stable and uptake-caring free of therapeutics agent on selective cell manner.  

 

Scheme 1. Illustration of furin-specific hydrolysis and intrinsic metabolism of the precursor 

(PMAz) in tumor cell, followed by staining of exogenous unnatural glycan with DBCO-Cy3 

via bioorthogonal ‘click’ reaction. 

 

3.2 Results and discussion 

 

To obtain tumour specific metabolic precursor for the cell membrane targeting, we prepared 

furin cleavable peptide by solid phase synthesis with a self-immolative linker conjugated on 

the metabolite, Ac3ManNAz (Scheme 2). The product was purified by reverse phase HPLC 
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with gradient mobile phase and characterized by LC-MS with the electrospray ionization 

mass spectrometry. 

 

Scheme 2: Synthetic route for PMAz. a) 2% TFA in CH2Cl2; b) p-aminobenzyl alcohol, 

EEDC in DMF, 4 h; c) p-Nitrophenyl chloroformate/TEA, overnight in DCM; d) 

Ac3ManNAZ, DMAP, overnight; e) 95% TFA/2.5% TIPS/2.5% H2O. 

 

Subsequently, the furin responsive properties of the PMAZ was examined using LC-MS 

analysis method. After incubation of the compound with furin enzyme at 37 ℃ for 12 h, a 

new peak of free Ac3ManNAz was observed, confirming by LC-MS (Figure 1A). For 

enzyme responsive metabolic sugar labelling of the furin-overexpressed cancer cells, the 

PMAZ was incubated with the breast cancer cells, MDA-MB-468, at 12 h, 24 h, 48 h, 96 h at 
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the concentration of 5 μM. After that, the treated cells were washed and incubated with 

DBCO-Cy3, a click moiety fluorescent dye. Due to specific activity of the DBCO with the 

azide functional group, successful expression of azide sugar on the tumour cells surface was 

detected by monitoring emission from the fluorescent dye. Results from Figure 1B have 

shown that, conjugations of the unnatural sugars on the cell membrane gradually increased in 

time dependent manner which peaked up at 48 h with the highest fluorescence intensity. 

Longer incubation of the labelling reagent did not show higher expression intensity. Possibly 

because of the continuous cell growth and division which reduced the azide sugar content in 

each individual cell. The expression of the artificial sugar on the cancer cell membrane was 

concentration dependent. As illustrating in Figure 1C, after incubating with different 

concentrations of our compound for 48 h, the number of azide group on the cell membrane 

increased with increasing concentration of PMAZ. From the screening results for the 

incubation condition, we conclude that the period of 48 h under concentration 10 μM is 

optimal for maximum cellular labelling of the unnatural sugar with our designed substance.  
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Figure 1: A) Enzyme cleavage of PMAZ to release free Ac3ManNAz. B) Time-dependent 

confocal microscopy fluorescence imaging of azide groups on the surface of cells in vitro (t = 

0 when starting to add PMAZ). The MDA-MB-468 cells were treated with PMAZ (5 μm) 

followed by DBCO-Cy3 (1μM). C) Dose-dependent fluorescence imaging experiments. 

MDA-MB-468 cells were treated with PMAZ at different concentrations. Red=DBCO-Cy3 

channel (λex: 560 nm, λem: 610/50 nm; blue=Hoechst channel (λex: 401 nm, λem: 450/50 nm) 

 

Specificity of the furin responsive sugar labelling precursors was carefully examined using a 

furin inhibitor. The inhibitor with a peptidyl chloromethylketone structure binds irreversibly 

to the catalytic site of furin and blocks its activities. We pre-treated the MDA-MB-468 cells 

with the inhibitor for 24 h. After that, the cells were incubated with PMAZ for another 48 h 

and expression of the azide sugar on the cell membrane was tested by staining with DBCO-

Cy3 dye. Results from confocal images showed low fluorescent signals compared to cells 

without the inhibitor treatment (Figure 2A). Meanwhile cells treated with free Ac3ManNAz 

in the presence of the inhibitor showed minimum interference of the expression which was 

confirmed by the similar level of fluorescence signals detected from confocal microscope. It 

was consolidated by the flow cytometry method for quantifying the fluorescence signal in 

large number of cells with around 10-fold higher in intensity (Figure 2B). This observation 

further confirmed that the furin enzyme overexpression is necessary for the cleavage and 

release of the metabolic sugar for eventual labelling the cell membrane.  
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Figure 2. Furin-specific incorporation of azide as a chemical receptor on MDA-MB-468 cells 

M. A) Confocal microscopy images of PMAZ, Ac3ManNAz and furin inhibitor treated 

MDA-MB-468. Azide groups were labelled with DBCO-Cy3 for visualization. The MDA-

MB-468 cells were treated with Furin inhibitor for 24 h before treatment with PMAZ and 

Ac3ManNAz for the inhibition of Furin enzyme activity. Red=DBCO-Cy3 channel (λex: 560 

nm, λem: 610/50 nm; blue=Hoechst channel (λex: 401 nm, λem: 450/50 nm) Scale bar: 20 μm. 

B) Flow cytometric analysis of Cy3 incorporation amount on MDA-MB-468 cells after 

metabolic labeling with PMAZ, Ac3ManNAz with or without furin inhibitor. 

 

To further evaluate the specificity of cancer cell targeting, we tested the compound activities 

in different cell lines that overexpressed the furin enzyme such as U251, MCF-7 as well as 

cell with minimum furin expression namely Lovo. It is obvious from Figure 3 that, free 

Ac3ManNAz induces relatively similar intensity after staining the azide sugars with DBCO-

Cy3. These results indicate that the sugar metabolic process is ubiquitous in all the tested cell 

lines. However, the caging PMAZ only induced strong fluorescent signal in the Furin-

overexpressed cell lines, but not in Lovo. From the results we can conclude that the 

expression of the unnatural sugar is strongly corelated with the expression and activity of the 
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furin enzyme in the living cells. Therefore, the PMAZ can offer specific method to generate 

the free Ac3ManNAz with chemical receptor that can facilely visualized by biorthogonal 

click reaction of the DBCO-fluorescent dye.  

 

Figure 3. Confocal microscopy images of PMAZ-treated MDA-MB468, MCF7, U251, Lovo 

cells. Azide groups were labelled with DBCO-Cy3 for visualization. Red=Cy3 channel. Scale 

bar: 20 μm. 

 

Importantly, the targeted labelling of the sugar on the exogenous cell membrane induced a 

stable labelling of targeted reagents due to conjugated linkages via a click chemistry. This 

stability was examined through a post-labelling time control test in the MCF-7 cells (Figure 

4). The fluorescence imaging showed that the linked Cy3 dye can stain the membrane for 24 

h with subsequent uptake which may be resulted from the normal cell endocytosis pathway. 

