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Design of Quantum Dot-Based High Performance Nanoparticle Platform for Nanoparticle-
Based Drug Delivery (NDD) System 

(ナノ微粒子による薬物送達システム 

－量子ドット型高性能ナノ微粒子プラットフォームの設計) 

 

  ABSTRACT 

Nanoparticle drug delivery (NDD) platforms have emerged as a promising approach to enhance 

the efficacy of the existing drugs and potent therapeutic agents though encapsulation of poorly 

soluble agents. However, the early design of NDD vehicles was governed by the intrinsically 

poor pharmacokinetic properties of conventional chemotherapeutics. Low drug solubility, rapid 

metabolism and clearance, and most importantly a lack of selectivity regularly lead to 

therapeutic failure by causing severe systemic toxicity in healthy neighboring tissues, thus 

prohibiting the dose escalation necessary to eliminate tumor cells. Prime pre-requisite to a 

successful NDD is the ability to mediate the facile and efficient delivery of the nanoparticles to 

the cell to ultimately deliver various drugs towards the target intracellular space and various 

specific subcellular compartments of mammalian cells. The traceability of the delivered drug is 

also a crucial aspect in monitoring the biodistribution, intracellular trafficking, and long-term 

fate of drugs and NP-drug delivery vehicles in order to assess and characterize the 

pharmacokinetic properties as well as the targeting specificity of the delivered drug, which are 

lacking in the current NDD platforms. In this study, a novel strategy for the development of 

high performance nanoparticle platform was established by means of cell surface mimetic 

quantum dots (QDs)-anchored peptides/glycopeptides as a model system for NDD vehicles 

with defined functions facilitating intracellular trafficking after initial endocytosis.  

This study describes the standardized protocol for the preparation of multifunctional QDs that 

allow for efficient cellular uptake and rapid escape from endolysosomal entrapment followed 

by subsequent molecular delivery to the target cellular compartment. The established protocol 

took advantage of the facile chemoselective ligation of ketone-functionalized peptides and 

glycopeptides onto the surface of the aminooxy/phospholylcholine self-assembled monolayer 

coated QDs (AO/PCSAM-QDs) in mild reaction condition. Displaying ketone-functionalized 

hexahistidine derivative onto the AO/PCSAM-QD surface during intracellular delivery 

facilitated both endocytic entry and rapid endolysosomal escape of the conjugates in various 

human cell lines. Combined use of hexahistidylated AO/PCSAM-QDs with serglycin-like 

glycopeptides, a proteoglycan initiators (PGIs), elicited an entry, controlled intracellular 



iii 

 

trafficking, golgi localization and subsequent excretion of the QD conjugates, as also observed 

in the real-time live cell imaging. The results suggested that this approach can potentially 

provide an ideal platform for the design of high performance NDD system that could track 

every stages of NDD. 

Therefore, it is noteworthy that PCSAM coating strategy could become a universal tool for 

spatially oriented immobilization of engineered proteins including antibody and antibody-drug 

conjugates on various metal-based nanoparticles. 
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1.1 General Introduction 

Nanotechnology involves the engineering of functional systems at the molecular scale. 

These systems are attractive for disciplines ranging from material science to biomedicine as 

they are characterized by unique physical, optical and electronic features. One of the most 

active research areas of nanotechnology is nanomedicine, which applies nanotechnology to 

highly specific medical interventions for the prevention, diagnosis and treatment of disease1,2 

The overwhelming researches in nanomedicine were translated into commercialization during 

the past few decades, with many products on the market and a growing number in the pipeline. 

Nanomedicine is currently dominated by drug delivery systems3 utilizing nanoparticles (NPs) 

as a drug carrier. These NPs include dendrimers, liposomes, carbon tubes, buckyballs, quantum 

dots (QDs),4,5 gold, silver,6 and supermagnetic NPs.7 

 

Many Nanoparticle drug delivery (NDD) platforms have been developed over the past 

decades. These platforms have emerged as a promising approach to enhance the efficacy of the 

existing drugs as well as those new classes of potent therapeutic agents based on the 

characteristic properties and functions of nanocarriers. These NDD vehicles have great 

advantages due to their ability to encapsulate poorly soluble cancer therapeutics, as well as 

their large surface areas for unique potential multi-functionality through attachment of multiple 

diagnostic and therapeutic agents such as bioactive molecules (drugs), affinity ligands, and 

imaging probes within a single nanoparticle-platform to achieve molecular targeted and 

traceable drug delivery to diseased sites.8 The use of NDD vehicle as nanocarriers for 

chemotherapeutic agents has been shown to improve drug pharmacological properties by 

altering its pharmacokinetics and biodistribution. Through enhanced permeability and retention 

(EPR) effect, nanoparticles preferentially accumulate in faulty tumor vasculatures allowing 

nanoparticle-based chemotherapeutics to achieve higher intratumoral drug concentration and 

lower normal tissue concentration,9 unlike the conventional chemotherapeutics that distribute 

throughout the body affecting both normal and cancer cells.10  
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The NDD vehicles have been vastly developed through introduction and utilization of 

lipids, polymers, carbon materials, inorganic nanocrystals, and even hybrid combinations of 

those materials that aimed towards improving pharmacologic properties of existing 

therapeutics, as well as enabling delivery of new classes of potent anti-cancer drugs for gene 

therapy and immunotherapy.8,11  

 

However, challenges to achieve the optimal benefit of NDD have to be addressed and 

resolved for a successful drug delivery.12,13 The early design of NDD vehicles was governed by 

the intrinsically poor pharmacokinetic properties of conventional chemotherapeutics. Low drug 

solubility, rapid metabolism and clearance, and most importantly a lack of selectivity regularly 

lead to therapeutic failure by causing severe systemic toxicity in healthy tissues, thus 

prohibiting the dose escalation necessary to eliminate tumor cells.14 Prime pre-requisite to a 

successful NDD is the ability to mediate the facile and efficient delivery of the nanoparticles to 

the cell to ultimately deliver various drugs towards the target intracellular space and various 

specific subcellular compartments of mammalian cells.15,16 The traceability of the delivered 

drug is also an important aspect in monitoring the biodistribution, intracellular trafficking, and 

long-term fate of drugs and NP drug delivery vehicles in order to assess and characterize the 

pharmacokinetic properties as well as the targeting specificity of the delivered drug.  

 

Successful development of specific and potent NDD vehicles for a variety of 

therapeutics also heavily relies upon elucidating design guidelines for nanocarrier engineering, 

which, in turn, requires an in-depth understanding of NP behavior in complex biological 

systems, especially in vivo.17,18 In light of this, tracking the biodistribution, intracellular 

trafficking, and long-term fate of drugs and NP-drug delivery vehicles represents a particularly 

valuable tool for pharmacokinetics characterization.  
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A number of contrast agents have been developed to facilitate detection of 

nanocarriers with magnetic resonance imaging (MRI), positron emission tomography (PET), 

ultrasound imaging, and optical imaging at varying levels of sensitivity and resolution.7 Earlier 

studies have already demonstrated the critical impact of NP physical properties (e.g. size and 

shape) and surface chemistry (e.g. hydrophobicity, charge, density and orientation of surface 

ligands, distribution of ligands with formation of patches, etc.) on nanocarrier biodistribution, 

drug delivery and release pathway, and interactions with different components of biological 

systems (e.g. defining the degree of toxicity and immunogenicity), and fine-tuning many 

parameters simultaneously remains a big challenge. Improvement in this work direction 

ultimately requires a systematic, comprehensive characterization of nanocarrier behavior at 

levels ranging from intracellular uptake and trafficking to whole-body biodistribution and 

clearance. Thus, a cost-effective NP platform for reliable and comparable evaluation of various 

nanocarrier designs at all stages of NP-based drug delivery is essential. 

 

Quantum dots (QDs) are one of the most attractive candidates likely to be a good 

platform for NDD. Most NDD vehicles intrinsically have no capacity for monitoring drug 

delivery and only relied on either co-attachment or co-encapsulation of a fluorophore as an 

imaging probe. The weak fluorescent signal of conventional organic fluorophore against strong 

cellular autofluorescence background, fast photobleaching rates, and metabolic degradation 

have rendered their utility limited for long term imaging and tracking applications. QDs are 

engineered NPs that structurally possess a metalloid crystalline core, which emit a type of 

fluorescence depending on its composition and size that, unlike the conventional organic 

fluorophore, have broad absorption, long term photostability, and resistance to photobleaching.  

 

QDs have shown great promise with potential for many biological and biomedical 

applications, especially in drug delivery and cellular imaging.19 It offers great potential as an 

ideal model system for facilitating systematic monitoring and evaluation of all stages of NDD 
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with high sensitivity and resolution due to its unique intrinsic photophysical characteristics. 

The use of QDs as NDD platform gives more advantage for it doesn’t need attachment of an 

imaging probe onto the NP’s surface to monitor every stage of NDD, thus, NP’s surface area 

could be utilized more efficiently for attaching more bioactive molecules and affinity ligands 

for effective delivery. 

 

In order to increase the functionality and water solubility of QDs for its ability to enter 

cell membranes and unhampered its intracellular and molecular imaging uses,20 surface 

modifications and functionalization could be introduced.21 These modifications in effect 

increase its cellular uptake, specificity, and efficiency.22 

 

In achieving targeted delivery, NDD platforms utilize complementary molecules to the 

target cells or organelles for a very specific delivery. These complementary molecules range 

from small molecules, such as small bioactive molecules, DNA fragments,23 peptides24 and 

glycopeptides, and carbohydrates25 to larger molecules including proteins, glycoproteins, and 

antibodies.26 Peptides and glycopeptides are now becoming attractive bioactive molecules and 

mediator for NDD.27 They are incorporated in NDD system as an antigens,28 localization 

signals,27,29 and cell penetrating peptides.30,31 In this study, peptides and glycopeptides were 

utilized in establishing a high performance cell surface mimetic nanoparticle platform model 

system for nanoparticle-based drug delivery (NDD).  
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Hexahistidine-Mediated Endolysosomal Escape of Cell Surface Mimetic Quantum 

Dots-Anchored Glycopeptide 
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2.1 Introduction 

Cellular bio-molecular tracking enables observing real-time bio-molecular 

dynamism in living cells. This technique can provide great insights on molecular 

trafficking, translocation and interaction with complementary molecules in response to 

environmental cues.1 Fluorescent organic molecules and fluorophores are frequently used 

in bio-molecular tracking due to their significant smaller size, which can make them easily 

tag biomolecules and traverse cell membrane more likely unhindered. However, their weak 

fluorescent signal against strong cellular autofluorescence background, fast photobleaching 

rates, and metabolic degradation, which are of great concern in this field, have rendered 

their utility limited for long term imaging of biological processes.2 To solve these problems, 

researchers have turned their attention to quantum dots (QDs) as substitute for organic 

fluorophores. QDs are nanometer-sized inorganic semiconductor crystalline cluster of a 

few hundred to a few thousand of atoms. Fluorescence emission wavelength of QD can be 

fine-tuned by controlling QD size and its chemical composition.3  

 

Multicoloured QDs have the ability to be simultaneously excited using single light 

source due to their tuneable, narrow, and symmetric emission peaks with broad excitation 

profiles and minimal spectral overlap. This intrinsic and prolonged fluorescence of QDs 

advantageously surpasses the sensitivity and resolution of organic dyes and fluorescent 

proteins, with higher photostability and resistance to photobleaching as well as chemical 

degradation, which gave them flexible applications in a number of research areas.4 Aside 

from cellular imaging and drug delivery, QDs have also been used in tracing infection, 

viral localization5 and in single molecule tracking.6 

 

In order to increase the functionality and water solubility of QDs, to increase its 

ability to enter cell membranes and unhampered its intracellular and molecular imaging 



11 
 

uses,7 surface modification and functionalization have been introduced8 using various 

antibodies, DNA,9 proteins,10 peptides,11 and carbohydrates.12 These modifications in effect 

increase its cellular uptake, specificity, and efficiency.13 However, the cytoplasmic 

delivery of QDs follows either facilitated or non-facilitated delivery to the cytoplasm, in 

which both mechanisms utilized the typical endocytic pathway that usually results to 

encapsulation of QDs within the endolysosomal vesicles.14 Endolysosomal sequestration 

represents another obstacle for drug delivery with nanoparticle-based vehicles. 

Sequestration of nanoparticles within the endosome and its subsequent degradation in 

lysosome can significantly reduce or completely prevent the delivery of active drugs or 

therapeutic agents to intracellular space making endosomal escape mechanism an integral 

and substantial constituent in nanoparticle-based drug delivery and tracking.15 

 

In the past years, studies to solve trans-membrane delivery and lysosomal 

sequestration have also been conducted venturing on the use of cell penetrating peptides 

(CPPs)7b,16 to facilitate QDs intracellular delivery and endolysosomal escape. CPPs are a 

group of short amphipathic, hydrophobic or cationic peptide that has the ability to 

penetrate cell membrane. They have been considered as candidates for mediating 

intracellular drug delivery17 and are able to deliver macromolecules into cells of various 

species,18 although internalization mechanisms used by QD conjugated CPPs are still not 

completely understood. Consideration on the type of molecules used for surface 

modification, particle size, charge, and cell type must also be taken into account since they 

influence the routes of entry and intracellular transport, which in effect will influence the 

destination and biological efficacy of the intracellularly delivered load or therapeutic 

agents.19 

 

The poly-histidine sequence, a positive charge polypeptide, is being used as 

affinity tags (“His Tags”), especially hexa-histidine (His6), to facilitate protein 
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purification20 and as pH-sensitive moiety tag for a specific cargo/protein to be delivered 

inside the cell upon encountering pH drops inside intracellular space.21 It is reportedly used 

during transfection, together with arginine, after encapsulating plasmid DNA (pDNA) 

using chitosan and formation of a nanoparticle based on the electrostatic interaction 

between the negative charged pDNA and the positive charge chitosan backbone.22 

Arginine was used to mediate nanoparticle internalization while histidine was used as pH-

responsive moieties that enhance buffering capacity in the pH range of lysosome.23-24 Poly-

histidine sequences were also reportedly used to append longer CPP type sequences, either 

they are attached and buried or displayed in the QDs surface, such as those in Palm-1, NLS 

and CPP histidine-tagged peptides.14b However, these CPPs have longer peptide sequences 

and concentration-dependent cytotoxicities,25 thus posed a great threat and unsuitability in 

terms of longer time cellular imaging for small bio-molecules such as short-chain peptides, 

glycopeptides and carbohydrates in intracellular delivery.  

