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ABSTRACT 

          Although Paul Ehrlich has envisioned the concept of targeted delivery of a cytotoxic agent 

to cancer cells back to 1913, the clinical efficacy of anticancer agents has been limited due to 

poor solubility, lack of selectivity, unmanageable off-target toxicities, and the emergence of 

multidrug resistance. Combination of active tumor targeting and covalent attachment of drug 

molecules to carriers such as proteins, peptides, carbohydrates, polymers, and nanoparticles has 

shown great potential in enhancing solubility, selectivity, and therapeutic index. However, 

producing homogeneous drug products has been difficult due to a lack of orthogonal conjugation 

chemistries that combines covalent drug attachment with targeted delivery on a single platform. 

          To address these limitations, in first approach we describe a multifunctional gold 

nanoparticle decorated with hydrazine, amine, or dibenzocyclooctynol for sequential conjugation 

of doxorubicin through an acid-labile hydrazone linkage, an imaging agent through an amide 

bond, and a glycan-based ligand for the cell surface receptor CD22 of B-cells using SPAAC 

showing excellent conjugation efficiencies. In the second approach, an orthogonal 

glycoengineering strategy that allows sequential site-specific conjugation of dual-drug to anti-



CD22 antibody was described. This method relies on an observation that sialyltransferase 

(ST6Gal1) has a preference for the α1,3-Man-β1,2-GlcNAc-β1,4-Gal bottom arm of the glycan 

of IgG over top arm. This unique feature has enabled the sequential introduction of reactive 

functional groups that in turn can undergo SPAAC with FDA approved anticancer agent such as 

paclitaxel and zosuquidar, potent P-glycoprotein modulator currently under phase-III clinical 

trials for the treatment of acute myeloid leukemia. The resulting anti-CD22 antibody showed 

superior anti-cancer activities and can bypass multidrug resistance in lymphoma cancer cells. 

          Payloads that overcome multidrug resistance are highly desired for ADCs. A novel 

paclitaxel scaffold with 2-methylpropenyl at C3’ and (E)-6-((tert-butoxycarbonyl)amino) 

hexenoic acid modification at C3’-N-acyl position has been synthesized. The dual modification 

furnished highly potent analogs against multidrug-resistance cancer cells and has enabled 

flexibility of introducing various clickable groups or stable yet cleavable linkers.   
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CHAPTER 1 

INTRODUCTION AND LITERATURE OVERVIEW 

          In the past decades, the use of chemotherapy drugs for the treatment of cancer is based on 

the premise that these agents would preferentially kill rapidly dividing cancer cells while sparing 

normal cells. The first class of chemotherapeutic agents to be tested in humans was the nitrogen 

mustards, chlorambucil, and cyclophosphamide that exert their cytotoxic effect by alkylation of 

the DNA.[1] Although the success of above compounds was short-lived, the initial success 

spurred the development of a continuous stream of new anticancer agents with improved activity. 

One of the early examples was the anti-folate drug called methotrexate. The design of this drug 

was based on the fact that cancer cell growth is stimulated by folic acid. Methotrexate is one of 

the first antitumor agents. After the elucidation of the structure of the DNA, compounds that 

interfered with DNA synthesis and caused cell death were developed. These included nucleoside 

analogues such as thioguanine, 5-fluorouracil, and the anthracyclines entered the array of drugs 

to treat cancer. Chemotherapeutic agents targeting tubulin (e.g. the Vinca alkaloids from plants) 

also entered clinical evaluation.[2]        

          Although the area of anticancer drug research for the treatment of cancer has rapidly 

evolved due to the discovery of a variety of potent chemotherapeutic agents. Despite the fast 

progress in drug innovation, little clinical impact on the cancer chemotherapy has been made to 

date. This is mainly because of the following hurdles: (i) most of the potent drugs are 

hydrophobic and hence are sparingly water-soluble, making them unsuitable for clinical 

applications; (ii) they usually lack specificity, causing high-level of off-target toxicities to 
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healthy cells mainly of bone marrow and gastrointestinal tract; (iii) many of these drugs suffer 

from an undesirable bio-distribution following intravenous administration, that results in low 

therapeutic efficacy as well as significant side effects in patients; (iv) in addition, they show poor 

pharmacokinetic and bioavailability[3] in vivo; and (v) there is a very little known about tumor 

physiology[4], role of immune system, and cancer stem cells that are responsible for the cancer 

development[5]. Most of the anticancer drugs had to be used near their maximum tolerated dose 

(MTD) in order to achieve a clinically meaningful therapeutic effect resulting in high dosage and 

poor selectivity. One of the major advancement was the introduction of the concept of 

combination drug therapy[6]. Cancer drugs with non-overlapping toxicity profiles and different 

mechanism of action could often be combined at full doses with resultant additive or synergistic 

effect. However, with this approach systemic toxicity to the host remains a major drawback of 

cytotoxic drugs in cancer, and hence complete remission can be achieved only in the small group 

of patients[6]. The low clinical efficacy of cytotoxic drugs could be due to the insufficient 

therapeutic window irrespective of whether used alone or in combination. For example, it has 

been proposed that more than 99% of the cells in the tumor have to be killed to achieve a 

complete remission in the patients. To systematically improve the therapeutic index of the cancer 

drugs, either potency of the cytotoxic drug needs to be improved to lower the minimum effective 

dose (MED), or tumor selectivity had to be improved to increase the MTD. In this instance the 

ideal solution would be to decrease the MED and increase MTD, thus can increase the overall 

therapeutic index of the drug[2].    
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The concept of delivering a cytotoxic drug 

to cancer cells using an active targeting 

approach has been envisioned back to 1913 

when Paul Ehrlich described the use of 

‘magic bullet’, which can deliver a 

‘toxophore’ selectively to the tumor[7]. The 

clinical output of cancer chemotherapy still 

relies upon selection of the right targets, the drug combinations, and an optimized drug delivery 

platform that can deliver and release the drug of interest into the specific tumor site[8]. In order to 

address above challenges, active and passive targeting approaches utilizing various forms of drug 

vehicles such as liposomes, polymeric nanoparticles, mesoporous silica nanoparticles, metallic 

nanoparticles (e.g. gold, iron oxide), and antibody-drug conjugates (ADCs) have been developed 

for the controlled drug delivery applications[2, 9]. Polymeric nanoparticles have gained most 

attention as they usually contain an intrinsically stealthy surface, possess enhance in vivo 

stability, and furthermore can be synthesized with diverse polymer structures, molecular weights, 

compositions, and functions to fulfill the requirements of a specific drug and application 

associated with it. In contrast to silica and metallic nanoparticles, polymeric nanoparticles made 

on several synthetic and natural polymers such as biodegradable aliphatic polyesters, 

polypeptides, poly(ethylene glycol) (PEG), hyaluronic acid (HA), and dextran have 

demonstrated excellent safety and are approved by the authorities for various biomedical 

applications. Depending upon the purpose, polymeric nanoparticles can be fabricated into 

various distinct nanostructures ranging from macromolecular prodrugs, micelles, nanogels, 

vesicles, and varying particle sizes from 4-250 nm[10]. Many in vivo studies interestingly have 

Figure 1.1 Approach to optimize the therapeutic index. 
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shown that polymeric nanoparticles are able to circulate for a prolonged time and preferentially 

accumulate in the tumor site via the enhanced permeability and retention (EPR)[11] effect and 

also called as “passive tumor targeting.” Interestingly, a few polymer-based nanomedicines such 

as Genexol-PM[12], NK 911[13], NK 105[14], and NC 6004[15] have been translated to the clinic or 

are into different phases of clinical trials. Overall, these clinical trials have demonstrated clear 

benefits such as improved patient compliance, better drug tolerance, and decreased side effects 

over current chemotherapy treatment. 

          However, the therapeutic efficacy of passive tumor-targeting drug delivery is still far away 

from the optimal. One of the major drawbacks is poor tumor cell uptake resulting from their 

stealth surface that is required for prolonged circulation[15]. It appears that EPR effect by which 

polymeric nanoparticles accumulate in tumor site is not universal and varies across different 

human tumor types[16]. It is important to note that the same nanoparticle characteristic that 

facilitates the EPR effect for tumors can also lead to accumulation of nanoparticles in liver and 

spleen, so it is highly unlikely that EPR alone can achieve full selectivity[17]. The surface 

decoration of polymeric nanoparticles with a specific tumor-homing ligand such as antibody, 

antibody fragment, peptide, aptamer, polysaccharide, saccharide, folic acid, and so on can largely 

increase the nanoparticle uptake/accumulation in tumor vasculature and facilitate selective 

internalization by target tumor cells, which is defined as “active tumor-targeting” (Scheme 

1.1)[18]. Many studies have demonstrated that the ligand-directed active targeting 

nanoformulations have shown improved, through to varying degrees, therapeutic performances 

as compared to their passive targeting counterparts[19]. It is very important to note that besides 

targeting tumor-specific antigen, tumor neovasculature represents other interesting targets for 
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targeted drug delivery, as tumor angiogenesis 

is known of critical importance to the growth 

and metastasis of solid tumors[19b, 20]. 

Broad ranges of targeting ligands have been 

used for the modification of various 

nanoparticles. This has been described in 

detail elsewhere[21] but mainly includes folic 

acid (FA), cyclic RGD (cRGD), hyaluronic 

acid, galactosamine, selectin, human 

epidermal receptor 2 (Her2), glycyrrhizin, 

bisphosphonates, (S,S-2-(3-(5-amino-1-

carboxypentyl)-ureido)-pentanedioic acid) (ACUPA), and many genetically engineered 

monoclonal antibodies[2] (e.g. anti-Her2, anti-CD33, anti-CD22 etc.) have been employed for 

targeted drug delivery. It is important to notice that the type of targeting ligands, the size, shape, 

charge, and the stability of nanoparticle, as well as the ligand density, and affinity of targeting 

ligand plays a crucial role in the successful design of targeted cancer therapy[22]. Unfortunately, 

out of many targeted nanomedicines developed worldwide very few candidates have advanced to 

clinical trials illustrating the fact that the area of nanomedicines still remains at the early stage in 

the development. 

Targeted drug delivery of polymeric nanoparticles 

          Polymeric nanoparticles have attracted significant attention as a versatile class of drug 

delivery vehicles. They can be generally classified into (Table 1)[21] macromolecular prodrugs, 

stealth nanoparticles, micelles, nanogels, nanocapsules, and vesicles. A wide variety of 

Scheme 1.1 Tumor targeting achieved through two 
strategies: (i) nanoparticle surface modification by tumor 
specific ligands and (ii) targeting to angiogenic 
endothelial cells using EPR effect of nanoparticles. 
Adapted with prior permissions from American 
Chemical Society. 
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nanoparticles have been fabricated that can be composed of unique shapes and different kind of 

materials including lipids, polymers, inorganic, hybrid materials etc. resulting in delivery 

systems that can provide desirable physicochemical properties. These properties can be tailored 

to suit for the delivery of a diverse group of drugs and applications. In general, drug delivery 

applications rely upon either encapsulation of hydrophobic drugs or covalent attachment of the 

chemotherapeutic drug to the water-soluble polymer backbone through stable yet cleavable 

linkage. These two forms represent the simplest versions of polymeric nanoparticle-based drug 

delivery system. It is important to note that for non-degradable polymer carrier, polymer 

molecular weight above 40 kDa is not suitable for its excretion from the body[23]. 

          Stealth nanoparticles are in general composed of, for example, poly(D,L-lactide) (PLA) 

and poly(D,L-lactide-co-glycolide) (PLGA) polymers that are coated with water-soluble 

polymers such as PEG, dextran, and poly(acrylic acid) (PAA). To achieve prolonged circulation 

times, nanoparticles are often coated with above polymers that impart stealth character. Nano-

precipitation, emulsification-solvent evaporation, and spray-drying are some of the methods used 

in the preparation of stealth nanoparticles utilizing a wide variety of drugs, either hydrophilic 

(e.g., cisplatin, peptides, and proteins) or hydrophobic (e.g., paclitaxel (PTX) and doxorubicin 

(DOX)), can be encapsulated. The stealth nanoparticles prepared by using above methods usually 

generates nanoparticles having mean diameters of 100-350 nm[24]. Polymeric micelles are 

generated through self-assembly of amphiphilic block or graft copolymers. They possess 

characteristic core-shell structure and average diameters ranging from 10-100 nm. They can 

significantly increase the water solubility of many lipophilic drugs and their bioavailability[25] 

and emerged as one of the best systems for targeted delivery of water-insoluble drugs like PTX, 

docetaxel (DTX), and DOX[26]. However, one of the major practical issues with polymeric 



 

7 

micelles is that they tend to dissociate and can cause burst release of payloads upon extensive 

dilution and interaction with proteins and cells in the blood circulation, which often lead to 

premature drug release following intravenous injection[27]. 

  

 

  

 

  

 

  

 

 

  

 

 

 

 

 

 

 

 

 

  

Table 1. Structure and Characteristics of various Ligand-Directed Tumor-Targeting 
Polymeric Nanoparticles. Adapted with the permission of American Chemical 
Society.  
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          Polymersomes are one of the popular drug delivery vehicles made up of polymeric 

vesicles that contain a watery core and are prepared by self-assembly of amphiphilic block 

copolymers in aqueous conditions. They can be made in a broad range of sizes from 10 nm to 10 

µm[28]. It is interesting to note that polymersomes are highly versatile since they are not only 

used to deliver hydrophobic drugs but also hydrophilic drugs such as peptides, proteins, and 

siRNA. They possess some unique mechanical properties such as the membrane of 

polymersomes, owing to their higher molecular weights and existing chain entanglements is in 

general thicker, stronger, and tougher than liposomes[29]. 

          Tumor-specific targeted drug delivery can be achieved by functionalizing various ligands 

(Table 1)[30] on the surface of polymeric nanoparticles. For example, tumor-targeting prodrugs 

are usually synthesized by grafting ligands to the polymer carrier backbones. Active tumor-

targeting micelles and polymersomes are obtained by installing ligands onto the other terminal of 

hydrophilic chains of amphiphilic block copolymers. The stealth nanoparticles can be decorated 

with active targeting moiety by employing functional surfactants containing a specific ligand. 

Active targeting nanogels and nanocapsules can be obtained by conjugating ligands onto their 

outer surfaces by, for example, click and carbodiimide chemistry. It should be noted that 

installation of targeting ligands not only will enhance specific tumor cell uptake but also may 

further improve the retention and accumulation of nanoparticles in the tumor vasculature, which 

would result in the significantly improved therapeutic window and reduced systemic toxicity.  

          The in vivo performance of the targeted nanoparticle is greatly influenced by the stability 

of nanoparticles in the blood circulation. It is often noticed that a significant amount of drug 

would quickly leak out from the nanoparticles. This premature drug release is one of the major 

reasons for low drug accumulation in the tumor site. To circumvent the problem of premature 
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drug release, rational design of the linkers that plays an important role not only in carrying 

covalently attached drug molecule but also in providing a unique mechanism for controlled drug 

release has been developed and continued to grow as an active area of research. It should also be 

noted that tumor targetability[31] is also highly dependent upon type and position of ligands. 

Ligands like antibodies are highly specific, while other ligands, such as cRGD and FA, are more 

ubiquitous and can also target healthy cells hence there use can lead to confusing outcomes 

hence cannot be generalized. To illustrate the targeting effect, ligands need to be fully exposed to 

the outer surface of nanoparticles. Hence, the ligand density is one of the most important criteria 

and however, should be optimized, depending on types of ligands and nanoparticles, to attain a 

high level of tumor accumulation as well as efficient and selective internalization by tumor 

cells[32]. 

Other types of nanocarriers for drug delivery 

          Nanoscale materials can be synthesized in various shapes (Figure 1.2) such as globular 

particles, tubes, and rods, and can serve as modular platforms that have the potential to also 

provide multifunctional properties. They have found broad applications and actively investigated 

for the development of targeted nano-therapeutics and diagnostic devices for applications in 

cancer, as well as other applications such as in inflammatory, infectious, and autoimmune 

diseases[33]. Currently, there are many other classes of such nanocarriers such as 

organic/inorganic-based nanomaterials that includes dendrimer nanoparticles (NPs)[34], carbon 

nanotubes[35], iron oxide NPs (IONPs)[36], and gold NPs (AuNPs)[37].  

          Each of these types of nanoparticles is unique in its chemical and physical aspects such as 

synthetic methods, surface functionality and modification, core-shell architecture, size, and 

shape. Deep understanding of the physicochemical properties of these materials and their  
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possible interactions with biological systems is 

extremely important in designing therapeutic 

applications, as some of these nanomaterials are 

known to cause unwanted effects due to their 

intrinsic toxicity[38] or immunogenicity[39] often 

caused due to suboptimal surface 

modification[40]. For example, cationic 

nanoparticles have an ability to disrupt cellular membranes and are highly cytotoxic as shown by 

unmodified poly(ethylene imine) (PEI) and poly(amidoamine) (PAMAM) dendrimers[41]. 

However, the cell-killing effect of these nanomaterials is reduced or completely eliminated by a 

modification of the surface with neutral or anionic groups[42]. This surface modification is an 

important aspect of developing certain other inorganic classes of nanoparticles that are also 

found to be intrinsically toxic, namely cobalt/chromium nanoparticles and multiwalled nanotubes 

(MWNTs). They act by damaging DNA strands[43] or suppress immune function[39], respectively. 

Many aspects of nanotoxicity associated with therapeutic applications have been recently 

reviewed thoroughly in many articles[44]. Thus, the construction and development of 

nanomaterials for drug delivery applications warrant a need for alternative approaches.  

Mechanisms of drug release  

           The control drug release by triggering linker cleavage mainly revolves around a condition 

that is highly specific to diseased cell such as pathophysiological and subcellular properties. 

Triggering mechanisms in many cancer cells includes tumor hypoxia (low oxygen levels due to 

increased metabolic rates in tumor cells), low intracellular pH (endosomes and lysosomes where 

targeted nanomaterials are taken up), lowered extracellular pH for tumor cells, tumor-specific 

Figure 1.2 Nanocarriers fabricated in various 
shapes ranging from spherical to nanorods. Image 
adapted with prior permissions from American 
Chemical Society. 
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enzymes (matrix metalloproteinase, prostate-specific membrane antigen) overexpressed on the 

cell membrane, and upregulation of glutathione. Above mechanisms of drug release are highly 

relevant to the design of cleavable yet stable linkers. Linker type chemistries to be discussed 

include ester, amide/peptide, disulfide, hydrazone, hypoxia-activated, and self-immolative 

linkages[45]. Finally, recently reported strategy that uses photochemistry or thermolysis for 

triggering drug release in an actively controlled manner will be discussed for its mechanism and 

applications. Overall, comprehensive information summarizing various aspects important to 

linker design and specific molecular mechanisms to achieve controlled release of therapeutic 

agents have been illustrated. 

Ester hydrolysis  

a) Biochemical mechanism for the release of ester-linked drugs 

          Many therapeutic agents having a functional group such as a carboxylic acid or alcohol 

allows the use of a conjugation strategy using ester-based drug attachment to the nanocarrier. 

The ester bond subsequently opens a route for drug release due to its susceptibility to hydrolysis 

when exposed to physiological conditions in vivo. The ester linker, in general, can be cleaved by 

the hydrolytic reactions catalyzed mainly by acids, bases, metal ions, and hydrolytic proteins 

such as human serum albumin and esterase’s. It is an interesting case where metal ion can bring 

about hydrolysis of ester bonds has been reported with metal ions such as Cu2+ but significant 

rate acceleration has only been observed where metal ions are chelated proximal to the 

carboxylate functional group.  

          Alternative mechanisms that make a greater contribution to the ester cleavage relate to 

cellular events that occur during the uptake and processing of the drug-carrying nanoparticle or 

antibody-drug conjugates by a target cell. As shown in figure 1.3 after receptor-mediated 
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endocytosis, drug conjugates are processed first in early endosomes and then into late 

endosomes. Many of these vesicular compartments contain different types of acid hydrolases that 

can catalyze the hydrolysis of a wide set of substrates including ester or amide linked drugs. 

These compartments contain an abundant amount of cholesteryl ester acid hydrolase, aryl 

sulfatase, acid phosphatase, N-acetylglucosaminidase, and cathepsin D and display optimum 

enzyme activity in acidic conditions (pH 5-6) created mainly by endosomes and lysosomes. 

Hence, the majority of drug release from ester-based drug linkers on targeted nanoparticle is 

attributable to intracellular linker processing and hydrolysis by the action of acid hydrolases 

occupying the acidic compartments. 

 
Figure 1.3 Methotrexate (MTX) conjugated to G5 PAMAM dendrimer through an ester linker and its mechanisms 
of antitumor action. Each MTX is attached through an ester linkage at its α- and/or γ-carboxylic acid positions. FA = 
folate. DHFR = dihydrofolate reductase. Images adapted with prior permission of American Chemical Society 
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b) Representative example of ester-linked drug: Release mechanism of methotrexate (MTX) 

          MTX belongs to the family of antifolate molecules widely used for the treatment of 

cancers and inflammatory diseases. It particularly inhibits cytosolic dihydrofolate reductase at 

subnanomolar concentrations. Dihydrofolate reductase catalyzes the reduction of dihydrofolate 

to tetrahydrofolate, a cofactor that is involved in the biosynthesis of thymidine and related DNA 

building blocks. MTX suffers from the narrow therapeutic index and dose-limiting systemic 

toxicity. In order to overcome limitations, MTX has been delivered using targeted nanoparticles.  

          As represented in figure 1.3 MTX[46] has two carboxylic acids displayed on the L-Glu 

portion of the molecules. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) based ester 

coupling method for conjugation of MTX to the fifth generation (G5) PAMAM dendrimer was 

employed where MTX was pre-conjugated with the folic acid receptor targeting ligand and 

subsequently modified with a glycidyl moiety. This folic acid targeting MTX conjugate was 

studied in details for their biological activity.  In vitro studies showed selective uptake by a FA 

positive KB cells via a receptor-mediated endocytosis mechanism and demonstrated potent 

inhibition of cell proliferation. When tested in vivo, the conjugate showed improved therapeutic 

efficacy in disease models for epithelial cancers, head and neck tumors, and inflammatory 

arthritis. Despite well documented in vitro and in vivo studies for the conjugate, the actual 

mechanisms of action and release of this ester-conjugated MTX remains undetermined. So, it is 

unclear to what extent MTX remains conjugated to the dendrimer after cellular uptake, and 

whether MTX has to be released from its conjugate in order to show therapeutic activity. This 

uncertainty was addressed in part by a separate cell-free DHFR activity assay, which showed that 

the conjugated form of MTX also displayed inhibitory activity, though less potently than free 

MTX. 
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Amide hydrolysis 

a) Biochemical mechanism for the release of amide-linked drugs 

          Drug attachment to the nanovehicle using an amide bond is broadly applicable for many 

molecules because many drug molecules are commonly functionalized with either a carboxylic 

acid or amine group. The resulting amide bond is much more stable and less susceptible to 

chemical hydrolysis as compared to ester bond. Unless designed with a special functional group, 

the amide linker has never observed to be cleaved by chemical hydrolysis under physiological 

conditions, since its chemical cleavage requires harsh conditions such a combination of much 

higher temperatures and presence of strong acid or base catalysts. Stability through amide 

linkage can provide certain benefits for achieving improved pharmacokinetic profiles by 

extending the duration of circulation in the blood. Generally, amide hydrolysis is based on 

enzymatic mechanisms and is carried out by hydrolytic proteases[47] such as serine proteases, 

cysteine proteases, and zinc-dependent endopeptidases. Each of the above enzymes is localized 

in one or more sites in the cell ranging from the extracellular environment, to the cellular 

membrane, to intracellular lysosomes, and thus their site-specific action is nothing but the site of 

drug release. Classical illustrations of matrix metalloproteinases (MMPs)[48] such as collagenases 

are zinc-dependent endopeptidases secreted primarily into the extracellular matrix (ECM) of 

tumor cells. MMPs are mainly involved in remodeling of the extracellular matrixes through 

degradation of ECM proteins. Many MMPs are overexpressed in different tumor types and are 

implicated in the dysregulation of angiogenesis leading to tumor growth and metastasis. This is 

demonstrated by the MMP-associated release of methotrexate linked to a poly(lysine) dendrimer 

through a peptide linker containing the MMP specific cleavage sequence, PVG↓ LIG. MTX 
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release upon incubation with MMP 2 or MMP 9 was shown in a time-dependent manner with ≤ 

20% efficiency at 24 h. 

b) A Representative example of amide-linked drug:  

Non-enzymatic cleavage of amide linkers 

can be facilitated by certain classes of 

specialized linkers attached to drug 

molecules through an amide bond have been 

shown to be responsive to low pH 

environments. These linkers mainly contain 

groups such as maleic acid frameworks like 

citraconyl, cis-aconityl, and maleyl groups. 

The application of these linkers has been 

demonstrated by amide conjugation (figure 

1.4) of the cis–aconityl[49] group to 

doxorubicin at its daunosamine sugar. 

Incubation of this conjugate in citrate-phosphate buffers at various pHs and 37°C, amide linker 

was hydrolyzed to release free doxorubicin with half-lives at pH 4, 5, and 6 of <3, 6, and 96 h, 

respectively. This amide linker was extremely stable at pH 7 and negligible hydrolysis was 

observed even after a 4-day incubation. Therefore, cleavage of this cis-aconityl linker is highly 

pH-dependent, that facilitates controlled release of the doxorubicin to be regulated by the pH of 

the environment. As compared to two other structurally analogous linkers that were designd for 

doxorubicin conjugation, the cis-aconityl linker was hydrolyzed at a faster rate than the maleyl 

linker at the same pH, but slightly lower than that of the citraconyl linker, which showed rapid 

Drug O

O O

HNOH

cis-Aconitamide

NHO

O R

O

Maleimide: R=H
Citraconamide: R=CH3

Drug

OMe

O

O

OH

OH O

OH

OH

O

NHHO

O

O
O

OH
HN

O

R

H+

NH O

O+ O

HN
ROH

DOX

H

NH O

O O

HN
R

H

DOX O

DOX +
O

O

O
O

NHR
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hydrolysis within 3 h at pH 4.2. The above rate of hydrolysis pattern is in good agreement with 

the later study performed on emetine, an anticancer natural product, which had rates of 

hydrolysis of the same order at both pH 5.5 and 6.5 (citraconyl > aconityl > maleyl amide). 