This labelling strategy therefore can be employed to study the long-term observation and 

activation of the cell functions after recruiting the therapeutics agent specifically to the cell 

membrane. As the cell membrane components harness significant roles in cell signaling and 

cellular interaction with environment and other cells, this stable and convenient method with 
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the assistance of enzyme specificity as illustrated with Furin enzyme can enhance the 

development of cellular precision investigation and therapy.  

 

Figure 4: Membrane labelling stability. MCF-7 cell was incubated with PMAZ (5 μM) for 48 

h before staining with DBCO-Cy3. The fluorescence intensity of the Cy3 on the cell 

membrane was monitored after washing the residual dye after incubation (0 h, 14 h, 24 h 

post-labelling). Red=Cy3 channel. Scale bar: 20 μm. 

In conclusion, we designed and developed a precision drug delivery platform through 

utilizing furin activity in tumor cells. Our design comprised of a furin cleavable peptide-

caged metabolic precursor (PMAz) to exogenously generate N3 groups on the cellular 

membranes of the tumor cells for subsequent labeling. Based on the preliminary results, we 

have shown that the PMAz precursor can effectively functionalize N3 group on furin-

expressed tumor cell surface, which can be targeted by DBCO-Cy3 through bioorthogonal 

“click” reaction. The promising results indicated that furin can be used as a potential 

biomarker to trigger tumor-specific imaging or drug delivery. Further in vivo investigations 

are still needed to further consolidate our tumor specific membrane labelling in a complexed 

microenvironment. The specificity, the simple and long-time conjugating ability of our 

targeting strategy can be used for more investigation of the cell membrane function 

monitoring such as glycoprotein functions, membrane receptors, ion channels as well as cell-

cell interactions.  
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3.3 Experiment details 

 

3.3.1. Materials 

 

 2-chlorotrityl-chloride resin and all the amino acids were purchased from Bio Basic Asia 

Pacific Pte Ltd. Triacetylated N-azidoacetyl-D-mannosamine (Ac3ManNAz) was purchased 

from FutureChem Co., Ltd. DBCO-Cy3, p-aminobenzyl alcohol, HBTU, N-

Ethyldiisopropylamine (DIPEA), 2-Ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ), 

p-Nitrophenyl chloroformate were purchased from Sigma-Aldrich. Unless otherwise stated, 

all commercially purchased chemicals were utilized without any further purificatio. Furin 

recombinant enzymes were purchased from Biolabs (2000 Unit/mL), The definition is one 

unit will release 1 pmol of AMC from the fluorogenic peptide Boc-RVRR-AMC (ITS 

Science & Medical Pte Ltd) per minute at 30 ℃. The furin inhibitor (Dec-RVKR-Cmk) was 

purchased from Bachem.  

3.3.2. Instruments 

 

Reverse-phase HPLC purification was conducted using Shimadzu HPLC system attached 

with an Alltima C-18 column (10 × 250 mm). Mass spectroscopy (ESI-MS) was conducted 

using Thermo LCQ Deca XP Max. Nuclear magnetic resonance (NMR) spectroscopy were 

conducted on Bruker DPX 300 spectrophotometer. Confocal fluorescence imaging of cells 

was acquired on Carl Zesis LSM 800 confocal laser microscopes. Flow cytometry (FCM) 

analysis was performed using a BD LSRFortessa™ X-20 cell analyzer (USA). 
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3.3.3. Synthesis of OAc-RVRR-COOH (1)  

(1) 

 

Solid peptide synthesis method was used with 2-chlorotrityl-chloride resin as the solid 

support. Fmoc-Arg(Pbf)-OH and L-Valine amino acids were loaded with 1.5 eq of the solid 

support. The coupling reaction was processed under nitrogen gas irritation in addition of 

HBTU (1.5 eq) and DIPEA (1.5 eq) during 2 h for Valine and 4 h for Arginine. After each 

step of amino acid linkage, the amine group was deprotected with 20% piperidine in DMF for 

20 min. The final peptide sequence was collected by cleaving out from solid resin with 2% 

TFA in CH2Cl2 for 10 min, repeat three times. After concentrating the product in vacuo, the 

peptide was washed by cold diethyl ether to afford 1 as a white solid. The crude peptide was 

dissolved in methanol and purified by HPLC to afford a light-yellow solid (yield: 72%). MS 

(ESI) m/z calcd for C64H97N13O15S3 [M+H] +: 1383.64 found: 693.38 [M+2H] 2+; 462.60 

[M+2H] 2+. 
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3.3.4. Synthesis of protected OAc-RVRR-PABOH (2) 

(2) 

To a solution of 1 (0.42 g, 0.3 mmol) in DMF, p-aminobenzyl alcohol (PABOH) (73.8 mg, 

0.6 mmol) and EEDQ (148.37, 0.6 mmol) was added and stirred at r.t for 4 h. The product 

was purified by reverse phased HPLC to obtain 2. ESI-MS: m/z calcd for C71H104N14O15S3: 

1488.70 [M+H]+; found: 745.92 [M+2H]2+; 497.53 [M+3H]3+. 

3.3.5. Synthesis of OAC-RVRR-PABOH-PNP (3)  

(3) 

To a solution of 2 (0.074 g, 0.05 mmol) in DCM (1 mL) was added p-nitrophenyl 

chloroformate (PNP) (0.021 g, 0.1 mmol), TEA (42 μL, 0.3 mmol) and stirred overnight at r.t. 

After the reaction, product was purified by HPLC to afford 3 as a white solid (0.039 g, 47 % 

yield). ESI-MS: m/z calcd for C78H107N15O19S3: 1653.70 [M+H]+; found: 828.34 [M+2H]2+; 

552.67 [M+3H]3+. 
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3.3.6. Synthesis of protected PMAz (4)  

(4) 

To a solution of 3 (0.02 g, 0.012 mmol) in DMF (500 μL) was added Ac3ManNAz (9.3 mg, 

0.024 mmol) and stirred overnight at r.t. After the reaction, the product was purified by 

HPLC to attain 4. ESI-MS: m/z calcd for C86H122N18O25S3: 1902.80 [M+H]+; found: 952.44 

[M+2H]2+; 635.39 [M+3H]3+. 

3.3.7. Synthesis of PMAz  

(PMAZ) 

The Pbf protection 4 was removed by using 95% TFA, 2.5% TIPS and 2.5% H2O for 2 h. 

After the reaction, the product was purified by HPLC to attain PMAz. ESI-MS: m/z calcd: 

1146.55 [M+H]+; found: 575.82 [M+2H]2+. 