 

The presence of these huge and long sequence CPPs, in QD-based intracellular 

delivery and tracking of small molecules, may affect and influence the recognition of these 

small molecules and could prevent them from reaching and localizing into the exact 

cellular compartment where they supposed to localize. Therefore, developing an efficient, 

robust, non-cytotoxic, short, and facile CPP sequence, that could facilitate faster 

endolysosomal escape of QDs in a wide variety of cells, is indispensable. 

 

Unlike poly-ariginine, the use of the homopolymer of histidine as an 

endolysosomal escape molecule has not been deeply ventured in QD- and nanoparticle-

based intracellular delivery. In this study the ability of short chain ketone-functionalized 

hexahistidine (k-His6) and ketone-functionalized hexaarginine (k-Arg6) in mediating 

endolysosomal escape of QDs displaying glycopeptide on its surface were examined and 

compared. QDs were first surface-modified by self-assembled monolayers (SAMs) of 
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11,11’-dithio bis[undec-11-yl 12-(aminooxyacetyl)amino hexa(ethyleneglycol)] (AOSH) 

linker12c,25 and 11-mercaptoundecylphosphorylcholine (PCSH) ligand12c,26 to  generate 

aminooxy/phosphorylcholine self-assembled monolayer-coated QDs (AO/PCSAM-QDs). 

AOSH contains the aminooxy group to which the ketone-functionalized peptides and 

glycopeptide can be easily attached. PCSH on the other hand, provided QDs with non-

fouling surface characteristics to prevent non specific protein adsorption during 

intracellular delivery and allows spatial control between peptides and glycopeptide on 

QD’s surface.12c The glycopeptide sequence used in this study was a hexamer serglycin-

like synthetic peptide27,28 ketone-functionalized by appending 5-oxohexanoic acid. The 

monomer of this seglycin-like peptide is a tetrapeptide composed of Ser1-Gly2-Ser3-Gly4 

with Galβ(1-4)Xylβ1-, where the sugar moiety was attached to the third amino acid Ser3. 

Ketone-functionalization was done on both peptides and glycopeptide N-termini, while the 

C-termini were blocked with an amide group after coupling of the last amino acid residue.  
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2.2 Results and Discussion 

The peptides and the serglycine-like glycopeptide (Figure 2.1) were easily 

synthesized manually, following Solid-Phase Peptide Synthesis (SPPS)24 method (Schemes 

2.1a & 2.1b). They were all characterized using high resolution MALDI-TOFMS and RP-

HPLC (Figure 2.2-2.4). The attachment of 5-oxohexanoic acid on the N-terminal made it 

easier to attach them to the aminooxy-functionalized molecule AOSH, through oxime bond 

formation.20 

 

 
Figure 2.1. Peptides and glycopeptide structures. 

 

 

 

This concept of displaying peptides and glycopeptide on QD’s surface was taken 

from the chemoselective ligation of compounds bearing aldehyde/ketone group by the use 

of amonooxy-functionalized materials like in the glycoblotting process.25 
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Scheme 2.1a. Diagram for SPPS of ketone-functionalized glycopeptide. 

 

 

Table 2.1. High resolution masses of peptides and glycopeptide taken using MALDI-
TOFMS. 

Compound Calculated 
m/z 

Measured 
m/z Δ m/z Abundant 

ion 
Error 
(ppm) 

k-Arg6 1066.694 1066.695 0.00096 [M+H]+ 0.899977 
k-His6 952.4405 952.4401 -0.00035 [M+H]+ 0.367477 

glycopeptide 3645.281 3645.275 -0.00615 [M+Na]+ 1.686838 
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Scheme 2.1b. Diagram for SPPS of k-His6 and k-Arg6. 

 
Figure 2.2a. Structure and high resolution mass spectrum of k-Arg6. 
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Figure 2.2b. Structure and RP-HPLC chromatogram of k-Arg6. 

 

 

 

Figure 2.3a. Structure and high resolution mass spectrum of k-His6. 
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Figure 2.3b. Structure and RP-HPLC chromatogram of k-His6. 

 

 

 

 

 

Figure 2.4a. Structure and high resolution mass spectrum of ketone-functionalized 
glycopeptide. 
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Figure 2.4b. Structure and RP-HPLC chromatogram of ketone-functionalized 
glycopeptide. 
 

 

Preparation of AO/PCSAM-QDs 

In order to solubilise the synthetic commercially available TOPO-coated QDs 

(CdSe/ZnS, λem = 545 nm) in water, QD surface was modified by AOSH and PCSH12c,21,22 

(Figure 2.5a). The surface modification, using thiol tethered SAMs, was directly confirmed 

by MALDI-TOFMS.  

 

 

Figure 2.5. General protocol for preparation of AO/PCSAM-QDs. 

 

The MALDI-TOFMS spectrum of AO/PCSAM-QDs showed 908 m/z indicated 

the presence of a heterodimer of AOS-SPC connected via disulfide linkage, while the 737 



20 
 

m/z indicated the homodimer of PCS-SPC also connected via disulfide linkage (Figure 

2.6).  

 

 

Figure 2.6. Direct MALDI-TOFMS of AO/PCSAM-QDs. 

 

This modification yielded an appropriate molecular packing of SAMs in the 

surface of QDs making it remarkably soluble with excellent dispersion in water,20 as 

confirmed by fluorescence correlation spectroscopy (FCS) analysis, showing a smooth 

curve of its rapid fluorescence fluctuations (Figure 2.7). Since the number of AOSH is 

directly proportional to the amount of displayed CPPs and ketone-functionalized 

glycopeptide, it is imperative to control the ratio of AOSH from PCSH in order to control 

the number of compounds to be displayed on the QD surface. 



21 
 

 

Figure 2.7. Fluorescence fluctuation profile of AO/PCSAM-QDs measured by 
Fluorescence Correlation Spectroscopy. 

 

Preparation and Characterization of QD conjugates 

After successful surface modification of QDs, k-His6, k-Arg6, and the ketone-

functionalized glycopeptide (with or without k-His6 and k-Arg6) were conjugated on QD’s 

surface between the amino-oxy groups of AOSH and the ketone group blocking the N-

termini of CPPs and the glycopeptide (Figure 2.8). The reaction in an acetic acid buffer at 

room temperature afforded AO/PCSAM-QDs carrying His6, AO/PCSAM-QDs carrying 

Arg6, AO/PCSAM-QDs carrying the glycopeptide, and AO/PCSAM-QDs carrying His6 

and glycopeptide as confirmed by direct MALDI-TOF/MS (Figures 2.9-2.12). The density 

of the displayed samples can affect the dispersion of the modified QDs in water and even 

in the serum-containing cell culture medium during cellular delivery. It was frequently 

observed that higher density of surface-displayed CPPs and glycopeptide usually resulted 

to QDs aggregation, which could certainly affect the internalization and dispersion of the 

QDs.26 The good ratio between AOSH and PCSH was found to be 1:20, with good water 

dispersion and no observed significant aggregation. 
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Figure 2.8. General protocol for preparation of QD conjugates. 

 

This strategy is so robust that any aldehyde- or ketone-functionalized molecule 

could be attached to AOSH via this type of bond formation, which in principle, could be 

used as general strategy for facile QD surface modification using an array of desired 

molecules to be displayed on QD surface. 

 

Figure 2.9. MALDI-TOF/MS Spectrum of AO/PCSAM-QD carrying His6. Calculated 
mass [M]: 1840.961Da. Observed mass [M+H]+: 1842.377 Da. 
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Figure 2.10. MALDI-TOF/MS Spectrum of AO/PCSAM-QD carrying Arg6. Calculated 
mass [M]: 1588.020Da. Observed mass [M+H]+: 1589.600 Da.  
 
 

 

Figure 2.11. MALDI-TOF/MS Spectrum of AO/PCSAM-QD carrying glycopeptide. 
Calculated [M+Na]+: 4514.48 Da. Observed mass: 4516.26 Da. 
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Figure 2.12. MALDI-TOF/MS Spectrum of AO/PCSAM-QD carrying His6 and 
glycopeptide. 

 

 

The conjugation resulted in the formation of highly dispersed QD conjugates 

(Figures 2.13-2.15) most likely similar in character to the AO/PCSAM-QD.  

The QD conjugates’ rapid fluorescence fluctuation shown as a smooth diffusion 

curve suggested that QD conjugates are well dispersed in water. After the coupling 

process, the resulting AO/PCSAM-QD carrying His6 and glycopeptide showed no 

significant change in fluorescence intensity emitted per molecule of QD with respect to 

AO/PCSAM-QD suggesting stability of fluorescence intensity even after the conjugation 

process (Figure 2.16). 
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Figure 2.13. Cartoon structure representation and Fluorescence fluctuation profile of 
AO/PCSAM-QD carrying His6 and glycopeptide measured by Fluorescence Correlation 
Spectroscopy. 
 

 

Cellular Uptake and Lysosomal sequestration of QD conjugate 

The cellular uptake of AO/PCSAM-QDs simply conjugated with glycopeptide 

was examined using normal human articular chondrocytes (NHAC-Kn), human lung 

adenocarcinoma (A549), human prostate adenocarcinoma (PC-3), human 

hepatoma(HepG2), human epithelial colon cancer cells (HT-29), and human normal lung 

tissue (OUS-11). 
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Figure 2.14. Cartoon structure representation and Fluorescence fluctuation profile of 
AO/PCSAM-QD carrying His6 measured by Fluorescence Correlation Spectroscopy. 
 

 

The prepared AO/PCSAM-QDs containing only the glycopeptide was co-

incubated with the different cell lines and track the intracellular fate of the surface-

displayed glycopeptide. Although it penetrated the cells, the QD conjugate had suffered 

greatly from endolysosomal sequestration after 2 hours, as showed in the merge image of 

colocalization (Figure 2.17) in a counter-labelled lysosome (LysoTracker Red DND-99). 

The most common and crucial fate of delivered nanoparticles and proteins is lysosomal 

entrapment. Failure of cellular delivery is usually caused by degradation of delivered 

molecules inside the lysosome upon sequestration, where high levels of lysosomal 

enzymes are present.8 This result strongly suggested the need for an additional functional 
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motif for controlling cellular uptake efficiency and subsequent trafficking of this QD-based 

nanoparticle-vehicles. 

 

 
 
Figure 2.15. Cartoon structure representation and Fluorescence fluctuation profile of 
AO/PCSAM-QD carrying Arg6 measured by Fluorescence Correlation Spectroscopy. 
 
 

 

 

Figure 2.16. Fluorescence intensity per molecule of QD conjugates measured by FCS. 
Error bar represents standard error of the mean. 
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Figure 2.17. Representative images of different cell lines showing lysosomal entrapment 
of AO/PCSAM-QDs carrying glycopeptides after co-incubation for 2 h. Cells were co-
incubated with QD conjugate (green) for 2 h and fixed. Lysosomes were stained with 
LysoTracker Red DND-99 (red), while the nuclei were stained with Hoechst (blue). 
Merged yellow color indicates that the QD conjugates were mostly accumulated and 
suffered endolysosomal sequestration after 2 hours. Scale bar is 10µm. 
 

 

CPP conjugation to AO/PCSAM-QDs 

The unique functions of CPPs in terms of their ability to assist cellular uptake and 

subsequent endolysosomal escape of cell surface mimetic QD conjugate were investigated 
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by designing and preparing AO/PCSAM-QDs carrying CPPs. The effect of the histidine-

rich and arginine-rich peptide on the general property and efficacy of AO/PCSAM-QDs 

platform in cellular uptake were analyzed using different human cell lines.  

 

The AO/PCSAM-QDs carrying Arg6 were first examined during intracellular 

delivery of the QD conjugate. However, QD conjugate was observed to form large 

aggregates and locates mostly on the surface of cell membrane during intracellular 

delivery. On the contrary, AO/PCSAM-QDs carrying His6 (Figure 2.18) has penetrated the 

cell in a dispersed fashion.  

 

 Poly-arginine CPP has been reported to be highly internalized in the cell, no 

cytotoxic effect, and no aggregation observed after cellular co-incubation. Generally, 

polyarginine conjugated compounds, like other cell penetrating peptide conjugated 

compounds, enter the cell through its interaction with the sulphate and carboxylate groups 

of cell-surface heparan sulphate proteoglycans (HSPGs).34 Cell surface HSPGs are known 

to enter the cell by endocytosis and then being degraded in the lysosome as a major 

turnover route.40 Binding between HSPGs and polyarginine induces aggregation and ligand 

clustering causing polyarginine-carrying compounds to concentrate on the cell surface and 

subsequently internalized.41 In this case, Arg6 displayed in the QD surface was observed to 

aggregate in the cell surface, even in the cell culture medium, upon intracellular delivery. 

This could be likely because at physiological pH, Arg (pKa, 12) is protonated and could 

interact with negatively charged sulphate and phosphate groups on the cell surface. The 

observed aggregation could be due to the electrostatic interaction with sulphate groups of 

HSPG and other glycosaminoglycans (GAGs) that are either majorly expressed on the cell 

surface or released in the extracellular environment. It is also likely that hydrogen bonding 

occurred, taking into account the ability of the guanidinium group of arginine to form 

hydrogen bonds with sulphate and carboxylate groups.20,28-30 In many instances, the 
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difference in molecular display on modified QD surface as well as different QD material 

could also result in disparate outcomes, which could also be the reason why aggregation 

was observed.18 This observation prompted us to discontinue the use of Arg6 as CPP. 

 

Poly-histidine, on the other hand, forms non-covalent metal-affinity interactions 

on the QD surface, which could also be a great strategy for direct QD surface modification 

without the use of AOSH linker. However, during the formation of the late endosome and 

lysosome, the pH of the vesicles inside the cell can drop to as low as ~5.0 to 5.5. Given the 

fact that the normal pKa of histidine residue is ~6.5, protonation of its imidazole side chain 

could result in dissociation of poly-histidine from QD surface.18 

 

 

Figure 2.18. Representative fluorescent images after 2 h co-incubation of A549 cells in the 
presence of 5 nM AO/PCSAM-QDs carrying His6 (Left) and Arg6 (Right). Red color 
represents lysosomes stained with LysoTracker Red DND-99 and Green color represents 
the QD conjugates.   