Hydrazone hydrolysis 

a) Biochemical mechanism of hydrazone-linked drugs          

Hydrazone is class of linkers that are terminated with acyl hydrazone, alkoxy carbonyl 

hydrazone, and benzenesulfonyl hydrazone. This linkage type has been applied for numerous 

classes of anticancer drugs including doxorubicin, paclitaxel, platinum-based agents, auristatin, 

and calicheamicin. This conjugation chemistry is suitable for a particular class of drug molecules 

or their derivatives where a chemical handle such as a ketone or aldehyde group that can be 

coupled to a hydrazine terminated linker. Hydrazone linkage is fairly stable at physiological pH 

(7.4) and hence hydrazone-linked drug molecules carried by the conjugate remain attached 

during systemic circulation. However, the hydrazone linkage is cleavable at lower pH 

environment, providing a controlled mechanism of drug release. The optimal condition for 

triggering linker cleavage is at pH ≤ 5. Thus, drug release occurs mainly after endocytosis and 

exposure to the acidic environments of endosomes and lysosomes (pH 6.5− 5.5). 

b) Representative example of hydrazone-linked drug 

          A Couple of synthetic methods has been developed for hydrazone conjugation of a ketone/ 

aldehyde group-containing drug molecule to nanocarriers as summarized in figure 1.5 first, a 

hydrazine-terminated linker is incorporated onto the surface of nanoparticle prior to the 

conjugation reaction with the drug of interest (method 1)[50]. This method is represented by 

doxorubicin conjugation through its ketone. This method is preferred for certain types of drug 

molecules that have structures, which contain nucleophilic functional groups such as amines as 
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found in the daunosamine aminoglycoside of doxorubicin. If the nanoparticle is modified by 

nonhydrazine functionality such as a carboxylic acid instead, the amine from the drug will act 

competitively in the conjugation reaction with the nanocarrier, resulting in an amide linkage.  
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Figure 1.5 Illustrative examples for the drug conjugation via hydrazone linkage. 

          However, the amide linker is extremely stable and hence significant amount of drug 

molecules linked through an amide linkage is not cleavable even upon exposure to acidic 

subcellular compartments. In the Second method[51], a hydrazone linker is preinstalled on the 

drug molecule by reaction with a hydrazine linker and then the resulting drug-linker is attached 

to the carrier such as antibody by a chemoselective reaction with the linker. This route is 

validated by paclitaxel conjugation in which a bifunctional linker composed of an acyl hydrazine 

and maleimide group is utilized. The maleimide group reacts chemoselectively with the thiol 

expressed on the surface of the antibody as a carrier, and hence bioorthogonal to the hydrazine 

reacting with the ketone modified paclitaxel. 

 

Disulfide Exchange 

a) Biochemical mechanism of disulfide exchange 
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          Disulfide linkers are one of the important classes of linkers that have been employed for 

drug conjugation in targeted drug delivery. Unlike linkers such as amide, ester, and hydrazone 

chemistry, the disulfide bond is not susceptible to hydrolytic cleavage. In this case, disulfide 

bond undergoes cleavage reaction through an electrochemical reduction process to yield the 

respective thiol or disulfide exchange reactions. This electrochemical reduction can also occur 

through a chemical mechanism triggered by an endogenous thiol molecule such as cysteine, 

homocysteine, N-acetyl cysteine, glutathione (L-γ-glutamyl-L-cysteinyl-L-glycine; GSH), other 

cysteine-containing peptides, and thioglycolic acid[52].  Drug attached through disulfide linker is 

stable enough for targeted intracellular uptake of the drug-linked nanovehicle since the disulfide 

exchange reaction occurs mainly in the cytoplasm after their endocytosis. Moreover, it is 

important to note that drug release via cleavage of the disulfide linker is not contributed by redox 

machinery located on the cell surface but through the thiol triggered intracellular reactions. 

Glutathione (GSH) being an important player in the cleavage of disulfide-linked drugs: 

          Glutathione (GSH) is a major player in cancer cell-specific drug release. GSH exists 

mainly in the reduced form inside the cell, and its total cellular distribution is localized in the 

various compartments as cytoplasm (2-10 mM; ≤ 85%), mitochondria (≤ 30%), and nucleus (≤ 

10%)[53]. Such a high cytoplasmic concentrations of GSH are mainly associated with cellular 

detoxification mechanisms such as the formation of GSH conjugates with cytotoxic 

chemotherapeutic and redox reactions with genotoxic reactive oxygen species. Moreover, its 

cellular expression level is subject to change and can be increased up to 10-14 mM. In many 

cancer cells, GSH is often exploited as a counter strategy to reduce the cytotoxicity of anticancer 

drugs and has been found to be responsible for drug resistance to certain cancer cell types. 

However, such a higher expression and reactivity of GSH in cancer cells has been utilized 
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successfully to design prodrugs that can respond to the controlled release of drugs targeted 

toward these types of cancer cells. 

b) Representative example of disulfide-linked drug  
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Figure 1.6 Design of disulfide-tethered taxol constructs, and mechanisms for GSH-triggered, the self-immolative 

release of paclitaxel. 

          Controlled drug release in a targeted delivery via disulfide linkage has been extensively 

studied for a group of many cytotoxic compounds including those used currently in the clinic 

such as paclitaxel, gemcitabine, mitomycin, maytansine, and calicheamicin. The introduction of 

disulfide in most anticancer molecules to a nanocarrier or cancer-specific antibody is performed 

by indirect methods since each drug molecule lacks a free thiol or disulfide functional group in 

its chemical structure. Paclitaxel-disulfide linked molecules such as PTX-SS-1[54]; PTX-SS-2[54], 

and PTX-SS-3[55] demonstrate this strategy as shown in Figure 1.6. In above examples disulfide 
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spacer is attached to paclitaxel at its C-7, and C-2 side chain attached via carbonate or ester 

functionality. This variation of functional groups in the linker is designed for enabling the release 

of the free drug since a disulfide exchange reaction with GSH will trigger the release of drug 

molecule that is terminated with a thiol moiety. However, the ester or carbonate is reactive to the 

nucleophilic thiol, the transient drug intermediate can subsequently undergo a thiol-mediated 

intramolecular cyclization reaction, and free paclitaxel is released as a result of the formation of 

2-oxathiolane (PTX-SS-1) or a five-membered thiolactone (PTX-SS-2). 

Hypoxia activation 

a) Biochemical mechanism for the release of hypoxia-induced drugs 

          Hypoxia is mainly characterized by a state of abnormally low oxygen supply in tissues and 

cells. Similarly, like an acidosis (pH 6.5− 6.9), it constitutes one of the hallmarks of solid 

tumors, as the growth of new immature vessels results in poor perfusion and in oxygen 

deprivation. Tumor microenvironments are often associated with low oxygen levels, hence the 

equilibrium of the enzymatic activities of oxidoreductases are shifted mainly favoring the 

reduction of substrates. Using this feature of cancer cells, they can be selectively targeted by 

prodrugs that are only activated by such enzymes, which are activated in hypoxic conditions as 

the oxidoreductase and also referred to as hypoxia-specific enzymes[56]. Activation of many 

drugs (mitomycin C, apaziquone (EO9), TH-302, banoxantrone (AQ4N), PR104A, and RH1) 

using oxidoreductase has been well documented in the literature. 

 

b) Representative example of hypoxia-induced release of drug 

          Reductive activation of prodrugs catalyzed by oxidoreductases has been employed in the 

design of certain linker-drug constructs where the linker is cleaved in response to hypoxia, 
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resulting in drug release in the tumor. These hypoxia-dependent linkers have been classified 

based on core functionality of the substrate including quinone-trimethyl lock systems[57], 

indolequinone, nitroaromatic heterocyclics (nitroimidazole, nitrofuran, nitrothiofuran), and N-

oxides (tirapazamine). 
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In case of quinone-trimethyl lock system, cleavage of this linker in cancer cell is mediated by 

cytochrome P450 oxidoreductase (POR) via a two-electron (2e−) reduction mechanism, and the 

resulting hydroquinone intermediate undergoes an intramolecular six-membered-ring cyclization, 

leading to release of the drug molecule as a leaving group (Figure 1.7). The role played by three 

methyl groups is the real highlight for this design since the extended spacer was aimed to lock 

the conformation of the drug linker in a more favorable position for intramolecular attack by the 

phenol group and, thus, facilitate the rate of drug release. 

Mannich base 

a) Biochemical mechanism for the release of drug through mannich reaction 

          The Mannich reaction is the aldehyde-mediated condensation between primary or 

secondary amine molecule and a nucleophilic molecule including amines, phenols, 

carboxamides, and ketones. The release of using mannich base system serves as an important 

strategy for targeted drug delivery but has never been very popular than other methods. 

However, The product of this reaction, (commonly called a Mannich base), serves as a prodrug 

Figure 1.7 Mechanism of drug release triggered by oxidoreductase, POR= 
cytochrome P450 oxidoreductase. 
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for the parent drug molecule and is effective for improving its solubility and pharmacokinetics. 

Moreover, this strategy has numerous synthetic advantages such as chemo-selective conjugation 

to amines and high tolerance of the conjugation reaction to the presence of diverse functional 

groups. Finally, the reaction is performed in aqueous-alcoholic conditions that are unique and are 

important for the solubilization of many drug molecules, which are most of the times polar and 

charged. 

b) Representative example of mannich base mediated drug release 
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Figure 1.8 Structure of a doxorubicin molecule tethered to an Arg-Gly-Asp (RGD) targeting ligand through a 
Mannich linker based on salicylamide. 
 

           

          Doxorubicin is conjugated through a formaldehyde-derived linkage to a small Arg-Gly-

Asp (RGD)[58] peptide ligand targeting a αvβ3 integrin receptor. This work showed that Mannich 

linker undergoes hydrolytic cleavage and converted into its Schiff base (“ imine”) form in the 
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cytosol that follows up with hydrolysis to give free doxorubicin. Importantly, construct showed 

higher cytotoxicity than unmodified one in both drugs sensitive and drug-resistant tumor cells. A 

remarkable activity is due to its additional mode of action such as covalent modification of DNA 

base pairs by the released doxorubicin Schiff base. 

Self-immolative linkers 

a) Biochemical mechanisms of self-immolation        

          Self-immolative linkers are emerging class of reactions that bring about a cascade of 

spontaneous, intramolecular reactions that occur in response to an applied external stimulus 

trigger. These linker types have found wide utility in the targeted drug delivery applications. 

These linkers incorporate dual functional features in its structural design with a triggering moiety 

linked to a self-immolative spacer rather than direct attachment to the drug molecule. Thus, the 

drug release mechanism is different than of direct release linkers due to the presence of the 

intervening spacer. Each of these triggering moiety is rationally designed for specific cleavage in 

response to the application of certain external stimuli with respect to the drug structure. This 

includes mainly (Figure 1.9)[45] enzymatic triggers of glycosidases, plasmin, cathepsin B, other 

peptidase, and β-lactamase. Other triggers can be thiol-disulfide exchange, low pH, bioreduction, 

and light. 

          This triggering mechanism is based on following principle. Once the triggering moiety is 

removed from the terminus of the linker, the free spacer group is activated and undergoes 

spontaneous cyclization or electronic cascade reactions, leading to drug release. Each of such 

cascade reactions is based on 1,4 or 1,6 elimination reactions. This subsequently undergoes 

cyclization of an amine-terminated spacer to a five-membered urea and carbamate fragment, and 

cyclization of a mercapto ester or “ trimethyl lock” spacer to a lactone moiety. Other features of 
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above linkers system are due to extended spacer length. Presence of such extra spacer provides 

relief from steric clashes between the triggering moiety and a bulkier drug molecule and is 

highly essential for efficient cleavage of the trigger group by macromolecular enzymes such as 

glycosidases, peptidases, and bioreductive DT diaphorase illustrated here in figure 9.  
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Figure 1.9 Types of self-immolative linkers and spontaneous release reactions triggered by glycosidase (A), 
cephalosporin’s or β-lactamase (B), peptidase (C), glutathione (D), low pH (E), and bioreduction (F). 

 

Photochemistry 

a) Mechanism of drug release through photoirradiation 

          A key aspect of drug delivery science is the ability to control the timeframe of release after 

uptake of the drug conjugate by the targeted cell. Many of the release mechanisms discussed 

earlier mainly depends upon either chemical or enzymatic cleavage of the linker to which drug is 

attached. Such a drug release mechanism is mainly influenced by specific factors or stimuli 

highly selective to linker type or tumor environment. Photochemistry, however, brings about 

orthogonal release approach where light is applied to actively trigger drug release (Figures 1.10). 

In chemistry this approach is termed as photocaging[59]. In this method, a drug molecule is 

temporarily inactivated by derivatization with a photocleavable trigger group (photocage). This 

photocaged molecule releases its parent drug molecule. Controlling this drug release using light 
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as a trigger is very difficult and requires sophisticated methods. Photochemical means of drug 

release has been applied to numerous drugs such as doxorubicin, methotrexate, 5-fluorouracil, 

paclitaxel, camptothecin, doxycycline, and tamoxifen. Many of these photochemical linkers are 

based on UV-light-responsive aromatic rings comprised of o-nitrobenzyl (ONB), coumarin, 

quinoline, xanthene, and benzophenone[45]. 

b) Representative example of photochemical drug release    
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Figure 1.10. Examples of photo-controlled release of drugs using o-nitrobenzyl and coumarin-based linkers. 
 

          Figure 1.10 represents detail structures of some of the main photocleavable linkers. Out of 

these, the ONB group has been most commonly employed for drug attachment to nanocarriers 

including PAMAM dendrimers[60] and AuNP[61]. Synthetically, ONB linker provides greater 

flexibility in its aromatic ring substitution and further derivatization and allows facile 

modifications for use in linker installation and drug attachment. ONB can be easily cleaved by 
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one-photon (254-365 nm) and two-photon (710 nm, 750 nm) excitation wavelengths. Coumarin-

based linkers represent one of the major classes of photon-cleavable linkers where drug of 

interest is covalently attached to a methyl group located at the C-4 position of 7-

dialkylaminocoumarin or 6-bromo-7-hydroxycoumarin. These linkers are amenable to cleavage 

at one-photon (365 nm, 475 nm) as well as by two-photon (740 nm, 800 nm) wavelength with an 

advantage of providing a greater cross-section of two-photon absorption for uncaging than the 

ONB class for more efficient drug release. In summary, light acts as an effective mode of drug 

release. It is potentially applicable for those therapeutic and diagnostic applications in vivo that 

require noninvasive or spatiotemporal drug/probe activation. One of the technical problem facing 

such applications in vivo relates to the poor tissue penetration of UV or visible light, which 

makes it less efficient than in vitro. Recently, upconversion nanocrystals (UCNs)[62] open up 

promising opportunities for the photochemical control of drug release. Certain classes of UCNs 

show unique optical properties that allow them to emit light in the UV range upon excitation by 

near-infrared (NIR) light at 980 nm. 
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Azo reduction 

a) Biochemical mechanism for azo reduction 

The azo reduction is often achieved through incorporation of 

azo linker that can be cleaved through biological mechanism.  

This type of linker chemistry has been employed for the 

activation of an anti-inflammatory class of azo-linked 

prodrugs[63]. This mainly includes sulfasalazine, balsalazide, 

ipsalazide, and olsalazine. For example, sulfasalazine 

undergoes reductive cleavage of its azo linker by bacterial 

enzymes in the colon to an active metabolite, 5-amino salicyclic acid (ASA) shown in figure 

1.11. 

Antibody-drug conjugates 

          It is well established that cancer cells possess specific molecular markers that play an 

important role in tumor growth or progression and has opened the door to specifically target 

these markers, also called tumor associated antigens. They mainly comprised of cell surface 

proteins, glycoproteins, or carbohydrates. Ideally, the antigen may be overexpressed or present in 

mutated form on cancer cells. Immunization of mice with human cancer cells or purified 

antigens elicits a target-specific antibody response in the sera of these animals. However, they 

are often obtained in low yields and as a mixture that contains antibodies against non-specific 

antigen targets. An advance in the hybridoma and recombinant DNA technology has enabled 

production of large amounts of a single purified antibody to the antigen of interest[64]. Highly 

specific and less immunogenic antibodies were produced by replacing protein sequences of the 

murine antibody with sequences naturally occurring in human antibodies, without affecting the 
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specific binding of the antibody to its target antigen. In the first generation constructs, molecular 

biologists merely replaced the entire constant regions of the murine antibody with the 

corresponding human constant region sequences, while retaining the murine variable domains 

(Fv) responsible for antigen binding (figure 1.12).  

          These so-called chimeric versions of antibodies still possess some murine residues that can 

lead to non-specific binding or interactions. So, antibody-engineering methods have advanced to 

a great extent and led to new humanization methods wherein the humanized antibody, only the 

essential antigen recognition murine residues encompassing the complementarity-determining 

regions (CDRs) within the Fv domains are preserved, while the remainder of the murine Fv is 

replaced with human Fv sequences. Further, phage display technology[65] and transgenic mice 

bearing the human repertoire introduced new avenues for generating fully human antibodies 

requiring no additional engineering for human therapeutic development. With these 

developments, it has been possible to reduce or eliminate the immune response previously noted 

with murine antibodies and also the circulation half-life of these new constructs is significantly 

longer (T1/2 up to three weeks) than that of their murine versions (typically two to three days). 

Typically, antibodies are macromolecular Y-shaped protein approximately 150 kDa and above. 

The efficiency of tumor cell killing by antibodies can range widely, from poor to high depending 

on the nature of the target antigen.         

          In general, antibodies can induce cancer cell death by a multitude of mechanisms, 

including a) immune-mediated functions, such as antibody-dependent cellular cytotoxicity 

(ADCC), b) complement dependent cytotoxicity (CDC), c) antibody-dependent phagocytosis, d) 

interference with tumor-cell signaling pathways, often achieved through receptor blockage, e) 

depletion of circulating tumor cells by direct binding to the antibody, f) apoptosis, and g) 
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immune modulation of T-cell function[66]. 

          There are very few examples in current literature where antibody alone has been employed 

for the treatment of various cancers[2]. For instance, ipilimumab, an antibody that activates the 

immune system by targeting CTLA-4, has been approved for the treatment of patients with late-

stage melanoma. Ipilimumab represents one of the few antibodies with sufficient activity to be 

used as a single agent in the treatment of solid tumors. Many of these antibody-based 

therapeutics are administered in combination with chemotherapeutic agents such as the anti-EGF 

receptor antibodies cetuximab and panitumumab are used in combination with chemotherapy for 

the treatment of colorectal and head and neck cancers. High specificities of antibodies have 

received much attention in cancer treatment in recent years as they greatly reduce ‘off-target’ 

toxicity.           

 

Figure 1.12 A cartoon representation of mouse (green), chimeric, humanized, and human (blue) antibodies. The 
antibody subdomains are marked, including Fab, Fc, heavy-chain variable (vH), light-chain variable (vL), heavy-
chain constant (cH), light-chain constant (cL), and the complementarity-determining regions (CDRs). 
 



 

30 

          Antibody-drug conjugates (ADCs) mainly composed of an antibody armed with covalently 

linked potent cytotoxic drugs using various conjugation and linker chemistries. The antibody’s 

binding region allows selective targeting of certain cell types and discriminates healthy tissues 

from diseased ones and the potent cytotoxic drug element effects cell killing independently of 

antibody-dependent cell-mediated cytotoxicity. Hence, ADCs offer the prospect for delivery of a 

toxic payload directly to a target, with minimal off-target toxicity[2]. Although Paul Ehrlich[7] 

envisioned the concept of “magic bullet” in 1913, it took 45 years to construct such an entity in 

the form of ADC. The first generation of ADCs was mostly constructed using murine and 

chimeric antibodies to improve the tumor selectivity of clinically used anticancer drugs such as 

methotrexate, vinblastine, doxorubicin, and melphalan. It was recognized early on, that the 

nature of the linker connecting the monoclonal antibody and drug was important. Once 

internalized into a target cell, some intracellular release mechanism should cleave the linker to 

release the active drug. In most of these conjugates, acid-labile hydrazone linkers were utilized 

that relied on the acidic pH value ≈5 of the intracellular compartment, the endosome, and 

enzyme-labile linkers that relied on lysosomal enzymes, such as peptidases and esterase’s, for 

cleavage. 

H
N

N

HO

OO

O

N

N

OHO

H
N

OH

N

H
KSI/4-DAVLBHYD

 

MeO
O

O
OH

HO

O OH
OH

O
H2N

HO N N
H

O
N

O

O
S

BR96-Doxorubicin

 
 
Figure 1.13. Structures of first-generation antibody-drug conjugates.  
 

          Particularly, anti-tumor activity of ADCs constructed using doxorubicin[67] and 

vinblastine[68] (figure 1.13) through acid-labile hydrazone linkers was found to be superior as 
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compared to corresponding free or unconjugated drugs both in vitro and in vivo. A Radiolabelled 

version of these conjugates showed 15% accumulation per gram of tumor compared with the 

injected dose of conjugate and provided concrete evidence of tumor localization in the patients. 

The toxicity profile of the conjugate was markedly different from that of the unconjugated drug, 

suggesting that antibody-mediated delivery can indeed alter the biodistribution of the drug, 

However, many of these conjugates, in general, were only moderately potent and often less 

active than the parent drug and despite the strong preclinical data, wherein the conjugated 

doxorubicin was shown to be superior to free doxorubicin, the conjugate failed to demonstrate 

clinically meaningful therapeutic activity. Since many of these preclinical trials were carried out 

using either chimeric or murine antibodies it has lead to development of immune responses in 

about 50% of the evaluable patients. This lack of clinical success with early ADCs, that make 

use of existing anticancer drugs as the “payload”, initially dampened the enthusiasm in this area 

of research. However, a careful analysis of each component of these early ADCs led to the 

identification of several factors that may have led to their failure. 

General design principles for the antibody-drug conjugates 

a) The cytotoxic molecule 

Lack of sufficient in vitro potency was one of the key drawbacks for early generation ADCs and 

the finding that conjugation often led to decreased potency compared to the parent free drug[69]. 

This compromised potency is mainly attributed to the differential uptake properties of 

unconjugated and conjugated drug. Delivery of the cytotoxic molecule by an antibody is limited 

by two factors: a) moderate number of antigen molecules on the cell surface to which the 

antibody can bind (typically ≈105 receptors/cell), and b) internalization of cell-surface bound 

antigen–antibody complex, or intracellular processing to release the active drug may not be 
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efficient and the number of molecules of a moderately potent cytotoxic drug required to effect 

cell kill could be very high (>106 molecules/cell). Based on these calculations, therapeutically 

active ADC can only be created by making use of cytotoxic molecules that possess potency in 

subnanomolar to picomolar range. Also, cytotoxic molecule should be stable and water-soluble 

upon conjugation with antibody. Another major challenge is chemically modifying the drug to 

introduce functional groups that are amenable to conjugation reactions with antibodies. The site 

and nature of the modification have to be carefully selected so as to preserve the potency of the 

parent drug. 

b) The Linker  

Many first-generation preclinical candidates were prepared by merely mixing a drug bearing 

carboxylic acid with the antibody in aqueous solution in the presence of the coupling agent EDC 

(N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride) to enable amide bond 

formation with amino groups of the antibody. As antibodies possess amino acid residues with 

free carboxyl groups (aspartate, glutamate) and free amino groups (lysine), EDC-mediated 

coupling can result in both intra and intermolecular amide bond formation between amino acid 

residues of the antibody. Analytical tool at that time was not well developed to evaluate the 

biochemical characterization of these conjugates prior to clinical evaluation. The first 

improvement was development of acid-labile linkers that can be cleaved under acidic 

environments such as in endosome or lysosomes. Efficient release of drugs was observed when 

ADCs were incubated at acidic pH. However, incubation of ADCs at pH 7.4, 37oC resulted in 

time-dependent premature release of drug[70]. This premature release can cause systemic toxicity 

hence it was reasoned that effective linker design has to balance good stability during several 

days in circulation and efficient cleavage upon delivery into the target cell. 
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c) The antibody 

One of the key functions of antibody is to bind preferentially to the antigen of interest and 

accumulate linked cytotoxic molecule at the tumor site. Typically, the antibody should be 

selected to cell-surface targets in such a way that the antigen is expressed in high copy numbers 

(>105/cell). In addition, homogeneous expression of antigen on all cells of the tumor is highly 

desired as determined by IHC staining of tumor tissue biopsies. The binding affinity of the 

antibody to its antigen is still debatable. A high binding affinity (KD<1 nm) has ensured good 

tumor localization, but some in vivo studies have suggested that antibodies with lower binding 

affinity have shown better penetration in solid tumors[71]. The immunogenicity issue of ADCs 

that used murine antibodies has been solved with the use of fully humanized antibodies. 

          With these design principles led finally approval of to the first US Food and Drug 

Administration (FDA) approved ADC, gemtuzumab ozogamicin (trade name, Mylotarg)[72]. 

Despite promising preliminary results, Pfizer Inc. voluntarily withdrew Mylotarg from the 

market in June 2010 as post-approval clinical trials for patients with acute myeloid leukemia 

showed that the ADC offered no clinical benefit over standard chemotherapy. However, it was 

reapproved by US-FDA in 2017 for the treatment of relapsed or refractory B-cell precursor acute 

lymphoblastic leukemia (ALL). This first approval nevertheless showed considerable promise in 

the following years with two ADCs gaining FDA approval- brentuximab vedotin (trade name, 

Adcetris)[73] in 2011 and trastuzumab emtansine (trade name, Kadcyla)[74] in 2013 for the 

treatment of patients suffering from relapsed Hodgkin lymphoma, anaplastic large-cell 

lymphoma and metastatic breast cancers respectively. It has been expected that the market for 

ADC research will grow rapidly in coming years.  