3.3.8. Metabolic glycan labeling on the cell membrane 

The cells of Human mammary gland/breast MDA-MB-468 cells (from ATCC) were cultured 

in DMEM supplemented with 10 % FBS, 100 units mL-1 penicillin and 100 μg mL-1 

streptomycin and maintained in a humidified incubator with 5% CO2 at 37 °C. Human 
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colorectal adenocarcinoma LoVo cells (from ATCC) were cultured in F-12K medium 

supplemented with 10% FBS, 100 units mL-1 penicillin and 100 μg mL-1 streptomycin and 

maintained in a humidified incubator with 5% CO2 at 37 °C. Subsequently, the cells were 

seeded at a density of 1 × 105 in 35 mm diameter μ-dish plastic bottom (ibidi GmbH) in 

complete medium and with different concentration of PMAZ or Ac3ManNAz for at different 

time indicated at 5% CO2 and 37oC. The medium was subsequently replaced with fresh 

medium containing DBCO-Cy3 (1 μM) for 30 min and washed with medium before adding 

Hoechst 33342 (1 μM) for 20 min for nucleus staining. The samples were washed before 

confocal imaging or collected by trypsin for flow cytometry analysis). (Cy3: λex = 561 nm, 

λem = 585/25 nm, Hoechst: λex = 405 nm, λem = 420/30 nm).  
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Chapter 4: Specific Targeting and Degradation of Post-translational Regulation Casein 

Kinase 2α  

 

4.1. Introduction 

 

Protein balance is a pivotal manifestation channel of cell functions and status which require 

tightly regulated synthesis and degradation. Tremendous efforts have been placed to interfere 

that balancing and to investigate the biochemistry of proteins through loss-of-function 

experiment such as CRISPR-Cas, si/shRNA techniques, or antisense oligonucleotides.1-3 

Besides such systemic delivery of nucleic acid-based protein knockdown agents which may 

result in delivery and safety challenges, small molecule-based knock-down strategies have 

also been developed. As a promising candidate in this area, proteolysis targeting chimeras 

(PROTACs) have recently emerged as new principle of pharmacology.4 These 

heterobifunctional degraders simultaneously bind both a target protein and an E3 ubiquitin 

ligase to facilitate the formation of a ternary complex, thereby promoting the 

polyubiquitylation of the protein of interest (POI), and its consequent proteasomal 

degradation.5 Unlike traditional small-molecule inhibitors, PROTACs offer 

substoichiometric target occupancy, sustainable pharmacodynamic effects even without 

constant exposure. Degradation of the full-length protein reduces the possibility of drug 

resistance through mutations or compensatory protein overexpression and accumulation. The 

transition from inhibition of proteins to catalytic degradation enables targeting of previously 

undruggable proteins with reduced drug exposure time and dosage.6  

One protein kinase, CK2 (casein kinase 2 [CSNK2]) has been implicated in the 

phosphorylation of hundreds of cellular proteins. This kinase is constitutively active and 

ubiquitously expressed, making it an important factor in many biological processes (Scheme 

1).7 CK2 exists as a tetrameric complex made up of two catalytic subunits, designated CK2α 
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(encoded by the CSNK2A1 gene) and CK2α’ (encoded by the CSNK2A2 gene), and two 

regulatory subunits, CK2β.8 Overexpression of CK2 has been documented in great number of 

cancers such as lung cancer, breast carcinoma, prostate and kidney cancers, and elevated CK2 

activity was found to be associated with tumorigenesis.9 Thus, CK2 has been regarded as a 

common denominator of diverse cancer cells and can represent a multi-purpose target for the 

treatment of different kinds of tumors.10 

 

Scheme 1: CK2α plays multiple roles in many biological processes.7 

 

In this chapter, we specifically degrade CK2α using PROTAC molecules. Pomalidomide was 

chosen as a CRBN targeting moiety which is linked with CK2α targeting warhead though 

different linkers. The efficacy of the molecules in degrading the protein was then evaluated in 

different cell lines with time and concentration controls.  
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4.2. Results and discussions 

 

Figure 1. Structure design of heterobifunctional degraders. A) GO289 structure and its 

modifiable site. B) Structure of GO289 link with pomalidomide via two linker generating 

compound 4 (longer linker length) and 7 (shorter linker length). 

 

In PROTAC system, a small molecule ligand of protein of interest is connected to a recruiter 

of ubiquitin E3 ligase which bring them together for ubiquitination and degradation of the 

interest protein via proteosome pathway. Using PROTAC approach, we initially designed a 

CK2α degrader based on a recently reported specific inhibitor of CK2α, GO289.11 Although 

the bromo guaiacol part in GO289 molecule is essential for the inhibitor activity, the para 

position of the phenyl group is amenable for modification (Figure 1A). Therefore, to induce 

a bivalent degrader, pomalidomide (CRBN ligand) was linked with GO289 at para position of 

the phenyl group by click reaction with two different linker lengths (Figure 1B). The 

obtained compounds 4 and 7 were then examined for their ability to degrade CK2α protein.  

The protein degradation activity of our products showed its time dependence. 

Immunostaining strategy was used to evaluate the efficient time for the degradation in three 

different cell lines. Three post-treatment time point of 4 and 7 was recorded, revealing that 

increasing the time of incubation will leads to higher amount of protein degradation except 

the case of compound 4 at 30 h in HEK 293T and MCF-7 cells (Figure 2, 3). 



118 

 

     

Figure 2: Immunofluorescence staining of time dependent degradation of Casein kinase 2 

alpha in different cell lines, HEK293T, MCF-7, U2OS during compound 4 treatment. (1- 0 h; 

2-6h; 3-18h; 4-30h). CK2α protein was stained with CK2α primary antibody and detected by 

Alexa Fluor 488-Goat Anti-Rabbit IgG secondary antibody. Green: Alexa Fluor 488: Ex = 

488 nm, Em = 515/30 nm. Scale bar: 50 μm. Mean fluorescence intensity (MFI) of antibody 

labelled CK2α was reported on the right graphs. Values represent MFI of CK2α in labeled 

cells + SD (n = 20). 
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Figure 3. Immunofluorescence staining of time dependent degradation of Casein kinase 2 

alpha in different cell lines, HEK293T, MCF-7, U2OS during compound 7 treatment (1- 0 h; 

2-6h; 3-18h; 4-30h). Cells after treatment was fixed and stained with CK2a antibody (3 h), 

then with Alexa Fluor 488-Goat Anti-Rabbit IgG secondary antibody for 30 minutes. Green: 

Alexa Fluor 488: Ex = 488 nm, Em = 515/30 nm. Scale bar: 50 μm. Mean fluorescence 

intensity (MFI) was obtained by taking average of fluorescence from 20 cells (n=20). Values 

represent means + SD. 

 

We evaluated the ability of the two protein degraders by concentration dependent 

examinations. Cell lines including HEK293T and MCF-7 was incubated with varied 



120 

 

concentrations of 4 and 7 for 24 h (Figure 4). Results from the quantification of fluorescent 

intensity after immunostaining showing that, compound 7 with shorter linker is generally at 

higher potent for degradation of CK2α possibly originated from its ability to recruit the 

protein closer proximity to the E3 ligase. Particularly for HEK 293T cells, 4 generates a 

maximum degradation of the targeted protein at concentration of around 1 μM with about 

32%. Meanwhile, the optimal concentration of 7 is about 60% at a concentration of 10 μM. 