 

In this study, the experimental design ensures stable attachment of poly-histidine 

to the modified QD surface, which is of prime importance. This design also took advantage 

of the cell-membrane compatibility of PCSH coupled with the ability of the CPP to 

traverse the cell membrane and escape from endolysosomal sequestration, which we 

believed could enhance QD cellular incorporation.  
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Energy Independent Cellular Uptake 

Endocytosis is an energy-dependent process that usually translocates extracellular 

material across cell membrane. This type of mechanism is usually the process involved in 

cellular entry of most QDs.8 Endocytosis can be inhibited by conditions involving ATP 

depletion and low temperatures incubation.31 

 

As shown in Figure 2.19, it was revealed that AO/PCSAM-QDs carrying His6 

were incorporated efficiently after 2 h into all cell lines used under physiological condition 

at 37ºC, while efficiency of uptake appeared to differ significantly between normal and 

cancer cells. 

 

To understand more about the interaction of this new QD conjugates to the cells, 

possible uptake pathways utilized by AO/PCSAM-QDs carrying His6 were determined. 

Low temperature incubation at 4ºC, although resulted in a slight reduction of cellular 

uptake of QD conjugates by OUS-11, HT-29, and NHAC-Kn cells compared with the 

normal physiological temperature at 37ºC, did not affect the uptake efficiency of most cells 

(Figure 2.19).  

 

It is important to note that although membrane-bound QD fluorescent signal was 

greatly increased in HepG2 and A549 cells, it did not prevent QDs from entering the cells. 

These results indicated that QD conjugates, however slow, can still cross cellular 

membranes via energy-independent direct membrane translocation process even at 

rigidified lipid membrane. The increased membrane-bound fluorescence signal and 

reduced cellular uptake might have been due to slow uptake of QDs at this condition 

compared to the normal physiological temperature. 
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Figure 2.19. Representative cell images showing cellular Uptake of AO/PCSAM-QDs 
carrying His6 (green) at different endocytic inhibition conditions. Scale bar is 10 µm. 

 

 

Figure 2.20. Effect of the different temperature incubation on the cellular uptake 
efficiency of QD conjugates carrying His6. Error bars represent ± SEM of n = 500. 

 

Inhibition of Clathrin-dependent Endocytosis  

Non-phagocytic endocytosis can occur in most cells by several recognized 

mechanisms including; clathrin-mediated endocytosis, caveolin-mediated endocytosis, 
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clathrin- and caveolin-independent mechanisms, and actin-dependent macropinocytosis.32 

Several of these processes may be working together at the same time within a cell, and 

therefore, the mechanism of QD uptake may vary within and between different cell types.32  

 

The endocytic pathway of this QD conjugate was examined through clathrin-

dependent pathway. It occurs by formation of clathrin-coated pits that invaginate and pinch 

off from the membrane to form endocytic vesicles. Before the co-incubation, formation of 

these pits were inhibited by depleting cell with K+ through HEPES-K+ and hypertonic 

treatments, these conditions were known to disrupt the formation of clathrin-coated 

pits.31,33  The results showed that K+ depletion and hypertonic treatment of cells, however 

reduced the QD uptake, did not inhibit QDs from entering the cell in all of the cell lines 

(Figure 2.19). This suggested that clathrin-mediated endocytosis may be acting as one of 

the endocytic pathways but may not be the main endocytic pathway utilized by QDs. This 

narrowed down the investigation to caveolin-mediated endocytosis and macropinocytosis. 

One mechanism of lipid raft-mediated endocytosis is through caveolae-involved slow 

transcellular vesicle trafficking.34 Since QD conjugates, at all conditions, were able to 

penetrate on HepG2 cells, a caveolae-deficient cells that do not express caveolins 

endogenously,35 suggested that caveolin-dependent uptake may not also be the main 

endocytic pathway utilized by QDs.  

  

Macropinocytosis is a clathrin- and caveolin-independent pathway that involves 

the formation of large vesicles called macropinosomes, which occur through actin filament 

driven plasma membrane protrution. However, the QDs also managed to enter the cell at 

low temperature incubation that rigidified the membrane, which could prevent plasma 

membrane protrution, and thus doubted the major participation of macropinocytosis.  
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Another CPP internalization pathway was proposed recently called the self-

induced endocytosis or physical endocytosis, an energy-independent pathway that involves 

direct translocation and induction of endocytic-like membrane invagination32 that defined 

the capacity of a peptide to induce their cellular entry and produce endosome-like 

invaginations without participation of metabolic energy.  This pathway relied on the 

interaction of peptide with GAGs and phospholipids that resulted in normal endocytosis. 

This pathway might explain the entry of QDs in the cell even at low temperature energy-

independent condition. 

 

GAG-mediated Cellular Uptake.  

Polycationic CPP internalization and translocation mechanisms across biological 

membranes likely involved a direct electrostatic interaction with the negatively charged 

phospholipids36 and GAGs.37 It has been reported that CPP internalisation either via 

passive diffusion or via endocytosis seems to be initially in contact with membrane 

constituent proteoglycans that act as receptors for extracellular CPPs leading to peptide 

uptake at the multiple sites of cell surface.20  

 

To verify the possible involvement of GAGs in mediating the QD conjugate 

cellular internalization, the interaction of His6 and the glycopeptide with heparin was 

investigated using microarray. Figure 2.21 showed the fluorescence intensity of interaction 

between glycopeptide and His6 with heparin. The results showed that both have interaction 

with heparin and suggested that the fast internalization might be partly or fully driven by 

their interactions with cell surface GAGs. 
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Figure 2.21. Interaction of His6 and glycopeptide with heparin (n = 3) using microarray. 
Error bar represents standard error of the mean (SEM). 

 

 

 

 

Figure 2.22. Plot showing cellular uptake of AO/PCSAMQDs displaying different ratios 
of His6 in OUS-11. At least 15 cells were scored per data point. Error bars represent ±SEM. 
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Figure 2.23. Representative images showing cellular uptake of AO/PCSAMQDs 
displaying different ratios of His6 in OUS-11.  

 

 

Optimization of Glycopeptide-His6 ratio for efficient QD delivery 

 In order to determine the optimal glycopeptide-His6 ratio on the QD surface that 

could efficiently deliver QD conjugate intracellularly, the concentration of His6 displayed 

on the QD surface was varied ranging from 10% up to 90%.   
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 After the delivery of the varying the concentrations of serglycine-like 

glycopeptide and His6 ratio on the QD surface, the result showed that higher concentration 

of His6 on the QD surface induced aggregation of QD conjugates both in the extracellular 

and intracellular spaces (Figure 2.22-2.33) suggesting that generally, 30% to 50% is the 

optimum range to get the cellular uptake of higher efficiency. Although OUS-11, NHAC-

Kn, and HepG2 cell lines showed an increasing trend in the intracellular fluorescence 

intensity as the ratio of His6 increased, nasty aggregation has been observed on QD 

conjugates containing more than 50% of His6. 

 

 

Figure 2.24. Plot showing cellular uptake of AO/PCSAMQDs displaying different ratios 
of His6 in NHAC-Kn. At least 15 cells were scored per data point. Error bars represent 
±SEM. 
 
 

The increased fluorescence intensity was highly due to the intracellular aggregation of the 

QDs giving off very bright fluorescence intensity, which is not a non-ideal condition for 

intracellular delivery. The rapid aggregation could potentially harm the cells and could 

induce cytotoxicity. The A549, PC-3, and HT-29 cells lines, on the other hand, showed 

different trends in intracellular QD fluorescence. A decrease in fluorescence intensity after 
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50% His6 was observed in all of these cell lines. However, detailed observation of the cells 

after co-incubation showed that QD conjugates have the same aggregation plight with 

increasing His6 ratio. This time QD conjugates were highly aggregated outside the cell and 

in the plasma membrane. The golgi accumulation is predicated by the endolysosomal 

escape of QDs.  

 

 

Figure 2.25. Representative images showing cellular uptake of AO/PCSAMQDs 
displaying different ratios of His6 in NHAC-Kn.  
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Figure 2.26. Plot showing cellular uptake of AO/PCSAMQDs displaying different ratios 
of His6 in HepG2. At least 15 cells were scored per data point. Error bars represent ±SEM. 
 

 

As observed in this experiment, at His6 ratio over 50% can cause QDs to aggregate both 

extra- and intra-cellular spaces, which is not ideal for intracellular delivery. This 

aggregation could be due to a possible cross-linking of His6 as a result of their interaction 

with cell surface HSPG. Therefore, considering the ideal condition for intracellular 

delivery, 30% - 50% was considered an ideal ratio that could elicit highest endolysosomal 

escape and consequent golgi accumulation. 

 

Endolysosomal Escape of AO/PCSAM-QDs by His6 Conjugation 

To verify that cell uptake and intracellular traffic of AO/PCSAM-QDs carrying 

glycopeptide can be mediated specifically by the presence of His6, cells were co-incubated 

with AO/PCSAM-QDs co-displaying glycopeptide and His6 (Figure 2.34a). 
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Figure 2.27. Representative images showing cellular uptake of AO/PCSAMQDs 
displaying different ratios of His6 in HepG2.  

 

 

Attachment of ketone-functionalized His6 allowed for enhanced uptake and 

subsequent endosomal escaping of QD conjugates as clearly shown in an intracellular QD 

fluorescence signal that appeared to be unmerged (pointed by white arrows) with the 

endolysosomal red fluorescence signal, while some are gradually escaping from the 

endoysosomal entrapment (pointed by yellow arrows).  
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Figure 2.28. Plot showing cellular uptake of AO/PCSAMQDs displaying different ratios 
of His6 in HT-29. At least 15 cells were scored per data point. Error bars represent ±SEM. 
 
 
 
QD conjugates that managed to escape from sequestration were also observed being 

channelled and accumulated to a specific cellular space adjacent to the nuclear membrane 

(area inside white broken lines). The semi quantitative analysis of the QD-positive cells 

that contain QD conjugate escaping from lysosomal sequestration is shown in Figure 2.34b. 

 

In a detailed analysis of this phenomenon, a representative fluorescence images 

were taken and analyzed. As shown in Figure 2.35a, QD conjugate (green) sequestered 

inside the endolysosome complex (represented as yellow merged color) shown to gradually 

managed to escape from the entrapment and were being delivered into a confined specific 

intracellular space adjacent to the nuclear membrane (area inside white broken lines). 
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Figure 2.29. Representative images showing cellular uptake of AO/PCSAMQDs 
displaying different ratios of His6 in HT-29.  
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Figure 2.30. Plot showing cellular uptake of AO/PCSAMQDs displaying different ratios 
of His6 in PC-3. At least 15 cells were scored per data point. Error bars represent ±SEM. 

 

 

The escaping mechanism was so efficient that most of the QD conjugates have managed to 

escape. This specific intracellular space appeared to be the golgi apparatus (red) as 

confirmed by marking the golgi with golgi marker anti-giantin IgG and detected with 

secondary antibody (Figure 2.35b), this suggested that QD conjugates were being delivered 

into the golgi apparatus after an escape from sequestration. 
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Figure 2.31. Representative images showing cellular uptake of AO/PCSAMQDs 
displaying different ratios of His6 in PC-3.  
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Figure 2.32. Plot showing cellular uptake of AO/PCSAMQDs displaying different ratios 
of His6 in A549. At least 15 cells were scored per data point. Error bars represent ±SEM. 
 
 
Since the aim is to track the fate of these QD conjugates inside the cell, the visualization of 

the routes and movement of QD conjugates provide a means to better understand protein 

trafficking processes inside the cell. As shown in Figure 2.35a, the QD journey was started 

by a cellular entry, which resulted into endolysosomal sequestration. The sequestered QDs 

then escape from the endolysosomal system following lysosomal membrane 

permeabilization (LMP) mediated by His6 and then delivered to the golgi apparatus and 

Endoplasmic reticulum (Figure 2.35b). 
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Figure 2.33. Representative images showing cellular uptake of AO/PCSAMQDs 
displaying different ratios of His6 in A549. 
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Figure 2.34a. Representative cell images showing intracellular distribution of QD 
conjugates (green) when co-incubated with different human cell lines for 2 h. Lysosomes 
were stained with LysoTracker Red DND-99 (red); nuclei were stained with Hoechst 
33342 (blue). White arrows indicate QD conjugates excluded from lysosome. Yellow 
arrows indicate areas of colocalization. Scale bar is 10 μm. 
 

This observation has been confirmed by tracking the fate of QD conjugate in real-

time. The real-time tracking observation revealed that aside from golgi delivery, the QD 

conjugates were also excreted outside the cell (Figure 2.36). The observed excretion of QD 

conjugates was made apparent by the appearance of a punctate-shaped green fluorescent 

dot coming out of the cell membrane (pointed by blue arrow) and disappeared once it 
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reaches the extracellular space while, the entry of QD conjugate was observe by the 

presence of a punctuate-shaped fluorescence coming inside the cell forming a bright green 

dot in the cytoplasm (pointed by white arrow). 

 

 

Figure 2.34b. Semi-quantitative scoring of lysosomal escape in different human cell lines. 
Error bar represents SEM for n = 300. 
 

 
Figure 2.35. Representative cell images showing dynamic intracellular escape of QD-
conjugates from lysosomal sequestration and subsequent trafficking of QD conjugates 
when co-incubated with A549 cells for 2 h. White arrows indicate QD conjugates excluded 
from lysosome. Yellow arrows indicate areas of co-localization and orange arrows indicate 
nuclear localization. a) QD conjugates (green) escaping from lysosome (red) sequestration 
and moving towards the center. Blue arrows indicate the direction of movement of QDs. b) 
QD conjugates being channelled and moving towards the golgi stained by anti-giantin IgG 
and secondary anti-body (red) following endolysosomal escape. 
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The bright green dot traversed the cytoplasm and disappeared, which believed to 

have entered other cellular compartment. On the other hand, QD conjugates that have 

already entered previously inside the cytoplasm have been sorted inside in which we 

believed to be the sorting endosome (area inside red broken lines) and then delivered and 

disappeared into the larger intracellular area where QDs were mostly accumulated. This 

area was expected to be the golgi apparatus based from the observed accumulation of most 

QDs into the golgi from the previous results (as pointed by red arrow). 
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Cytotoxicity of His6, glycopeptide and QD-conjugates  

 

The problem with most of the delivering agents is their cytotoxicity. Aside from 

the core metal, molecules conjugated in the surface of QDs also likely to contribute to the 

cytotoxicity of QDs. To demonstrate that the cells are not adversely affected by QD 

conjugates, cytotoxicity assay performed for QD conjugates. Results showed that QD 

conjugates have no significant cytotoxicity in all cell lines used (Figures 2.37-2.40), 

although a decrease in cell viability is observed in a concentration-dependent manner in 

some cell lines. As shown in the figures, compounds were individually non-cytotoxic and 

even mitogenic to some cell lines.  