          Modifying accessible lysine residues on the surface of the desired antibody generated 
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Kadcyla and Mylotarg ADCs[73-74]. In fact, drug is conjugated to the antibody through lysine 

modification in many of these ADC clinical candidates. However, with ~90 accessible lysine’s, 

non-selective chemical modification has the potential to generate complex mixtures, with up to 

106 distinct species statistically possible when targeting drug-to-antibody ratios of 2–4. Such 

heterogeneous mixtures of ADCs may give random conjugation and uncontrolled drug loading 

and this can result in a narrow therapeutic window[75] with major pharmacokinetic implications. 

The promising case of Adcetris was obtained by reacting some of the eight free cysteine’s 

obtained by reduction of the four interchain disulfides of an antibody. However, this method still 

creates ~15 different species when targeting typical average drug-to-antibody ratios of 2–4, it 

offers a significant improvement over lysine modification strategies in terms of reduced 

heterogeneity but still very challenging to control selective reduction of four interchain 

disulfides. Although this non-specific conjugation technology has been used in all FDA-

approved ADC, the use of non-selective approaches is now considered suboptimal for 

developing next-generation ADCs, and there is a growing appreciation of the importance of 

developing site-specific methods[76], with several reports highlighting the advantages for 

generating near homogenous conjugates due to a well-defined and improved pharmacokinetic 

profile.  

Site-specific conjugation technology 

Site-specific conjugation using engineered antibodies 

With a rapid progress in the field of protein engineering approaches has made it possible to site- 

specifically functionalize antibodies of interest. This mainly includes three main methods to 

obtain site-specifically modified ADCs with re-engineered antibodies: i) insertion of cysteine 

residues in the antibody sequence by mutagenesis, ii) enzymatic conjugation, and iii) insertion of 
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unnatural amino acids containing functional groups that can be chemo-selectively reacted. 

a) Engineered cysteines 

Nucleophilicity of thiol moiety of the cysteine side chain has been highest amongst all amino 

acid functional groups. This makes it an ideal target for the selective and site-specific 

modification of antibodies. Moreover, site-directed mutagenesis of cysteine residues can readily 

be inserted at a specific position on a protein. Junutula et al. described[77] a method for the 

incorporation of additional cysteine residues on antibodies. This method suffers from the 

formation of protein dimers or scrambled disulfides of engineered cysteine residues that can pair 

with other free cysteines that could reduce its activity. This problem has been addressed by 

screening conjugation sites on an antibody against the ovarian cancer antigen MUC16; an 

engineered thio-antibody (THIOMAB) containing two new cysteine sites for attachment was 

generated successfully. This method also suffers from formation of mixed disulfides due to 

cross-reactivity with a glutathione. To solve this, mild re-oxidation of the interchain disulfides 

with a gentle oxidant such as copper sulfate to afford an antibody with all of its native disulfide 

bonds intact, and two reduced engineered cysteines were generated to create ADC with drug to 

antibody ratio of 2.  

b) Enzyme-mediated modification 

This method relies upon the ability of enzymes that react with a particular amino acid in a 

specific amino acid sequence that in turn can be used to site-specifically attached drug 

molecules. Transglutaminases (TGs) can mediate the covalent crosslinking of proteins[78], where 

they catalyze the formation of amide bonds between the primary amine of a lysine and the amide 

group of a glutamine. In 2010, the Schibli group[79] showed site-specific functionalization of 

IgGs (rituximab and the anti-L1-CAM chCE7) using an amide bond forming transglutaminase. 
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After the deglycosylation of N-glycan using glycosidases (PNGaseF) of antibodies, various 

amine-containing substrates were coupled to Q295 by isopeptide bond formation. Using a 

chemoenzymatic two-step variant of the transglutaminase technology, they were able to produce 

homogenous Trastuzumab-MMAE conjugates with a DAR of 2 functionalized at Q295. In 

another method, Rinat-Pfizer[76] placed the amino-acid tag LLQA to several positions to the 

heavy and light chain of anti-EGFR, anti-HER2 and anti-M1S1 antibodies and conjugated 

fluorophores and auristatin derivatives using a transglutaminase from Streptoverticillium 

mobaraense resulting in DAR of 1.2–2. 

Figure 1.14 The engineering methods highlighted consist of: THIOMAB cysteine engineering followed by 

alkylation; unnatural amino acid incorporation followed by click ligation; Glutamine tag (Q‑tag) insertion followed 

by transglutaminase functionalization; and use of formylglycine-generating enzyme to generate an aldehyde 

followed by hydrazino-iso-Pictet–Spengler functionalization. 

 

          Another chemoenzymatic strategy where formylglycine-generating enzymes (FGE) 

oxidizes the cysteine side chain of the peptide sequence CXPXR to a formylglycine. The 
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resulting aldehyde can then be readily reacted with aminooxy or hydrazine-functionalized 

molecules[80]. In addition to this hydrazino-iso-Pictet–Spengler (HIPS) chemistry was performed 

to conjugate a cytotoxic maytansine derivative (a potent microtubule-targeted agent) at three 

different positions[81]. Unfortunately, this method suffers from the hydration of the aldehyde 

from formylglycine in water to form an unreactive gem-diol, which lowers the yield of the 

process[82]. 

c) Unnatural amino acid incorporation 

Introduction of unnatural amino acids into proteins have presented opportunities for the site-

selective modification of antibodies[83].P-acetylphenylalanine and p-azidophenylalanine, have 

been successfully incorporated into proteins. In turn, oxime ligation and azide–alkyne 

cycloaddition have been utilized to introduce drug of interest. Zimmerman[84] et al. incorporated 

p-azidomethyl-phenylalanine into trastuzumab and using strain-promoted azide–alkyne 

cycloaddition to conjugate monomethyl auristatin F (a potent tubulin inhibitor). Unnatural amino 

acids methods offer the possibility of generating homogenous conjugates by attachment of a drug 

at virtually any accessible site on antibodies. However, the potential immunogenicity of 

unnatural amino acids is not yet fully understood and more studies are required to ensure the 

safety. 

Site-specific modification of native antibodies 

Producing homogeneous ADCs described in the previous section was highly attractive. 

However, they require site-directed mutagenesis and optimization of cell culture conditions, 

which can increase the overall manufacturing cost of an ADC. Therefore, significant efforts have 

been directed to design ways to avoid the requirement for re-engineering by modifying native 

form of antibody. 
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a) Targeting interchain disulfides 

Antibody possesses 4 interchain disulfides typically, which upon reduction generates 8 

nucleophilic cysteine residues. Moreover, reduction of native interchain disulfide bonds has 

shown to have a limited effect on antibody structure and stability since assembly of light and 

heavy chains do not depend primarily on covalent disulfide linkages, but rather on non-covalent 

interactions. Doronina[85] et al. initially reduced the 4 interchain disulfide bonds of anti-CD30 

antibody and conjugated the liberated cysteines to monomethyl auristatin E (MMAE) using a 

maleimide linker. Resulting ADC was potent and selective for CD30-positive haematologic 

malignancies. However, further analysis by Hamblett[75] et al. and Beckley[86] et al. showed that 

drug to antibody ratio of 8 had a significant impact on conjugate pharmacokinetics such as poor 

tolerability, high plasma clearance rate, decreased efficacy in vivo and propensity to aggregate, 

and that a lower drug-to-antibody ratio resulted in a larger therapeutic window.  

          With these issues in mind, a screening of various reduction/re-oxidation strategies resulted 

in Adcetris, with an average drug-to-antibody ratio of 4 with isomeric homogeneities up to 75%. 

But, major drawback of this strategy is choice of thiol-maleimide chemistry. Bioconjugation 

through above chemistry has shown to undergo retro-addition reactions with serum protein thiols 

such as albumin, resulting in the transfer of drug to thiol-bearing proteins and thus leading to off-

target toxicity. However, recently many strategies have been developed to obtain more stable 

version of thiol-maleimide adduct. 

          To make ADCs with DAR of 4, Badescu[87] et al. explored the reduction of the interchain 

disulfide bridges followed by functional re-bridging of the disulfide (Fig. 1.15). This would 

allow insertion of a single cytotoxic payload per disulfide and maintain a covalent attachment 

between drug and antibody chains. This method was invented based on bis-cysteine-selective 
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sulfone reagents that allow for an addition–elimination–addition sequence onto the reduced 

disulfide bonds of either Fab arms or antibody of choice. Using MMAE and T-DM1 as a payload 

they successfully demonstrated increased efficacy over drug alone whilst retaining binding and 

antigen-selective cytotoxicity in vitro and in vivo. Chudasama[88] and Caddick[89] et al. in a 

combined effort have developed dibromopyridazinediones and dithiomaleimides reagents that 

allow efficient functional re-bridging of interchain disulfides of antibody Fab fragments 

generating near homogeneous ADCs. 

 

Figure 1.15 The methods highlighted: native glycan targeting to yield aldehyde-modified antibody by oxidation 
followed by reductive amination or O-substituted oxime functionalization, and disulfide reduction followed by 
either cysteine alkylation using maleimide or functional disulfide re-bridging. 
 

b) Selective glycan modifications 

All antibodies possess highly glycosylated at conserved N‑glycosylation site at the N297 residue 

of the Fc region. Over the year this site has been explored for the antibody modifications. 

Typically, Sodium periodate at high concentration has been used to oxidize carbohydrate 

residues in the native glycans to provide aldehydes which are ligated with hydrazine modified 

drug to afford relatively homogenous ADCs. However, major side reaction that can occur due to 

harsh oxidizing reagent was oxidation of methionine residues located close to the FcRn binding 
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site. This over-oxidation has shown to affect FcRn binding and compromised half-life in 

serum[90]. To overcome this problem many mild enzymatic methods have been developed.  

          Stan[91] et al. through sequential treatment of neuraminidases cleave the glycosidic 

linkages of sialic acids and galactose oxidase to oxidize the galactose residues of an anti-CEA 

antibody. Site-specific attachment of doxorubicin using reductive amination on the generated 

aldehydes produces ADCs with DAR of 3.7 approximately was four times more potent in vitro 

than its counterpart generated by lysine conjugation with a DAR of 7.8. This example 

demonstrates the importance of site-specific conjugation while constructing ADCs. In another 

study[92], site-specific modification was achieved through sequential use of galactosyltransferase 

and sialyltransferase to transfer galactose and sialic acid residues onto the native glycans. 

However, sialic acid residues were further oxidized to yield aldehyde-functionalized 

trastuzumab. This oxidation treatment resulted in partial oxidation of the methionines residues 

proximal to the FcRn binding regions, which compromised FcRn binding by ~25% but had a 

negligible effect on serum half-life. The resulting aldehyde containing sialic acids was 

conjugated with MMAE or MMAF through oxime ligation with DAR of 1.6. These glyco-

conjugated ADCs exhibited efficacious activity both in vitro and in vivo. Boons[93] et al. 

developed a more elegant approach that avoids the oxidation step. Sequential modification of N-

glycans using galactosyltransferase and sialyltransferase could introduce various chemical 

reporters such as azido-modified sialic acid on the native antibodies. The azide, which is absent 

in biological system, then can undergo strain-promoted azide–alkyne-cycloaddition reaction to 

introduce a suitable cytotoxic drug of interest. This approach has recently been applied to an 

anti-CD22 antibody using a suitable doxorubicin derivative resulting in a near homogeneous 

ADC that has been shown to selectively target and kill lymphoma cells. 
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          The major drawback of these glycan-based modifications arises from the heterogeneous 

population of glycans in an antibody, and their dependence on the presence of galactose on an 

IgG. These characteristics may reduce the homogeneity of the final ADC products and could add 

additional steps to homogenize the glycan population hence, making the large-scale 

manufacturing process complicated[94]. 

Payloads for next generation of ADCs 

          Payloads that possess high potency, stability, and adequate solubility in the aqueous media 

after conjugation to antibody are highly desirable. There are two main classes of payloads that 

are widely explored in ADC[2] field 1) Anti-mitotic and 2) DNA damaging agents. 

Maytansinoids[95], vinca alkaloids (e.g. vincristine, vinblastine), paclitaxel, docetaxel[96], and 

auristatins (e.g. MMAE, MMAF)[97] are anti-mitotic agents that bind to tubulin and disrupt 

normal microtubule formation and dynamics. They can also stabilize altered microtubule 

structures, thus interfering with their normal degradation during cell division. Calicheamicins[98], 

duocarmycins[99], camptothecin[100], and pyrrolobenzodiazepine (PBD)[101] are DNA damaging 

agents. In general, above agents exert high potency by tight binding to minor groove of DNA in 

highly sequence-specific manner or by sequence-specific alkylation of DNA.  

Conclusion and perspective 

          The concept of targeted drug delivery has witnessed a rapid development for improving 

safety and efficacy profiles of currently existing therapeutic agents. In this context, nanoparticles 

(nanostructures such as liposomes, nanoemulsions, polymeric micelles, and dendrimers) are 

attractive drug carriers (for passive and active targeting) because they can be made from a 

variety of materials engineered to possess properties that allow loading and precise delivery of 

drug bound molecules. Currently, dozens of polymer-based nanotherapeutics have been 
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approved or evaluated in clinical trials. However, the progress of these clinical candidates 

towards FDA approval has been sluggish due to complexity, design inflexibility, lack of detail 

mode of action at mechanistic level, manufacturing reproducibility at nanoscale proven in the 

clinic, lack of consistent or reproducible results in various animal models. In the past, most of the 

preclinical work has been performed using nude mice bearing subcutaneous tumor xenografts, 

which is questionable since these cancer cells possess characteristic differentiated from human 

cancer cells. In addition, most of the candidates of this class have failed due to suboptimal design 

features such as lack of targeting ligands, non-specific uptake and drug release mechanisms or 

combination of these factors. Despite these limitations, two active targeting and one passively 

targeted polymeric nanoformulations such as PK2, BIND-014 and Xyotax have been translated 

to the clinical evaluation of patients with liver and prostate cancers respectively. It has been 

anticipated that in the next 10 years, a growing number of targeted nanoparticulate drugs will 

enter the different phases of clinical trials. 

          In contrast to the nanoparticle-based drug delivery, antibody-drug conjugates (ADCs) have 

gathered significant excitement due to approval of 4 ADCs namely brentuximab vedotin, ado-

trastuzumab emtansine, gemtuzumab ozogamicin, and inotuzumab ozogamicin for the treatment 

of various cancers. The Clinical success of ADC can be attributed to the use of humanized 

antibodies (non-immunogenic), linkers that are stable in circulation and cleavable upon tumor 

internalization, and emergence of site-specific conjugation technology that allows the 

preparation of ADC with well-defined drug to antibody ratio (DAR). However, many ADCs in 

the clinical pipeline still suffer from non-specific uptake properties (such as pinocytosis), off-

target toxicities, compromised PK/PD properties, and reduced half-life in circulation. These 

effects are mainly associated with non-selectivity of antibodies for a given target and interaction 
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with Fcγ receptors. Moreover, in general antibodies with drug to antibody (DAR) ratio of 4 and 

above showed compromised PK/PD profiles and faster clearance over unmodified IgG. 

Medicinal chemists and biologists are working together to optimize these features of ADC.  

          The future design of ADCs will be focused not only on preferential accumulation at tumor 

site resulting in effective eradication of solid tumors but also selectively recognize and kill 

circulating metastatic tumor cells, drug-resistant tumor cells as well as slowly dividing cancer 

stem cells. 
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Abstract 

A major objective of nanomedicine is to combine in a controlled manner multiple functional 

entities into a single nanoscale device to target particles with great spatial precision, thereby 

increasing the selectivity and potency of therapeutic drugs. A multifunctional nanoparticle is 

described for controlled conjugation of a cytotoxic drug, a cancer cell targeting ligand, and an 

imaging moiety. The approach is based on the chemical synthesis of polyethylene glycol that at 

one end is modified by a thioctic acid for controlled attachment to a gold core. The other end of 

the PEG polymers is modified by a hydrazine, amine, or dibenzocyclooctynol moiety for 

conjugation with functional entities having a ketone, activated ester, or azide moiety, 

respectively. The conjugation approach allowed the controlled attachment of doxorubicin 

through an acid-labile hydrazone linkage, an Alexa Fluor dye through an amide bond, and a 

glycan-based ligand for the cell surface receptor CD22 of B-cells using strain promoted azide-

alkyne cycloaddition. The incorporation of the ligand for CD22 led to rapid entry of the 

nanoparticle by receptor-mediated endocytosis. Covalent attachment of doxorubicin via 

hydrazone linkage caused pH-responsive intracellular release of doxorubicin and significantly 

enhanced the cytotoxicity of nanoparticles. A remarkable 60-fold enhancement in cytotoxicity of 

CD22 (+) lymphoma cells was observed compared to nontargeted nanoparticles. 

Introduction 

    Nanomaterials are emerging as promising devices for drug delivery.1 These carriers can 

increase longevity of a drug in the blood stream, solubilize hydrophobic drugs, offer controlled 

release by environmental-sensitive or external stimuli, and accumulate in solid tumors by 

enhanced permeability and retention effect.2 The therapeutic efficiency of nanomaterials can 

further be improved by surface functionalization by, for example, a tissue-targeting ligand,3 a 
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cell-penetrating molecule,4 or by a signaling peptide for organelle targeting.5 Moreover, 

therapeutic targeting can be combined with imaging by attachment of an appropriate contrast 

agent.6 

    Polymeric micelles are especially promising for targeted drug delivery because of their 

chemical versatility, stealth properties, and their ability to carry high payloads.3 The most 

commonly used polymeric micelles are composed of polyethylene glycol (PEG) grafted to poly-

d,l-lactide-co-glycolide (PLGA), polylactic acid, poly-g-caprolactone (PCL), and poly-

alkylcyanoacrylates.7 These amphiphilic molecules self-assemble in water to create micelles that 

have an apolar core that can be used for drug loading and a polar corona that provides stealth 

properties.8 Polymeric micelles are entering clinical evaluation and for example PEG-

poly(glutamic acid) polymeric micelles carrying cisplatin (NC-6004, Nanoplatin®)9 were 

examined in a phase 1 clinical trial. Compared to the free drug, the nanodelivery device was 

associated with less toxicity and nausea, and the disease control rate was encouraging. A number 

of other synthetic polymer nanocarriers have been evaluated in clinical trials, including 

doxorubicin-loaded polymeric micelles10 and mitoxantrone-loaded polybutylcyanoacrylate 

nanoparticles.11 Although polymeric micelles are effective at encapsulation of hydrophobic 

drugs, the entrapment of hydrophilic drugs leads in general to poor drug loading.12 Furthermore, 

these delivery systems suffer from premature drug release,12,13 resulting in rather modest increase 

of selectivity over free drug. In addition, these formulations can cause burst release of a drug 

leading to a reduced therapeutic efficiency.14 These issues have been addressed by the covalent 

attachment of drugs to polymeric nanoparticles. Although promising results have been achieved 

by using this type of nanoparticle, it has been difficult to combine covalent drug attachment with 

targeted delivery due to a lack of orthogonal conjugation chemistries. This challenge has been 
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addressed by individual attachment of drug and a targeting module to a polymer followed by 

self- assembly. For example, doxorubicin and a folate receptor15 were each attached to PLGA-

amino-PEG through amide coupling and the resulting polymers were employed for micelle 

formation. Drawbacks of this approach include possible interference of the functional groups on 

micelle formation and amide bond chemistry can only be employed for the attachment of a 

limited number of entities.16 Moreover, attachment of doxorubicin through acylation is not ideal 

as it cannot readily be released and therefore compromises its activity.17 Post-nanoparticle 

functionalization is a more attractive approach, and, for example, random amide coupling has 

been used to attach a peptide that binds the urokinase plasminogen activator receptor (Upar)18 

and functionalized gemcitabine to the polymeric surface of iron oxide nanoparticles. This type of 

conjugation lacks selectivity and the resulting particles do not have a corona that provides stealth 

properties. A more elegant and controlled coupling approach involved the preparation of 

amphiphilic co-polymers that contain several reactive groups for selective functionalization. For 

example, a polymer was prepared having pendant enol ethers and a terminal furan for coupling 

of drugs and a targeting agent by thiolene and reverse Diels–Alder reactions, respectively.13b 

Although conceptually elegant, having both functionalities at the same polymer may make it 

difficult to generalize the approach because of difficulties of properly presenting a targeting 

ligand at the surface of the particles. 

    We report here a novel approach for the controlled covalent attachment of a drug and targeting 

ligand by employing poly (ethylene glycol) (PEG) functionalization at one end with a thioctic 

acid for covalent attachment to a gold core to form stable nanoparticles, and at the other end by a 

reactive functional group for drug, probe, or targeting ligand attachment. We have found that 

hydrazine, amine, and dibenzocyclooctynol (DIBO),19 which can be ligated to ketones, activated 
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esters, and azides, respectively (Figure 2.1), are attractive for attachment of three different 

entities in a controlled manner. These conjugation reactions are orthogonal and do not require 

toxic reagents. The methodology was applied to the preparation of a multifunctional nanoparticle 

that is modified by a carbohydrate-based ligand for CD22,20 which is expressed on B-cells, and 

is attractive for the treatment of B-cell lymphomas. Additionally, the reactive groups were 

exploited for the attachment of doxorubicin and Alexa Fluor 568. It was found that attachment of 

the glycan ligand for CD22 and a cytotoxic drug resulted in a remarkable approximately 60-fold 

increase in cytotoxicity. An additional advantage of such a delivery devise containing drug 

molecules covalently bound to a gold core is that it may overcome multidrug resistance.21 

 

Figure 2.1 Chemical synthesis of multifunctional AuNPs targeting CD22 receptors of B-cells a) 

One end of PEG is modified with thioctic acid for tethering to AuNPs and another end by a 
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functional group for post-synthesis modification. b) Multifunctional AuNPs were synthesized by 

a modified Burst method. Three bioorthogonal functional groups are present for post-synthesis 

modification. Hydrazines can selectively react with the ketone of doxorubicin to give a 

hydrazone-linked drug. Amines can react with an active ester of Alexa Fluor 568 to give an 

amide bound fluorophore, and finally, DIBO can react with an azide of the CD22 targeting 

ligand by strain promoted azide-alkyne cycloaddition (SPAAC) to provide a triazole-linked 

module. 

Results and Discussion 

Chemical synthesis of heterobifunctional PEG derivatives 

    Gold nanoparticles (AuNPs) are attractive drug delivery vehicles owing to their ease of 

synthesis, chemical inertness, and flexibility of covalent surface functionalization that can offer 

high affinity binding interactions through multivalent display of therapeutic molecules.1b 

Heterobifunctional polymers 1, 2 and 3 were prepared starting from a α-hydroxy-ω-azido-poly 

(ethylene glycol) (6, HO-PEG-N3, MW≈2000 Da) for attachment to a gold core. Thus, the 

alcohol of 6 was esterified with thioctic acid in the presence of N, N’-dicyclohexylcarbodiimide 

(DDC), 4-(dimethylamino) pyridine (DMAP), and triethylamine to give PEG derivative 7 having 

a terminal thioctic acid moiety (Scheme 2.1). The azide of 7 was reduced to an amine using 

triphenylphosphine in a mixture of THF and water at 50oC to give polymer 2. FTIR spectra of 7 

confirmed the presence of azido moiety (2098 cm-1) and this signal had disappeared in the 

reduced product 2 (see the Supporting Information). Polymer 2 was modified with activated 

carbonate 5 in the presence of triethylamine to yield polymer 1. The 1H NMR spectrum of 1 

showed aromatic proton signals typical for DIBO (7.18–7.38 ppm) that had appropriate 

integrations compared to the PEG signals (3.58–3.75 and 4.12–4.25 ppm), indicating complete 
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functionalization (see the Supporting Information). Polymer 3 was synthesized starting from α-

hydroxy-ω-amino-poly (ethylene glycol) (8, HO-PEG-NH2, MW≈2000 Da) that was coupled 

with thioctic acid to give 9 (TA-PEG-OH). The hydroxyl group of compound 9 was activated 

with p-nitrophenyl chloroformate to generate compound 10, which was treated with hydrazine 

monohydrate to provide hydrazine-functionalized polymer 3. Finally, polymer 4 containing 

nonreactive methyl ether was synthesized using a reported approach to control the density of 

various reactive functionalities at the nanoparticle surface.13d 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1 Synthesis of heterobifunctional polymers 1–4. Reagents and conditions: a) thioctic 

acid, DCC, DMAP, Et3N, CH2Cl2; b) PPh3, THF, 50oC, H2O; c) 5, Et3N, CH2Cl2; d) thioctic 

acid, DCC, NHS, Et3N, CH2Cl2; e) p-nitrophenylchloroformate, Et3N, CH2Cl2; f) hydrazine 

monohydrate, CH2Cl2. 
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Chemoenzymatic synthesis of CD22 targeting ligand for strain-promoted azide-alkyne 

cycloaddition (SPAAC) 

    Trisaccharide 14, which contains a sialic acid modified at C9 by a biphenylcarbonyl moiety, is 

a high affinity ligand for CD22.20 This compound contains an anomeric azidopentyl linker for 

conjugation to the DIBO moiety19 of the nanoparticles. The target glycan was synthesized by a 

chemoenzymatic approach employing acceptor 12 and a convenient one-pot two-enzyme 

sialylation system using a modified literature procedure (Scheme 2.2).22 This enzyme system 

does, however, not tolerate bulky substituents at C9 of sialic acid and therefore a strategy was 

used by which CMP-sialic acid modified by a C9 amino function was employed for transfer 

which was followed by acylation of the amine of sialic acid to give target compound 14.  

 

     

 

 

 

 

 

Scheme 2.2 Chemoenzymatic synthesis of the glycan ligand of CD22 Reagents and conditions: 

a) TMSOTf, 1,2-dichloroethane, 5-azidopentanol, 60oC, 18 h; b) NaOMe, MeOH, 1 h (74 %, two 

steps); c) Neu5Ac9NH2, CTP, Pd(2,6)ST, NmCSS, pH.9.5, 37oC, overnight (53%); d) 4-

biphenylcarbonyl-NHS ester, Et3N, DMF, 24 h (81%). 

    Acceptor 12 was prepared in high overall yield by treatment of per-O-acetylated LacNAc 11 

with 5-azidopentanol in the presence of trimethylsilyl trifluoromethanesulfonate (TMSOTf) to 
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give a glycoside that was deacetylated with sodium methoxide in methanol. Next, C9-amino 

sialic acid was introduced by in-situ formation of CMP-Neu5Ac9NH2 by condensation of 

Neu5Ac9NH2 with CTP in the presence of Neisseria meningitides CMP-sialic acid synthetase 

(NmCSS) followed by the addition of compound 12 and α (2,6)-sialyltransferase (Pd (2,6) ST) 

derived from Photobacterium damselae to give the desired sialoside 13 in a yield of 53 %. 