However, the degradation effects of both substances were reduced in human breast cancer 

cells line, MCF-7. This reduced efficacy may originate from the less efficient intracellular 

uptake of the compounds. While the optimum concentration of compound 4 for the highest 

degradation efficiency is still at around 1 μM with nearly 24%, compound 7 still performed 

as a better degrader with the amount of protein depletion reached at 44% by using the same 1 

μM concentration.  
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Figure 4: A) Immunofluorescence staining of concentration dependent degradation of Casein 

Kinase 2 alpha in normal (HEK293T) and cancer cell lines (MCF-7) during compound 4 and 

7 treatments for 24 h. Mean fluorescent intensity of Alexa Fluor 488 signal in CK2α staining 

after treatment of HEK293T with 4 (B), and 7 (C) and MCF-7 with 4 (D) and 7 (E) for 24 h. 

(1-0 μM; 2-0.01 μM; 3-0.1 μM; 4-1.0 μM; 5-10 μM; 6-1.0 μM). Optimal condition of 

compound 7 treatment in HEK293T and MCF-7 was observed at 10 μM and 1 μM, 

respectively (F; G).   Green: Alexa Fluor 488: Ex = 488 nm, Em = 515/30 nm. Scale bar: 50 

μm. 
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Western blot was then processed to quantify the protein amount after treatment with our 

CK2α degraders (Figure 5). Although there might be some minor discrepancies in the 

percentages of depleted protein, similar results were obtained generally. Specifically, both of 

our degraders showed their ability to induce proteasomal degradation, but the shorter linker 

length seems to induce better effects. The outcomes suggest that our reagents normally offer 

best efficiencies at the concentration of around 1 μM to 10 μM. Increase in the concentration 

of them did not induce any further degradation but made the compounds less potent as 

degraders, especially in U2OS cell. This is because of the “Hook effect” in which the ternary 

complexes can only be sufficiently formed with adequate amount of the two protein recruiters. 

Excessive of a PROTAC reagents induce more separated protein-molecules and E3 ligase-

molecules complexes instead of ternary complexes from protein-molecule-E3 ligase. As a 

result, the protein degradation efficiency is interfered by adding too much bivalent agents in 

PROTAC. Pomalidomide and the CK2α protein targeting warhead (GO289) showed its 

inability to degrade the protein themselves.  
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Figure 5. Western blot analysis of CK2α during concentration dependent treatment with 4 

and 7 in different cell lines for 24 hours. Pomalidomide and GO289 (10 μM) was treated with 

HEK-293T cell for 24h and used as negative controls in comparison with compound 7 

treatment (10 μM). 

 

We next proceed the protein degradation effect in vivo using zebrafish as a study model. As 

shown in figure 6, the obvious lower level of CK2α protein was observed after treatment of 

the larva with different concentration of the compound 7 (Figure 6A). The decrease protein 

level was detected by the lower fluorescent intensity in the zebrafish body after staining the 

POI with green dye antibody (Figure 6B).  
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Figure 6. Zebrafish analysis of CK2α protein degradation after treatment with PROTAC 

molecule 7. A) Western blot analysis of concentration dependent CK2α degradation in 

zebrafish lysis after 24 h treatment with 7. B) Z-stack immunostaining of CK2α in zebrafish 

after PROTAC compound 7 incubation for 24 h.  

 

In conclusion, considering the importance of CK2α in many cellular processes including cell 

cycle progression, gene expression, cell growth and differentiation, embryogenesis, circadian 

rhythms, and apoptosis, we designed heterobifunctional molecules to decrease the level of 

CK2α in vitro and in vivo. The different efficacy of our PROTAC molecules suggest that 

comprehensive consideration need to involve in achieving efficient degraders. Molecule wise, 

the compounds with the same warheads targeting E3 ligase and POI but with different linkers 

could provide different performance. The linker length might straightly affect the interaction 

of the two proteins to induce ubiquitination process for subsequent degradation since the 

production of polyubiquitin protein results from the close-proximity manner. However, too 

short of the linker may potentially cause protein crash which affects the efficient binding of 
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the molecules. Additionally, linker hydrophilicity and flexibility are also noteworthy in 

designing since it determines the molecule biocompatibility, solubility, and cellular uptake 

ability. Moreover, our results indicate the high concentration dependence of the PROTAC 

molecules. Generally, low concentration of PROTAC compound can give significant 

depletion effect on POI. However, due to the nature of its bifunctional molecules which 

requires an efficient formation of ternary complexes to action, too high concentration of the 

degraders might result in “Hook effect” in which saturate formation of binary complexes 

hinders the performance. Additionally, due to different protein levels and behaviors of the 

different cell linages, protein degradation of the PROTAC compounds show distinguished 

actions. Therefore, methods to accurately evaluate the molecule quantity and its functioning 

still need further investigation. By using this tools, further analysis of CK2α loss-of-function 

in cellular response and its effect to cell functions need to be studied more in detail in order to 

target the system to the final goal of therapeutic development.   

4.3. Experimental details 

 

4.3.1. Synthesis of compounds 
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Synthesis of 1. To a suspension of S1 (500 mg, 2.4 mmol) in H2O (20 mL) were added 

potassium hydroxide (148.1 mg, 2.6 mmol, 1.1 equiv) and iodomethane (177.25 mg, 2.6 

mmol, 1.1 equiv) at room temperature. After stirring the mixture at room temperature for 14 h, 

the precipitated solid was filtrated and washed with H2O to afford 1 (492.4 mg, 92% yield) as 

a yellow solid. 1H NMR (DMSOd6, 400 MHz) δ 8.01-7.95 (m, 2H), 7.54-7.46 (m, 2H), 6.13 

(s, 2H), 2.61 (s, 3H); 13C NMR (DMSO-d6, 100 MHz) δ 154.5, 154.1, 129.5, 128.5, 127.7, 

126.9, 13.7; MS (ESI) m/z calcd for C10H13N3OS [M+H] +: 223.06 found 223.11. 

Synthesis of 2.  