 

 

Figure 2.37. Cytotoxicity of ketone-functionalized glycopeptide on different human cell 
lines after 24 h treatment. Each data point represents average percent viability. Error bars 
represent ±SEM of n = 3. 
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Figure 2.38. Cytotoxicity of k-His6 on different human cell lines after 24 h treatment. Each 
data point represents average percent viability. Error bars represent ±SEM of n = 3. 
 

 

The observed concentration-dependent cytotoxicity of AOPCSAM-QDs carrying 

glycopeptides and His6, on PC-3, could not be attributed to the surface-displayed 

compounds but rather to the entirety of the QD conjugates and its behaviour once inside 

the cell. The escaping mechanism of this QD conjugates once inside the cell could be like a 

“proton sponge effect”.38 At acidic condition inside the lysosome, this QD conjugate can 

elicit a “proton sponge effect” response resulting to LMP. This permeabilizaion caused the 

QDs to penetrate its way out of the lysosome. Consequently, this will caused the release of 

hydrolases and all other lysosomal load to the cytosol that could result in an increased 

intracellular pH, which will eventually damage mitochondria and other intracellular 

compartments. The intense intracellular damage incurred due to lysosomal dysfunction can 

trigger cellular death.34,39 Therefore, since this QD conjugates have a remarkable 

endolysosomal escaping capability; cytotoxicity can likely be induced once inside the cell. 
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Figure 2.39. Cytotoxicity of AOPCSAM-QDs carrying His6 on different human cell lines 
after 24 h treatment. Each data point represents average percent viability. Error bars 
represent ±SEM of n = 3. 
 

 

 

 

Figure 2.40. Cytotoxicity of AOPCSAM-QDs carrying glycopeptides and His6 on different 
human cell lines after 24 h treatment. Each data point represents average percent viability. 
Error bars represent ±SEM of n = 3. 
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This study demonstrated that AOPCSAM-QDs carrying His6 has a strong 

endolysosomal escaping ability on various human cell lines. The His6 type CPP confirms a 

promising cell penetrating ability and non-cytotoxic in intracellular delivery of QD-

anchored glycopeptide at shorter time incubation period. The remarkable cell penetrating 

and endolysosomal escaping abilities of this QD conjugate may have been due to the 

clustering effect of His6 on the QD surface. Its cell penetrating mechanism might have 

involved direct membrane translocation, which was believed to have a good efficiency and 

broad spectrum cell penetrating and endolysosomal escaping abilities that could be used in 

many applications.  

 

From the observed evidences presented above, the intracellular fate of 

AO/PCSAM-QDs co-displaying glycopeptides and His6, was clearly observed. 

Intracellular trafficking of this QD conjugate was elucidated following a series of complex 

events as proposed in Figure 2.41. 
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Figure 2.41. Cartoon model of observed cellular fate of AO/PCSAM-QD with co-
displayed glycopeptide and His6. QD conjugates were internalized by the cell through 
direct membrane penetration mediated by GAGs and the phosphate group of tha 
phospholipids in the plasma membrane [1]. The QD conjugates can then be delivered to 
the golgi [3a] (depending on the displayed moeity on the QD suface and the type of cell 
line used) or fused with lysosome [3b] following sorting in the sorting endosome [2]. Upon 
lysosomal sequestration, QD conjugates can elicit an escape mechanism mediated by the 
hexahistidine. Depending on the displayed moeity and the cell line used, the QD 
conjugates can either be delivered into the golgi [4] (QD conjugates with co-displayed 
serglycin-like glycopeptides in normal cell lines or QD conjugates with either co-displayed 
serglycin-like glycopeptides or peptides in cancer cell lines) or will remain in the 
cytoplasmic space (QD conjugates with co-displayed serglycin-like peptides in normal cell 
lines). The golgi-delivered QD conjugates bearing the glycopeptides can then exit the 
intracellular space though exosomes [5] followed by exocytosis [6]. 
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2.3 Experimental 

Materials. All Fmoc-protected amino acids and PyBOP were purchased from 

Novabiochem, HBTU was from Peptide Institute Inc., HOBT from Kokusan Kagaku 

Corp., HOAt was from GenScript, Rink-Amide-ChemMatrix resin was from Biotage. N-

(9-Fluorenylmethoxycarbonyl)-O-[2,3-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-

galactopyranosyl)-β-D-xylopyranosyl]-L-Serine was purchased from Medicinal Chemistry 

Pharmaceutical Ltd., Japan (http://soyaku.co.jp/). Coating reagents, 11,11’-dothio 

bis[undec-11-yl 12-(aminooxyacetyl)amino hexa(ethyleneglycol)] (AOSH) and a 

phosphoryl derivative, 11-mercaptoundecylphosphorylcholine (PCSH) were synthesized 

by the procedures reported previously and available from MCP Co. Ltd., Qdot 545 ITK™, 

Lysotracker Red DND-99, and Hoechst 33342 were from Invitrogen. DCM, DMF, DIEA 

and TFA were purchased from Watanabe Chem. IND., LTD. Ultrafiltration membranes 

were supplied from Milipore, Carrigtwohill, Co. Cork, Ireland. Unless otherwise noted, 

solvents and other reagents were purchased from Aldrich Chemical Co. (Milwaukee, WI), 

Tokyo Chemical Industry (Tokyo, Japan), and Wako Pure Chemical Industries Ltd. (Tokyo, 

Japan). 

 

General synthetic protocol for ketone-functionalized peptides and glycopeptide. 

Peptides and glycopeptide were synthesized manually following Fmoc-solid-phase 

synthesis protocol previously described29. Briefly, 0.24 mmol/g of Rink-amide-

ChemMatrix resin was washed with DMF and DCM followed by DCM swelling for 30 

minutes. The swollen resin was washed with DMF. All washing steps were performed 

three times. Fmoc-amino acid (4 equivalents) was pre-activated using 4 equivalents of 

HBTU, 4 equivalents of HOBt in DMF and 3 equivalents of DIEA for 30 seconds. The 

pre-activated Fmoc-amino acid was then added to the resin and allowed to couple for 15 

minutes at 50oC under microwave irradiation. The resin was then washed subsequently 
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with DMF, DCM and then DMF. To block the unreacted/uncoupled animo groups in the 

resin, acetyl capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 minutes at 

room temperature, washed with DMF, DCM and then DMF, then Fmoc deprotection using 

20% piperidine in DMF followed by washing with DMF, DCM and then DMF and the 

cycle repeated for subsequent iterative synthesis. For the glycopeptide, same steps were 

applied except for the coupling reagents used and the number of coupling times. Instead of 

Fmoc-protected amino acid, 1.2 equivalents of N-(9-Fluorenylmethoxycarbonyl)-O-[2,3-

di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-β-D-xylopyranosyl]-L-

Serine (MCP Co., Ltd, Japan) was used in the coupling process with 1.2 equivalents of 

PyBOP, 1.2 equivalents of HOAt in DMF and 3 equivalents of DIEA as the coupling 

cocktail. After coupling for 15 minutes at 50oC under microwave irradiation, the same 

coupling cocktail without Fmoc-glycoamino acid was added, for a “double activation-like” 

approach, for 15 minutes at 50oC under microwave irradiation. After coupling and 

deprotection of the last amino acid, the N-terminai of peptides and glycopeptide were 

functionalized with 5-oxohexanoic acid, washed, cleaved from the resin and deprotected 

using TFA:EDT:H2O (95:2.5:2.5) for peptides (1 hour) and TFA:H2O for glycopeptides (2 

hours) at room temperature. The samples were purified using RP-HPLC with acetonitrile 

and water both with 0.1% TFA and lyophilized. The purified glycopeptide was de-O-

acetylated by dissolving in trifluoroethanol and added with sodium hydroxide to pH 10.5-

11.0 for 30 minutes. The removal of the acetyl groups from the sugar moiety was 

monitored using MALDI-TOF/MS. After the complete deacetylation process, the solvent 

was removed either under reduced pressure or air-drying. The de-O-acetylated 

glycopeptide was purified by RP-HPLC and lyophilized.   

 

Synthesis of ketone-functionalized hexaArginine (k-Arg6) 

A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Arg(pbf)-OH (96 µmol, 4.0 

equivalents), and 5-oxohexanoic acid (4.0 equivalents) were used. Briefly, 0.24 mmol/g of 
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Rink-amide-ChemMatrix resin was placed in a 5 mL Libra tube, washed sequentially with 

DMF and DCM followed by DCM swelling for 30 minutes. The swollen resin was washed 

with DMF. Fmoc-Arg(pbf)-OH amino acid was pre-activated using 4 equivalents of 

HBTU, 4 equivalents of HOBt in DMF and 3 equivalents of DIEA for 30 seconds. The 

pre-activated Fmoc-Arg(pbf)-OH was then added to the resin and allowed to couple for 15 

minutes at 50oC under microwave irradiation. The resin was then washed subsequently 

with DMF, DCM and then DMF. To block the unreacted/uncoupled animo groups in the 

resin, acetyl capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 minutes at 

room temperature, washed with DMF, DCM and then DMF, then Fmoc deprotection using 

20% piperidine in DMF followed by washing with DMF, DCM and then DMF and the 

cycle repeated for six (6) times. After Fmoc deprotection of the last Fmoc-Arg(pbf)-OH, 5-

oxohexanoic acid was pre-activated using 4 equivalents of HBTU, 4 equivalents of HOBt 

in DMF and 3 equivalents of DIEA for 30 seconds. The pre-activated 5-oxohexanoic acid 

was then added to the peptide-resin mixture and allowed to couple for 15 minutes at 50oC 

under microwave irradiation.  The mixture was washed subsequently with DMF, DCM and 

then DMF. Deprotection and cleavage of the peptide from the resin was done by adding 

TFA:EDT:H2O (95:2.5:2.5) cocktail to the washed resin in ice for 30 minutes with shaking 

and then the shaking was continued at room temperature for additional 1 hour. The 

deprotection and cleavage processes were monitored using MALDI-TOF/MS. The solution 

containing the synthesized peptide was drained. The resin was flushed subsequently with 

the same cocktail solution, acetic acid, and methanol. The filtrates were combined and 

concentrated by air drying, dissolved in 50% acetonitrile and lyophilized. The peptide was 

then purified using RP-HPLC with acetonitrile (B) and water (A) both with 0.1% TFA 

using Intersil® ODS-3 (5 µm, 4.6 x 250 mm) column at room temperature, 1 ml/min flow 

rate, 220 nm wavelength for detection, and solvent gradient (A:B) of 90:10 (0 min), 70:30 

(50 mins), and 5:95 (60 mins) to give k-Arg6 (t = 7.8 mins) and then lyophilized. HRMS 

(MALDI): m/z calcd for C42H84N25O8
+, [M+H]+ 1066.6936, found 1066.6946. 
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Synthesis of ketone-functionalized hexaHistidine (k-His6) 

A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-His(trt)-OH (96 µmol, 4.0 

equivalents), and 5-oxohexanoic acid (4.0 equivalents) were used. Briefly, 0.24 mmol/g of 

Rink-amide-ChemMatrix resin was placed in a 5 mL Libra tube, washed sequentially with 

DMF and DCM followed by DCM swelling for 30 minutes. The swollen resin was washed 

with DMF. Fmoc-His(trt)-OH amino acid was pre-activated using 4 equivalents of HBTU, 

4 equivalents of HOBt in DMF and 3 equivalents of DIEA for 30 seconds. The pre-

activated Fmoc-His(trt)-OH was then added to the resin and allowed to couple for 15 

minutes at 50oC under microwave irradiation. The resin was then washed subsequently 

with DMF, DCM and then DMF. To block the unreacted/uncoupled animo groups in the 

resin, acetyl capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 minutes at 

room temperature, washed with DMF, DCM and then DMF, then Fmoc deprotection using 

20% piperidine in DMF followed by washing with DMF, DCM and then DMF and the 

cycle repeated for six (6) times. After Fmoc deprotection of the last Fmoc-His(trt)-OH, 5-

oxohexanoic acid was pre-activated using 4 equivalents of HBTU, 4 equivalents of HOBt 

in DMF and 3 equivalents of DIEA for 30 seconds. The pre-activated 5-oxohexanoic acid 

was then added to the peptide-resin mixture and allowed to couple for 15 minutes at 50oC 

under microwave irradiation.  The mixture was washed subsequently with DMF, DCM and 

then DMF. Deprotection and cleavage of the peptide from the resin was done by adding 

TFA:EDT:H2O (95:2.5:2.5) cocktail to the washed resin in ice for 30 minutes with shaking 

and then the shaking was continued at room temperature for additional 1 hour. The 

deprotection and cleavage processes were monitored using MALDI-TOF/MS. The solution 

containing the synthesized peptide was drained. The resin was flushed subsequently with 

the same cocktail solution, acetic acid, and methanol. The filtrates were combined and 

concentrated by air drying, dissolved in 50% acetonitrile and lyophilized. The peptide was 

then purified using RP-HPLC with acetonitrile (B) and water (A) both with 0.1% TFA 

using Intersil® ODS-3 (5 µm, 4.6 x 250 mm) column at room temperature, 1 ml/min flow 
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rate, 220 nm wavelength for detection, and solvent gradient (A:B) of 90:10 (0 min), 70:30 

(50 mins), and 5:95 (60 mins) to get k-His6 (t = 5.4 mins) and then lyophilized. HRMS 

(MALDI): m/z calcd for C42H54N19O8
+, [M+H]+ 952.4405, found 952.4401. 