Treatment of 13 with 4-biphenylcarbonyl-Nhydroxysuccinimide in DMF gave 14 in an excellent 

yield of 81%. 

Synthesis and characterization of multifunctional AuNPs 

    AuNPs A-containing PEG derivatives (Figure 2.1) having three different surface reactive 

functional groups, were prepared by a modified literature procedure,23 whereby LiBH4 was 

added drop wise to a vigorously stirred mixture of polymers 1–4 (ratio of 1/2/3/4 is 10:10:30:50) 

and HAuCl4 in anhydrous THF under a nitrogen atmosphere in the dark. After a reaction time of 

3 h, methanol was added to quench the excess of reducing agent. The PEG-stabilized 

nanoparticles were soluble in THF, which made it possible to remove uncomplexed polymers 

and inorganic salts by dialysis applying a 12–14 kDa molecular weight cut-off membrane. An 

aqueous solution of AuNPs was obtained by concentrating the THF solution under reduced 

pressure, which was followed by the addition of water and extensive dialysis against water for 

three days. The resulting nanoparticles were characterized by ultraviolet–visible (UV/Vis) 

absorption spectroscopy, showing a λmax at 518 nm (Supporting Information, Figure S1), which 

is a characteristic surface plasmon resonance band for AuNPs. Dynamic light scattering of the 

resulting AuNPs showed a mean diameter of 21(±1) nm (Supporting Information, Figure S2 and 

Table S1). Furthermore, transmission electron microscopy (TEM) images revealed that the gold 

core had an average diameter of 5–8 nm (Supporting Information, Figure S4). 
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Thermogravimetric analysis (TGA) of nanoparticle A gave a weight ratio of gold-to-organic 

matter of approximately 22:78 (Supporting Information, Figure S5). Interestingly, the 

heterobifunctional PEG derivatives lacking hydrophobic PCL did not show any structural 

heterogeneity and instability that we observed for PCL-PEO based block polymers.13d 

Multi-functionalization 

    Multifunctional nanoparticle D was prepared by subsequent conjugation of doxorubicin (15), 

Alexa Fluor 568 (16), and glycan ligand (14; Figure 2.3a). It was anticipated that the ketone 

moiety of doxorubicin could be selectively ligated to the hydrazine moiety of particle A to give 

hydrazone-linked doxorubicin.24 This linker was expected to be stable at physiological pH but to 

hydrolyze and release free doxorubicin after endocytosis and entry into endosomes and 

lysosomes that have an acidic environment. The amines of the particles can be reacted with 

activated esters such as Alexa Fluor derivative 16, and finally glycan ligand 14 is modified by an 

azido moiety that can be exploited for strain-promoted cycloaddition with the DIBO moiety of 

the particles.  

    Thus, particle A was incubated with doxorubicin in the presence of a catalytic amount of 

trifluoroacetic acid (TFA) in the dark for 48 h to form hydrazone-linked AuNPs B. The solution 

was dialyzed against water to remove free doxorubicin. To quantify the conjugated doxorubicin, 

AuNPs B were suspended in acetate buffer at pH 5 and stirred for 30 h. The resulting 

nanoparticle solution was centrifuged (Milipore, centrifugation filters) to remove the gold 

particles and the free doxorubicin was quantified by HPLC analysis, which revealed a 

conjugation efficiency of 86% (Supporting Information, Figure S6).  

To examine drug release in more detail, nanosurface energy transfer (NSET) effect was 

utilized.25 As previously reported, the emission spectrum of doxorubicin (λem at 565 nm) 
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overlaps with the UV/Vis absorption spectrum of AuNPs, resulting in a decrease of fluorescence 

intensity of doxorubicin due to energy transfer to AuNPs.21 The fluorescence of doxorubicin 

will, however, recover once it is released from nanoparticles by hydrolysis of the hydrazone 

bond. Thus, AuNP B was incubated in acetate buffer of pH 5 and PBS buffer of pH 7.4 and 

fluorescence emission was measured over different time intervals. As shown in Figure 2.2, 

incubation of AuNPs B at pH 5 resulted in rapid recovery of fluorescence, whereby after 15 h no 

further increase was observed, indicating doxorubicin had been completely released. However, 

incubation of AuNPs B at pH 7.4 did not exhibit significant fluorescence recovery even after 

prolonged periods of time, indicating that doxorubicin will only be released when entering acidic 

compartments of cells. 

                     

Figure 2.2 Fluorescence recovery after the hydrolysis of hydrazone bonds of AuNPs B. a) 

Quantitative analyses of the cumulative release of doxorubicin at 37oC from AuNPs B at pH 7.4 

or 5.0 (complete release of doxorubicin was assumed when no further increase of fluorescence 

was observed over time and set at 100 %). b) Fluorescence emission spectra of AuNPs B in 

acetate buffer (pH 5.0) over time. Note: spectra at 15 and 20 h overlap. 

    Next, attention was focused on further conjugation reactions to obtain AuNPs D. Thus, the 

solution containing AuNPs B was adjusted to pH 8 by the addition of aqueous NaHCO3, and 
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active ester 16 was added. After a reaction time of 24 h, the solution was dialyzed against water 

to remove free Alexa Fluor 568 (AuNPs C), and then azide 14 was added for a strain promoted 

azide-alkyne cycloaddition with the DIBO moieties of nanoparticle C to attach the glycan ligand 

through a triazole moiety. After 24 h, the solution was dialyzed to give nanoparticle D (Figure 

2.3). The degree of functionalization for Alexa Fluor 568 was determined by measuring the 

fluorescence intensity showing a 94% efficiency of conjugation. It is important to note that the 

degree of functionalization may even be higher as some fluorescence quenching by the gold core 

of the nanoparticles is possible.26 Quantitative monosaccharide analysis was performed by 

treatment of the particles with TFA at 100oC to cleave glycosidic linkages followed by analysis 

by high-pH anion-exchange chromatography (HPAEC; Supporting Information, Figure S7). It 

was found that the level of glycan functionalization was approximately 85%. Collectively, these 

results demonstrate that the conjugation approach is highly efficient. Dynamic light scattering 

(Supporting Information, Figure S2 and Table S1) showed a slight increase in size (29(±2) nm) 

due to the three consecutive chemical transformations on the surface of nanoparticles, while 

TEM indicated no significant change in the size and morphology of the gold core (Supporting 

Information, Figure S4).  

    Previous studies, in which liposomes were modified with a glycan such as 14, had indicated 

that optimal targeting was achieved when approximately 5% of the surface molecules were 

modified with the targeting agent.20c Furthermore, previously we had found that 10% surface 

modification of polymeric micelles with a fluorescent tag is appropriate for various visualization 

purposes.13d Thus, the accomplished conjugation efficiencies for 14 and the fluorophore was 

expected to be appropriate. Furthermore, the drug loading was limited to 30% of the surface 

molecules to avoid unwanted effects due to the hydrophobicity of the drug. 
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Figure 2.3 Compounds for surface modification and chemical composition of AuNPs. a) The 

chemical structures of compounds 14–16 used for surface modification of the nanoparticles. b) 

Chemical composition of AuNPs A–D. 

In vitro cytotoxicity, cellular uptake, and intracellular localization of AuNPs 

    CD22, which is a validated target for the treatment of B-cell lymphoma, undergoes receptor-

mediated endocytosis,27 and hence is an attractive target for delivery of drug loaded 

nanoparticles.20b The glycan moiety of AuNPs D is a high affinity ligand of CD22, and thus it 

was anticipated that particles endowed with this functionality should preferentially be 

endocytosed by cells expressing CD22. Daudi Burkitt’s lymphoma cells, which express CD22, 

were incubated with AuNPs B (non-targeted NPs), AuNPs D (targeted NPs), and free 

doxorubicin at varying concentrations. After 48 h, cell viability was measured by MTT assay. As 

can be seen in Figure 2.4a), targeted AuNP D (IC50=0.48 µM) exhibited a 60-fold increase in 

cytotoxicity compared to AuNP B (IC50=27 µM) indicating that the glycan moiety greatly 

facilitates selective uptake and that the hydrazone-linked doxorubicin can be cleaved 

intracellularly to cause cytotoxicity. With respect to the latter, the basicity of the amine of 

doxorubicin is important for toxicity,28 and therefore, the hydrazone linkage needs to be cleaved 
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before the drug can exert its effect. The low toxicity of AuNP B is probably caused by 

nonspecific cellular uptake. Importantly, control AuNPs modified only with targeting glycan 14 

did not show any toxicity at corresponding concentrations (Supporting Information, Figure S8). 

 

 

Figure 

Figure 2.4 Biological examination of AuNPs B, C, and D. a) Cytotoxicity of doxorubicin 

tethered AuNPs B and D on Daudi Burkitt’s cells. Data shown are mean ±SD (n=3). b) Daudi 

Burkitt’s cells were exposed to nanoparticles C and D at 5–20 µgmL-1 gold for 2 h. After the 

cells were washed and lysed, fluorescence intensity (absorbance 578 nm, emission 603 nm) was 
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measured and using corresponding calibration curves uptake was calculated as mean ±SD (n=3). 

c, d) TEM images of representative sections of Daudi Burkitt’s cells that were incubated with 

AuNPs C and D at 100 µgmL-1 gold for 10 h. c) Most AuNPs D were freely dispersed in the 

cytoplasm (shown with red arrows) as single nanoparticles, while some were found to be 

aggregated. d) AuNPs C did not exhibit any internalization. 

    Alexa Fluor 568-conjugated AuNPs C and D were employed to study in more detail cellular 

uptake. CD22-expressing Daudi Burkitt’s lymphoma cells and CD22 non-expressing Jurkat cells 

were exposed to different concentrations of AuNPs C and D, and after incubation time of 2 h, 

cell lysates were analyzed for fluorescence intensity. As expected, the glycan ligand (14) of 

AuNPs D led to a significant increase in cellular uptake compared to the treatment with non-

targeted nanoparticles C (Figure 2.4b) and Supporting Information, Figure S9). Importantly, the 

Jurkat cells did not show significant uptake of AuNPs D under similar experimental conditions, 

demonstrating excellent targeting properties of the new AuNPs. 

    The intracellular localization of nanoparticles D and C was examined by TEM, to visualize the 

gold core of the nanoparticles. Daudi Burkitt’s cells were exposed to AuNPs C and D for 10 h. 

The use of targeted AuNPs D showed a significant number of internalized nanoparticles (Figure 

2.4c) and Supporting Information, Figure S10). The internalized nanoparticles D were 

predominantly dispersed in the cytosol as individual nanoparticles, whereas few were found in 

aggregated form. Thus, it appears that the particles can escape vesicular structures after 

internalization.29 As expected, cells treated with AuNPs C did not show internalized 

nanoparticles (Figure 2.4d and Supporting Information, Figure S11). 
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Conclusion 

    Although active targeted delivery of cytotoxic drugs to cancer cells is an attractive concept to 

overcome poor selectivity’s of cytotoxic drugs, results are often disappointing due to premature 

release of a drug from nanocarrier delivery systems.12,13 Covalent attachment of a drug to a 

nanoparticle is an attractive approach to overcome this problem.30 This technology has, however, 

not matured due to difficulties of preparing nanoparticles that have good stability, a polar corona 

for stealth properties and which allow controlled conjugation of a drug and targeting device. The 

multifunctional AuNP platform described here has a unique feature in that it is composed of a 

polar PEG corona modified with hydrazine, amine and azide-reactive functional groups for post-

synthesis modification by hydrazone bond formation, amide bond chemistry, and SPAAC, 

respectively. These conjugation methods are highly selective and allow the attachment of three 

different functional entities with high efficiency. The particles exhibit excellent stability because 

at one end they are modified by thiotic acid for attachment to a gold core by a modified Brust 

approach. The three functional groups of the polymers are compatible with the reducing 

conditions employed in this reaction. The resulting nanoparticles are small (5–8 nm), which is 

attractive for drug delivery, and exhibit excellent water solubility and were stable for a prolonged 

period of time. In this respect, recent studies have shown that PEG-coated gold nanoparticles 

with size ranging from 15–60 nm exhibit liver, kidney and spleen toxicity in mice.31 

Nanoparticles that have diameters of ≤5.5 nm are also not attractive for in vivo use because these 

are rapidly cleared by the renal route.32 Other attractive features of the new platform include 

excellent control over ligand density and the targeting ligand is well assessable by binding to cell 

surface receptors. As a proof-of-principle, we have demonstrated that a nanoparticle modified by 

a glycan ligand for CD22 for targeting B-cells, doxorubicin attached via a pH-sensitive 
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hydrazone linkage for cytotoxicity, and a fluorophore for measuring uptake, exhibits a 60-fold 

increase in cytotoxicity of CD22 expressing B-cells compared to similar non-targeting particles. 

The pH responsive nature of drug release was studied in detail and free doxorubicin was only 

observed in acidic conditions. It is expected that the new nanoparticle platform can be employed 

for the combinatorial attachment of various cell targeting devices and drug molecules. 
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Experimental section 

General reagents and materials 

    Polyethylene glycol (PEG, number average molecular weight, Mn≈2000 Da), polyethylene 

glycol monomethyl ether (Mn ca. 2000 Da), p-toluenesulfonyl chloride, sodium azide, 

dimethylformamide (DMF, 99.8 %), 4-(dimethyl amino) pyridine (DMAP, 99%), 1,3-

dicyclohexyl carbodiimide (DCC, 99%), hydrogen tetrachloroaurate (III) trihydrate 

(HAuCl4·3H2O, 99.9 %), triethylamine (99.5 %), thioctic acid (98 %), N-hydroxysuccinamide 

(NHS, 99 %), p-nitrophenyl chloroformate (96 %), hydrazine monohydrate (98 %), 1,2 

dichloroethane, sodium methoxide, and 4-biphenyl-carboxylic acid were purchased from sigma 

Aldrich, Neu5Ac were purchased from Carbosynth LLC, and lithium aluminium hydride 

(LiAlH4, 95%) was obtained from Aldrich. Alexa Fluor 568 carboxylic acid succinimidyl ester 

was obtained from Invitrogen. Doxorubicin hydrochloride was purchased from LC Laboratories. 

A 0.25m LiBH4 solution in tetrahydrofuran (THF) was freshly prepared by diluting commercial 

2M LiBH4 (Aldrich) with freshly distilled THF. PEG was dried by azeotropic distillation from 

toluene followed by storage in vacuo at 60oC for 24 h. Dichloromethane (CH2Cl2, 99%+, Fisher 

Scientific) was distilled from CaH2 prior to use. All other chemicals and solvents were of 

analytical grade and were used as received. Column chromatography was performed on 70–230 

mesh silica gel. Thin-layer chromatography was performed using Kiesel gel 60 F254 (Merck) 

and visualized using UV, I2 adsorption, and/or H2SO4/heat. Dialysis membrane Spectra/Pro 2 

(molecular weight cut-off 12–14 kDa) and Spectra/pro 7 (molecular weight cut-off 50 kDa) were 

purchased from Spectrum Laboratories, Inc. All other reagents and solvents were of analytical 

grade. 
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General methods for compound characterization 

    1H and 13C NMR spectra (CDCl3 or D2O) were recorded using a Varian Merc-300 spectrometer 

equipped with Sun workstations at 300 K with the residual 1H solvent peak as reference and the 

solvent carbon signal as standard, respectively. COSY, HSQC, and HMBC experiments were 

used to assist assignment of the sugar products. Multiplicities are quoted as singlet (s), doublet 

(d), doublet of doublets (dd), triplet (t), or multiplet (m). NMR signals were assigned on the basis 

of 1H NMR, 13C NMR, gCOSY, and gHSQC spectroscopy experiments. Chemical shifts are 

quoted on the d scale in parts per million (ppm). Residual solvent signals were used as an 

internal reference. FT-IR spectra were recorded on a Shimadzu IR Prestige-21 

spectrophotometer. MALDI-TOF MS spectra were recorded on an Applied Biosystems 5800 

MALDI-TOF in the positive ion mode by using 2,5-dihydroxy-benzoic acid in acetonitrile (10 

mgmL-1) as a matrix. Thermogravimetric analyses (TGA) were conducted on a Perkin–Elmer 

Pyris 1 thermogravimetric analyzer at a heating rate of 10oC min-1 under nitrogen. UV/Vis 

spectra were recorded on a Beckman Coulter DU 800 spectrophotometer, between 200 and 800 

nm wavelength. Fluorescent spectroscopy was carried on a BMG Labtech POLAR star OPTIMA 

reader. Reverse phase HPLC studies were carried out using Agilent 1100 series (Eclipse XDB-

C18 column, 5 µM, 4.6×250 mm). Sugar analysis was conducted by high-pH anion-exchange 

chromatography (HPAEC) using an ICS-3000 ion chromatography system (Dionex, Sunnyvale) 

with deionized water and 200 mM NaOH as eluent. TEM observations were made using a 

Philips/FEI Tecnai 20 instrument operating at an accelerating voltage of 200 kV. DLS 

measurements were performed on a zeta potential and particle size analyzer (Malvern Zetasizer 

Nano ZS system). 
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General procedure for the preparation of AuNPs A 

    Glassware used for the preparation of Au nanoparticles was washed three times with aqua 

regia followed by copious amounts of nanopure water and finally dried in an oven at 150oC for 

24 h. To a solution of HAuCl4·3H2O (16 mg, 0.040 mmol) in anhydrous THF (12 mL) was 

added polymer 1 or a mixture of 1–4 (0.200 g, 1/2/3/4, 1:1:3:5, w/w/w/w). After stirring the 

mixture in the dark under a nitrogen atmosphere for 22 h, LiBH4 in THF (0.25m, 0.5 mL, ≈3 

equiv to HAuCl4) was added drop wise under vigorous stirring. After stirring the reaction 

mixture for 3 h, ethanol (3 mL) was added and stirring was continued for 12 h. The solution was 

dialyzed against THF by using a 50-kDa molecular weight cut-off membrane (Spectra/pro 7) 

until no unassociated polymer was detected by thin-lay chromatography (eluent: CHCl3/CH3OH, 

9:1). The solution was concentrated to a small volume (1.5–3.5 wt%) and then slowly added (25 

mLmin¢1) to a fourfold excess of sterile water with vigorous stirring. The mixture was then 

dialyzed (12–14 kDa MWCO) against sterile water and then lyophilized. UV/Vis, TEM, 

dynamic light scattering, TGA, and zeta potentials were used for particle characterization. 

Procedure for the preparation of AuNPs B-D 

    AuNPs A (30 mg) stabilized by polymers 1–4 (1/2/3/4, 1:1:3:5, w/w/w/w), compound 15 (5.31 

mg, 3–4 equiv), and TFA (25 mL) were dissolved in anhydrous 6 mL (1:1) THF/MeOH. The 

reaction mixture was stirred in the dark at RT for 48 h. The solution was then dialyzed against 

tetrahydrofuran (THF) by applying a 50-kDa molecular weight cut-off membrane (Spectra/pro 7) 

until no fluorescence intensity (from doxorubicin) was detected in the dialysate. The solution 

was concentrated to a small volume (1.5–2%) and then slowly added to a fourfold excess of 

sterile water with vigorous stirring. The mixture was stirred for another hour and then dialyzed 
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(12–14 kDa MWCO) against sterile water to obtained AuNPs B. The pH of the solution was then 

adjusted to 8 by the addition of NaHCO3. To the solution, N-hydroxysuccinamide-modified 

Alexa Fluor 568 (compound 16, 1.1 mg, 1.5 equiv) was added to react with the amines. The 

reaction mixture was stirred in the dark at room temperature at 24 h and was then dialyzed 

against water for 2 days until no fluorescence was detected. Compound 14 (1.9 mg, 2 equiv) was 

added and stirred for 24 h in the dark at RT and the resulting mixture was dialyzed against water 

for 2 days to give nanoparticle D. Dynamic light scattering, TEM, zeta potential, sugar and 

HPLC analysis were used to characterize these AuNPs. 

Measurement of release of doxorubicin from AuNPs B 

    To quantitatively determine the release of doxorubicin, AuNPs B were suspended in 

phosphate buffer (pH 7.4) or acetate buffer (pH 5.0) at 1.5 mgmL¢1 and stirred for 30 h. The 

fluorescence emission spectra were recorded every 2 h. Next the nanoparticle solution was 

centrifuged (Milipore, centrifugation filters) to remove supernatant that contained released 

doxorubicin. This was further lyophilized and the amount of doxorubicin in given nanoparticle 

preparations was quantified using HPLC with solvent gradient from 20 to 50% (0.01M 

TFA/acetonitrile) for 25 min per injection. The amount of doxorubicin was in agreement with the 

fluorescence intensity measurements. 

Quantitative sugar analysis 

    Sugar analysis was conducted by high-pH anion-exchange chromatography (HPAEC) using an 

ICS-3000 ion chromatography system (Dionex, Sunnyvale) with deionized water and 200 mm 

NaOH as eluent. The system consists of a SP gradient pump with an AS autosampler, ICS-3000 

thermal compartment, and an ICS-3000 electrochemical detector equipped with an amperometry 

cell. The cell consists of a gold electrode, a combination reference electrode of glass and 
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Ag/AgCl (3m KCl) and titanium counter electrode consisting of the cell body. Separation was 

carried out using the CarboPac PA 20 column set consisting of a guard column (50 mm×4 mm 

I.D.) and an analytic column (150 mm×3 mm I.D.). The column and the electrochemical 

detection cell were placed inside the ICS-3000 thermal compartment for temperature control. 

The chromatographic system control, data acquisition, and analysis were carried out using 

Chromeleon Software (Dionex). Sample preparation: 0.5–1.0 mg of nanoparticle sample and 

sugar standard, such as compound 12 were treated with 2M TFA in water (250 µL) at 100oC for 

4 h. Sample and standard were dried by spinvacuo centrifugation, resuspended in 0.5 mL of 

water and passed through a C18 Cartridge (Waters), dried by spin-vacuo centrifugation, 

redissolved in a quantitative volume of water. The sugar content in the sample was determined 

based on the calibration curves of standards. 

Cell line and culture conditions 

    Human B lymphoblasts Daudi Burkitt’s cells (CCL-213, ATCC) and human Jurkat cells 

(Clone E6-1; ATCC) were cultured in ATCC-formulated RPMI-1640 medium with l-glutamine 

(2 mm), sodium bicarbonate (1.5 gL-1), glucose (4.5 gL-1), HEPES (10 mm) and sodium pyruvate 

(1.0 mm). The medium was supplemented with penicillin (100 U mL-1) and streptomycin (100 

mgmL-1, Mediatech) and fetal bovine serum (FBS, 10%, BenchMark). Cells were maintained in 

a humid 5% CO2 atmosphere at 37oC and subcultured every 2–3 days. 

Cytotoxicity assay 

    Cytotoxicity was determined using the MTT assay. On the day of exposure, exponentially 

growing cells were plated as 1×105 cells per well in 180 µL in 96-well tissue culture plates 

(Nunc). Cells were then incubated with medium (control), free doxorubicin, AuNPs B, and 

AuNPs D (20 µL, 10x in cell culture medium) for 2 h at 37oC. Next the plate was centrifuged and 
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the supernatant was replaced with fresh medium (200 µL per well), which allowed for an 

additional 48 h of incubation. The viability was measured by quantifying the cellular ability to 

reduce the water-soluble tetrazolium dye 3-4,5-dimethylthiazole-2,5-diphenyl tetrazolium 

bromide (MTT) to its insoluble formazan salt as follows. At 44 h, MTT (5 mgmL-1 in PBS, 20 

µL per well) was added to the wells and the cells were further incubated for 4 h. At 48 h the 

supernatant was carefully removed and the water-insoluble formazan salt was dissolved in 

DMSO (120 mL per well). The absorbance was measured at 545 nm using a microplate reader 

(BMG Labtech). Data points were collected in triplicate and expressed as normalized values of 

untreated control cells (100 %). Data were fitted using Prism software (GraphPad Software, 

Inc.). 

Measurement of cellular uptake 

    Daudi Burkitt’s cells and Jurkat cells as control were harvested and added to tubes as 1×106 

cells in 320 µL medium. AuNPs C or D (80 µL, 5x in cell culture medium) was added to give a 

final volume of 400 µL per tube. After incubation for 2 h, the supernatant was discarded and the 

cells were washed three times with Dulbecco’s phosphate buffered saline. Next, the cells were 

lysed in Passive Lysis Buffer 1x (100 µL; Promega) and the fluorescence (excitation 578 nm, 

emission 603 nm) was measured in black 96-well plates using a fluorescent microplate reader 

(BMG Labtech). Calibration curves of the appropriate Alexa Fluor 568 conjugated AuNPs C or 

D in Passive Lysis Buffer 1x were used to calculate total cellular uptake. The data are presented 

as mean ±SD of triplicate treatments, with each experiment being repeated three times. 