 

To a solution of 1 (100 mg, 0.45 mmol) in DMF was slowly added NaH (11.9 mg, 0.49 mmol 

at 0 ℃. After stirring at 30 min at room temperature, a solution of Propargyl-PEG3-bromide 

(S2) (113 mg, 0.45 mmol) in DMF was added to the mixture at 0 ℃.  The reaction was 

stirred at 60 ℃ for 24 h before being quenched with saturated aqueous NH4Cl. After that, the 

mixture was extracted with EtOAc, wash with brine and dry with NaSO4 and the solvent was 

removed in vacuo. The product was then purified by column chromatography with 

MeOH/DCM (1:20) to obtain a pale-yellow oil compound (56% yield). 1H NMR (300 MHz, 

MeOD) δ 6.40 (t, J = 8.8 Hz, 2H), 5.55 (d, J = 8.8 Hz, 2H), 2.67 (dd, J = 8.9, 3.4 Hz, 4H), 

2.38 – 2.31 (m, 2H), 2.19 (dd, J = 3.7, 1.8 Hz, 2H), 2.15 (d, J = 3.6 Hz, 6H), 1.81 (d, J = 11.6 

Hz, 1H), 1.30 (dd, J = 13.2, 10.9 Hz, 1H), 1.16 (d, J = 9.1 Hz, 3H). MS (ESI) m/z calcd for 

C18H24N4O4S [M+H] +: 393.15 found 393.31. 

Synthesis of 3. 
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To a solution of 2 (100 mg, 0.26 mmol) and S3 (60.6 mg, 0.26 mmol) in AcOH was heated at 

100 ℃ for 10 h. After removal of the solvent, the mixture was purified by column 

chromatography with MeOH/ DCM: 1/40.  The product was attained in pale yellow viscous 

oil (73% yield). MS (ESI) m/z calcd for C26H29BrN4O6S [M+H] +: 606.10 found 607.28. 

Synthesis of 4. 

 

To a solution of 3 (10 mg)  in the mixture of DMSO/H2O (50/50), Cu2SO4.5H2O (4.3 mg, 1.0 

equiv) and sodium ascobate (1.7 mg, 0.5 equiv), Pomalidomide-PEG1-azide (S4) was added 

(6.4 mg, 1.0 equiv). The mixture was then stired under room temperature for 12 h. The crude 

product was then extracted with brine and DCM before being purified by HPLC to get a pale 

yellow oil pure product (91% yiled). MS (ESI) m/z calcd for C43H45BrN10O12S [M+H] +: 

1005.21 found 1007.29. 

Synthesis of 5. 
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Same procedure as synthesis of 2 was used with using bromo-PEG1-azide (S5) instead of S2. 

The white solid product was obtained after being purified by column chromatography with 

MeOH/DCM (1:20) (72% yield).  1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 32.1 Hz, 2H), 

6.98 (d, J = 8.8 Hz, 2H), 4.72 (s, 2H), 4.17 (d, J = 4.6 Hz, 2H), 3.74 (s, 2H), 3.40 (d, J = 10.0 

Hz, 2H), 2.70 (s, 3H), 1.23 (s, 2H). MS (ESI) m/z calcd for C13H17N7O2S [M+H] +: 336.12. 

found 336.22. 

Synthesis of 6. 

 

The same procedure for synthesis of 3 was used. White solid product was obtained after 

being purified by column chromatography with MeOH/DCM (1:20) (85% yield).  1H NMR 

(500 MHz, MeOD) δ 7.29 (d, J = 1.1 Hz, 1H), 6.17 (d, J = 8.2 Hz, 2H), 6.08 (s, 1H), 5.53 (s, 

1H), 5.51 (s, 2H), 2.66 – 2.60 (m, 2H), 2.33 (s, 3H), 2.30 (d, J = 4.1 Hz, 1H), 2.20 – 2.13 (m, 

2H), 1.81 (t, J = 4.8 Hz, 2H), 1.15 (s, 3H). MS (ESI) m/z calcd for C21H22BrN7O4S [M+H] +: 

548.06. found 548.15. 

Synthesis of 7. 
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The same procedure for synthesis of 5 was used with using pomalidomide-PEG1-ankyne (S6) 

instead of S4. Pale yealow liquid oil product was obtained after being purified by HPLC 

(94%). 1H NMR (500 MHz, MeOD) δ 7.28 (s, 1H), 7.06 (d, J = 8.5 Hz, 1H), 6.41 (s, 1H), 

6.18 (s, 1H), 6.17 (s, 1H), 6.13 – 6.08 (m, 1H), 6.07 (s, 1H), 5.93 (d, J = 7.2 Hz, 1H), 5.47 (s, 

1H), 5.46 (s, 1H), 5.45 (s, 1H), 3.51 (dd, J = 12.7, 5.4 Hz, 1H), 3.06 (s, 2H), 3.01 (d, J = 5.0 

Hz, 2H), 2.55 – 2.50 (m, 2H), 2.37 – 2.34 (m, 2H), 2.33 (s, 3H), 2.23 – 2.20 (m, 2H), 2.18 (d, 

J = 5.7 Hz, 2H), 1.27 (d, J = 13.9 Hz, 1H), 1.20 (s, 1H), 1.16 (s, 1H), 1.16 (s, 3H), 1.12 (d, J = 

13.1 Hz, 1H), 1.04 (t, J = 5.7 Hz, 2H), 0.59 (s, 1H). MS (ESI) m/z calcd for C40H39BrN10O10S 

[M+H] +: 931.18, found 931.37. 

4.3.2. Immunofluorescence analysis of CK2α protein 

 

Each group of cells with density of 5×104 cells in each well of 8-well ibidi-dishes was treated 

with 4 or 7 at different concentration and time. After treatment, the cells were fixed with 4% 

paraformaldehyde for 15 minutes, permeabilized with 0.25% Triton™ X-100 for 10 minutes 

and blocked with 5% BSA for 1 hour at room temperature. The cells were then labelled with 

CK2α Rabbit polyclonal Antibody (Cell signalling, #2656) in 1% BSA and incubated for 3 

hours at room temperature. Subsequently, Alexa Fluor 488-Goat Anti-Rabbit IgG secondary 

antibody was stained for 30 minutes at room temperature. Nucleus was stained with Hoechst 
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33342 for 30 minutes at room temperature. The degradation of CK2α protein was visualized 

with Carl Zeiss LSM 800 microscopes. (Hoechst 33342: Ex = 405 nm, Em = 460/50 nm; 

Alexa Fluor 488: Ex = 488 nm, Em = 515/30 nm). 

4.3.3. Western-blot analysis of CK2α protein 

 

The lysates of each group of cells at different times and concentration treatment of 4 and 7 

were collected and centrifuged at 12,000 × g for 20 min at 4 ℃. Protein levels in supernatants 

were determined using Nanodrop and equalized to the same concentration and boiled for 10 

min with SDS-PAGE sample loading buffer before being separated using SDS-PAGE and 

transferred to the PVDF membrane. The membrane was then blocked with 5% BSA-TBST 

blocking buffer overnight at 4 ℃. Subsequently, CK2α Rabbit polyclonal Antibody (Cell 

signalling, #2656) was incubated overnight at 4 ℃ in 1% BSA-TBST buffer. After series of 

washing, the goat-anti rabbit IGG (H&L) secondary antibody (Abcam) was added and 

incubated for 1 hour in 1% BSA-TBST.  All signals were visualized using AMERSHAM 

(Image quant 800) system. 