 

Preparation of AO/PCSAM-QDs. To the 50 μL of 1 μM TOPO-QDs were added 

Isopropanol:Methanol (100 μL:50 μL), then centrifuged at 15,000 g for 3 minutes. The 

solvent was removed and the pelleted TOPO-QDs were re-suspended in 50 μL n-hexane 

and homogenized by sonication. TOPO-QDs/n-hexane solution was added with 30 μL of 

Milli Q water, 1 μL of NaBH4 (12 wt % in 14 N NaOH), 5 μL of 5 mM 11,11’-dothio 

bis[undec-11-yl 12-(aminooxyacetyl)amino hexa(ethyleneglycol)] (HS-ao)12c and 10 μL of 

50 mM 11-mercaptoundecylphosphorylcholine (HS-PC). The mixture was mixed for 30 

minutes at room temperature.  The n-hexane layer containing TOPO were removed, and 

washed three times with hexane. The water layer containing AO/PCSAM-QDs was 

purified using ultra filtration (YM 10) and washed with ultrapure water (400 μL) three 

times. The AO/PCSAM-QDs solution was directly analyzed by MALDI-TOFMS (Bruker 

Daltonics, Bremen, Germany) using DHB (1 μL, 10 mg/mL) as a matrix.  

 

Conjugation of QDs with ketone-functionalized derivatives. To the 10 μL of 

AO/PCSAM-QDs solution was added 1 μL of 10 mM ketone-functionalized 

peptides/glycopeptides and 1 μL of 10 mM ketone-functionalized glycopeptide mixed 

thoroughly with 1 μL of 10 mM k-His6. The mixture was added with 10 μL of 200 mM 

acetate buffer (pH 4.0), mixed for 15-30 minutes at room temperature and concentrated to 

dryness by centrifugal evaporator, to complete the oxime formation reaction, for 30 

minutes at 40oC.  The obtained solid was resuspended in Milli Q, purified using ultra 

filtration (YM 10) and washed with Milli Q (400 μL) three times.  The products 

AO/PCSAM-QDs co-displaying the glycopeptide and His6, AO/PCSAM-QDs carrying 

glycopeptides, AO/PCSAM-QDs carrying His6 and AO/PCSAM-QDs carrying Arg6 were 
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dissolved in Milli Q (10 μL) to obtain 1 μM solution. The samples were directly analyzed 

by MALDI-TOF/MS using DHB (1 μL, 10 mg/mL) as a matrix.12c 

 

Cell Culture. NHAC-Kn (Kurabo Inc.), A549 (Health Science Research Resource Bank), 

HT-29 (American Type Culture Collection) and HepG2 (RIKEN cell bank) cell lines were 

grown in Dulbecco’s Modified Eagle Medium (DMEM), PC-3 cells (Health Science 

Research Resource Bank) were grown in RPMI-1640 and OUS-11 (Health Science 

Research Resource Bank) were grown in MEM at 37oC with 5% CO2. All media used were 

supplemented with 10% (v/v) FBS, Penicillin G (500 units/mL) and Streptomycin (500 

unit/mL). 

 

Cell Uptake Mechanism of QDs carrying His6. Endocytic incorporation of AO/PCSAM-

QDs carrying His6 or Arg6 were performed by incubating them with cells (5x103 

cells/well) on an 8-well Nunc Lab-Teck II Chamber Slide System (ThermoScientific™). 

Images of cellular uptake after 2 h co-incubation with QD conjugates at different endocytic 

inhibition conditions were observed by fluorescence microscopy as follows: (a) Low 

temperature incubation: Cells were incubated with AO/PCSAM-QDs carrying His6 in 

serum-free opti-MEM (Invitrogen) at 4ºC for 2 hours, followed by washing with PBS at 

4ºC prior to fluorescence analysis. (b) Hypertonic incubation: The cells were pre-incubated 

with PBS supplemented with 0.45 M sucrose for 30 min at 37ºC prior to QDs co-

incubation. (c) K+ depletion treatment: K+ depletion was achieved by pre-incubation of the 

cells in the K+-free HEPES (HEPES-K+) for 1 h and then rinsing in the hypotonic buffer 

(HEPES-K+ diluted 1:1 with distilled water) for 5 min. The cells were then quickly washed 

with HEPES-K+ buffer three times and incubated in that buffer for 10 mins at 37ºC. After 

K+ depletion treatment, the cells were incubated with QDs in HEPES-K+. 
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Microarray. Boc-protected aminooxy coated slide was deprotected using 2M HCl for 2 

hours at 37ºC, washed 3x with ultrapure water and centrifuged at 2000 rpm for 2 minutes 

to dry. Different concentrations of heparin, k-His6 and ketone-functionalized glycopeptide, 

previously prepared using 50 mM AcOH reaction buffer, were machine platted onto the 

slide by BioChip-Arrayer machine (LASER TECHNO Co., Ltd.), incubated at 80ºC for 1 

hour, washed with water 3 times, and dried using centrifuge. The unreacted aminooxy 

groups were capped with succinic anhydride for 2 hours at 37ºC, washed and dried. 

Heparin (Sigma-Aldrich) was added and allowed to interact at 37ºC for 2 hours. Slide was 

washed with washing buffer, containing 0.05 wt %Triton X-100, 3 times followed by 

water. Mouse anti-heparin/heparin sulphate IgG antibody (Millipore) was added, incubated 

for 2 hours at room temperature or at 4ºC overnight and washed subsequently with 

washing buffer and water 3 times. Secondary anti-body anti-IgG mouse Cy3 (Funakoshi, 

Japan) was added, allowed to react in the dark for 2 hours at room temperature or at 4ºC 

overnight and washed with washing buffer 3 times. The slide was analyzed using GE 

Typhoon TRIO+ variable mode imager (Amersham Biosciences). 

 

Intracellular trafficking of QD conjugates. All cellular internalization experiments were 

performed on an 8-well Nunc Lab-Tek II Chamber Slide System (Thermo Scientific™). 

Cells (5x103 cells/well) were seeded in the wells and cultured overnight. For the uptake 

and delivery experiments, QD-conjugates were diluted with the complete culture 

medium and incubated with cells at 37ºC with 5% CO2 for 2 hours. For assessing 

lysosomal colocalization, the QD-conjugates were incubated with cells for 5 minutes or 2 

hours and cells were stained with lysosomal marker LysoTracker Red DND-99 

(Invitrogen). The nuclei were stained with Hoechst 33342 (Invitrogen) and observed under 

fluorescence microscope. For the golgi colocalization assessment, the incubation was only 

up to 2 hours. The excess QD-conjugates were removed by washing the cells with DPBS 

three times. The cells were then fixed with 4% paraformaldehyde for 10 minutes at 4ºC or 
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in ice, permeabilized with 0.4% Triton X-100 and washed. The cells were then incubated 

with the golgi marker anti-giantin antibody [9B6] mouse IgG1 (abcam), as the primary 

antibody, for 1 hour at room temperature or overnight at 4ºC, washed with DPBS three 

times and then incubated with secondary anti-body anti-IgG mouse Cy3 (Funakoshi, 

Japan) for 30 minutes to 1 hour at room temperature. The nuclei were stained with Hoechst 

33342 (Invitrogen), as the final hybridization process, and observed under fluorescence 

microscope. 

 

Fluorescence Microscopy and Imaging Study. The fluorescence microscope used for 

image acquisition and image analysis was an all-in-one fluorescence microscope 

BIOREVO BZ-9000 series generation II (Keyence, Japan) equipped with 4x, 20x, 40x, and 

60x (oil immersion) lenses. Images were taken using standard filter set for DAPI (for 

Hoechst), FITC (for QD545) and TRITC (for anti-mouse IgG-Cy3). Merge images were 

generated and analyzed using BZ-II software. FCS measurement was performed by using 

LSM510 META Confocor 2 (Carl Zeiss Inc., Germany).  

 

Cytotoxicity of QD conjugates. NHAC-Kn, HepG2, HT-29, A549, OUS-11 and PC-3 

cells were seeded in a 96-well plate (Thermo Scientific), at 5.0x103 cells/well, and 

incubated at 37ºC with 5% CO2 for 24 hours. The cells were treated with k-His6, ketone-

functionalized glycopeptide, AO/PCSAM-QDs carrying His6, and AO/PCSAM-QDs co-

displaying glycopeptides and His6 for 24 hours. Cell growth was determined by adding 10 

μL of cell counting kit 8 (Dojindo, Kumamoto, JAPAN), incubated for 2-4 hours and 

optical density was measured using a model 550 Microplate reader (BioRad, Hercules, CA, 

USA). Data were reported in terms of percent viability with respect to the untreated control 

(± SEM) of the trials (n = 3). 
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Chapter 3 

Effect of Glycosylation on Intracellular Trafficking of Synthetic Peptides 
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3.1 Introduction  

 Protein glycosylation is one of the most common post-translational modifications 

employed by biological systems to expand proteome diversity.1-3 Glycosylation is 

evolutionarily found to occur in proteins through the main domains of life4,5 and has been 

shown to influence a variety of critical biological processes such as protein folding, stability, 

trafficking, localization, and protein–protein binding, with important implications for cell-cell 

interactions, intracellular signalling and intracellular targeting.6,7 The specific conformational 

changes in the protein backbone as a consequence of protein glycosylation,8-12 could alter the 

overall structure of protein and potentially change the functions, intracellular route, and 

recognition of proteins that are either exogenously incorporated or endogenously expressed in 

cells. Therefore, it is not surprising that a substantial fraction of the approved protein 

pharmaceuticals need to be properly glycosylated to exhibit optimal therapeutic efficacy.13,14 

 

 Glycans associated with cell surface receptors and proteins not only alter the dynamics 

of glycoprotein endocytosis but also their cell surface half-life through binding to multivalent 

lectins.15 Glycan structures on newly synthesized proteins are crucial for protein secretion, as 

they influence protein folding, provide ligands for lectin chaperones, contribute to quality 

control surveillance in the endoplasmic reticulum (ER) and mediate transit, trafficking, and 

selective protein targeting throughout the secretory pathway.16,17 Hence, in the presence of 

glycans, a therapeutic molecule or protein could potentially be trafficked inside the cell 

differently. 

 Cells sort biological molecules and regulate their entry, production, and release, 

depending on the cell’s microenvironment demands, through intracellular trafficking. Reliable 

intracellular traffic is a prerequisite of a successful cellular processes.18 Biological molecules 

are trafficked to distinct cellular compartments through both biosynthetic and endocytic 

pathways. Delivering pharmacological agents to cells via this endocytic pathway requires 
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knowledge and understanding of the trafficking itinerary and the molecular dynamics of the 

organelles concerned.19-22 These pathways are vital to pave the way in understanding 

intracellular drug delivery and give insights into the real-time dynamics of exogenous 

molecules, including nanoparticle-based delivery of therapeutic agents, as they are delivered 

into and traffic within single cell.23,24 

  

Despite emerging importance of quantum dot (QD)-based delivery of peptides25,26 and 

glycans,27-29 which are promising tools both in general cell biology and discovery research for 

diagnostic/therapeutic agents, there are no direct, systematic, and substantial studies on the 

direct evidence of intracellular sorting/trafficking mechanisms between peptides and 

glycopeptides, as well as the differences in their intracellular incorporation on both normal and 

cancer human cell lines. 

  

In this study, differences in intracellular localization and trafficking of serglycin-like 

peptides and glycopeptides in both normal and cancer human cell lines were investigated.  QD-

based delivery of serglycin-like peptides and glycopeptides were performed to observe the 

differences in intracellular localization mechanism. 
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3.2 Results and Discussion  

 

Both peptides and glycopeptides sequences used in this study were serglycin-like 

synthetic peptides and glycopeptides (Figure 3.1).18,30 These were tetrapeptide composed of H-

Ser1-Gly2-Ser3-Gly4 (compound 1) and tetrapeptide with Galβ(1-4)Xylβ1- (compound 2),  

where the sugar moieties were attached to the third amino acid serine, as well as the 

corresponding hexamer of tetrapetide (compound 3), and hexamer of tetrapeptide with Galβ(1-

4)Xylβ1- (compound 4, same glycopeptides in Chapter 2). This sequence was based from its 

reported acceptability as a new class of synthetic proteoglycan initiator (PGI).18,23 

 

Figure 3.1. Peptides and glycopeptides sequences and structures. 

 

The list of their high resolution masses, from MALDI-TOF/MS spectra of the synthesized 

peptides and glycopeptides shown in Figures 3.2-3.5, were summarized in Table 3.1, while 

their HPLC chromatograms were on Figures 3.6-3.9. 
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Figure 3.2. Structure and high resolution MALDI-TOFMS of compound 1. 

 

After the ketone-functionalized synthetic peptides or glycopeptides were successfully 

synthesized, isolated, and characterized, they were then co-displayed onto AO/PCSAM-QD 

surface together with k-His6 (Figure 3.10, see Chapter 2 for k-His6 and AO/PCSAM-QD 

characterizations). The resulting QD conjugates were characterized using MALDI-TOFMS 

(Figures 3.11-3.14) and Fluorescence Correlation Spectroscopy (FCS), shown in Figures 3.15-

3.18, prior to intracellular delivery. 
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Figure 3.3. Structure and high resolution MALDI-TOFMS of compound 2. 

 

 

 

Figure 3.4. Structure and high resolution MALDI-TOFMS of compound 3. 
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Figure 3.5. Structure and high resolution MALDI-TOFMS of compound 4. 

 

 

 

 

 

Table 3.1. List of high resolution masses of compounds 1-4 taken using MALDI-TOFMS. 

Compound 
Calculated 

m/z 
Measured 

m/z Δ m/z 
Abundant 

ion 
Error 
(ppm) 

1 440.175729 440.175 0.000729 [M+Na]+ 1.65615674 

2 734.270819 734.2672 0.003619 [M+Na]+ 4.9286992 

3 1880.71065 1880.71 0.000649 [M+Na]+ 0.34508232 

4 3645.28115 3645.275 0.006149 [M+Na]+ 1.68683834 
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Figure 3.6. Structure and HPLC Chromatogram of compound 1. 

 

 

 

 

Figure 3.7. Structure and HPLC Chromatogram of compound 2. 
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Figure 3.8. Structure and HPLC Chromatogram of compound 3. 

 

 

 

 

Figure 3.9. Structure and HPLC Chromatogram of compound 4. 
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Figure 3.10. General Protocol for the preparation of QD conjugates AO/PCSAM-QD with k-
His6 and compounds 1-4. See chapter 2 for complete characterization of k-His6. 