Intracellular localization of AuNPs by transmission electron microscopy (TEM) 

    Daudi Burkitt’s cells were plated at 1×106 cells per well in 96-well plates and the cells were 

incubated with AuNPs C or D in culture medium (100 µgmL-1 of Au). After 10 h, the medium 
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was removed and the cells were washed twice with Dulbecco’s phosphate buffered saline and 

then fixed with 2% glutaraldehyde in phosphate buffered saline (PBS; 0.1M, pH 7.4) for 1 h in 

Eppendorf tube. Samples were then washed three times with PBS to remove excess 

glutaraldehyde (10 min each wash). Cells were then post-fixed with 1% OsO4/0.1 M PBS for 1 h, 

centrifuged, and rinsed with buffer and then washed three times for 10 min with distilled water to 

remove excess salts before dehydration in ethanol series. Next, the cells were dehydrated through 

a graded ethanol series of 25, 50, and 75 for 10 min each and 100% for 10 min thrice. This was 

followed by transition into (1:1) propylene oxide (PO)/ethanol twice for 10 min. The cells were 

infiltrated with Embed 812 through graded (resin/PO) series of 25, 50, and 75 with 1 h between 

each step. Samples were then kept in fresh 100% Embed 812 resin and polymerized at 60oC for 

48 h. Samples were then sectioned with a Diatome diamond knife on a RMC MT-X 

ultramicrotome (Boeckeler Instruments, Inc.). Ultrathin sections (≈100 nm) were collected on 

300 mesh Cu grids. Sections were then post-stained with uranyl acetate (30 min) and lead citrate 

(5 min). The samples were viewed with a JEOL JEM-1200 TEM equipped with an AMT XR41C 

bottom-mount CCD camera using 80 kV accelerating voltage. 
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Procedure for chemical synthesis of polymers 1-4 

Synthesis of N3-PEG-TA (7): Compounds 6 (1.5 g, 0.75 mmol), thioctic acid (0.77 g, 3.75 

mmol), DMAP (46 mg, 0.38 mmol), and anhydrous Et3N (0.09 mL, 0.63 mmol) were dissolved 

in dichloromethane (50 mL) under an atmosphere of nitrogen. The mixture was cooled to 0oC 

and DCC (0.83 g, 4.05 mmol) was added. The reaction mixture was stirred at 0°C for 1 h and 

then stirred at room temperature for an additional 24 h. The precipitated byproduct (1,3- 

dicyclohexyl urea) was removed by filtration and the filtrate was concentrated in vacuo. The 

crude product was dissolved in a small amount of dichloromethane/methanol (1:1, v/v) and 

purified on a LH20 size exclusion column using dichloromethane/methanol (1:1, v/v) as eluent. 

Fractions containing pure N3-PEG-TA were collected and combined. Next, the solvent was 

removed under reduced pressure to obtain compound 7 as a light-yellow solid (1.24 g, 74%).  

1H NMR (500 MHz, D2O) δ 4.12-4.2 (2H, m, CH2O), 3.58-3.75 (180H, m, CH2O), 3.38-3.43 

(2H, m, N3CH2CH2O), 3.05-3.20 (2H, m, CH2CH2S), 2.30-2.45 (3H, m, CH2CHS), 1.62-1.95 

(2H, m, CH2), 1.46-1.63 (4H, m, CH2CH2), 1.31-1.41 (2H, m, CH2). FTIR: 2864 (C-H), 2098 

(N=N=N),1722 (C=O), 1455, 1341, 1283 (C-H), 1100 (C-O) cm-1. 

 

Synthesis of MeO-PEG-TA (4): Compounds 11 (1.5 g, 0.75 mmol), thioctic acid (0.77 g, 3.75 

mmol), DMAP (46 mg, 0.38 mmol), and anhydrous Et3N (0.09 mL, 0.63 mmol) were dissolved 

in dichloromethane (50 mL) under an atmosphere of nitrogen. The mixture was cooled to 0oC 

and DCC (0.83 g, 4.05 mmol) was added. The reaction mixture was stirred at 0°C for 1 h and 

then stirred at room temperature for an additional 24 h. The precipitated byproduct (1,3- 

dicyclohexyl urea) was removed by filtration and the filtrate was concentrated in vacuo. The 

crude product was dissolved in a small amount of dichloromethane/methanol (1:1, v/v) and 
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purified on a LH20 size exclusion column using dichloromethane/methanol (1:1, v/v) as eluent. 

Fractions containing pure MeO-PEG-TA were collected and combined. Next, the solvent was 

removed under reduced pressure to obtain compound 3 as a white solid (1.16 g, 71%).  

1H NMR (500 MHz, CDCl3) δ 4.12-4.2 (2H, m, CH2O), 3.52-3.85 (180H, m, CH2O), 3.32-3.45 

(3H, s, CH3O and 2H, m, CH3CH2CH2O), 3.05-3.20 (2H, m, CH2CH2S), 2.25-2.52 (3H, m, 

CH2CHS),1.75-2.00 (2H, m, CH2), 1.52-1.75 (4H, m, CH2CH2), 1.31-1.48 (2H, m, CH2). 

 

Synthesis of NH2-PEG-TA (2): Compound 7 (1 g, 0.45 mmol) and triphenylphosphine (592 mg, 

2.25 mmol) were dissolved in anhydrous THF (40 mL) and placed under an atmosphere of 

argon. The mixture was heated at 50oC and stirred vigorously for 24 h. Then, 6 mL water was 

added and the reaction mixture was stirred for 5 h. The solvents were evaporated under reduced 

pressure and excess of triphenylphosphine was removed by filtration because it is insoluble in 

water and the filtrate was concentrated in vacuo. The crude product was dissolved in small 

amount of dichloromethane and purified on silica gel column chromatography using 

methanol/dichloromethane (1:9, v/v). Fractions containing pure NH2-PEG-TA were collected 

and combined to give polymer 2 as a light yellow solid (0.86 g, 87%) after evaporation of 

solvent under reduced pressure.  

1H NMR (500 MHz, CDCl3) δ 4.12-4.2 (2H, m, CH2O), 3.58-3.80 (180H, m, CH2O), 3.32-3.53 

(2H, m, NH2CH2CH2O), 3.05-3.20 (2H, m, CH2CH2S), 2.30-2.50 (3H, m, CH2CHS), 1.62-1.95 

(2H, m, CH2), 1.46-1.73 (4H, m, CH2CH2), 1.35-1.57 (2H, m, CH2). FTIR: 2864 (C-H), 1722 

(C=O), 1455, 1341, 1283 (C-H) cm-1. 
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Synthesis of DIBO-PEG-TA (1): Compounds 2 (0.5 g, 0.23 mmol), 5 (131 mg, 0.34 mmol), and 

anhydrous Et3N (catalytic amount) were dissolved in dichloromethane (25 mL) and placed under 

an atmosphere of nitrogen. This mixture was stirred for 24 h at room temperature, after which the 

solvents were removed under reduced pressure. The residue was dissolved in a small amount of 

dichloromethane/methanol (1:1, v/v) and purified on a LH20 size exclusion column using 

dichloromethane/methanol (1:1, v/v) as the eluent. Fractions containing pure DIBO-PEG-TA 

were collected and combined to give polymer 1 after removal of solvent under reduced pressure 

as a light yellow amorphous solid (0.48 g, 86%).  

1H NMR (500 MHz, CDCl3) δ 7.18-7.38 (8H, aromatics), 5.45 (1H, dd, CHO), 4.12-4.25 (2H, m, 

CH2O), 3.58-3.75 (180H, m, CH2O), 3.32-3.43 (2H, m, NHCH2CH2O), 2.86-3.04 (2H, dd, CH2), 

3.05-3.20 (2H, m, CH2CH2S), 2.25-2.50 (3H, m, CH2CHS), 1.85-2.1 (2H, m, CH2), 1.50-1.73 

(4H, m, CH2CH2), 1.35-1.49 (2H, m, CH2). 

 

Synthesis of TA-PEG-OH (9): HO-PEG-NH2 (1.0 g, 0.50 mmol) was dried by azeotropic 

distillation with toluene and dissolved in anhydrous dichloromethane. To this solution was added 

α-thioctic acid (135 mg, 0.65 mmol), N, N’-dicyclohexylcarbodiimide (DCC) (135 mg, 0.65 

mmol), N-hydroxysuccinimide (NHS) (62 mg, 0.54 mmol) and triethylamine (117 mg, 1.16 

mmol). The mixture was stirred at room temperature for 48 h, after which it was filtered to 

remove dicyclohexylurea. The filtrate was concentrated under reduce pressure and residue was 

dissolved in a small amount of dichloromethane/methanol (1:1, v/v) and purified on a LH20 size 

exclusion column using dichloromethane/methanol (1:1, v/v) as eluent. Tubes containing pure 

TA-PEG-OH were collected and combined to obtain desired compound 9 as a light yellow solid 

(0.74 g, 68%) after removal of solvent under reduced pressure.  
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1H NMR (500 MHz, D2O) δ 4.12-4.2 (2H, m, CH2O), 3.58-3.75 (180H, m, CH2O), 3.38-3.43 

(2H, m, CH2CH2O), 3.05-3.20 (2H, m, CH2CH2S), 2.30-2.45 (3H, m, CH2CHS), 1.62-1.95 (2H, 

m, CH2), 1.47-1.63 (4H, m, CH2CH2), 1.30-1.40 (2H, m, CH2). 

 

Synthesis of TA-PEG-NPC (10): The hydroxyl group of compound 9 was activated by p-

nitrophenyl chloroformate. TA-PEG-OH (0.4 g, 0.182 mmol) and triethylamine (43 mg, 0.424 

mmol) were dissolved in 20 mL anhydrous dichloromethane and stirred at 0°C. To this solution 

was added drop wise p-nitrophenyl chloroformate (110 mg, 0.54 mmol) in 15 mL 

dichloromethane. The reaction mixture was stirred at 0 °C for 1 h and at room temperature for 24 

h under N2 atmosphere. The resultant solution was diluted by dichloromethane and washed with 

brine solution for three times. The organic phase was collected, dried with anhydrous magnesium 

sulfate, concentrated and precipitated into diethyl ether three times to give compound 10 (0.316 g 

74%).  

1H NMR (500 MHz, CDCl3) δ 8.25 (2H, dd, aromatics), 7.32 (2H, dd, aromatics), 4.12-4.2 (2H, 

m, CH2O), 3.50-3.76 (180H, m, CH2O), 3.28-3.43 (2H, m, CH2CH2O), 3.05-3.20 (2H, m, 

CH2CH2S), 2.15-2.45 (3H, m, CH2CHS), 1.62-1.95 (2H, m, CH2), 1.47-1.63 (4H, m, 

CH2CH2),1.30-1.40 (2H, m, CH2). 

 

Synthesis of NH2-NH-PEG-TA (3): Compound 10 (350 mg, 0.15 mmol) was dissolved in 20 

mL dichloromethane and reacted with hydrazine monohydrate (74.5 mg, 1.5 mmol). The solution 

was stirred for 24 h at room temperature. The resultant solution was washed three times with 

brine solution. The organic phase was collected, dried with anhydrous magnesium sulfate, 

concentrated and precipitated into diethyl ether three times to give compound 3 (239 mg, 71%). 
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1H NMR (500 MHz, CDCl3) δ 4.12-4.2 (2H, m, CH2O), 3.58-3.80 (180H, m, CH2O), 3.32-3.53 

(2H, m, CH2CH2O), 3.05-3.20 (2H, m, CH2CH2S), 2.30-2.50 (3H, m, CH2CHS), 1.62-1.95 (2H, 

m, CH2), 1.46-1.73 (4H, m, CH2CH2), 1.35-1.57 (2H, m, CH2). 
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Chemical synthesis of compounds 11-14 

5-Azidopentyl-β-D-galactopyranosyl-(1→4)-2-acetamido-2-deoxy-β-D-glucopyranoside (12) 

Per-acetate 111 (500 mg, 0.74 mmol) was dissolved in anhydrous 1,2-dichloroethane (10 mL) 

under the atmosphere of argon. This solution was then treated with TMSOTf (200 µL, 1.11 

mmol), followed by heating at 60oC overnight. 5-Azidopentanol2 (480 mg, 3.7 mmol) was then 

added and stirring was continued at that temperature for 2 h, after which TLC (EtOAc) showed 

the reaction was complete. The mixture was then neutralized with Et3N (1mL), and concentrated 

to dryness affording the crude product as orange oil. This intermediate was then dissolved in 

methanol (10 mL), after which a catalytic amount of sodium was added and the reaction mixture 

was stirred at room temperature for 1 h, after which TLC (EtOAc:MeOH:H2O, 7:2:1) showed the 

deprotection was complete. The solution was then neutralized with AcOH (500 µL), 

concentrated to dryness, applied onto a column of silica gel, and purified using EtOAc: 

MeOH:H2O (7:2:1) to give after lyophilization 12 as a white solid (298 mg, 74% over two steps).  

1H NMR (300 MHz, D2O): δ 1.27 (2H, m, CH2 linker), 1.47 (4H, m, CH2 x 2 [linker]), 1.91 (3H, 

s, NHAc), 3.20 (2H, t, J = 6.7 Hz), 3.38 – 3.88 (12H, m, H-2 x 2, H-3 x 2, H-4 x 2, H-5 x 2, H-6 

x 4), 4.34 (1H, d, H-1, J = 7.4 Hz), 4.40 (1H, d, H-1, J = 8.4 Hz). 13C NMR (75 MHz, D2O): δ 

21.9, 22.5, 27.6, 27.9, 51.0, 55.0, 59.8, 60.8, 60.9, 60.9, 68.5, 70.2, 70.8, 72.4, 74.6, 75.2, 78.2, 

100.8, 102.9. 
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5-Azidopentyl-5-acetamido-9-amino-3,5,9-trideoxy-D-glycero-α-D-galacto-2- 

nonulopyranosylonicacid-(2→6)-β-D-galactopyranosyl-(1→4)-2-acetamido-2-deoxy-β 

Dglucopyranoside (13) 

Disaccharide 12 (30 mg, 0.06 mmol), 9-amino sialic acid3 (28 mg, 0.09 mmol) and CTP (44 mg, 

0.09 mmol) were dissolved in water (3 mL) in a 10 mL centrifuge tube containing Tris-HCl 

buffer (100 mM, pH~8.5) and MgCl2 (20 mM). The resulting solution was then further adjusted 

to pH~8.5 using 1 M NaOH, after which an N. meningitides CMP sialic acid synthetase (20 U 

mL-1, 500 µL) and a sialyltransferase Pd2,6ST (4 U mL-1, 500 µL) were added and the reaction 

mixture was then incubated at 37oC overnight. After that time TLC (EtOAc:MeOH:H2O, 7:2:1) 

showed the majority of the disaccharide was consumed into a slower moving product. Ice-cold 

EtOH was then added and the mixture was kept at 0oC for 30 min, followed by centrifugation. 

The supernatant was finally concentrated and passed through a Bio-gel P-2 gel filtration column 

with water to obtain 13 of analytical purity as a white solid (25 mg, 53%). Rf=0.05 

(EtOAc:MeOH:H2O, 7:2:1).  

1H NMR (300 MHz, D2O): δ 1.27 (2H, m, CH2 [linker]), 1.47 (4H, m, CH2 x 2 [linker]), 1.58 

(1H, t, H-3ax, J = 12.2 Hz), 1.90 (3H, s, NHAc), 1.93 (3H, s, NHAc), 2.54 (1H, dd, H-3eq, J = 

4.3, 12.2 Hz), 2.90 (1H, dd, J = 9.4, 13.1 Hz), 3.20 (2H, t, J = 6.9 Hz), 3.29 (1H, dd, J = 2.9, 13.1 

Hz), 3.35 – 3.99 (19H, m), 4.32 (1H, d, J = 7.9 Hz), 4.43 (1H, d, J = 7.9 Hz). 13C NMR (75 MHz, 

D2O): δ 21.9, 21.9, 22.3, 22.4, 27.8, 39.8, 42.2, 50.9, 51.7, 54.8, 60.2, 63.1, 67.8, 67.9, 68.3, 

69.9, 70.4, 72.3, 72.3, 73.4, 74.4, 80.5, 100.6, 103.5. MALDI HRMS: m/z 807.33 [M+Na+] 

Calcd for C30H52N6O18 807.325. 
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5-Azidopentyl-5-acetamido-9-(4-biphenylcarbonylamido)-3,5,9-trideoxy-D-glycero-α-

Dgalacto-2-nonulopyranosylonic acid-(2→6)-β-D-galactopyranosyl-(1→4)-2-acetamido-2-

deoxy-β-D-glucopyranoside (14) 

A mixture of trisaccharide 13 (25 mg, 0.0318 mmol) and 4-biphenyl carbonyl-N-

hydroxysuccinimide ester (37 mg, 0.1274 mmol) was dissolved in anhydrous DMF (4 mL). 

Triethylamine (3 µL, 0.0318 mmol) was added and the reaction mixture was stirred for 24 h at 

room temperature. Solvents were evaporated under reduced pressure, and the crude product was 

purified by silica gel chromatography using EtOAc:MeOH:H2O (7:2:1) as a mobile phase giving 

pure 14 as a white solid (25 mg, 81%).  

1H NMR (500 MHz, D2O): δ 1.26 (2H, m, CH2 [linker]), 1.46 (4H, m, CH2 x 2 [linker]), 1.61 

(1H, t, H-3ax, J = 12.5 Hz), 1.91 (3H, s, NHAc), 1.94 (3H, s, NHAc), 2.57 (1H, dd, H-3eq, J = 

12.5, 4.7 Hz), 3.20 (2H, t, J = 6.8 Hz), 3.37 – 3.62 (11H, m), 3.64 – 3.77 (6H, m), 3.84 (2H, m), 

3.90 (1H, t, J = 9.4 Hz), 3.98 (1H, ddd, J = 3.7, 8.1 Hz), 4.33 (1H, d, H-1, J = 8.0 Hz), 4.37 (1H, 

ad, H-1), 7.37 – 7.81 (9H, Ar-H). 13C NMR (125 MHz, D2O): δ 21.9, 22.4, 27.8, 39.9, 42.9, 50.9, 

51.9, 54.9, 60.4, 63.3, 68.1, 68.2, 69.9, 70.0, 70.7, 72.4, 72.6, 74.4, 80.5, 100.7, 103.3, 127.0– 

129.3 (Ar-C). MALDI HRMS: 987.38 [M+Na+]. Calcd for C43H60N6O19 987.35. 
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Characterization methods for nanoparticles 

Transmission electron microscopy (TEM): TEM observations were made using a Philips/FEI 

Tecnai 20 instrument operating at an accelerating voltage of 200 kV. Dilute solutions of the 

(1 mg mL-1, freshly prepared in nano pure water and filtered through a 0.1 µm filter membrane) 

polymer-coated gold nanoparticles were deposited in copper grids coated with carbon (Electron 

Microscopy Science (EMS), Hatfield, PA). Excess water was removed by touching the edge of 

the grids with a small piece of filter paper (Whatman-1). The grids were allowed to dry for 2 h at 

room temperature before measurements. TEM images were analyzed using Image J1.38 software 

developed at the National Institutes of Health. 

 

Dynamic light scattering (DLS): DLS measurements were performed on a Zeta Potential and 

Particle Size Analyzer (Malvern Zetasizer Nano ZS system, USA). Dust-free vials were used for 

the aqueous solutions. Measurements were made at 25oC with a scattering angle of 90o. Five 

replicates were obtained to determine the average size and size distribution. 

 

Calculation of conjugation yield: The amount of conjugation was calculated by the following 

equation: 

 

where, C is defined as the concentration of the conjugated moieties (carbohydrate, Alexa Fluor, 

or doxorubicin) determined by sugar analysis or fluorescence measurement; V is the volume of 

the sample solution; m is the weight of the nanoparticles; p% is the polymer percentage of the 

nanoparticles determined by TGA; Mn is the number-average molecular weight of the polymer; 

and R% is the percentage of each functional group in the mixture of the polymers. 
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Quantification of doxorubicin by reverse phase HPLC: Amount of doxorubicin loaded on 

gold nanoparticles was estimated using Agilent 1100 series reverse phase HPLC (Eclipse 

XDBC18 column, 5 µm, 4.6×250 mm). Solvent system: Gradient from 20 to 50% (0.01 M 

TFA:acetonitrile) was used for 25 min/injection. Sample preparation: 1.5 mg mL-1 of 

nanoparticle and doxorubicin standards (25, 50, 100, 150 µg mL-1) were incubated with pH 7.4 

phosphate buffer and pH 5.0 acetate buffer for 30 h at room temperature. Doxorubicin content in 

the nanoparticles was determined based on the calibration curves of the free doxorubicin 

standards. 

 

Figure S1. UV-Vis absorption spectrum of AuNPs A in H2O 
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Figure S2. Size distribution histograms of nanoparticles A-D from DLS 
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Figure S3. Stability study of AuNPs A (a) UV-vis spectra of AuNPs A in water up to 45 days. 
Multimodal size distribution of the nanoparticles at (b) day 0 and (c) day 45. Mean diameter was 
found to be 21.6 ± 1.03 nm (day 0) and 21.2 ± 0.86 nm (day 45). 
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Figure S4. TEM images of AuNPs A-D 
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Figure S5. Thermo gravimetric analysis (TGA) of AuNPs A and polymer 4 AuNPs were 

lyophilized, dried completely, and then subjected to TGA analysis from 0 to 800oC.  

These particles contain 78% polymer and 22% Au content. The maximum density at Au core 

was estimated4 to be 3 polymer chains nm-2. The compositional analysis, combined with the size 

of the gold core and average molecular weight of the polymers, suggests a density of 3.03 chains 

nm-2. These results indicate that a significant percentage of polymer chains are attached to the 

metal surface. 
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Figure S6. Quantification of doxorubicin conjugated to AuNPs B (a) Reverse phase HPLC 

traces of doxorubicin standards at indicated concentrations and (b) the calibration curve.  

(c) HPLC trace of doxorubicin released from AuNPs B (1.5 mg mL-1) after 30 h in acetate buffer 

pH 5, corresponding to 62.7 µg mL-1 doxorubicin. 
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Figure S7. Monosaccharide analysis by HPAEC chromatography. The chromatogram represents 

a mixture of GlcNAc and galactose, monosaccharides obtained after sugar analysis of a LacNAc 

standard and AuNP D. The higher concentration of standard LacNAc (black) was used to assign 

the corresponding sugar peaks and the lower concentration of D (red) was used for comparison 

and quantification. 

 

 

 

 

 

 

 

 



 

94 

 

 

 

 

 

 

 

Figure S8. Cytotoxicity of AuNP. Daudi Burkitt’s cells were exposed to doxorubicin tethered 

nanoparticles B and D and nanoparticles modified with only targeting glycan 14 at indicated 

concentrations gold for 2 h. 

 

 

Figure S9. Fluorescence intensity calibration curves of nanoparticles C and D. Calibration 

curves of Alexa Fluor 568-conjugated AuNPs C (green) and D (black) in passive lysis buffer 1X. 

Data represent mean values ± SD. (n=3). 
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Figure S10. TEM images of representative sections of Daudi cells that were incubated with 

AuNPs D at 100 µg mL-1 gold for 10 h. Sections A, B, and C show freely dispersed nanoparticles 

in the cytosol of the cell. Image B is a magnified area from section A. 
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Figure S11. TEM images of representative sections of Daudi cells that were incubated with 

AuNPs C at 100 µg mL-1 gold for 10 h. No uptake of nanoparticles in the cells was observed. 

Images A and B were taken at two different magnifications, scale bars are 500 and 100 nm 

respectively. 
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CHAPTER 3 

ORTHOGONAL GLYCOENGINEERING STRATEGY ENABLES PREPARATION OF 
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Abstract 

          The concept of antibody-drug conjugates (ADCs) containing multiple drugs hold great 

promise as next-generation anticancer agents, however, producing them remains a challenge and 

there is a need for mild, non-genetic, and site-specific conjugation method that can yield 

homogeneous dual-drug products. An orthogonal glycoengineering strategy that allows 

sequential site-specific conjugation of dual-drugs to native IgG antibody has been described. 

This method has been devised based on an observation that sialyltransferase (ST6Gal1) has a 

preference for the α1,3-Man-β1,2-GlcNAc-β1,4-Gal bottom arm of the glycan of IgG overtop 

arm. This unique property of ST6Gal1 has enabled the sequential introduction of reactive 

functional groups and conjugation of two payloads that can act via a differential mode of action. 

To demonstrate the benefits of ADC dual drug delivery, this method was applied to produce an 

anti-CD22 antibody modified with FDA approved antineoplastic anticancer agent such as 

paclitaxel and zosuquidar, a highly potent P-glycoprotein modulator currently under phase-III 

clinical trials for the treatment of acute myeloid leukemia. The anti-CD22 antibody modified by 

covalently linked dual-drugs in equivalent concentrations showed superior anti-cancer activities, 

selectivity and can bypass P-glycoprotein associated multidrug resistance in lymphoma cancer 

cells. We anticipate that the dual-drug ADC platform presented in this work is broadly suited for 

the delivery of many other novel drug combinations and generally applicable to any other 

therapeutic antibody. 

Introduction 

          Antibody-drug conjugates (ADCs) have emerged as a promising class of therapeutics for 

the treatment of cancer. In recent years, they have made significant progress owing to their 

unique ability to selectively discriminate between healthy and diseased tissue, with an ability to 
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target cytotoxic drugs to cells overexpressing tumor-associated antigen[1]. This exciting class of 

targeted therapy has made into clinic with four US food and drug administration approved ADCs 

currently on the market namely brentuximab vedotin (ADCETRISTM)[2], ado-trastuzumab 

maytansine (KADCYLATM)[3], gemtuzumab ozogamicin (MylotargTM)[4], and inotuzumab 

ozogamicin (BesponsaTM)[5] for treatment of patients with relapsed Hodgkin lymphoma and 

anaplastic large-cell lymphoma, metastatic breast cancers, and relapsed or refractory B-cell 

precursor acute lymphoblastic leukemia (ALL) respectively. There are more than 200 ADCs[6] 

candidates currently undergoing clinical evaluation for the treatment of many other types of 

cancers. Most of these clinical candidates suffer from heterogeneous drug loading resulting in a 

narrow therapeutic window[7]. To achieve the full potential of ADCs, novel site-specific 

conjugation strategies that allow homogeneous drug loading, drug-linker constructs with high 

stability, novel drug release mechanisms, and attachment of dual payloads that work in 

synergistic fashion are highly desired for developing next generation of ADCs[7-8]. 

          One of the major hurdles to treat cancer patients with ADC is the emergence of tumors 

with multi-drug resistant (MDR) phenotype. Many mechanisms of MDR have been described, 

out of which overexpression of MDR1 (also called as P-glycoprotein or ABCB1) or other ATP-

dependent transporters that pump drugs out of the cancer cells have been well documented in 

many cancers leading to poor responses to chemotherapy[9] and some targeted therapies such as 

imatinib (GleevecTM)[10]. Unfortunately, majority of cytotoxic compounds used in the preparation 

of ADCs namely calicheamicin[11], doxorubicin, taxanes[9a, b]; monomethyl auristatin E 

(MMAE)[12], maytansinoids[13]; and analogues of dolastatin 10[14], are good substrates for MDR1 

transporters resulting in poor ADC activity in MDR1 overexpressing cells. P-glycoprotein (P-gp) 
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actively efflux out a wide range of compounds sharing little structural similarities and keeping an 

intracellular level of many anticancer drugs below a cell-killing threshold[9b]. 