4.3.4. Zebrafish experiments 

 

Zebrafish embryos at 24 hpf was incubated with PROTAC compound 7 in E3 medium for 24 

h at 28 ℃. After drug treatment, the treated and nontreated control embryos was fixed with 

4% formaldehyde for 30 minutes. After a series of washing with PBS, the embryos were 

blocked with 1% BSA, 0.1 % Triton X-100 at room temperature for 1 h.  The embyros were 

then labelled with CK2α Rabbit polyclonal Antibody (Cell signalling, #2656) in 1% BSA and 

incubated for 3 hours at room temperature. Subsequently, Alexa Fluor 488-Goat Anti-Rabbit 

IgG secondary antibody was stained for 30 minutes at room temperature. The degradation of 

CK2α protein was visualized with Carl Zeiss LSM 800 microscopes by multilayers scanning 
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of the embryos body. (Alexa Fluor 488: Ex = 488 nm, Em = 515/30 nm). For western blot 

analysis, the fish embryos after drug treatment were lysis and centrifuge to collect the protein 

suspension before proceeding to the next steps same as the cell analysis.   
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Chapter 5: Nitroreductase Responsive Activation of Molecular Glue for Cell-type 

Specific Degradation of CK1α  

 

5.1. Introduction 

 

Half a century ago, thalidomide was employed as a medicine for insomnia and morning 

sickness. However, due to the teratogenicity and its profound limb defects, it was banned 

quickly later on. Until now, thalidomide and its analogs such as lenalidomide and 

pomalidomide (IMiDs) are still under intensive investigation and usage as 

immunomodulators and antineoplastics, especially for multiple myeloma and other B cell 

malignancies.1-3 Recently, thalidomide was discovered to specifically bind to a substrate 

recognition component of the cullin-depenent ubiquitin ligase, cerebron, to inhibit its 

autoubiquitination activity. It was also shown that IMiDs stabilize the cereblon substrate and 

therefore cause fin deformations in zebrafish after early drug exposure.4 Further 

investigations suggested that myeloma cells induced IMiDs-resistant normally down-

regulated cereblon. In contrast, high concentration of cereblon increase IMiDs responsiveness 

in myeloma cells.5-7 Those evidence indicated that IMiDs are not only antagonists of cereblon 

but also the binding of these molecules inhibits the interaction of cereblon to other proteins 

such as Ikaros family zinc finger proteins 1 and 3 (IKZF1 and IKZF3) in myeloma. These 

two B cell transcription factors are degraded upon lenalidomide-bound cereblon.8,9 These two 

transcription factors play critical roles in B cell development and are highly expressed in B 

cell malignancies, including myeloma. They are essential for plasma cell as well as mantle 

cell lymphoma and chronic lymphocytic leukemia development.10,11 Somatic activation of 

these two proteins in lymphoblastic leukemia results in accumulation of immature lymphoid 

progenitor cells.12 In T cells, IKZF3 mediates the expression of IL-2 gene which is increased 

by treatment with lenalidomide.13 The teratogenicity of thalidomide and the activities of 
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lenalidomide may be regulated by different substrates and cellular lineages dependence. 

Especially, lenalidomide, which is a highly effective molecule for the treatment of 

myelodysplastic syndrome (MDS) with deletion of chromosome 5q (del(5q)), also increases 

ubiquitination and decreases the protein abundance of casein kinase 1A1 (CK1α) in cell and 

species selective manner. Thalidomide, lenalidomide, and pomalidomide all induce CRL4-

CRBN-mediated degradation of IKZF1 and IKZF3, but the subtle differences in chemical 

structure between these molecules cause dramatic changes in potency. For example, 

thalidomide induces the degradation of IKZF1 but not CK1α. Thalidomide may have a 

greater therapeutic window for the treatment of B cell malignancies and other diseases that 

depend on IKZF1 and IKZF3 but would not be predicted to have activity in del(5q) MDS.14  

These findings provide evidence that thalidomide-related molecules have distinct biological 

activities, mediated by degradation of distinct sets of substrates, and that these compounds 

will be the first in a larger class of drugs with therapeutic utility through the targeting of 

specific proteins for degradation.  

Although thalidomide-related molecules can mediate the degradation of specific proteins with 

high selectivity, but their therapeutic applications are still hindered. One of the reasons for 

this limitation is that this group of compounds or general molecular glues cannot process 

under cell selective manner. While these immunomodulatory drugs accurately target to 

degrade Ikaros proteins or CK1α, relatively abundant types of cells also express high level of 

these proteins for their normal functioning. Therefore, higher cell selectivity level is 

prerequisite for the application of the drugs. Remote regulation of the compound was 

reported by light stimulated uncaging strategy recently. However, spatial resolution of the 

release can be further enhanced by acquiring the distinct cellular properties including specific 

enzyme expression. Herein, we report the first-in-class microenvironment responsive method 
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for the small molecule glue-degradation of proteins which may open a new avenue for larger 

application of this type of non-drug molecule. In particular, nitroreductase enzyme (NTR) is 

over-expressed in the tumour or cell under stress such as hypoxia condition. NTR responsive 

lenalidomide was selected as a proof of concept for the enzyme responsive molecular glue 

degradation of proteins. 

5.2. Results and discussion 

 

Structural studies for a high-affinity complex of CRL4-CRBN, CK1α and lenalidomide 

reveals a structure restriction of lenalidomide interacting with CK1α and CRBN. CK1α 

exclusively interacts with the C-terminal domain of CRBN (CTD; residues 317–442), which 

accommodates lenalidomide in a hydrophobic pocket. CK1α binds CRBN–lenalidomide via a 

β-hairpin loop in the kinase N-lobe that connects the CK1α β-strands 2 and 3. Residues 

within this loop interact with the otherwise solvent-exposed phthalimide ring of lenalidomide 

and contact CRBN residues that surround the lenalidomide binding pocket. Interestingly, 

Ikaros family transcription factors share a spatial relationship between binding sites on 

CRBN. A truncated form of human IKZF1 binds N8CRL4CRBN with a higher affinity than 

CK1α and efficiently displaced CK1α from CRBN. IKZF1 uses a structurally similar β-

hairpin loop containing the glycine signature for binding the CRBN–IMiD interface. Thus, 

CK1α and IKZF1 recruitment are mutually exclusive. Importantly, no interaction between 

those proteins with CRBN in the absence of lenalidomide. Recruitment of the CK1α and 

IKZF1 neo-substrates to CRL4CRBN is driven by a surprisingly small 96.8 Å2 compound–

protein interface (phthalimide C5–C7) that induces high-affinity binding and occurs through 

overlapping binding sites on CRBN.15 A minor modification and difference among IMiDs 

themselves largely affect the interaction. For example, lenalidomide and pomalidomide 
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mediates IKZF1 binding to CRBN with comparable affinities, whereas the apparent 

efficiency was reduced ~1.5-fold in the presence of thalidomide.15 Only lenalidomide was 

reported to induce strong interaction and degradation of CK1α due to the different clashes 

between the carbonyl group at their C3 phthalimide position and the CRBN backbone. We 

therefore predict that, a small modification of lenalidomide structure would significantly or 

completely delete the therapeutic effect of the compound. NTR responsive moiety was 

conjugated on the amine group at the C4 phthalimide position of lenalidomide (Scheme 1). 