 

Results have shown that ketone-functionalized synthetic peptides and glycopeptides 

were successfully co-conjugated and displayed onto the surface of AO/PCSAM-QD as shown 

in their direct MALDI-TOF/MS spectra. 

 

Figure 3.11. Direct MALDI-TOFMS spectra of AO/PCSAM-QD carrying k-His6 and 
compound 1.  
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Figure 3.12. Direct MALDI-TOFMS spectra of AO/PCSAM-QD carrying k-His6 and 
compound 2.  

 

 

Figure 3.13. Direct MALDI-TOFMS spectra of AO/PCSAM-QD carrying k-His6 and 
compound 3.  
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Figure 3.14. Direct MALDI-TOFMS spectra of AO/PCSAM-QD carrying k-His6 and 
compound 4.  

 

 

Figure 3.15. Fluorescence correlation profile using FCS of AO/PCSAM-QD carrying k-His6 
and compound 1. 
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Figure 3.16. Fluorescence correlation profile using FCS of AO/PCSAM-QD carrying k-His6 
and compound 2. 

 

Figure 3.17. Fluorescence correlation profile using FCS of AO/PCSAM-QD carrying k-His6 
and compound 3. 
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. 

Figure 3.18. Fluorescence correlation profile using FCS of AO/PCSAM-QD carrying k-His6 
and compound 4. 

 

Individual fluorescence correlation spectrum also showed that QD conjugates were 

highly dispersed in aqueous solution with no observed aggregation, making it highly viable 

candidate for intracellular delivery experiments. The fluorescence signals of the QD conjugates 

were also not significantly affected after the conjugation process as shown in their individual 

fluorescence fluctuation per molecule (Figure 3.19). This unaffected fluorescence signal per 

molecule is advantageous during QD conjugate detection and tracking inside the cell due to its 

sustained intensity in fluorescence signal that could be easily detected and classified from the 

background fluorescence. 
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Figure 3.19. Fluorescence intensity per molecule of AO/PCSAM-QDs carrying His6 and 
compounds 1~4. Error bar represents SEM. 

 

The intracellular localization of QD conjugates were tracked during co-incubation with 

normal human articular chondrocyte (NHAC-Kn), normal human lung tissue (OUS-11), human 

lung adenocarcinoma (A549), human prostate adenocarcinoma (PC-3), human hepatoma 

(HepG2) and human epithelial colon cancer cells (HT-29). For immunocytochemistry, golgi 

and nuclear co-localizations were assessed by tagging the golgi apparatus with golgi marker 

anti-giantin and detected using secondary antibody, while the nuclei were stained with 

Hoechst.  

Results revealed a different dynamics of QD conjugates between diseased (Figure 

3.20a) and healthy (Figure 3.20b) human cell lines. In diseased cell lines, A549 cells showed 

golgi uptake (pointed by white arrows) of all the QD conjugates carrying compounds 1~4. 

However, a membrane-bound fluorescence (pointed by red arrows) of QD conjugates carrying 

compound 2 was evidently observed but not on its naked counterpart (QD conjugates carrying 

compound 1). The observation was also true in QD conjugates carrying the hexamer 
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counterparts of compound 2 (QD conjugates carrying compound 4) but also not observed in its 

naked counterpart (QD conjugates carrying compound 3). It is likely that the observed 

membrane-bound fluorescence could be due to the interaction of the glycopeptides with its 

complementary lectins highly expressed on this cell line33 or through HSPG interaction. The 

QD conjugates carrying glycopeptides seem to have been directed specifically towards the 

golgi, while those QD conjugates carrying naked peptides were randomly distributed in the 

cytoplasm and the golgi. These observations suggested that although A549 cells directed all the 

QD conjugates to the golgi, they might have been delivered inside the cell differently. It seems 

that the QD conjugates carrying glycopeptides were not entering the cell all at once but rather 

in batches and that the remaining QD conjugates were hanging on the cell surface waiting for 

their cues to come-in, as indicated by the population of QD conjugates that are actually inside 

the cell, and thus their cellular delivery might have been driven by the presence of sugar 

moiety.  

In HepG2 cells, QD conjugates were also channelled to the golgi apparatus. All QD 

conjugates carrying compounds 1 and 2 were observed to have higher golgi uptake compared 

to the ones carrying compounds 3 and 4. However, QD conjugates carrying naked peptide 

(compound 3) showed less golgi uptake compared to its glycosylated counterpart (QD 

conjugates carrying compound 4). It is noteworthy, however, that the conjugates carrying the 

monomer compounds (compounds 1 and 2) seem to have similar intracellular distribution 

patterns, whereas the conjugates with polymer counterparts have evident difference in 

intracellular localization. Most of the QD conjugates carrying compound 4 were localized in 

the golgi while those with compound 3 were largely distributed in the cytoplasm. It seems 

likely that although hepatocytes have galactose-specific binding receptor, that could potentially 

facilitate and influence the intracellular delivery of these QD conjugates,34,35 compounds 1 and 

2 are small tetrapeptides with only one glycosylation site difference. It might be that this 

difference was indistinguishable by HepG2 cells and were therefore be channelled 

intracellularly in similar manner. The presence of multiple glycosylation sites in compound 4, 
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however, cannot be neglected and be disregarded by the cell. This apparent observable 

difference that differentiated each from the other could have driven a different intracellular 

trafficking. Intracellular uptake of compounds 1 and 2 in HT-29 cells showed similar 

phenomenon in terms of intracellular trafficking. The intracellular distribution and golgi uptake 

were quite comparable for both QD conjugates. Majority of the QDs were dispersed in 

cytoplasm while others are thinly localized in the golgi unlike in HepG2 cells. Cells co-

incubated with conjugates carrying compounds 3 and 4, on the other hand, have visibly higher 

QD uptake. Although both conjugates were channelled to the gogli, similar to HepG2 cells, 

significantly higher golgi co-localization was observed in cells co-incubated with QD 

conjugates carrying compound 4. These results suggested that HT-29 cells, like HepG2, might 

be unable to differentiate between QD conjugates carrying compounds 1 and 2 in terms of their 

individual intracellular traffic. The presence of longer peptide sequence and multiple 

glycosylation, however, increased golgi colocalization compared to its naked counterpart. It 

seems that the presence of multiple glycosylation drew the conjugates more towards the golgi. 

Like HepG2, PC-3 cells, on the other hand, showed similar intracellular distribution 

patterns on conjugates carrying the monomer compounds. Conjugates with polymer 

counterparts, however, have evident difference in intracellular localization. QD conjugates 

carrying compound 4, unlike its observed behaviour when co-incubated with HepG2 and HT-

29 cells, showed less golgi co-localization compared to the naked compound 3. Judging from 

the result, it seemed that the glycosylated compound 4 were delivered and trafficked 

intracellularly in a very controlled fashion compared to the compound 3, which seemed to have 

been distributed randomly in cytoplasm and golgi. The controlled delivery of compound 4 in 

the golgi could apparently be observed by their non-random and unsaturated presence of QD 

conjugates in the golgi.  

In healthy cell lines, the intracellular localization of QD conjugates greatly differed 

from the diseased cell lines. The endocytosis of all QD conjugates in the diseased cell lines was 

of higher rate36 as indicated by the densely QD conjugate populated cytoplasm, compared to 
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the scarcely QD conjugate populated cytoplasm of healthy normal cell lines (Figure 3.20b). 

Although these QD conjugates also displayed His6 in their surface, this phenomenon was 

strikingly different from the observed localization of the QD conjugate carrying only His6 (see 

chapter 2). This could suggest that the intracellular delivery of these QD conjugates was driven 

greatly by the serglycin-like peptides and glycopeptides co-displayed onto the surface of QDs, 

and may be partly by the His6. 

 

 

Figure 3.20a. Representative images showing different intracellular localization pattern of 
QD-conjugates (green) on different human cancer cell lines. Golgi was tagged by golgi marker 
anti-giantin and detected by the secondary anti-body (red), Nuclei were stained with Hoechst 
33342 (blue), yellow color indicates QD conjugates co-localized in the golgi (also pointed by 
white arrows). Red arrows indicate cell surface-bound QD conjugates. Scale bar is 20 µm. 
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Interestingly, however, both NHAC-Kn and OUS-11 cells showed no localization of 

QD conjugates displaying naked peptides (compounds 1 and 3) in the golgi, while those 

carrying glycopeptides  2 and 4 appeared to be distributed specifically in the golgi as shown by 

the yellow merged color (pointed by white arrows). It appeared that the presence of glycan 

moieties can drove the conjugates specifically to the golgi. The absence of glycosylation may 

have prevented the conjugates from localizing in the golgi, whereas the presence of sugar 

moieties, both monomer compound 2 and hexamer compound 4, allowed golgi localization. It 

may seem that the minimum requirement for golgi localization, in these cells, was the presence 

of sugar moiety in the polypeptide chain. Interestingly, golgi localization behaviour on NHAC-

Kn cells was similar and in agreement with the previously reported localization of this 

serglycin PGI monomer.25 These observation exemplified the important role of glycosylation 

on intracellular compartmentalization. 

 

Figure 3.20b. Representative images showing different intracellular localization pattern of 
QD-conjugates (green) on different narmal healthy human cell lines. Golgi was tagged by golgi 
marker anti-giantin and detected by the secondary anti-body (red), Nuclei were stained with 
Hoechst 33342 (blue), yellow color indicates QD conjugates co-localized in the golgi (also 
pointed by white arrows). Scale bar is 20 µm. 

 

There is no other concrete way to compare the effect of the presence and absence of 

glycosylation in terms of intracellular trafficking and compartmentalization than comparing its 
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effect on normal and cancer cells of same types. As shown in Figure 3.21, it was revealed that 

QD conjugates displaying naked peptides 1 or 3 did not localized in the golgi of normal human 

lung tissue while those carrying glycopeptides 2 or 4 appeared to distribute specifically in the 

golgi indicated by the yellow color resulted from the merged green and red color from QD 

conjugates and golgi, respectively. Surprisingly, in the case of human lung adenocarcinoma 

(A549), all QD conjugates, regardless of molecular size and presence or absence of glycan 

moieties, were delivered to the golgi compartment.  

 

 

Figure 3.21. Representative images showing controlled intracellular delivery after 2 h of co-
incubation with 5 nM AO/PCSAM-QDs carrying serglycine-like peptides/glycopeptides 
(green) in normal human lung tissue (OUS-11) and human lung adenocarcinoma (A549). Golgi 
was tagged by golgi marker anti-giantin and detected by the secondary anti-body (red), Nuclei 
were stained with Hoechst 33342 (blue), yellow color indicates QD conjugates co-localized in 
the golgi (also pointed by white arrows). 

 

This observation warrants the specific effects of glycosylation of the serglycin-like 

peptides on the intracellular trafficking and localization of the His6-modified QD conjugates. 

Although the mechanism remains unclear, normal human lung tissue cells can clearly 

discriminate glycosylated from non-glycosylated PGI peptides while human lung 

adenocarcinoma cannot. 
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Golgi localization efficiency 

In order to assess the efficiency of k-His6 in facilitating endolysosomal escape that 

subsequently enabled QDs to colocalize in the golgi apparatus, golgi localization of QD 

conjugates was examined (Figure 3.22-3.26) and quantify (Figure 3.27). 

 

 

Figure 3.22. Example images of OUS-11 cells showing the colocalization of QD conjugates 
with the golgi apparatus (yellow color). Golgi was tagged with anti-giantin primary antibody 
(abcam) and detected with Goat anti-mouse IgG H&L-Alexa Fluor 647 (abcam).Colocalization 
was measured using imagej software with plugins: Colocalisation Threshold and Colocalisation 
Test by selecting the entire golgi area inside the region of interest (ROI). 
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Figure 3.23. Example images of HT-29 cells showing the colocalization of QD conjugates 
with the golgi apparatus (yellow color). Golgi was tagged with anti-giantin primary antibody 
(abcam) and detected with Goat anti-mouse IgG H&L-Alexa Fluor 647 (abcam).Colocalization 
was measured using imagej software with plugins: Colocalisation Threshold and Colocalisation 
Test by selecting the entire golgi area inside the region of interest (ROI).  
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Figure 3.24. Example images of NHAC-Kn cells showing the colocalization of QD conjugates 
with the golgi apparatus (yellow color). Golgi was tagged with anti-giantin primary antibody 
(abcam) and detected with Goat anti-mouse IgG H&L-Alexa Fluor 647 (abcam).Colocalization 
was measured using imagej software with plugins: Colocalisation Threshold and Colocalisation 
Test by selecting the entire golgi area inside the region of interest (ROI).  
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Figure 3.25. Example images of PC-3 cells showing the colocalization of QD conjugates with 
the golgi apparatus (yellow color). Golgi was tagged with anti-giantin primary antibody 
(abcam) and detected with Goat anti-mouse IgG H&L-Alexa Fluor 647 (abcam).Colocalization 
was measured using imagej software with plugins: Colocalisation Threshold and Colocalisation 
Test by selecting the entire golgi area inside the region of interest (ROI). 
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Figure 3.26. Example images of A549 cells showing the colocalization of QD conjugates with 
the golgi apparatus (yellow color). Golgi was tagged with anti-giantin primary antibody 
(abcam) and detected with Goat anti-mouse IgG H&L-Alexa Fluor 647 (abcam).Colocalization 
was measured using imagej software with plugins: Colocalisation Threshold and Colocalisation 
Test by selecting the entire golgi area inside the region of interest (ROI). 
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Figure 3.27. Example images of HepG2 cells showing the colocalization of QD conjugates 
with the golgi apparatus (yellow color). Golgi was tagged with anti-giantin primary antibody 
(abcam) and detected with Goat anti-mouse IgG H&L-Alexa Fluor 647 (abcam).Colocalization 
was measured using imagej software with plugins: Colocalisation Threshold and Colocalisation 
Test by selecting the entire golgi area inside the region of interest (ROI).  
 

 The golgi accumulation is predicated by the endolysosomal escape of QDs. 