          Strategies that circumvent P-gp associated multidrug resistance mainly involve co-

administration of pump inhibitor and cytotoxic drug[9b, 15]. However, many P-gp inhibitors or 

modulators have failed in the clinical trials due to high systemic toxicity, off-target toxicity to 

MDR1 expressed in normal tissues, and most of the inhibitors were the substrate for P-gp 

resulting in short reversal effects[9a, b, 16]. Additionally, these inhibitors show pharmacokinetic 

interaction with several oncolytic tested in preclinical models making the interpretation of 

clinical results complicated[17]. In another approach, complementary drug combinations were 

designed to overcome differential drug sensitivities[18]. This method has been recently applied to 

ADC. For example, insensitivity to a particular ADC can be overcome through the delivery of a 

complementary warhead using the same antibody or in combination with unconjugated clinically 

approved anticancer drug[19] making this approach less practical, complicated and costly. 

Therefore, there is an urgent need to develop mild, non-genetic, and site-specific conjugation 

ADC technology for homogeneous incorporation of dual or multi drugs that have a 

complementary or synergistic mode of action. 

          In pursuit of this challenge, the first example of multi-drug conjugate has been reported 

unfortunately on antibody Fab fragment and required the genetic introduction of engineered 

cysteine residues to facilitate site-specific conjugation[20]. In another report, a number of 

approaches to assemble two separate agents to antibody requires site-specific amino-acid 

mutation, specialized reagents, or two distinct handles for conjugation[21]. Another site-specific 

conjugation method utilized pyridazine-dione re-bridging of native antibody disulfides followed 

by dual-click functionalization to construct homogeneous ADC but this method was 
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unfortunately applied to create a fluorophore-drug antibody conjugate and still relies upon 

CuAAC reaction for conjugation[22]. In both the previous examples Cu (I) assisted azide-alkyne 

cycloaddition (CuAAC) has been applied for conjugation of payload. However, recently It has 

been shown that Cu (I) used in CuAAC can mediate formation of reactive oxygen species 

(ROS)[23] leading to oxidative degradation of proteins and peptides by co-ordination with the 

thiol group of cysteine, methionine, and imidazole of histidine making this method less 

attractive. 

          To date, only a single example has shown a more elegant and practical approach for site-

specific conjugation of dual-cytotoxic drug conjugate technology for native and non-engineered 

IgG. In this work[24], drug carrier bearing orthogonally protected cysteine residues that can be 

sequentially unmasked and conjugated with different drug linkers has been illustrated. 

Interestingly, this method produced homogeneous ADCs bearing 16 total drugs, split evenly 

between the two drug linkers that possess complementary physiochemical properties presents an 

intriguing route with enhanced cytotoxicity profile against MDR1 overexpressing cancer cells. 

Although conceptually elegant, conjugation of drug carrier to the antibody by reaction with 

cysteine thiols liberated from reduced interchain disulfides has limited impact on antibody 

structure but often gives a statistical mixture of products ranging from 2 to 8 with homogeneity 

up to 75%. In addition, deprotection of one of the cysteine protecting group such as 

acetamidomethyl (Acm) requires toxic metal salts such as aqueous Hg(OAc)2 5-6 equivalent per 

thiol and extra step has to be performed using Quadrasil MP resin to capture excess Hg+2 before 

obtaining fully functional dual-drug ADC. 

           In this work, we report site-specific conjugation method that can yield homogeneous dual-

drug ADCs using chemoenzymatic remodeling of complex biantennary N-linked glycans of a 
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native antibody. In our previous work[25] we have shown that remodeling glycans of antibodies 

with azido-containing sialic acid using sialyltransferase (ST6Gal1) gave mainly a monosialylated 

structure even after 24 h of reaction condition. ST6Gal1 has a preference for the α1,3-Man-β1,2-

GlcNAc-β1,4-Gal bottom arm of the glycan of IgG antibodies over top arm[25-26]. We envisaged 

that harnessing this unique property of ST6Gal1 could facilitate the sequential introduction of 

reactive functional groups such as azide or tetrazine that in turn can undergo sequential click 

reactions such as strain promoted azide-alkyne (SPAAC) and inverse electron demand Diels-

Alder reaction. These conjugation chemistries are particularly attractive because azide is 

virtually absent in biological systems[27] and can be reacted by SPAAC. Moreover, methyl 

substituted tetrazinyl-phenyl-methanamine derivative has been chosen due to its high stability in 

fetal bovine serum (FBS) and exceptionally fast reaction kinetics with trans-cyclooctene 

(TCO)[28]. Interestingly, both SPAAC and inverse electron demand diels-alder conjugation pairs 

are bio orthogonal[29] with excellent selectivity making them suitable to introduce dual-drugs 

with quantitative yields.  

Orthogonal glycoengineering of anti-CD22 antibody for dual drug conjugation 

          Homogeneous incorporation of dual drugs utilizing orthogonal glycoengineering has been 

demonstrated by two strategies. In the first strategy, as shown in Figure 3.1, the anti-CD22 

antibody was treated first with galactosyltransferase (GalT) and UDP-Gal in the presence of calf 

intestine alkaline phosphatase (CIAP). This treatment generates G2 glycoform with complete 

galactosylation of the biantennary N-linked glycans. Next, C-5 azido sialic acid was incorporated 

using compound 1, recombinant sialyltransferase (ST6GalI) and calf intestine alkaline 

phosphatase (CIAP). By optimizing the reaction parameters such as a concentration of 1, 

ST6GalI and time complete monosialylation of on the bottom arm (of complex N-glycan) with 
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azide has been obtained which was revealed by detail glycan analysis and in agreement with our 

previous observation and literature report. The incorporated azide was then reacted with first 

bicyclononynol (BCN) modified by, for example, FDA approved antineoplastic anticancer agent 

such as paclitaxel (PCTX) (8) through strain promoted azide-alkyne (SPAAC). Further 

sequential exposure of anti-CD22 antibody with 1, ST6GalI resulted in near quantitative bis-

sialylation of the top arm on the complex N-glycan with another azide group.  
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Figure 3.1 Orthogonal glycan engineering of anti-CD22 antibody using sequential C-5 azido 

sialic acid derivative; Reagents and conditions: a) UDP-Gal, galactosyltransferase, MOPS buffer, 

pH 7.2; b) CMP sialic acid derivative 1,	
  sialyltransferase (ST6Gal1), CIAP in cacodylate buffer 

pH 7.6; c) Compound 8 was added in cacodylate buffer, pH 7.6; d) CMP sialic acid derivative 1,	
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sialyltransferase (ST6Gal1), CIAP in cacodylate buffer pH 7.6; e) Compound 12 was added in 

cacodylate buffer, pH 7.6. 

The azide moiety was then further reacted with second strained alkyne modified (BCN) 

therapeutic agent such as zosuquidar (ZSQ); a highly potent P-glycoprotein modulator (12) 

through SPAAC yielded homogeneous dual-drug ADCs with equivalent (1:1) ratio of each 

payload. The quantification of each azide introduced on to biantennary N-glycan was done by 

reacting it with BCN modified Alexa fluor 488 (15) under similar conditions described 

previously.  
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Figure 3.2 Orthogonal glycan engineering of anti-CD22 antibody using sequential C-5 azido and 

methyl substituted tetrazine derivatives; Reagents and conditions: a) UDP-Gal, 

galactosyltransferase, MOPS buffer, pH 7.2; b) CMP sialic acid derivative 1 and 2 

sialyltransferases (ST6Gal1), CIAP in cacodylate buffer pH 7.6 added sequentially; c) compound 

8 and 13 were added to antibody reaction mixture in cacodylate buffer, pH 7.6. 
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          Interestingly, in the second strategy monosialylation of the bottom arm with of the C-5 

azido sialic acid was a common modification step. This differentiation of arms allows sequential 

sialylation of top arms with C-5 modified methyl substituted tetrazinyl-phenyl-methanamine 

sialic acid using derivative 2 and ST6GalI over prolonged exposure at conditions mentioned in 

figure 3.2. The incorporation of bioorthogonal pair such as azide and methyl substituted tetrazine 

in equal ratio (1:1) was confirmed by detail glycan analysis obtained after peptide-N-glycosidase 

F (PNGase F) treated antibody and sialic acid analysis carried out using high-pH anionic 

exchange chromatography (HPAEC). The resulting dual labeled anti-CD22 antibody was then 

subjected to reaction with compound 8 and 13 through SPAAC and inverse electron demand 

Diels-Alder reaction forming stable triazole and tetrazine ligation products respectively. The 

various repeated experiments also demonstrate that the dual labeling procedure described here is 

highly efficient and selective for azido and tetrazine modified antibodies representing its 

superiority over previously reported methods. 

Design and synthesis of cleavable yet clickable prodrugs of paclitaxel (PCTX) and 

zosuquidar (ZSQ)  

          Paclitaxel (PCTX) is the member of world health organization’s most essential medicines. 

It has been FDA approved for the treatment of breast, ovarian, lung, bladder, prostate, 

melanoma, esophageal, as well as other types of solid tumors. It has also used for the treatment 

of Kaposi's sarcoma[30]. PCTX exerts its cytotoxic effect by binding to tubulin thereby 

preventing its depolymerization. This, in turn, leads to arresting the cell division at the G2/M 

phase and finally apoptotic cell death[31]. Although PCTX and its many reported derivatives have 

had a significant impact in the treatment of cancer, the efficacy of traditional PCTX formulations 

has been limited due to low aqueous solubility, eventually acquired chemoresistance, and many 
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undesired side effects[32]. For example, the efficacy of traditional formulations of PCTX made 

from cremophor EL, a solvent and excipient material necessary to solubilize PCTX have severe 

side effects such as hypersensitivity reaction, nephrotoxicity, myelosuppression, and 

neuropathy[33]. While, nanoformulations that make use of non-toxic surfactants like albumin (e.g. 

Abraxane), or amphiphilic block copolymers (e.g., Genexol-PM)[34] have proven to decrease the 

side effects and enabled higher PCTX dosing[35]. However, nanoformulations of PCTX were 

mainly fabricated based on encapsulation methods that yielded heterogeneous PCTX loading and 

relatively large sizes[36]. One of the major drawbacks of above passively targeted PCTX 

nanoformulations is the fast systemic release of PCTX and non-specific adsorption on to plasma 

proteins such as endogenous human serum albumin (HSA), thereby obliterating the controlled 

drug release[37].  

          In this regard, covalent attachment of PCTX to a water-soluble polymer or nanoparticles 

constructs has witnessed significant progress. Grafting onto or post-polymerization and grafting 

from drug approach has been a promising method to prepare well-defined conjugates[37-38] 

however lacks selectivity due to an absence of targeting ligand. The mode of action by which 

these polymer-PCTX conjugate or nanoformulations accumulate at the tumor site is by enhanced 

permeability and retention (EPR) effect or passive tumor targeting. However, it has been shown 

through many clinical studies that, therapeutic efficacy obtained through EPR effect is far from 

optimal and is not universal and varies across different human tumor types. EPR effect for 

tumors can also lead to accumulation of nanoparticles in liver and spleen, so it is highly unlikely 

that EPR alone can achieve full selectivity[39].  

          Zosuquidar (ZSQ), a 10,11-methanobenzosuberane derivative 4, is extremely potent in 

vitro (KD = 59 nM) and is among the most active modulators of P-gp-associated multidrug 
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resistance described to date[40]. It has also demonstrated good in vivo activity in preclinical 

animal studies. In addition, the compound does not appear to be a substrate for P-gp efflux, 

resulting in a relatively long duration of reversal activity in resistant cells. However, like PCTX, 

ZSQ possess limited solubility in aqueous solution, such that the formulation concentration is 

limited, resulting in a large number of vials to contain doses in the potentially efficacious range. 

To improve its solubility and efficacy various hydroxypropyl and sulfobutyl modified 

cyclodextrins (a polyanionic β-cyclodextrin derivative) were used in zosuquidar formulations. 

Although ZSQ is extremely potent, cyclodextrin formulations couldn’t impart selectivity to ZSQ 

due to lack of bio-conjugation strategies to covalently install this molecule on to the suitable 

targeting agent without losing its potency[40-41].  

          To address above problems associated with the controlled drug delivery of PCTX and ZSQ 

and demonstrate the benefits of site-specific dual drug strategy as a proof of concept, FDA 

approved antineoplastic anticancer agent such as paclitaxel and zosuquidar, a highly potent P-

glycoprotein modulator was chosen as dual payloads. We decided to design and synthesized 

cleavable yet clickable prodrugs of PCTX (8) and ZSQ (12 and 13) that in turn can be covalently 

linked to anti-CD22 antibody tethered with C-5 azide or tetrazine modified sialic acids shown in 

figure 3.1 and 3.2 through sequential SPAAC and inverse electron demand Diels-Alder reaction. 

To our surprise, site-specific dual-drug conjugation of compounds 8, 12 or 8, 13 to the complex 

biantennary N-linked glycans of anti-CD22 antibody in equal ratios has dramatically enhanced 

the aqueous solubility, selectivity, and efficacy of PCTX and ZSQ derivatives when tested 

against CD22 and P-gp overexpressing wild-type and multidrug-resistant (MDR) namalwa cells. 
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Synthesis of esterase cleavable and clickable prodrug of PCTX (8) 

          Our synthetic strategy has been depicted in Scheme 3.1. First, the most reactive C2’ 

hydroxy group of was directly esterified by reaction with succinic anhydride to create PCTX 

derivative 5 with carboxylic acid[42]. Next, (1R, 8S, 9r)-Bicyclonon-4-yn-9-ylmethyl (4-

nitrophenyl) carbonate (6)[43] was reacted with an excess of tris (ethylene glycol)-1,8-diamine in 

presence of triethylamine as a base to selectively modify the first amine in 3 h. A bifunctional 

linker 7 terminated with endo-bicyclononyne (BCN) on one end and free amine on other end was 

efficiently coupled with the carboxylic acid of PCTX derivative 5 under standard amide coupling 

conditions to furnish final compound 8 in excellent yields. Compound 8 were efficiently ligated 

to bottom arm C-5 azido sialic acid of complex biantennary N-linked glycans of anti-CD22 

antibody through SPAAC in quantitative yields with a drug to antibody ratio ≈2. 
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Scheme 3.1 Synthesis of esterase cleavable and clickable PCTX prodrug 

Reagents and conditions: a) succinic anhydride, pyridine, 3 h, RT 92%; b) tris (ethylene glycol)-

1,8-diamine, triethylamine, CH2Cl2, 3 h, RT 95%; c) 7, HATU, DIPEA, DMF, 24 h, RT 90%. 
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Synthesis of glutathione (GSH) cleavable and clickable analogs of ZSQ (12 and 13) 

          Zosuquidar (ZSQ), a 10,11-methanobenzosuberane derivative (4) has a free hydroxyl 

group that can be esterified to introduce cleavable or non-cleavable linker for post- 

functionalization. However, according to structure activity relationship (Figure 3.3) studies and 

x-ray crystal structure of interaction between compound 4 with P-glycoprotein receptor (P-gp 

efflux pump) showed that the free hydroxyl is extremely important for H-bond interaction with 

A985 residue in the binding pocket of P-gp for its biological activity[44]. Therefore, we designed 

prodrug 12 or 13 of compound 4 that (Scheme 3.2) can undergo glutathione[45] mediated self-

immolation to release active drug containing free hydroxyl group important for its biological 

activity. 

 

Figure 3.3 X-ray crystal structure representing interaction between zosuquidar and p-

glycoprotein 

           To access desired compound 12 or 13, the amine of glutathione sensitive portion of a 

target molecule such as 3-[(2-aminoethyl) dithio] propionic acid was first protected with trityl 

protecting group. Next, compound 10 was esterified with 4 using EDC as a carbodiimide 
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coupling agent and triethylamine as a base at room temperature giving beige solid in an excellent 

yield of 80%. The trityl-protecting group from compound 11 was then removed efficiently by 

reaction with 2% of TFA and TIPS as a scavenger in dichloromethane for 30 min at room 

temperature. The resulting amino-TFA salt compound 11 was used directly for next step without 

any further purification. In the final step, the amino-TFA salt of compound 11 was reacted with 

p-nitrophenyl carbonate activated clickable groups such as BCN or trans cyclooctene (TCO) in 

DMF at room temperature for 24 h resulting in target compound 12 and 13 in excellent yields of 

90 and 85% yield after column purification. Compound 12 and 13 were ligated to top arm C-5 

azido or tetrazine sialic acid of complex biantennary N-linked glycans of anti-CD22 antibody 

through SPAAC or inverse electron demand Diels-Alder reaction in quantitative yields with a 

drug to antibody ratio of ≈2. 
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Scheme 3.2 Synthesis of glutathione (GSH) cleavable and clickable analogs of ZSQ 

Reagents and conditions: a) trityl chloride, triethyamine in DMF at RT overnight, 85%; b) 

compound 4, 10, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), 

catalytic amount of dimethyl amino pyridine (DMAP), triethylamine in CH2Cl2 at RT overnight, 
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80%; c) 2% trifluoroacetic acid (TFA), 2% triisopropylsilane (TIPS) in CH2Cl2 at RT for 30 min, 

95%; d) 6 or 14, DIPEA in DMF at RT 24 h, 90% and 85% respectively. 

In vitro cytotoxicity of PCTX conjugated ADC against wild-type lymphoma cells 

          A sialoglycoprotein cell surface receptor such as CD22 is highly overexpressed in patients 

suffering from B-cell lymphoma. It is a well-characterized clinical target for designing ADCs 

due to its unique ability to undergoes constitutive endocytosis[5, 46]. To validate our orthogonal 

glycoengineering strategy, first, the cytotoxicity profile of PCTX derivative such as 8 or anti-

CD22 conjugated 8 was determined against CD22 overexpressing namalwa wild-type cells using 

MTT assay. Namalwa cells were incubated with various concentration of compound 8 or anti-

CD22 conjugated PCTX derivative 8 for 72 h.  

 

Figure 3.4 In vitro cytotoxicity profiles of compound 8 and anti-CD22 conjugated PCTX 8 

against CD22 overexpressing namalwa wild-type cells. Data were fitted with prism nonlinear 

regression software. 

          As shown in Figure 3.4, compound 8 is approximately 2 times more potent than anti-CD22 

conjugated PCTX since compound 8 is non-selective and highly cell permeable with EC50 values  

27 and 56 nM respectively. It is important to note that, FDA approved nanoformulations such as 

Abraxane and Genexol-PM[38b] requires high % of PCTX encapsulation (21 to 35%) to achieve 
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EC50 values in 50 to 65 nM against the cancer cells. Surprisingly, above results demonstrated the 

superiority of our ADC approach where similar potency can be achieved with a drug to antibody 

ratio of 2. This demonstrates that covalent attachment of PCTX to anti-CD22 through the C2’ 

hydroxy group (crucial for its biological activity) doesn’t affect the activity of PCTX 

significantly.  

In vitro cytotoxicity of dual-drug ADCs against multidrug-resistant namalwa cells 

          It has been well established for many ADC payloads that conjugation often led to 

decreased potency compared to the parent free drug[47]. This is extremely critical when cancer 

patients stop responding to the treatment of various chemotherapeutic drugs due to an emergence 

of multidrug resistance associated with overexpression of MDR1 or P-glycoprotein (P-gp) 

transporter and are found to be a common mechanism of resistance in the majority of the cancers 

types. Especially many ADC drugs including PCTX were very good substrates of P-gp 

transporter resulting in poor ADC activity in MDR1 overexpressing cells[9].           

          To validate this phenomenon we first determined the cytotoxicity profiles of compound 8 

and anti-CD22 conjugated 8 against multidrug-resistant (MDR+ve) namalwa cell line that has 

overexpression of P-gp and CD22 respectively. As expected from figure 3.5, compound 8 and its 

anti-CD22 conjugated form showed complete loss of activity with EC50 >1000 nM against 

multidrug resistant namalwa cell line. These results indicate that both compound 8 and its 

targeted anti-CD22 conjugate suffer from P-gp associated efflux mechanism and were good 

substrates for P-gp associated multidrug resistance and hence considered as a useful control for 

monitoring the activity of P-gp transporter. 



 

117 

 

 

 

 

 

 

 

Figure 3.5 In vitro cytotoxicity of dual-drug ADCs; compound 8 alone or anti-CD22 conjugated 

8 were used as a control with EC50>1000 nM against MDR+ve namalwa cells. Dual-drugs such 

as compound 8, 4 and 12 were added in equal concentrations (1:1) alone or in anti-CD22 

conjugated form to study the multidrug resistance reversal effects. EC50 values for dual-drug 

ADCs were represented in nM of compound 8 and 12. Data were fitted with prism nonlinear 

regression software. 

 

          To demonstrate a proof of principal and the benefits of dual-drug ADC platform first 

compound 8 was added in combination with 4 or 12 in 1:1 ratio to MDR+ve namalwa cells to 

mimic the concentrations of dual-drugs when they will be covalently linked in a sequential 

manner to biantennary N-glycans of anti-CD22 antibody. It is interesting to note that the addition 

of two payloads in free or prodrug form (figure 3.5) can not only completely retains the activity 

of PCTX derivatives in a dose-dependent manner but also effectively reverses the p-gp 

associated multidrug resistance. From these initial promising results prodrugs such as 8 and 12 

were covalently linked to the anti-CD22 in 1:1 ratio through sequential glycoengineering and 

SPAAC chemistry.  
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No. Compounds/anti-CD22 conjugates EC50 in nM 

1) Compound 8 alone or anti-CD22 conjugated 8 >1000 

2) 1:1 ratio of anti-CD22 conjugated 8 and 4 66 

3) 1:1 ratio of compound 8 and 12  48 

4) 1:1 ratio of anti-CD22 conjugated 8 and 12 63 

 

Table 2 In vitro activity of various dual-drug combinations in free or prodrug or anti-CD22 

conjugated form against MDR namalwa cells. 

  

          As shown in figure 3.5 and table 2 the covalently linked dual-drug ADC showed 

comparable synergistic activity as compared to its free drug or prodrug cocktail (Table 2) and 

can completely re-sensitize cancer cells to the dose-dependent cytotoxic effects of PCTX. Thus, 

the above unique dual-drug cocktail upon covalent attachment to the anti-CD22 antibody can 

undergo receptor-mediated endocytosis, followed by subsequent processing in 

endosomal/lysosomal vesicles, where esterases such as cathepsin B can transform an inactive 

prodrug 8 into parent drug molecule of PCTX[38b, 48]. At the same time, GSH sensitive ZSQ such 

as 12 after lysosomal processing can be released into the cytoplasm and can undergo glutathione- 

mediated self-immolation[45] releasing an active P-gp modulator. This in turns blocks the P-

glycoprotein receptor allowing the released PCTX to reach its subcellular target such as 

microtubule and exert its cytotoxic effect. Dual-drug ADCs prepared using site-specific 

conjugation method are active in vitro; drug insensitivity to MDR can be overcome by attaching 

a complementary payload. 
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Conclusion  

          We have demonstrated that orthogonal glycoengineering strategy developed using 

ST6GalI enzyme is uniquely suited for constructing homogeneous dual-drug ADCs with DAR of 

4. The stepwise modification method allows the sequential introduction of reactive functional 

groups such as azido/tetrazine modified sialic acids into complex biantennary N-glycans that in 

turn facilitate site-specific conjugation of dual fluorophores or payloads in equal ratio through 

SPAAC and inverse electron demand Diels-Alder reaction. These reactions are highly selective 

and bioorthogonal making above dual labeling technology broadly applicable to a variety of 

antibodies without the need of recombinant technologies and genetic engineering for site-specific 

conjugation. We envisaged that the above orthogonal glycoengineering platform could greatly 

facilitate rapid screening of antibody and new payload-linker libraries to identify novel dual-drug 

cocktails that take advantage of synergism between two payloads to enhance the activity of next- 

generation ADCs. We have shown proof of principal illustrating that dual-drug ADC composed 

of FDA approved antineoplastic anticancer agent such as paclitaxel and zosuquidar, a highly 

potent P-glycoprotein modulator currently under phase-III clinical trials showed superior anti-

cancer activities, selectivity and can bypass P-glycoprotein associated multidrug resistance in 

lymphoma cancer cells. This work highlights the potential of the new class of targeted 

therapeutics where dual-drug ADC showed robust cell-killing response against cell types that are 

completely resistant to treatment of single drug ADCs. 
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Experimental section 

General reagents and materials 

          Succinic anhydride pyridine, tris (ethylene glycol)-1,8-diamine, triethylamine, 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate 

(HATU), N,N-diisopropylethylamine (DIPEA), trityl chloride, N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC), dimethylamino pyridine (DMAP), N-azidoacetyl-D-

mannosamine, sodium pyruvate, sodium L-ascorbate, copper sulfate, TBTA ligand, 

trifluoroacetic acid (TFA), and triisopropylsilane (TIPS) were purchased from Sigma Aldrich. 

Paclitaxel and zosuquidar were purchased from LC laboratory and Apex Biotechnology Inc. 

Neu5Ac was purchased from Carbosynth LLC. Dichloromethane (DCM) was freshly distilled 

under a nitrogen atmosphere. Other organic solvents were purchased anhydrous and used without 

further purification. Unless otherwise noted, all reactions were carried out at room temperature 

(RT) in oven-dried glassware with magnetic stirring. Organic solutions were concentrated under 

reduced pressure with bath temperatures < 40oC. Flash column chromatography was carried out 

on silica gel G60 (Silicycle, 60-200 µm, 60 Å). Thin-layer chromatography (TLC) was carried 

out on Silica gel 60 F254 (EMD Chemicals Inc.) with detection by UV absorption (254 nm) 

where applicable, and by spraying with 20% sulfuric acid in ethanol followed by charring at 

~150oC or by spraying with a solution of (NH4)6Mo7O24.H2O (25 g L-1) in 10% sulfuric acid in 

ethanol followed by charring at ~150oC.  