 

Scheme 1. Nitroreductase responsive uncaging of lenalidomide for selective degradation of 

CK1α. 

 

 Simulation studies suggest that the interaction of CK1α proteins as well as IKZF1 was 

hindered by NTR-lenalidomide due to the clashes in the interaction of the small molecule 

with both proteins and CRBN. Both glutarimide and phtalimide part of the compound were 

not able to position in the active loop of the proteins (Figure 1). This blocking effect suggests 

that we can potentially mediate the cell type specific degradation of CK1 and Ikaros proteins 

through modification of lenalidomide structure by adding enzyme responsive moieties.  
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Figure 1. Structure restriction of lenalidomide interacting with CK1α and CRBN. A)  Free 

Lenalindomide interacts with the C-terminal domain of CRBN which accommodates 

lenalidomide in a hydrophobic pocket. Yellow dash-lines indicate main hydrogen bonding. B) 

Modification of enalidomide with nitroreductase responsive moiety block the exclusive 

interaction of CK1α and CRBN. 

 

After successful modification of NTR caging group, NTR-lenalidomide was examined its 

ability to release free lenalidomide compound upon nitroreductase enzyme activation. The 

dynamic enzyme response was monitored by LC-MS showing the time and concentration 

dependence of enzyme to NTR-Lenalidomide. Most of the lenalidomide was released after 1 

hour incubation with the enzyme (Figure 2). This efficient uncaging method promises the 

specific induction of the therapeutic molecular glue at specific targeted cells where the 

enzyme is overexpressed.  

The protein degradation effect of lenalidomide was observed in HEK293T cells. Upon 

treating with increased concentrations of lenalidomide, the increase in CK1α protein 

degradation was observed by western blot analysis (Figure 3A). We subsequently examined 

the degradation of CK1α protein upon incubation of the NTR-lenalidomide with hypoxia 
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cells. After hypoxia stress, the kinase level was significantly decreased with small molecule 

concentration dependence (Figure 3B). As a positive control, activity of lenalidomide was 

observed not to be affected under hypoxia condition. Meanwhile, NTR-lenalidomide was 

unable to degrade the protein under normal condition (Figure 3C). As a highly cell selective 

activation of lenalidomide, other cell type such as human breast cancer cell- MCF-7 

experienced no degradation of CK1α protein after treating with different concentration of the 

molecular glue. Similarly, under hypoxia condition, NTR-lenalidomide was also not able to 

degrade the kinase in this cell line (Figure 4).  

 

Figure 2. Nitroreductase enzyme response of NTR-Lenalidomide in time (A) and enzyme 

concentration (B) manner. ESI-MS detection of NTR-Lenalidomide (C) and cleaved free 

lenalidomide (D) after enzyme responsive. Relative abundance of lenalidomide and NTR-

Lenalidomide during time (E) and concentration (F) of enzyme treatment was plotted 

showing the exponential kinetic.  
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Figure 3. Western blot analysis of CK1α in HEK293T during concentration dependent 

treatment with A) lenalidomide, B) NTR-lenalidomide for 24 hours and C) NTR-

lenalidomide under normoxia condition for 24 h. 

 

       

Figure 4. Western blot analysis of CK1α in MCF-7 cells during concentration dependent 

treatment with lenalidomide and NTR-lenalidomide (under hypoxia) for 24 hours. 

 

In conclusion, this chapter illustrates one of the directions to specifically modulate the protein 

level in a cell-selective manner. In fact, molecular glue leverages multiple advantages 

compare to PROTAC compounds. The generally lower molecule weight enhances its cellular 

uptake and its biological applications. Different from the heterobifunctional compounds, 

molecular glues use one warhead to simultaneously target to both POI and ubiquitination 

ligase. Therefore, “hook effect” resulted from saturated presentation of the compounds 

intracellularly is minimized. These compounds are specialized by their highly cooperative 

binding in protein-protein interactions. Normally, no requirement of pocket on or affinity 
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needed for molecular glues which offer opportunities for degradation of unligandable 

proteins. However, the highly unique structure, protein target and binding make the discovery 

process of this kind of compound serendipitous and normally lack of rational finding. In this 

chapter, lenalidomide as molecular glue can be specifically controlled to release the drug 

activity. Further investigations of cellular behavior manipulations of the drug such as its 

potential in tumor growth inhibition or tweaking circadian rhythm of the target cells are 

promising. The study provides new insight to monitor protein degraders in cell-type specific 

manner, which is essential in precision medicine. Nevertheless, this direction seems to be a 

great challenge in PROTACs molecules in which addition of enzyme responsive moieties 

into the compound make the high molecular weight structure become more complicated and 

hinder their biological applications as clinical drugs.  

5.3. Experimental details 

 

5.3.1. Synthesis of NTR-Lenalidomide 

 

           

To a 25-mL round bottom flask was added lenalidomide (50 mg, 0.2 mmol) and sodium 

bicarbonate (45.6 mg) dissolved in tetrahydrofuran. The mixture was cooled to below 0 °C 

and was subsequently added the 4-nitrobenzyl chloroformate (43.1 mg, 0.2 mmol) in a 

dropwise manner. The mixture was slowly warmed to room temperature and was left to react 

for 5 hours. Upon reaction completion, the crude product was filtered and dried to yield a 

white solid ().  



142 

 

1H NMR (400 MHz, DMSO-d6): δ 11.02 (s, 1H), 9.81 (s, 1H), 8.28 (d, J = 8.0 Hz, 2H), 7.81 

– 7.89 (m, 1H), 7.71 (d, J = 8.0 Hz, 2H), 7.54 – 7.49 (m, 2H), 5.34 (s, 2H), 5.13 (dd, J = 16.0 

Hz, 8.0 Hz, 2H), 4.46 (d, J = 16.0 Hz, 2H), 4.37 (d, J = 16.0 Hz, 2H), 2.97 – 2.87 (m, 1H), 

2.68 – 2.59 (m, 1H), 2.39 – 2.28 (m, 1H), 2.09 – 2.01 (m, 1H). 13C NMR (100 MHz, 

(CD3)2SO): δ 172.9, 171.1, 167.8, 153.5, 147.2, 144.4, 133.7, 132.9, 128.9, 128.6, 123.7, 

118.8, 64.9, 51.6, 46.3, 31.2, 22.6.  