Therefore, the degree of golgi localization could be correlated to endolysosomal escape of QD 

conjugates. As shown in Figure 3.28, only compounds 2 and 4 were able to penetrate the golgi 

apparatus of OUS-11 selectively, with compound 4 exhibited higher golgi localization, while 

compounds 1 and 3 were only observed in the cytoplasmic region (see Figure 3.20b-3.22). This 

phenomenon has been shared by NHAC-Kn (Figure 3.20b and Figure 3.24). However, unlike 
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OUS-11, NHAC-Kn has higher golgi localization of compound 2 compared to compound 4 

(Figure 3.28).  

 

 

Figure 3.28. Differences in golgi coloclalization of AO/PCSAMQDs displaying compound 5 
and with co-displayed compounds 1, 2, 3 and 4 on different human cell lines. Error bar 
represents ±SEM of at least 15 cells.  
 

 

Having been shown to deliver all QD conjugates into its golgi, like all other cancer cell lines 

(Figure 3.20a), HT-29 showed higher golgi localization of compound 4 than compound 2 while 

the two naked peptides (compounds 1 and 3) have comparable degree of golgi localization 

(Figures 3.20a and 3.23). 

  

 Therefore, considering the ideal condition for intracellular delivery, 30% - 50% was 

considered ideal ratio that could elicit highest endolysosomal escape and consequent golgi 

accumulation.  The semi-quantitative assessment of QD conjugates inside the cell was 

summarized in Table 3.2. 
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Table 3.2. Semi-quantitative assessment of the amount of QDs inside the cell. 

 

*The assessment was based from the amount of QDs colocalized in the golgi and the QD 
fluorescent signals in the cytoplasm. 
 

 

Cytotoxicity of peptides, glycopeptides, and QD conjugates 

 

The problem with most of the nanoparticle-based delivering agents is their 

cytotoxicity. Aside from the core metal, molecules displayed on their surface could likely 

contribute to their cytotoxicity. To demonstrate that the cells are not adversely affected by QD 

conjugates, cytotoxicity assays were performed for all synthetic compounds and their QD 

conjugates. Results showed that all QD conjugates have no significant cytotoxicity towards all 

cell lines used (Figures 3.22-29), although a decrease in cell viability is observed in a 

concentration dependent manner in some cell lines.  
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Figure 3.29. Cytotoxicity of AO/PCSAM-QDs carrying His6 and compound 1 on different 
human cell lines. 
 

 

 

Figure 3.30. Cytotoxicity of AO/PCSAM-QDs carrying His6 and compound 2 on different 
human cell lines. 
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Figure 3.31. Cytotoxicity of AO/PCSAM-QDs carrying His6 and compound 3 on different 
human cell lines. 

 

 

 

Figure 3.32. Cytotoxicity of AO/PCSAM-QDs carrying His6 and compound 4 on different 
human cell lines (see also chapter 2). 
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Figure 3.33. Cytotoxicity of tetrapeptide 1 on different human cell lines. 
 

 

 

Figure 3.34. Cytotoxicity of glycopeptide 2 on different human cell lines. 
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Figure 3.35. Cytotoxicity of tetracosapeptide 3 on different human cell lines. 
 
 
 
 

 
 
Figure 3.36. Cytotoxicity of glycopeptide 4 on different human cell lines. 
 

 



101 

 

The compounds were individually non-cytotoxic, some of them were even mitogenic. 

The observed concentration-dependent decreased in cell viability, as in the case of PC-3 in 

Figure 3.2, could not be attributed to the surface-displayed compounds but rather to the entirety 

of the QD conjugates and its behaviour once inside the cell. At an acidic condition inside the 

lysosome, the k-His6 can elicit a “proton sponge effect” response resulting to lysosome 

membrame permeabilization. This permeabilizaion causes the QDs to penetrate its way out of 

the lysosome. Consequently, this will cause the release of hydrolases and all other lysosomal 

load to the cytosol that could result in an increase in intracellular pH, which will eventually 

damage mitochondria and other intracellular compartments. The intense intracellular damage 

incurred due to lysosomal dysfunction can trigger cellular death.37,38 Therefore, since this QD 

conjugates have a remarkable endolysosomal escaping capability; cytotoxicity can likely be 

induced once inside the cell.  

  

 This study revealed an interesting finding that glycosylation could possibly govern 

subcellular localization of peptides on different cell human lines. It seems that golgi 

localization, in normal cell lines, is only selective to the glycopeptides. Whereas all compounds, 

either glycosylated or naked, were observed to localize in the golgi of all human cancer cell 

lines used. As demonstrated, golgi localization of the QD conjugates, in normal human cell 

lines, was likely to be primarily due to compounds 2 and 4. This difference in behaviour 

between the normal and cancer cells in terms of trafficking of QD conjugates could be linked 

to their defective quality control and intracellular trafficking machineries. 
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3.3 Experimental  

 

Materials. All Fmoc-protected amino acids and PyBOP were purchased from Novabiochem, 

HBTU was from Peptide Institute Inc., HOBT from Kokusan Kagaku Corp., HOAt was from 

GenScript, Rink-Amide-ChemMatrix resin was from Biotage. N-(9-

Fluorenylmethoxycarbonyl)-O-[2,3-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-

galactopyranosyl)-β-D-xylopyranosyl]-L-Serine was purchased from Medicinal Chemistry 

Pharmaceutical Ltd., Japan (http://soyaku.co.jp/). Coating reagents, 11,11’-dothio bis[undec-

11-yl 12-(aminooxyacetyl)amino hexa(ethyleneglycol)] (AOSH) and a phosphoryl derivative, 

11-mercaptoundecylphosphorylcholine (PCSH) were synthesized by the procedures reported 

previously and available from MCP Co. Ltd., Qdot 545 ITK™, Lysotracker Red DND-99, and 

Hoechst 33342 were from Invitrogen. DCM, DMF, DIEA and TFA were purchased from 

Watanabe Chem. IND., LTD. Ultrafiltration membranes were supplied from Millipore, 

Carrigtwohill, Co. Cork, Ireland. Unless otherwise noted, solvents and other reagents were 

purchased from Aldrich Chemical Co. (Milwaukee, WI), Tokyo Chemical Industry (Tokyo, 

Japan), and Wako Pure Chemical Industries Ltd. (Tokyo, Japan). 

 

 

Synthesis of ketone-functionalized tetrapeptide 1 

A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Ser(tBu)-OH (96 µmol, 4.0 

equivalents), Fmoc-Gly-OH (96 µmol, 4.0 equivalents), and 5-oxohexanoic acid (4.0 

equivalents) were used. Briefly, 0.24 mmol/g of Rink-amide-ChemMatrix resin was placed in a 

5 mL Libra tube, washed sequentially with DMF and DCM followed by DCM swelling for 30 

minutes. The swollen resin was washed with DMF. Fmoc-amino acid was pre-activated using 4 

equivalents of HBTU, 4 equivalents of HOBt in DMF and 3 equivalents of DIEA for 30 

seconds. The pre-activated Fmoc-amino acid was then added to the resin and allowed to couple 

for 15 minutes at 50oC under microwave irradiation. The resin was then washed subsequently 
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with DMF, DCM and then DMF. To block the unreacted/uncoupled animo groups in the resin, 

acetyl capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 minutes at room 

temperature, washed with DMF, DCM and then DMF, then Fmoc deprotection using 20% 

piperidine in DMF followed by washing with DMF, DCM and then DMF and the cycle 

repeated for alternating Ser-Gly sequence. After Fmoc deprotection of the last Fmoc-amino 

acid, 5-oxohexanoic acid was pre-activated using 4 equivalents of HBTU, 4 equivalents of 

HOBt in DMF and 3 equivalents of DIEA for 30 seconds. The pre-activated 5-oxohexanoic 

acid was then added to the peptide-resin mixture and allowed to couple for 15 minutes at 50oC 

under microwave irradiation.  The mixture was washed subsequently with DMF, DCM and 

then DMF. Deprotected and cleavage of the peptide from the resin was done by adding 

TFA:H2O (95: 5) cocktail to the washed resin in ice for 30 minutes with shaking and then the 

shaking was continued at room temperature for additional 1 hour. The deprotection and 

cleavage processes were monitored using MALDI-TOF/MS. The solution containing the 

synthesized peptide was drained. The resin was flushed subsequently with the same cocktail 

solution, acetic acid, and methanol. The filtrates were combined and concentrated by air 

drying, dissolved in 50% acetonitrile and lyophilized. The peptide was then purified using RP-

HPLC with acetonitrile (B) and water (A) both with 0.1% TFA using Intersil® ODS-3 (5 µm, 

4.6 x 250 mm) column at room temperature, 1 ml/min flow rate, 220 nm wavelength for 

detection, and solvent gradient (A:B) of 99:1 (0 min), 85:15 (50 mins), and 5:95 (60 mins) to 

get compound 1 (t = 12.7 mins) and then lyophilized.  

HRMS (MALDI): m/z calcd for C16H27N5NaO8
+, [M+Na]+ 440.1757, found 440.1750. 

 

Synthesis of ketone-functionalized glycopeptide 2 

A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Ser(tBu)-OH (96 µmol, 4.0 

equivalents), Fmoc-Gly-OH (96 µmol, 4.0 equivalents), N-(9-Fluorenylmethoxycarbonyl)-O-

[2,3-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-β-D-xylopyranosyl]-L-

Serine (MCP Co., Ltd, Japan) (36 µmol, 1.5 equivalents) and 5-oxohexanoic acid (4.0 
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equivalents) were used. Briefly, 0.24 mmol/g of Rink-amide-ChemMatrix resin was placed in a 

5 mL Libra tube, washed sequentially with DMF and DCM followed by DCM swelling for 30 

minutes. The swollen resin was washed with DMF. Fmoc-amino acid was pre-activated using 4 

equivalents of HBTU, 4 equivalents of HOBt in DMF and 3 equivalents of DIEA for 30 

seconds. The pre-activated Fmoc-amino acid was then added to the resin and allowed to couple 

for 15 minutes at 50oC under microwave irradiation. The resin was then washed subsequently 

with DMF, DCM and then DMF. To block the unreacted/uncoupled animo groups in the resin, 

acetyl capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 minutes at room 

temperature, washed with DMF, DCM and then DMF, then Fmoc deprotection using 20% 

piperidine in DMF followed by washing with DMF, DCM and then DMF and the cycle 

repeated for alternating Ser-Gly sequence. For the introduction of N-(9-

Fluorenylmethoxycarbonyl)-O-[2,3-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-

galactopyranosyl)-β-D-xylopyranosyl]-L-Serine, 1.2 equivalents of PyBOP, 1.2 equivalents of 

HOAt in DMF and 3 equivalents of DIEA as the coupling cocktail. After coupling for 15 

minutes at 50oC under microwave irradiation, the same coupling cocktail, without Fmoc-

glycoamino acid, was added for a “double activation-like” approach for 15 minutes at 50oC 

under microwave irradiation. After Fmoc deprotection of the last Fmoc-amino acid, 5-

oxohexanoic acid was pre-activated using 4 equivalents of HBTU, 4 equivalents of HOBt in 

DMF and 3 equivalents of DIEA for 30 seconds. The pre-activated 5-oxohexanoic acid was 

then added to the peptide-resin mixture and allowed to couple for 15 minutes at 50oC under 

microwave irradiation.  The mixture was washed subsequently with DMF, DCM and then 

DMF. Deprotected and cleavage of the peptide from the resin was done by adding TFA:H2O 

(95: 5) cocktail to the washed resin in ice for 30 minutes with shaking and then the shaking was 

continued at room temperature for additional 1 hour. The deprotection and cleavage processes 

were monitored using MALDI-TOF/MS. The solution containing the synthesized glycopeptide 

was drained. The resin was flushed subsequently with the same cocktail solution, acetic acid, 

and methanol. The filtrates were combined and concentrated by air drying, dissolved in 50% 
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acetonitrile and lyophilized. The peptide was then purified using RP-HPLC with acetonitrile 

(B) and water (A) both with 0.1% TFA using Intersil® ODS-3 (5 µm, 4.6 x 250 mm) column at 

room temperature, 1 ml/min flow rate, 220 nm wavelength for detection, and then lyophilized. 

The purified glycopeptide was de-O-acetylated by dissolving in trifluoroethanol and added 

with sodium hydroxide to pH 10.5-11.0 for 30 minutes. The removal of the acetyl groups from 

the sugar moiety was monitored using MALDI-TOF/MS. After the complete deacetylation 

process, the solvent was removed either under reduced pressure or air-drying. The de-O-

acetylated glycopeptide was purified by RP-HPLC with acetonitrile (B) and water (A) both 

with 0.1% TFA using Intersil® ODS-3 (5 µm, 4.6 x 250 mm) column at room temperature, 1 

ml/min flow rate, 220 nm wavelength for detection, and solvent gradient (A:B) of 99:1 (0 min), 

85:15 (50 mins), and 5:95 (60 mins) to get compound 2 (t = 13.8 mins) and then lyophilized.  

HRMS (MALDI): m/z calcd for C27H45N5NaO17
+, [M+Na]+ 734.2708, found 734.2672. 

 

Synthesis of ketone-functionalized tetracosapeptide 3 

A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Ser(tBu)-OH (96 µmol, 4.0 

equivalents), Fmoc-Gly-OH (96 µmol, 4.0 equivalents), and 5-oxohexanoic acid (4.0 

equivalents) were used. Briefly, 0.24 mmol/g of Rink-amide-ChemMatrix resin was placed in a 

5 mL Libra tube, washed sequentially with DMF and DCM followed by DCM swelling for 30 

minutes. The swollen resin was washed with DMF. Fmoc-amino acid was pre-activated using 4 

equivalents of HBTU, 4 equivalents of HOBt in DMF and 3 equivalents of DIEA for 30 

seconds. The pre-activated Fmoc-amino acid was then added to the resin and allowed to couple 

for 15 minutes at 50oC under microwave irradiation. The resin was then washed subsequently 

with DMF, DCM and then DMF. To block the unreacted/uncoupled animo groups in the resin, 

acetyl capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 minutes at room 

temperature, washed with DMF, DCM and then DMF, then Fmoc deprotection using 20% 

piperidine in DMF followed by washing with DMF, DCM and then DMF and the cycle 

repeated for alternating Ser-Gly sequence. After Fmoc deprotection of the last Fmoc-amino 
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acid, 5-oxohexanoic acid was pre-activated using 4 equivalents of HBTU, 4 equivalents of 

HOBt in DMF and 3 equivalents of DIEA for 30 seconds. The pre-activated 5-oxohexanoic 

acid was then added to the peptide-resin mixture and allowed to couple for 15 minutes at 50oC 

under microwave irradiation.  The mixture was washed subsequently with DMF, DCM and 

then DMF. Deprotected and cleavage of the peptide from the resin was done by adding 

TFA:H2O (95: 5) cocktail to the washed resin in ice for 30 minutes with shaking and then the 

shaking was continued at room temperature for additional 1 hour. The deprotection and 

cleavage processes were monitored using MALDI-TOF/MS. The solution containing the 

synthesized peptide was drained. The resin was flushed subsequently with the same cocktail 

solution, acetic acid, and methanol. The filtrates were combined and concentrated by air 

drying, dissolved in 50% acetonitrile and lyophilized. The peptide was then purified using RP-

HPLC with acetonitrile (B) and water (A) both with 0.1% TFA using Intersil® ODS-3 (5 µm, 

4.6 x 250 mm) column at room temperature, 1 ml/min flow rate, 220 nm wavelength for 

detection, and solvent gradient (A:B) of 99:1 (0 min), 85:15 (50 mins), and 5:95 (60 mins) to 

get compound 3 (t = 19.7 mins) and then lyophilized.  