General methods for compound characterization 

          1H and 13C NMR spectra were recorded on a Varian Inova-300 (300/75 MHz), a Varian 

Inova-500 (500 MHz) and a Varian Inova-600 (600/150 MHz) spectrometer equipped with sun 

workstations. Multiplicities are quoted as singlet (s), doublet (d), doublet of doublets (dd), triplet 



 

121 

(t) or multiplet (m). NMR signals were assigned on the basis of 1H NMR, 13C NMR, gCOSY 

and gHSQC experiments. Chemical shifts are quoted on the δ-scale in parts per million (ppm). 

Residual solvent signals were used as an internal reference. Mass spectra were recorded on an 

Applied Biosystems 5800 MALDI-TOF or Shimadzu LCMS-IT-TOF mass spectrometer. The 

matrix used was 2,5-dihydroxy benzoic acid (DHB). Fluorescent spectroscopy was carried on a 

BMG Labtech POLAR star optima. 

Biochemical reagents 

          CD22 antibody (HD239) was purchased from Santa Cruz. Biotechnology, Inc. Peptide N-

glycosidase F was purchased from New England BioLabs. Cytidine-5’-(5-acetamido-9-azido-

3,5,9-tri-deoxy-β-D-glycero-D-galacto-2-nonulopyranosylonic acid monophosphate) (CMP-

Neu5Ac9N3) and recombinant rat α-(2,6)-sialyltransferase (ST6Gal I) were prepared by reported 

procedures. Sialic acid aldolase, CMP-sialic acid synthetase, and calf intestine alkaline 

phosphatase were purchased from Sigma Aldrich. Alexa Fluor 488 and BODIPY-TMR-C5 

578/591 were purchased from life technologies.  

Release of N-linked glycans1  

          An aliquot of an IgG antibody was dried by Speed Vac (Savant SC 110) and re-dissolved 

in an ammonium bicarbonate buffer (50 mM, pH 8.4) and heated at 100°C for 5 min to denature 

the glycoprotein. After cooling the mixture to RT, trypsin (trypsin/IgG = 1/30, w/w) was added 

and the solution was incubated at 37oC for 22 h, after which it was heated to 100oC for 5 min to 

deactivate trypsin. The solution was passed through a C18 reversed phase cartridge, washed with 

5% aqueous acetic acid and eluted with a gradient of 2-propanol/5% acetic acid (20-100%) to 

give glycopeptides. Next, peptide N-glycosidase F (PNGase F, IgG/PNGase F = 1 mg/6 IUB 

milliunit) was added, and the resulting reaction mixture was incubated at 37oC for 18 h to release 



 

122 

the N-linked glycans. The mixture was passed through a C18 reversed phase cartridge and the 

glycans were eluted with 5% aqueous acetic acid. The glycan-containing fractions were 

concentrated by lyophilization. 

Glycan analysis by matrix-assisted laser-desorption ionization time-of-flight mass 

spectrometry (MALDI/TOF-MS) and ESI 

          The released N-glycans were permethylated with NaOH and methyl iodide following the 

procedure reported by Anamula and Tayler.2 The permethylated glycans were analyzed by ESI 

or MALDI/TOF MS using 2,3-dihydroxybenzoic acid (DHBA, 20 mg mL-1 solution in 50% 

methanol in water) as the matrix. The spectra were acquired in the reflector positive ion mode. 

Remodeling of the glycans anti-CD22 IgG antibodies3  

          The anti-CD22 antibody was dialyzed for 18 h against water and then lyophilized. The 

antibody was resuspended in MOPS buffer (50 mM, pH 7.2) containing MnCl2 (20 mM). The 

galactosylation of the N-glycans was performed using UDP-galactose (10 mM), BSA (80 µg mL-

1), calf intestine alkaline phosphatase (85 U mL-1) and bovine β-1,4-galactosyltransferase 

(100mU mL-1) at a final concentration of 30 mg mL-1 IgG. The resulting reaction mixture was 

incubated at 37°C for 24 h. To ensure complete galactosylation, an additional aliquot of UDP 

galactose (4 mg) and galactosyltransferase (7 mU) were added and the reaction mixture was 

incubated at 37 °C for an additional 24 h. Galactosylated IgG was purified using a Protein A 

Sepharose Column (GE Healthcare) using a Tri-HCl buffer (50 mM, pH 7.05) for capture and 

washing, and a glycine buffer (100 mM, pH 3.0) for release. The antibody-containing solution 

S3 was exchanged to cacodylate buffer (50 mM pH 7.6) using an Amicon 10 kDa cutoff spin 

concentrator (Millipore). The monosialylation of the anti-CD22 antibody (final concentration of 

14 mg mL-1) was conducted in cacodylate buffer (50 mM, pH 7.6), CMP-Neu5Ac5N3 (4 mM), 
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BSA (80 µg mL-1), calf intestine alkaline phosphatase (85 U mL-1) and GFP-ST6Gal I (1.5 mg 

mL-1) at 37 °C for 24 h. The antibody was purified by Protein A Sepharose column 

chromatography and compound 8 was conjugated to the anti-CD22 antibody through SPAAC in 

cacodylate buffer, pH 7.6 in 24 h at RT. To achieve full sialylation, the reaction mixture was 

concentrated using an Amicon 10 kDa cutoff spin concentrator and the proteins were redissolved 

in 50 mM cacodylate (pH 7.6) and ST6GalI and CMP-Neu5Ac5N3 were added. The exchange 

process was repeated twice to give a highly bis-sialylated anti-CD22 IgG as demonstrated by 

MALDI-TOF MS analysis of the released N-glycan. The second payload such as compound 12 

was then added in cacodylate buffer, at pH 7.6 to bis-sialylated antibody and conjugated to top 

arm azido-sialic acid through SPAAC chemistry. The excess drug in both the conjugation steps 

was removed by Amicon 10 kDa cutoff spin filtration. 

Quantitation of the Neu5Ac and Neu5Ac5N3 content of the anti-CD22 antibodies 

          The Sialic acid content of the antibody preparations was determined by high-pH anion-

exchange chromatography (HPAEC) using an ICS-3000 Ion Chromatography System (Dionex, 

Sunnyvale, CA, USA) using 100 mM NaOH and 8%-20% gradient of 1 M sodium acetate in 100 

mM NaOH in 20 min. The system consists of a SP gradient pump with an AS auto-sampler, ICS-

3000 thermal compartment, and an ICS-3000 electrochemical detector equipped with an 

amperometry cell. The cell consists of a gold electrode, a combination reference electrode of 

glass and Ag/AgCl (3 M KCl) and titanium counter electrode consisting of the cell body. 

Separation was carried out on a CarboPac PA 20 column set consisting of an amino trap column 

(30 mm Å~ 3 mm I.D.) and an analytic column (150 mm Å~ 3 mm I.D.) The column and the 

electrochemical detection cell were placed inside the ICS-3000 thermal compartment for 

temperature control. The chromatographic system control, data acquisition, and analysis were 
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carried out using Chromeleon Software (Dionex). Sample preparation: 0.2-0.8 mg of anti-CD22 

or remodeled anti-CD22 antibody and the standards Neu5Ac and Neu5Ac5N3 were treated with 

2 M acetic acid in water (400 µL) at 80oC for 3 h. The samples and standards were dried by spin-

vacuo centrifugation and redissolved in water. The content of Neu5Ac and Neu5Ac5N3 in the 

samples was determined based on the calibration curves of the corresponding standards. 
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One-pot two-enzyme system approach for synthesis of compound (1)4  

Sialic acid aldolase (0.2U/µL, 5µL), and CMP-sialic acid synthetase (0.2U/µL, 5µL) were added 

to a mixture of N-azidoacetyl-D-mannosamine (5 mg, 0.019 mmol) in tris-HCl buffer (100mM, 

pH 8.9, 20mM MgCl2, 1.9 mL), containing sodium pyruvate (10.5 mg, 0.095 mmol) and CTP 

(10 mg, 0.019 mmol). The tube was incubated at 37 oC, and progress of the reaction was 

monitored by TLC (EtOH : aq. NH4HCO3 (1 M) 7:3, v:v), which after 5 hour indicated 

completion of the reaction. EtOH (3 mL) was added, and the precipitate was removed by 

centrifugation and the supernatant was concentrated under reduced pressure. The residue was 

redissolved in distilled water (500 µL) followed by lyophilization to provide a crude material 

that was applied to a Biogel fine P-2 column (50* 1 cm, eluted with 0.1 M NH4HCO3 at 4 oC in 

dark.). TLC detected the product, and appropriate fractions were combined and lyophilized to 

provide 1 as an amorphous white solid (10.1 mg, 81%). 

 1H NMR (500 MHz, D2O) δ 7.86 (d, J = 7.6 Hz, 1H, H-6, cyt), 6.02 (d, J = 7.5 Hz, 1H, H-5, 

cyt), 5.88 (d, J = 4.5 Hz, 1H, H-1, rib), 4.27 – 4.19 (m, 2H, H-2 + H-3, rib), 4.12 (dd, J = 9.1, 7.6 

Hz, 4H), 4.08 – 3.97 (m, 3H, H-4 + N3CH2CO), 3.92 (t, J = 10.3 Hz, 1H), 3.83 (ddd, J = 9.4, 6.5, 

2.6 Hz, 1H), 3.78 (dd, J = 11.8, 2.5 Hz, 1H), 3.52 (dd, J = 11.9, 6.6 Hz, 1H), 3.34 (dd, J = 9.6, 

1.2 Hz, 1H), 2.40 (dd, J = 13.2, 4.8 Hz, 1H, H-3eq), 1.55 (ddd, J = 13.3, 11.3, 5.8 Hz, 1H, H-

3ax). HRMS (ESI): m/z calcd for C20H30N7O16P [M-H]-: 654.1414; found: 654.2023. 
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Synthesis of Tetrazine-CMP-Neu5triazole (2) 

NN

N N NH
O

1, 0.1M Sodium L-ascorbate (1 eq),
0.1 M CuSO4 (0.8 eq), TBTA,

100 mM NH4HCO3:DMF (1:1)

43%16
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N
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A solution of  (4.7 mg, 0.017 mmol) in DMF (1.5 mL) was added to the solution of CMP-

Neu5N3 (1, 10 mg, 0.015 mmol) in Tris-HCl buffer (100 mM, pH 7.5, 1.5 mL). To this mixture 

was added CuSO4 (100 mM, 123 µL), sodium L-ascorbate (100 mM, 153 µL) and TBTA (1.6 

mg, 0.0031 mmol). After stirring for 1 hour at ambient temperature, the reaction mixture was 

lyophilized to provide a residue that was applied to a C18 column, which was eluted with a 

gradient of methanol in 0.1 M NH4HCO3 buffer (3%  →20%). Fractions containing product were 

concentrated under reduced pressure, and the residue was redissolved in 1 mL water and 

lyophilized to provide 2 (6.1 mg, 43%) as a purple solid. 1H NMR (600 MHz, d2o) δ 8.43 (d, J = 

7.9 Hz, 2H, PhH), 8.16 (dd, J = 18.3, 7.4 Hz, 1H, H-6, cyt), 7.89 (d, J = 8.1 Hz, 1H, CH=C, 

triazole), 7.48 (dd, J = 8.2, 6.2 Hz, 2H, PhH), 6.30 (m, 1H, H-5, cyt), 6.11 – 6.02 (m, 1H, H-1, 

rib ), 5.33 (t, J = 4.7 Hz, 2H, triazole-CH2-C=O), 4.53 (s, 2H, NH-CH2-Ph), 4.42 (dt, J = 12.0, 

3.0 Hz, 2H, H-2,3 rib ), 4.38 – 4.26 (m, 4H, H-4, 5 rib, H-6), 4.26 – 4.15 (m, 1H, H-4), 4.08 (t, J 

= 10.3 Hz, 1H, H-5), 4.05 – 3.98 (m, 1H, H-8), 3.95 (dd, J = 11.6, 2.2 Hz, 1H, H-9a), 3.73 – 3.65 

(m, 1H, H-9b), 3.54 (d, J = 9.1 Hz, 1H, H-7), 3.16 (m, 5H, O=CCH2CH2-triazole, CH3), 2.82 (t, 

J = 6.4 Hz, 2H, O=CCH2CH2-triazole), 2.58 (d, J = 12.5 Hz, 1H, H-3eq), 1.74 (s, 1H, H-3ax). 

13C NMR (151 MHz, d2o) δ 142.7, 128.6, 128.0, 126.8, 89.3, 83.1, 74.2, 71.5, 69.6, 69.2, 68.8, 

66.6, 64.7, 62.9, 62.9, 52.1, 52.0, 42.6, 41.0, 41.0, 35.7, 21.1, 20.0. HRMS (ESI): m/z calcd for 

C35H44N12O17P [M-H]-: 935.2690; found m/z: 935.2063. 
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Synthetic procedures for compound 8 

4-(((1S,2R)-1-benzamido-3-(((4S,4aS,6R,9S,11S,12S,12aR,12bS)-6,12b-diacetoxy-12-

(benzoyloxy)-4,11-dihydroxy-4a,8,13,13-tetramethyl-5-oxo-2a,3,4,4a,5,6,9,10,11,12,12a,12b-

dodecahydro-1H-7,11-methanocyclodeca[3,4]benzo[1,2-b]oxet-9-yl)oxy)-3-oxo-1-

phenylpropan-2-yl)oxy)-4-oxobutanoic acid (5) 

A reaction mixture of 3 (0.05 g, 0.06 mmol) and succinic 

anhydride (0.076 g, 0.76 mmol) in 1.2 mL pyridine was stirred 

at room temperature for 3 h. After 3 h, pyridine was evaporated 

to dryness in vacuo. The residue was then treated with 2 ml of 

water, stirred for 20 min, and filtered. The obtained precipitate 

was then dissolved in acetone and water was added slowly, and 

the fine crystals of product were collected. This yielded 0.048 g 

(86%) of 5. 

1H NMR (DMSO-d6, 500 MHz): δ 12.25 (br s, 1H), 9.19 (d, 1H), 7.94-8.00 (d, 2H), 7.81-7.85 

(d, 2H), 7.70-7.73 (m, 1H), 7.63-7.66 (m, 2H), 7.49-7.56 (m, 1H), 7.45-7.50 (m, 2H), 7.40-7.44 

(m, 4H), 7.11-7.21 (m, 1H), 6.27 (s, 1H), 5.76-5.83 (t, 1H), 5.73 (s, 1H), 5.50-5.54 (t, 1H), 5.40 

(d, 1H), 5.34 (d, 1H), 4.88-4.90 (d, 2H), 4.61 (s, 1H), 4.08-4.11(m, 1H), 3.97-4.02 (m, 2H), 3.56 

(d, 1H), 2.57-2.63 (t, 2H), 2.27-2.37 (m, 1H), 2.22 (s, 3H), 2.09 (s, 3H), 1.76-1.83 (m, 1H), 1.74 

(s, 3H), 1.58-1.65 (t, 1H), 1.48 (s, 3H), 1.21 (s, 1H), 0.95-1.00 (d, 6H). 

13C NMR 134, 131.9, 130, 129.2, 129.20, 129.09, 128.85, 128.09,127.93, 84.15, 75.76, 75.11, 

75, 75.14, 71.41,71,55.34, 54.43,46.51, 40.28, 37.11, 37, 34.86, 34.86, 29.28, 29, 26.74, 23.11, 

22.05, 21.16, 14.39, 10.63, 10.33. MALDI HRMS for C51H55NO17 m/z [M+Na+] 976.35; found 

976.346. 
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Bicyclo[6.1.0]non-4-yn-9-ylmethyl (4-nitrophenyl) carbonate (6) 

To a solution of ((1R, 8S, 9r)-Bicyclo [6.1.0] non-4-yn-9-ylmethanol 

(100 mg, 0.66 mmol) in CH2Cl2 (10 mL) was added pyridine (134.70 µL, 

1.66 mmol) and 4-nitrophenyl chloroformate (200 mg, 1 mmol). After 

stirring for 3 h at room temperature the reaction mixture was quenched 

with saturated ammonium chloride solution (10 mL) and extracted with CH2Cl2 (3×10 mL). The 

organic layer was dried using MgSO4 and concentrated in vacuo. The residue was further 

purified by column chromatography on silica gel (EtOAc: Hexane, 1:5) to afford desired product 

6 (162 mg, 77%) as a white solid. 

1H NMR (CDCl3, 500 MHz): δ 8.28 (d, 2H), 7.40 (d, 2H), 4.31(d, 2H), 2.15-2.5 (m, 6H), 1.35-

1.45 (m, 2H), 0.64-0.75 (m, 3H). 13C NMR (150 MHz, CDCl3): δ 155.6, 152.5, 145.3, 125.3, 

121.7, 98.7, 68.0, 29.0, 21.3, 20.5, 17.2. 

 

((1R, 8S, 9r)-Bicyclo [6.1.0] non-4-yn-9-ylmethyl (2-(2-(2-aminoethoxy) ethoxy) ethyl) 

carbamate (7) 

Et3N (339 µL, 1.945 mmol) was added to stirred 

solution of 6 (150 mg, 0.389 mmol) and tris (ethylene 

glycol)-1,8-diamine (569 µL, 3.89 mmol) in CH2Cl2 (10 

mL). The reaction mixture was stirred for 3 h, after which the solvent was removed under 

reduced pressure. The residue was purified by flash chromatography over latrobeads 

(MeOH/CH2Cl2, 5 to 25%, v/v) to give compound 7 as a light-yellow liquid (116 mg, 92%). 

1H NMR (CDCl3, 500 MHz): δ 5.48 (br s, NH), 4.15 (d, 2H), 3.5-3.75 (m, 8H), 3.4 (br s, 2H), 

2.9 (br s, 2H), 2.5 (br s, 2NH2), 2.16-2.36 (m, 6H), 1.5-1.65 (m, 2H), 1.2-1.44 (m and s, 3H), 
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0.79-1.00 (m, 2H) 13C NMR (150 MHz, CDCl3): δ 98.8, 73.4, 70.3, 70.2, 70.1, 62.7, 41.7, 40.8, 

29.1, 21.4, 20.1, 17.8. MALDI HRMS for C17H28N2O4 m/z calcd (M + H)+ 325.2124, found: 

325.2122. 

(4S,4aS,6R,9S,11S,12S,12aR,12bS)-9-(((19R)-19-((S)-benzamido(phenyl)methyl)-1-

(bicyclo[6.1.0]non-4-yn-9-yl)-3,14,17-trioxo-2,7,10,18-tetraoxa-4,13-diazaicosan-20-

oyl)oxy)-12-(benzoyloxy)-4,11-dihydroxy-4a,8,13,13-tetramethyl-5-oxo-

3,4,4a,5,6,9,10,11,12,12a-decahydro-1H-7,11-methanocyclodeca[3,4]benzo[1,2-b]oxete-

6,12b(2aH)-diyl diacetate (8) 

A mixture of 5 (5 mg, 0.0052 mmol) and 7 (2.1 mg, 0.0062 

mmol) was dissolved in anhydrous DMF (1 mL). N, N-

Diisopropylethylamine (2.73 µL, 0.0157 mmol) and 1-

[Bis(dimethylamino) Methylene]-1H-1, 2,3-triazolo [4,5-b] 

pyridinium 3-oxid hexafluorophosphate (HATU, 3mg, and 

0.00786 mmol) was added sequentially and reaction mixture 

was stirred for 2 h at room temperature. TLC showed complete 

reaction after stirring reaction for 2 h at room temperature. 

Solvents were evaporated under reduced pressure, and the 

crude product was purified by silica gel chromatography using EtOAc: Hexane (5 to 15%, v/v) 

as a mobile phase giving pure 8 as a white solid (6.5 mg, 98%).  

1H NMR (CDCl3, 500 MHz): δ 8.15 (d, 1H), 7.83 (d, 1H), 7.63 (t, 1H), 7.52 (dt, 2H), 7.48 – 7.37 

(m, 3H), 7.32 (s, 1H), 6.30 (s, 1H), 6.25 – 6.13 (m, 1H), 5.69 (d, 1H), 5.46 (d, 0H), 5.31 (s, 0H), 

5.03 – 4.92 (m, 0H), 4.32 (d, 1H), 4.21 (d, 1H), 4.13 (q, 1H), 3.96 (d, 1H), 3.81 (d, 1H), 3.60 (d, 

4H), 3.48 (s, 1H), 3.37 (s, 2H), 2.77 (t, 1H), 2.54 (d, 2H), 2.44 (s, 1H), 2.39 (d, 1H), 2.35 – 2.28 
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(m, 1H), 2.24 (s, 2H), 2.15 (d, 1H), 2.06 (s, 1H), 1.93 (s, 2H), 1.69 (s, 2H), 1.64 (s, 4H), 1.50 

(dd, 3H), 1.33 – 1.20 (m, 5H), 1.14 (s, 2H), 0.93 – 0.85 (m, 1H), 0.73 (s, 1H). 

13C NMR (150 MHz, CDCl3): δ 130.22, 127.36, 133.70, 128.72, 131.85, 126.78, 129.00, 128.43, 

75.61, 71.74, 53.19, 75.08, 74.37, 84.43, 72.10, 76.42, 76.42, 69.23, 45.60, 70.23, 69.77, 39.36, 

40.73, 43.72, 29.44, 35.13, 30.76, 22.68, 33.27, 35.47, 21.39, 21.39, 35.48, 14.82, 35.57, 9.62, 

23.39, 9.62, 18.63, 17.32, 33.28, 22.68, 31.61, 29.66, 26.80, 22.13, 14.12, 22.87, 23.69. MALDI 

HRMS for C68H81N3O20 m/z calcd (M + Na)+ 1282.54, found: 1282.534. 

Synthetic procedure for compounds 12 and 13 

3-((2-(tritylamino)ethyl)disulfaneyl)propanoic acid (10) 

Trityl group protected amino-ethyldithiopropanoic acid linker 

was prepared by adding trityl chloride (46 mg, 0.165 mmol) to 

the stirred solution of 9 (10 mg, 0.055 mmol) and triethylamine 

(16.7 mg, 23 µL, 0.165mmol) in 1 mL dimethylformamide for 

24 h at RT. After stirring the reaction mixture overnight, solvent was evaporated under reduced 

pressure, and the crude product was purified by silica gel chromatography using MeOH: DCM (2 

to 5%, v/v) as a gradient column system to give compound 10 as yellow solid (19 mg, 82%). 

1H NMR (500 MHz, CDCl3): δ 7.53 – 7.46 (m, 6H), 7.35 – 7.27 (m, 6H), 7.24 – 7.18 (m, 3H), 

4.62 (s, 1H), 2.86 (t, 2H), 2.80 – 2.70 (m, 4H), 2.51 (t, 2H). MALDI HRMS for C24H25NO2S2 

m/z calcd (M + H)+ 424.14, found: 424.136. 
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(2R)-1-(4-((1aR,10bS)-1,1-difluoro-1,1a,6,10b-

tetrahydrodibenzo[a,e]cyclopropa[c][7]annulen-6-yl)piperazin-1-yl)-3-(quinolin-5-

yloxy)propan-2-yl 3-((2-(tritylamino)ethyl) disulfaneyl) propanoate (11) 

A reaction mixture of 10 (12 mg, 0.0284 mmol), 

N-(3-Dimethylaminopropyl)-N′ethylcarbodiimide 

hydrochloride (7.2 mg, 0.0376 mmol), catalytic 

amount of dimethyl amino pyridine (DMAP), and 

triethylamine (4.8 mg, 7 µL, 0.047 mmol) was 

dissolved in 2 ml CH2Cl2 and cooled to 0oC. Compound 4 (5 mg, 0.0094 mmol) was added at 

0oC and reaction mixture was stirred for 24 h at room temperature. After overnight stirring, 

reaction mixture was diluted with 8 ml CH2Cl2 and extracted with brine and saturated sodium 

bicarbonate (5 ml each) and dried over magnesium sulfate. Solvents were evaporated under 

reduced pressure and crude product was purified over silica gel chromatography using MeOH: 

DCM (0 to 3%, v/v) as gradient system to obtained pure compound 11 as beige solid (7 mg, 

81%). 

1H NMR (500 MHz, CDCl3): δ 8.90 (dd, 1H), 8.56 – 8.50 (m, 1H), 7.72 (d, 1H), 7.61 (t, 1H), 

7.48 (d, 8H), 7.32 – 7.25 (m, 10H), 7.22–7.12 (m, 6H), 6.87 (d, 1H), 5.52 (dd, 1H), 5.32 (s, 1H), 

4.35 (dd, 1H), 4.26 (dd, 2H), 4.15 (q, 1H), 3.92 (s, 1H), 3.20 (d, 2H), 2.92 – 2.67 (m, 8H), 2.64 – 

2.23 (m, 10H), 2.09 (d, 1H). 

13C NMR (150 MHz, CDCl3) δ 150.80, 130.75, 122.08, 129.23, 128.57, 128.57, 120.39, 127.87, 

127.88, 132.70, 132.71, 127.94, 126.34, 129.26, 127.56, 105.18, 70.03, 53.43, 68.43, 68.43, 

77.96, 28.96, 40.76, 40.38, 33.18, 33.90, 34.24, 58.07, 58.07, 53.69, 54.19, 41.74, 52.25.  

MALDI HRMS for C56H54F2N4O3S2 m/z calcd (M + H)+ 933.36, found: 933.354. 
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 (2R)-1-(4-((1aR,10bS)-1,1-difluoro-1,1a,6,10b 

tetrahydrodibenzo[a,e]cyclopropa[c][7]annulen-6-yl)piperazin-1-yl)-3-(quinolin-5 

yloxy)propan-2-yl-3-((2-(((bicyclo[6.1.0]non-4-yn-9-

ylmethoxy)carbonyl)amino)ethyl)disulfaneyl)propanoate (12) 

Compound 11 (5 mg, 0.0053 mmol) was dissolved in 1 ml dichloromethane. 2% TFA and TIPS 

v/v were added to reaction mixture and stirred for 

30 min at room temperature. After 30 min, solvent 

was evaporated under reduced pressure and 

resulting amino-TFA salt was used for the next 

step without purification. Next, amino-TFA salt 

was added to the reaction mixture containing 6 (2.53 mg, 0.008 mmol), N,N-

diisopropylethylamine (2.1 mg, 3 µL, 0.016 mmol) in DMF and stirred for 16 h at room 

temperature. After stirring for 16 h, solvents were evaporated under reduced pressure and crude 

product was purified over silica gel column using mobile phase of MeOH: DCM (0 to 2% v/v) 

yielding compound 13 (4 mg, 89%) in excellent yields. 