5.3.2. Nitroreductase enzyme responsive of NTR-Lenalidomide 

 

NTR-Lenalidomide (10 mM) was sequentially mixed nicotinamide adenine dinucleotide 

NADH (0.5 mM) and nitroreductase (0-32 µg/mL) dissolving in PBS (pH 7.4, 10 mM) into a 

total volume of 500 µL. The mixture in the vial was vortexed and was incubated at 37 °C 

with varying time control from 0 – 60 mins. Structural mass analysis was performed by 

ThermoFinnigan LCQ Deca XP MAX Mass instrument to observe any molecular mass 

alteration and quantification of peak areas. 

5.3.3. Western-blot analysis of CK1α protein 

 

The lysates of each group of cells at different times and concentration treatment of NTR-

lenalidomide under hypoxia or normoxia were collected and centrifuged at 13,000 × g for 20 

min at 4 ℃. Protein levels in supernatants were determined using Nanodrop and equalized to 

the same concentration and boiled for 5 min with SDS-PAGE sample loading buffer before 

being separated using SDS-PAGE and transferred to the PVDF membrane. The membrane 

was then blocked with 5% BSA-TBST blocking buffer overnight at 4 ℃. Subsequently, 

CK1α Rabbit polyclonal Antibody (Abcam) was incubated overnight at 4 ℃ in 1% BSA-

TBST buffer. After series of washing, the goat-anti rabbit IGG (H&L) secondary antibody 
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(Abcam) was added and incubated for 1 hour in 1% BSA-TBST.  All signals were visualized 

using AMERSHAM (Image quant 800) system. 

 

Figure S1. MS (ESI) Spectra of NTR-Lenalidomide. 

 

Figure S2. 1H NMR of NTR-Lenalidomide 
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Figure S3. 13C NMR of NTR-Lenalidomide 
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Chapter 6. Conclusions and Future Works 

 

The development of precision medicine required detail cellular monitoring with 

comprehensive understanding of therapeutic agent’s action mechanism. This direction 

requires subcellular precise targeting and manipulating with localized chemical engineering. 

Non-genetic remodeling methods broaden the applications of subcellular targeting in cellular 

manipulations. Various cellular compartments including the cell membrane, lysosome, ER, 

Golgi apparatus and nucleus with chemical engineering were summarized in chapter 1. In 

chapter 2, detail subcellular localization of photothermal nanoparticles and its effects were 

investigated showing that activation of nanoheaters on the cell membrane and intracellularly 

uptake resulted in different photothermal cell death pathways. These differences suggest that 

simple targeting of nanoparticles to some specific cellular compartments might significantly 

regulate the cell functions. To further provide the cell-selective targeting of therapeutic 

agents, enzyme responsive labeling of the cell membrane was reported in chapter 3. Furin as 

an important proteolytic enzyme was selected for the study. After removing the enzyme 

substrate peptide sequence, free azide-sugars were released which enables the metabolic 

labeling of the enzyme-overexpressed cell membrane. This method showed stable and 

prolonged conjugation of reagents on the cell membrane. These observations suggest future 

direction for the opportunity of prolonged cell membrane protein or ion channel regulation 

using chemical agents.  

To further enhance the subcellular chemical engineering, protein was our next target. In this 

thesis, we focus on proteolysis targeting chimeras (PROTACs) which are recently emerged as 

new principle of pharmacological developments targeting loss of protein balancing. 

Traditional method such as CRISPR-Cas, si/shRNA techniques, or antisense oligonucleotides 



149 

 

are established but still facing tremendous difficulties mainly from delivery and safety 

challenges. PROTAC technology overcomes regular protein inhibitors by its general 

substoichiometric target occupancy, sustainable pharmacodynamic effects with catalytic 

functions. Depletion of protein minimizes the possibility of drug resistance through mutation.  

These heterobifunctional molecules enable targeting of traditionally undruggable proteins 

with reduced time and dosage. In chapter 4, we introduced PROTAC molecules targeting 

degradation of an important casein kinase 2α. Our compound showed the ability to degrade 

the targeted protein in time, concentration, and cell linage dependances through 

immunostaining and western blot analysis. The effect was also observed in zebrafish showing 

its ability to degrade the protein in vivo. However, the high molecular weight which deviates 

from the conventional “rule of five” for drug-like molecule properties limit their cellular 

uptake, compromise bioavailability and pharmacokinetics, especially distribution to the 

central nervous system and therefore constrained its application in systematic practices. 

Additionally, there are still minimum methods to specifically degrade the protein 

intracellularly due to its lack of controllable moieties in the compound structures. Addition of 

light responsive or enzyme responsive moieties to the traditional bifunctional compounds 

make the system more complicated and give the higher molecule weight compounds. In 

chapter 5, we introduced a strategy to provide cell selective degradation of protein with the 

construction of enzyme responsive into a molecule glue with simple and small architecture. 

The NTR-lenalidomide under nitroreductase presentation can release free lenalidomide to 

degrade another essential kinase, CK1α. This proof-of-concept studies open new insights 

toward the possibility of precise manipulation of protein level using small molecules. 

However, due to the specialty of the molecule glue with unique properties to connect both 

POI and the ubiquitin machinery, the extension of the method is limited and still cannot 
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universally be applicable to all protein degraders. Therefore, future development towards 

revising chemical structure designs of PROTACs and molecular glues are still under high 

demand. Further investigations of cellular function perturbations by CK2α and CK1α 

degradations are proceeding together with chemical structure reorganization to minimize all 

the drawbacks of PROTACs and molecular glues by our group.  

Overall, this thesis provides different insights and directions for the development of precision 

medicine. Rather than investigating new methods for different subcellular cell location 

targeting, the thesis mainly focusing on the significances of the organelle targeting in 

manipulating cellular events. By providing practical evidence in the distinguished cell death 

pathways induced by different locations of photothermal nanoparticles, the results from 

chapter 2 of the thesis reveal that, meaningful outcomes might not only come from enhancing 

the nanoparticles or reagents, but also by manipulating its distribution and behaviors in the 

complex living conditions. Additionally, further enhancement of the subcellular targeting can 

be achieved by adding the cell-type selection of a subcellular targeting reagent. The results 

from chapter 3 in the thesis provide a new method for the combination of different cell and 

subcellular targeting for more efficient labelling or therapy. In addition, targeting reagent can 

be used to induce protein-protein interactions and degradation of the proteins. The results 

from chapter 4 and 5 describe PROTAC and molecular glue for manipulation of protein 

balancing which is importance for the cellular function regulations. This new application of 

protein targeting approach can be further extended by using a cell-type selective protocol 

using enzyme regulation. I believe that the directions provided in this thesis will foster the 

development of chemical-biology based translational medicine in the future. 
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