HRMS (MALDI): m/z calcd for C66H107N25NaO38
+, [M+Na]+ 1880.7106, found 1880.7100. 

 

Synthesis of ketone-functionalized glycopeptide 4 

A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Ser(tBu)-OH (96 µmol, 4.0 

equivalents), Fmoc-Gly-OH (96 µmol, 4.0 equivalents), N-(9-Fluorenylmethoxycarbonyl)-O-

[2,3-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-β-D-xylopyranosyl]-L-

Serine (MCP Co., Ltd, Japan) (36 µmol, 1.5 equivalents) and 5-oxohexanoic acid (4.0 

equivalents) were used. Briefly, 0.24 mmol/g of Rink-amide-ChemMatrix resin was placed in a 

5 mL Libra tube, washed sequentially with DMF and DCM followed by DCM swelling for 30 

minutes. The swollen resin was washed with DMF. Fmoc-amino acid was pre-activated using 4 

equivalents of HBTU, 4 equivalents of HOBt in DMF and 3 equivalents of DIEA for 30 

seconds. The pre-activated Fmoc-amino acid was then added to the resin and allowed to couple 
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for 15 minutes at 50oC under microwave irradiation. The resin was then washed subsequently 

with DMF, DCM and then DMF. To block the unreacted/uncoupled animo groups in the resin, 

acetyl capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 minutes at room 

temperature, washed with DMF, DCM and then DMF, then Fmoc deprotection using 20% 

piperidine in DMF followed by washing with DMF, DCM and then DMF and the cycle 

repeated for alternating Ser-Gly sequence. For the introduction of N-(9-

Fluorenylmethoxycarbonyl)-O-[2,3-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-

galactopyranosyl)-β-D-xylopyranosyl]-L-Serine, 1.2 equivalents of PyBOP, 1.2 equivalents of 

HOAt in DMF and 3 equivalents of DIEA as the coupling cocktail. After coupling for 15 

minutes at 50oC under microwave irradiation, the same coupling cocktail, without Fmoc-

glycoamino acid, was added for a “double activation-like” approach for 15 minutes at 50oC 

under microwave irradiation. After Fmoc deprotection of the last Fmoc-amino acid, 5-

oxohexanoic acid was pre-activated using 4 equivalents of HBTU, 4 equivalents of HOBt in 

DMF and 3 equivalents of DIEA for 30 seconds. The pre-activated 5-oxohexanoic acid was 

then added to the peptide-resin mixture and allowed to couple for 15 minutes at 50oC under 

microwave irradiation.  The mixture was washed subsequently with DMF, DCM and then 

DMF. Deprotected and cleavage of the peptide from the resin was done by adding TFA:H2O 

(95: 5) cocktail to the washed resin in ice for 30 minutes with shaking and then the shaking was 

continued at room temperature for additional 1 hour. The deprotection and cleavage processes 

were monitored using MALDI-TOF/MS. The solution containing the synthesized glycopeptide 

was drained. The resin was flushed subsequently with the same cocktail solution, acetic acid, 

and methanol. The filtrates were combined and concentrated by air drying, dissolved in 50% 

acetonitrile and lyophilized. The peptide was then purified using RP-HPLC with acetonitrile 

(B) and water (A) both with 0.1% TFA using Intersil® ODS-3 (5 µm, 4.6 x 250 mm) column at 

room temperature, 1 ml/min flow rate, 220 nm wavelength for detection, and then lyophilized. 

The purified glycopeptide was de-O-acetylated by dissolving in trifluoroethanol and added 

with sodium hydroxide to pH 10.5-11.0 for 30 minutes. The removal of the acetyl groups from 
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the sugar moiety was monitored using MALDI-TOF/MS. After the complete deacetylation 

process, the solvent was removed either under reduced pressure or air-drying. The de-O-

acetylated glycopeptide was purified by RP-HPLC with acetonitrile (B) and water (A) both 

with 0.1% TFA using Intersil® ODS-3 (5 µm, 4.6 x 250 mm) column at room temperature, 1 

ml/min flow rate, 220 nm wavelength for detection, and solvent gradient (A:B) of 99:1 (0 min), 

85:15 (50 mins), and 5:95 (60 mins) to get compound 4 (t = 26.7 mins) and then lyophilized.  

HRMS (MALDI): m/z calcd for C132H215N25NaO92
+, [M+Na]+ 3645.2811, found 3645.2750. 

 

Preparation of AO/PCSAM-QDs. To the 50 μL of 1 μM TOPO-QDs were added 

Isopropanol:Methanol (100 μL:50 μL), then centrifuged at 15,000 g for 3 minutes. The solvent 

was removed and the pelleted TOPO-QDs were re-suspended in 50 μL n-hexane and 

homogenized by sonication. TOPO-QDs/n-hexane solution was added with 30 μL of Milli Q 

water, 1 μL of NaBH4 (12 wt % in 14 N NaOH), 5 μL of 5 mM 11,11’-dothio bis[undec-11-yl 

12-(aminooxyacetyl)amino hexa(ethyleneglycol)] (HS-ao)12c and 10 μL of 50 mM 11-

mercaptoundecylphosphorylcholine (HS-PC). The mixture was mixed for 30 minutes at room 

temperature.  The n-hexane layer containing TOPO were removed, and washed three times 

with hexane. The water layer containing AO/PCSAM-QDs was purified using ultra filtration 

(YM 10) and washed with ultrapure water (400 μL) three times. The AO/PCSAM-QDs 

solution was directly analyzed by MALDI-TOFMS (Bruker Daltonics, Bremen, Germany) 

using DHB (1 μL, 10 mg/mL) as a matrix.  

 

Conjugation of QDs with ketone-functionalized derivatives. To the 10 μL of AO/PCSAM-

QDs solution was added 1 μL of 10 mM ketone-functionalized peptides/glycopeptides and 1 

μL of 10 mM ketone-functionalized glycopeptide mixed thoroughly with 1 μL of 10 mM k-

His6. The mixture was added with 10 μL of 200 mM acetate buffer (pH 4.0), mixed for 15-30 

minutes at room temperature and concentrated to dryness by centrifugal evaporator, to 

complete the oxime formation reaction, for 30 minutes at 40oC.  The obtained solid was 
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resuspended in Milli Q, purified using ultra filtration (YM 10) and washed with Milli Q (400 

μL) three times.  The products AO/PCSAM-QDs co-displaying the glycopeptide and His6, 

AO/PCSAM-QDs carrying glycopeptides, AO/PCSAM-QDs carrying His6 and AO/PCSAM-

QDs carrying Arg6 were dissolved in Milli Q (10 μL) to obtain 1 μM solution. The samples 

were directly analyzed by MALDI-TOFMS using DHB (1 μL, 10 mg/mL) as a matrix.12c 

 

Cell Culture. NHAC-Kn (Kurabo Inc.), A549 (Health Science Research Resource Bank), HT-

29 (American Type Culture Collection) and HepG2 (RIKEN cell bank) cell lines were grown 

in Dulbecco’s Modified Eagle Medium (DMEM), PC-3 cells (Health Science Research 

Resource Bank) were grown in RPMI-1640 and OUS-11 (Health Science Research Resource 

Bank) were grown in MEM at 37oC with 5% CO2. All media used were supplemented with 

10% (v/v) FBS, Penicillin G (500 units/mL) and Streptomycin (500 unit/mL). 

 

Cellular uptake of QD conjugates. Cellular internalization experiments were performed on an 

8-well Nunc Lab-Tek II Chamber Slide System (Thermo Scientific™). Cells (5x103 cells/well) 

were seeded in the wells and cultured overnight. For the delivery experiments, QD-conjugates 

were diluted with the complete culture medium and incubated with cells at 37oC with 5% CO2 

for 2 hours. For assessing lysosomal colocalization, the QD-conjugates were incubated with 

cells for 5 minutes or 2 hours and cells were stained with lysosomal marker LysoTracker Red 

DND-99 (Invitrogen). The nuclei were stained with Hoechst 33342 (Invitrogen) and observed 

under fluorescence microscope. For the golgi colocalization assessment, the incubation was 

only up to 2 hours. The excess QD-conjugates were removed by washing the cells with DPBS 

three times. The cells were then fixed with 4% paraformaldehyde for 10 minutes at room 

temperature and permeabilized with 0.4% Triton X-100 and washed. The cells were incubated 

with the golgi marker anti-giantin antibody [9B6] mouse IgG1 (abcam), as the primary 

antibody, for 1 hour at room temperature or overnight at 4 oC, washed with DPBS three times 

and then incubated with secondary anti-body anti-IgG mouse Cy3 (Funakoshi, Japan) for 30 
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minutes to 1 hour at room temperature. The nuclei were stained with Hoechst 33342 

(Invitrogen), as the final hybridization process, and observed under fluorescence microscope. 

 

Fluorescence Microscopy and Image Analysis. The fluorescence microscope used for image 

acquisition and image analysis was an all-in-one fluorescence microscope BIOREVO BZ-9000 

series generation II (Keyence, Japan) equipped with 4x, 20x, 40x, and 60x (oil immersion) 

lenses. Images were taken using standard filter set for DAPI (for Hoechst), FITC (for QD545) 

and TRITC (for anti-mouse IgG-Cy3). Merge images were generated and analyzed using BZ-II 

software.   

 

Cytotoxicity Study. NHAC-Kn, HepG2, HT-29, A549, OUS-11 and PC-3 cells were seeded in 

a 96-well plate (Thermo Scientific), at 5.0x103 cells/well, and incubated at 37oC with 5% CO2 

for 24 hours. The cells were treated with kpH6, k(2s4p)6, PC-QD-ao-kpH6, and PC-QD-ao-

k(2s4p)6/-kpH6 for 24 hours. Cell growth was determined by adding 10 μL of cell counting kit 

8 (Dojindo, Kumamoto, JAPAN), incubated for 2-4 hours and optical density was measured 

using a model 550 Microplate reader (BioRad, Hercules, CA, USA). Data were reported in 

percent viability with respect to the untreated control (± SEM) of the trials (n = 3). 

 
Postimaging Analysis. All images in a given experiment were taken and processed identically 

for colocalization experiments. Colocalization values were calculated for at least 15 cells per 

cell line, using the Costes algorithm39,40 that is available through ImageJ (rsb.info.nih.gov/ij) 

with the additional plugins: “Colocalization Test” and “Colocalization Threshold” (by T. 

Collins and W. Rasband). The region of interest (ROI) was set such that the total golgi area is 

included. 3D analysis and Quantification of images were performed using ImageJ after 

subtracting the background reading. All photomicrographs in a given experiment were exposed 

and processed identically. 
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4.1 Conclusion 

The study resulted to establishing a standard protocol for the preparation of versatile 

and multifunctional nanoparticles by means of cell surface mimetic AO/PCSAM-QDs as a key 

platform for displaying a variety of peptides and glycopeptides. This allows a straightforward 

attachment of general peptides/glycopeptides on the AO/PCSAM-QD surface, by tagging them 

with ketone during solid-phase synthesis, without the use of any special coupling reagents. 

These QD conjugates derived from AO/PCSAM-QDs satisfy some important criteria required 

for the ideal NDD vehicles such as: (1) versatility and reproducibility in the procedure for the 

surface manipulation and the attachment of ligands having a ketone group or some 

functionalities that can be conjugated chemoselectively by an aminooxy functional group, (2) 

efficient endolysosomal escaping ability, (3) controlled orientation and density of the ligands 

displayed, and (3) biocompatibility needed for the live cell and animal imaging. This study also 

revealed the great advantage of ketone-functionalized hexahistidine to facilitate a rapid 

endolysosomal escape of cell surface mimetic QD conjugates to the cytosol and subsequent 

delivery to the target intracellular compartment in various human cell lines. Real-time cellular 

imaging revealed that combined use of hexahistidylated AO/PCSAM-QDs with PGI 

glycopeptides 1~4 showed a rapid and dynamic processes of the entry, controlled intracellular 

trafficking, specific Golgi localization, and excretion of the nanoparticles from the cytoplasmic 

area. 

Although many histidine-rich peptides such as CPPs and NLS peptides had been 

proven to be an efficient mediator for gene transfer, this study presented an ideal platform for 

the design of entirely novel class of NDD systems targeting specific intracellular compartments. 

Therefore, it is noteworthy that PCSAM coating strategy may also become universal tools for 

spatially oriented immobilization of engineered proteins including antibody and antibody-drug 

conjugates on various metal-based nanoparticles. 
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Through the use of this general platform, difference in intracellular dynamics between 

naked and glycosylated serglycin-like peptides on different human cell lines as well as the 

involvement of glycans in governing subcellular localization of serglycin-like peptides were 

shed into light. The unveiled selective golgi localization on the normal lung tissue (OUS-11) 

due to the presence of glycosylation on serglycin-like peptide backbone, but not observed in 

the lung adenocarcinoma (A549), exemplified the possible important use of glycosylation or 

glycan moieties in targeted drug delivery. This observation if incorporated in a correct targeted 

drug delivery system design could potentially be used to prevent collateral damages on normal 

cells/tissues during cancer targeting and treatment. 