1H NMR (600 MHz, CDCl3): δ 8.90 (dd, 1H), 8.56 – 8.45 (m, 1H), 7.71 (d, 1H), 7.59 (t, 1H), 

7.38 (dd, 1H), 7.25 – 7.22 (m, 1H), 7.22 – 7.17 (m, 3H), 7.12 (tdd, 5H), 6.86 (d, 1H), 5.55 (s, 

2H), 5.10 (s, 1H), 4.38 – 4.22 (m, 2H), 3.95 (t, 3H), 3.49 – 3.37 (m, 2H), 3.34 (s, 2H), 3.16 (d, 

2H), 2.90 (t, 2H), 2.82 – 2.69 (m, 4H), 2.46 – 2.00 (m, 9H), 0.90 – 0.77 (m, 4H), 0.76 – 0.61 (m, 

3H). 13C NMR (151 MHz, CDCl3) δ 130.92, 122.03, 129.42, 120.42, 77.11, 132.78, 128.12, 

129.65, 127.68, 105.32, 76.87, 68.39, 68.40, 69.25, 70.03, 77.78, 39.58, 39.63, 56.01, 28.94, 

33.10, 33.07, 38.31, 34.25, 38.14, 33.37, 33.33, 21.42, 21.41, 21.41, 33.37, 29.35, 31.71, 22.91, 

23.69. MALDI HRMS for C48H52F2N4O5S2 m/z calcd (M + Na)+ 889.33, found: 889.32. 
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(2R)-1-(4-((1aR,10bS)-1,1-difluoro-1,1a,6,10b-

tetrahydrodibenzo[a,e]cyclopropa[c][7]annulen-6-yl)piperazin-1-yl)-3-(quinolin-5-

yloxy)propan-2-yl3-((2-(((((E)-cyclooct-4-en-1-yl)oxy) 

carbonyl)amino)ethyl)disulfaneyl)propanoate(13) 

Compound 13 was synthesized using same 

procedure that was used for synthesizing compound 

12. After deprotection of trityl of compound 11 (5 

mg, 0.0053 mmol) in 1 ml dichloromethane, 2% 

TFA and TIPS v/v over 30 min at RT. Amino-TFA 

salt was added to the reaction mixture containing 14 (2.32 mg, 0.008 mmol), N,N-

diisopropylethylamine (2.1 mg, 3 µL, 0.016 mmol) in DMF and stirred for 16 h at room 

temperature. After stirring for 16 h, solvents were evaporated under reduced pressure and crude 

product was purified over silica gel column using mobile phase of MeOH: DCM (0 to 2% v/v) 

yielding compound 13 (3.8 mg, 86%) in excellent yields. 

MALDI HRMS for C46H52F2N4O5S2 m/z calcd (M + H)+ 843.33, found: 843.326. 
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Biological examination of compounds 3,4, 8, 12 or 13 and anti-CD22 conjugated derivatives  

Cell lines and Culture 

          Multidrug-resistant lymphoma cells lines stably expressing p-gp and CD22 were provided 

by Dr. Maria-Ana Ghetie, The Cancer Immunobiology Center, UT Southwestern Medical Center 

at Dallas, 6000 Harry Hines Boulevard, NB9.116, Dallas, TX 75390-8576, USA.  

Generation of new MDR cells  

          Three cell lines (Namalwa, Raji, and DHL-4) were exposed to vincristine (VCR) at a 

starting concentration of 3 nM. VCR was increased every 10 days by 3 nM increments until cells 

became resistant to 12-21 nM VCR. The cells were named by the parental cell names and the 

final concentration of VCR to which they were resistant for example Namalwa 21nM VCR, Raji 

18nM VCR, DHL-4 12nM VCR and Namalwa wild-type as a control cell line. 

Cell culture conditions  

          Namalwa 21nM VCR, DHL-4 12nM VCR, Raji 18nM VCR and Namalwa wild type cells 

were cultured in ATCC-formulated RPMI- 1640 medium with L-glutamine (2 mM), sodium 

bicarbonate (1.5 g L-1), glucose (4.5 g L-1), HEPES (10 mM) and sodium pyruvate (1.0 mM). 

The media was supplemented with penicillin (100 U mL-1) and streptomycin (100 µg mL-1, 

Mediatech) and fetal bovine serum (FBS, 10%, BenchMark). In case of Raji 18 nM VCR 1% 

Pen/Amp/Strep and 1100 µL Normocin (50 µg/ml) will be added. Cells were maintained in a 

humid 5% CO2 atmosphere at 37oC and subcultured every 2-3 days.   

Cytotoxicity assay  

          Cytotoxicity of compounds 3, 4, 8, 12, 13 or anti-CD22 antibody modified with 8 and 12 

or 13 was determined using the MTT assay. On the day of exposure, exponentially growing cells 

were plated at 25000 cells/well in 160 µL in 96-well tissue culture plates (Nunc). Cells then were 
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incubated with medium (control), compound 3 or 8 or anti-CD22 modified 8 (20 µL, 10X in cell 

culture medium) for 30 min at 37° C. Next, compound 4, or 12 or 13 or anti-CD22 modified 12 

(20 µL, 10X in cell culture medium) were added and cells were incubated for 68 h. At 68 h, 

MTT reagent (5 mg mL-1 in PBS, 20 µL/well) was added to each well. Incubate the plate for 4 

hours at 37° C. View the cells periodically for the Appearance of punctate, intracellular 

precipitate using an inverted microscope. When purple precipitate is clearly visible under the 

microscope, the plate was centrifuged at 1400 rpm for 10 min at 4°C and supernatant were 

removed carefully (with a syringe). At 72 h the water-insoluble formazan salt was dissolved in 

DMSO (100 µL/well). The absorbance was measured at 545 nm using a microplate reader (BMG 

Labtech). Data points were collected in triplicate and expressed as normalized values for 

untreated control cells (100%). Data were fitted using Prism software (GraphPad Software, Inc). 
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A 

 

B 

No. Compound used alone or in 1:1 ratio Cell lines  EC50 value in nM 

1) PCTX  Namalwa MDR (+) ve 101.3 

2) PCTX Namalwa wild 5  

3) PCTX and ZSQ (1:1) Namalwa MDR (+) ve 5.5 

4) ZSQ Namalwa MDR and wild No activity 

 

Figure 3.6 In vitro cytotoxicity profiles (A) of PCTX and ZSQ when used alone or in 1:1 

combination against Namalwa wild and MDR +ve (VCR) cell lines; (B) EC50 value comparison 

between PCTX and ZSQ when used alone or in 1:1 ratio. 
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CHAPTER 4 

SEMISYNTHESIS OF HIGHLY POTENT C-3’/C-3’-N-ACYL MODIFIED PACLITAXEL 

ANALOGS FOR ANTIBODY-DRUG CONJUGATES 
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Abstract 

          In this work, a reliable and practical route to a series of highly potent paclitaxel (PCTX) 

analogs modified at C3’ and C3’-N-acyl position have been developed. A novel PCTX scaffold 

was synthesized through efficient coupling of racemic β-lactam modified (E)-6-((tert-

butoxycarbonyl)amino) hex-2-enoic acid and 2-methylprop-1-enyl with properly protected 

baccatin. It has been found that PCTX scaffold containing 2-methylprop-1-enyl group at C3’ and 

(E)-6-((tert-butoxycarbonyl)amino) hex-2-enoic acid group at C3’-N-acyl position showed 

enhanced cytotoxicity against namalwa wild and multidrug-resistant (MDR) lymphoma cells. 

Interestingly, the resulting scaffold is not a substrate for P-glycoprotein (MDR1) associated 

multidrug resistance. In addition, the resulting scaffold was amenable to facile modification with 

various clickable groups or introduction of stable yet cleavable linkers through simple 

deprotection of di-tert-butyl dicarbonate (Boc) group at C3’-N-acyl position without 

compromising the potency of the parent molecule making them ideal payloads for the 

development of next-generation antibody-drug conjugates. 

Introduction 

          TaxolR (PCTX) and its semisynthetic analog[1], TaxotereR (docetaxel)[2], have emerged as 

the most exciting drugs for the treatment of cancer. Both paclitaxel and docetaxel exhibit 

significant antitumor activity against various cancers through their unique antimitotic mechanism 

of action[3]. It has been FDA approved for the treatment of breast, ovarian, lung, bladder, 

prostate, melanoma, esophageal, as well as other types of solid tumor cancers[4]. However, 

despite their potent antitumor activity, the amount of a drug required to achieve a clinically 

effective level of cell killing often causes severe damage to actively propagating healthy cells 

such as cells of the gastrointestinal tract and bone marrow, resulting in a variety of undesirable 
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side effects such as hypersensitivity reaction, nephrotoxicity, myelosuppression, and 

neuropathy[5]. Many potent derivatives of paclitaxel suffer from the lack of tumor specificity and 

were susceptible to multidrug resistance (MDR) showing a substantial loss in activities[6]. It is 

clear from the current understanding of the requirements for effective ADCs that the cytotoxicity 

level of paclitaxel or docetaxel is not sufficient especially against MDR resistant cancers[6]. 

Therefore, it is very important to develop new chemotherapeutic agents with improved tumor 

specificity, fewer side effects, improved pharmacological properties, and higher potency.  

          On the basis of structure-activity relationship (SAR) study of taxoids, Ojima and co-

workers have developed a series of highly potent second-generation taxoids. Most of these 

taxoids exhibited 2-3 orders of magnitude higher potency than that of paclitaxel and docetaxel 

against drug-resistant cell lines expressing MDR phenotypes[7]. One of these second-generation 

taxoids, SB-T-110131 (IDN5109; BAY59-8862), exhibited excellent pharmacological profile in 

preclinical studies and is currently undergoing phase II human clinical trials sponsored by Bayer 

Corporation[8]. Therefore, in principle, it is possible to develop novel chemotherapeutic agents 

with high potency and exceptional tumor specificity by covalently attaching above second-

generation taxoids to a monoclonal antibody. Based on these assumptions, Ojima and co-workers 

have synthesized more potent analogs of paclitaxel by replacing C3’ phenyl and C3’-N-benzoyl 

groups with t-butoxycarbonyl and 2-methylpropenyl[8-9]. Targeted delivery of second-generation 

taxoid to cancer cells using monoclonal antibody (mAb) requires an appropriate linker system 

that needs to be stable for an extended period of time in circulation in vivo, while it should be 

readily cleaved inside cancer cells. 

          To meet this criterion[8], methyldisulfanyl (MDS) propanoyl group that contains a disulfide 

linker unit was installed on to C-2, C-7, and C-10 position of taxoid. It is expected that the mAb 
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component of the conjugate binds to the specific antigens on tumor surfaces and the whole 

conjugate is internalized via endocytosis. The disulfide bond is then cleaved by an intracellular 

thiol such as glutathione to release the drug in its active form. Unfortunately, C-2 and C-10 

modified analogs showed a substantial loss in the activity as compared to parent molecule when 

delivered through randomly conjugated mAb. Previous SAR studies have also depicted that C-7 

position is well tolerated for modification however, C-7 modified analogs also exhibited 

compromised activity against multidrug-resistant (MDR) breast (MCF-7) cancer cells, 

epidermoid carcinoma (A431), and non-small-cell lung carcinoma (A549). 

          To address the problems associated with 2nd generation taxoids due to substantial loss in 

the activity, there is an urgent need to investigate the right position in the molecule that will not 

only increase the potency of current taxoids but also allows flexibility of installing various stable 

yet cleavable linkers without compromising the substantial activity was a challenging task. 

Based on x-ray crystal structure of PCTX bound microtubule[10], through a careful literature 

survey and previous SAR[11] studies, we found that the modification at C-3’-N-acyl group[12] was 

well tolerated but has given very little attention for introducing new modifications that allow 

post-synthetic modifications. It is important to emphasize from x-ray crystal structure of PCTX 

bound microtubule that by keeping C-3’-N-acyl group intact in PCTX molecule, it should 

maintain its biological activity. 
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Figure 4.1 Design of highly potent PCTX scaffold 17 as a payload for ADCs. 

          In this work, a novel PCTX scaffold (Figure 1) was synthesized through efficient coupling 

of racemic β-lactam modified (E)-6-((tert-butoxycarbonyl)amino) hex-2-enoic acid and 2-

methylprop-1-enyl with properly protected baccatin. It has been found that PCTX scaffold 

containing 2-methylprop-1-enyl group at C3’ and (E)-6-((tert-butoxycarbonyl)amino) hex-2-

enoic acid group at C3’-N-acyl position was well tolerated and showed enhanced cytotoxicity 
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against namalwa wild and multidrug-resistant (MDR) lymphoma cells. Moreover, the resulting 

scaffold was amenable to facile modification with various clickable groups or introduction of 

stable yet cleavable linkers through simple deprotection of di-tert-butyl dicarbonate (Boc) group 

at C3’-N-acyl position without compromising the potency of the parent molecule demonstrating 

the superiority of our analogs over currently available PCTX analogs. 

Synthesis of 7-TES-10-Acetyl baccatin (3) 

          Semisynthesis of highly potent C-3’/C-3’-N-Acyl modified PCTX scaffold 17 can be  
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Scheme 4.1 Synthesis of 10-acetyl-7-triethylsilyl-baccatin 3; A) reagents and conditions: a) 

chlorotriethylsilane, pyridine/DMF (1:1), 12 h, RT; b) Acetyl Chloride, Pyridine, 0oC to RT for 

48 h and c) Acetic anhydride, DMAP, CH2Cl2, 25oC 1-3 h. B) reagents and conditions: a) N-



 

149 

methyl morpholine N-oxide (NMO), tetrapropylamine perruthenate, CH2Cl2, 25oC, 2 h; b) Acetic 

anhydride, DMAP, CH2Cl2, 25oC 1-3 h; and c) 15-100 NaBH4, MeOH or MeOH/THF 0oC to RT 

for 6 h. 

accomplished through efficient coupling of racemic β-lactam (12 and 16) with acetyl and 

triethylsilyl (TES) protected baccatin 3 (Scheme 4.1, 4.3 and 4.4)[7b-e, 9]. The clear differentiation 

of the similarly reactive C-7 and C-10 hydroxyl group in 10-deacetyl baccatin (1) with specific 

bulky protecting groups could be successfully achieved only under specially developed reaction 

conditions described below. In both the cases (scheme 4.1), first triethylsilylation under carefully 

optimized conditions (20 eq. of chlorotriethylsilane, 1:1 pyridine/DMF at RT for 12 h) gave 7-

TES-10 deacetyl baccatin 2 reproducibly in 84-86% yield[7b]. Using reported procedure, 

acetylation of C-10 hydroxyl using 5 eq. of acetyl chloride, 25 ml pyridine/mmol, and 0oC for 48 

h was attempted but this procedure didn’t yield desired product 3 even after several attempts[13]. 

Also, acetylation using acetic anhydride and DMAP compromised the selectivity yielding di-

acetylated product 4. Finally, compound 3 can be efficiently synthesized a method developed by 

Nicolaou and co-workers[14]. By following this procedure, compound 2 first underwent 

chemoselective oxidation at C-4 with TPAP-NMO leading to diketone 5 in excellent yield. Next, 

acetylation of C-10 hydroxyl under standard acetic anhydride and DMAP conditions cleanly 

gave compound 6. Subsequent reduction of diketone at C-4 carbonyl group proceeded both 

chemo and stereoselectively with NaBH4 in methanol or methanol-THF system to afford good to 

excellent yields of the corresponding baccatin 3. 
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Scheme 4.2 Synthesis of (±)-1-(tert-Butoxycarbonyl)-3-triisopropylsilyloxy-4-(2-methylprop-1-

enyl)azetidin-2-one (12); Reagents and conditions: a) Sodium sulfate, CH2Cl2, 30 min at RT; b) 

acetoxyacetyl chloride, triethylamine, CH2Cl2, -78oC to RT for 12 h; c) potassium carbonate, 

MeOH/H2O (2/1), 30 min to 3 h at RT; d) DMAP, CH2Cl2, triethylamine, triisopropylsilyl 

chloride at RT for 18 h; e) Ceric ammonium nitrate, MeCN/H2O, -10oC, 3-4 h; f) di-tert butyl 

dicarbonate, triethylamine, DMAP for 20 h at RT. 

Synthesis of NH and NBoc-β-lactam (11 and 12) 

          (±)-1-(tert-Butoxycarbonyl)-3-triisopropylsilyloxy-4-(2-methylprop-1-enyl)azetidin-2-one 

(12) (Scheme 4.2) has been synthesized efficiently using β-lactam synthon method[9]. First, 

Racemic 1-(4-methoxyphenyl)-2-(2-methylprop-1-en-1-yl)-4-oxoazetidin-3-yl-acetate (± 8) was 

obtained in 76% yield through the [2+2] cycloaddition of N-p-methoxyphenyl (PMP)-3-methyl-

2-butaldimine with acetoxyketene generated in situ from acetoxyacetyl chloride and 

triethylamine in dichloromethane at −78°C. Treating (± 8) with potassium carbonate in 

methanol/water (2/1), resulted in deprotection of the acetyl group of β-lactam (± 8) and was 

subsequently protected with a TIPS group (TIPS = triisopropylsilyl) to afford 3-TIPSO-β-lactam 

(± 10) in 90% yield. The PMP group of β-lactam (± 10) was oxidatively cleaved by CAN (CAN 

= cerium(IV) ammonium nitrate) to afford the NH-β-lactam (± 11) in 92% yield, which was then 
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further reacted with tert-butoxycarbonyl (Boc) in the presence of DMAP and triethylamine to 

afford racemic (±)-1-(tert-Butoxycarbonyl)-3-triisopropylsilyloxy-4-(2-methylprop-1-

enyl)azetidin-2-one (± 12) in 95% yield. 
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Scheme 4.3 Assembly of taxoids 14 via coupling of β-lactam (±) 12 and 3; Formation of β-

lactam through di-tert-butyl dicarbonate deprotection; Reagents and conditions: a) 3, 12, and 1M 

LiHMDS in THF, -35oC to 0oC for 2 h; b) acetonitrile: pyridine (1:1), HF/Pyridine, 0oC to RT 

for 12-18 h; and c) 5% trifluoroacetic acid in 1 ml CH2Cl2 for 1 h. 

Assembly of toxoid 14 via coupling of β-lactam and baccatin   

Ring-opening couplings of racemic β-lactams (± 12) and ± 16) with baccatins 3 were carried out 

following the reported protocol developed before (Scheme 4.3 and 4.4)[9]. To a mixture of 

baccatin 3 (1.0 equiv.) and β-lactam (±), 12 or β-lactam (±) 16, (3.0 equiv.) in THF was added 

LiHMDS (1.5 equiv.) at −20°C. The reaction mixture was warmed to 0oC in 30-60 min and 

stirred for additional 1 h at that temperature and quenched with aqueous ammonium chloride 

solution. Since the determination of the diastereomeric purity of the coupling product at this 

stage was found to be difficult, the crude product mixture was passed through a short silica gel 
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column to remove the unreacted β-lactams. The coupling product thus obtained was treated with 

HF/pyridine in acetonitrile/pyridine (1/1) at room temperature to achieve complete deprotection 

of TES and TIPS to afford target compound 14 and 17 in excellent yields.  

          In an attempt to access target compound 17 from 14, we thought that the deprotection of 

tert-butoxycarbonyl (Scheme 4.3) of 14, in turn, could be reacted with tert-butyl (E)-(6-chloro-6-

oxohex-4-en-1-yl)carbamate (15) under standard amide coupling conditions. However, after 

several attempts of Boc deprotection using 5% TFA in dichloromethane reproducibly gave self-

immolation β-lactam and 10-acetyl baccatin as products. This self-immolation of taxoid 14 can 

occur by the following mechanism. 

O
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R O
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HN
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O-

OH

HN O

R= 10 acetyl baccatin  

Figure 4.2 Mechanism of self-immolation of taxoid 14 after tert-butoxycarbonyl (Boc) 

deprotection 

After deprotection of Boc, the nucleophilic attack of the amine on the adjacent carbonyl leads to 

a cyclized intermediate which, in turn, facilitates the second attack by carbonyl oxygen that 

results in the self-immolation to release of 10-acetyl baccatin and cyclized β-lactam product. 

 Assembly of C3’/C3’-N-acyl modified taxoid 17 via coupling of β-lactam and baccatin 

          To circumvent the problem of β-lactamization, we decided to synthesize compound 16 

(Scheme 4.4) with preinstalled 2-methylprop-1-enyl and (E)-6-((tert-butoxycarbonyl)amino) 

hex-2-enoic acid modification. (E)-6-((tert-butoxycarbonyl)amino) hex-2-enoic acid was 

converted into acid chloride generated using oxalyl chloride and a catalytic amount of 

dimethylformamide. After the completion of the reaction, the acid chloride was used as such 
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without any purification and coupled to NH-β-lactam (± 11) in the presence of a super base (Pka 

≈ 50)[7b], n-butyl lithium at -78oC to yield β-lactam carbamate (± 16) in 80% yield. Ring-opening 

couplings of racemic β-lactams (± 16) with baccatins 3 is the key step to assemble target taxoid 

scaffold 17. 
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Scheme 4.4 Assembly of C3’/C3’-N-acyl modified taxoid 17 via coupling of β-lactam (±) 16 

and 3; Reagents and conditions: a) a) 1M oxalyl chloride in DCM, catalytic DMF, dry CH2Cl2 

for 3-4 h at RT; b) 11,15, 1.5 M n-butyl lithium, dry THF, -78oC, 2 h; c) 16, 3, and 1M LiHMDS 

in THF, -20oC to 0oC over 60 min stirred for 2 h at 0oC; and d) acetonitrile: pyridine (1:1), 

HF/Pyridine, 0oC to RT for 12-18 h. 

We initially thought that the installation of  (E)-6-((tert-butoxycarbonyl)amino) hex-2-enoic acid 

on NH-β-lactam (± 11) could have an influence on the outcome of the ring opening coupling 

reaction with 3. Since this new modification appears to be bulky and has not been shown before 

to couple with 3. However, the coupling reaction between β-lactam (±) 16 and 3 proceeded 

cleanly to afforded final target 17 utilizing lithiated organosilicon reagent (LiHMDS) followed 

by deprotection of TES and TIPS in HF/pyridine in acetonitrile/pyridine (1/1) at room 

temperature to afford target compound 17 in excellent yields. 
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          Mechanistic studies on the ring opening coupling reactions have demonstrated that in each 

transition state, the lithium-oxygen bond of the lithium alkoxide of baccatin is aligned with the 

carbonyl of the β-lactam, which is required for the nucleophilic ring opening of the β-lactam[9]. 
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Figure 4.3 Possible transition states for the coupling of β-lactam (a) (+12), (+16), b) (-12), and (-

16) with baccatin 3.The transition states show for (a) are the most favorable ones; and R=12= 

Boc and 16=(E)-6-((tert-butoxycarbonyl)amino)hex-2-enoic) carbamate. 
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In the transition state (a), TIPSO-β-lactam (+) 12 and 16, the precursor of the C-13 side chain 

with correct stereochemistry, is situated underneath the baccatin with the orientation in such a 

manner that the C-3 and C-4 substituents are pointing away from the baccatin core and the bulky 

t-Boc group is located outside the baccatin framework (Figure 4.3a). This transition state creates 

no significant steric crowding, and thus this reaction should proceed smoothly. In contrast to this, 

the transition state for the reaction of enantiomeric β-lactam (-) 12 and 16, there is a substantial 

steric interaction between the t-Boc group of the β-lactam and the acetyl moiety of the baccatin 

(Figure 4.3b). Another obvious steric crowding is the interaction between the 1,14-carbonate 

moieties of the baccatin with one of the isopropyl groups of the 3-TIPSO group of the β-lactam 

(Figure 4.3b). 

          It is thus strongly suggested that the bulky group substitution (e.g. in case of 12 and 16) at 

NH-β-lactam doesn’t interfere with the outcome of ring opening coupling protocol giving 

efficient access to target scaffold 17. 

Biological evaluation of C3’ and C3’-N-Acyl modified analogs against wild-type and 

multidrug-resistant (MDR) lymphoma cells 

          Many chemotherapeutic drugs and payloads used currently in ADCs constructs were very 

good substrates for P-glycoprotein or ABCB1 or other ATP-dependent transporters allowing 

them to pump drugs out of the cancer cells leading to poor responses to chemo and targeted 

therapies. Thus, developing new payloads that can overcome multidrug resistance in cancer 

treatment are highly desired in the field of cancer chemotherapy and antibody-drug 

conjugates[15]. We hypothesized that the C3’/C3’-N-acetyl modified PCTX analogs (14 and 17) 

could circumvent the P-glycoprotein associated multidrug-resistance. To test our hypothesis 

namalwa wild and namalwa MDR (+ve) type cell lines were incubated with compound 14 at 
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various concentrations (1000 to 0.001 nM) for 72 h and 37oC. After 72 h, % cell viability was 

determined by MTT assay. Data were fitted with Prism nonlinear regression software. 

 

Figure 4.4 Cytotoxicity profiles of compound 14 against MDR1 and CD22 overexpressing 

namalwa MDR1 and wild-type cell lines. 

From the cytotoxicity profiles (Figure 4.4), it is clear that the compound 12 were found to be 

very potent showing EC50 values 0.081 nM and 1.47 nM in wild and MDR1 overexpressing 

namalwa cells respectively. Thus, it is expected from above results that the PCTX scaffolds 17 

should be more potent due to the presence of additional modification of (E)-6-((tert-

butoxycarbonyl)amino) hex-2-enoic acid at C3’-N-acyl position as compared to 12 and hence 

could circumvent p-glycoprotein associated multidrug resistance. Efforts to test the biological 

activity of compound 17 are currently under investigation in our laboratory.  
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Conclusion 

          Through a critical literature survey, detailed SAR studies and x-ray crystal structure of 

PCTX bound microtubule makes it possible to design and synthesized highly potent PCTX 

scaffolds modified at C3’ and C3’-N-Acyl position through highly robust coupling protocol of β-

lactams with baccatin. Introduction of the bulky group at NH-β lactam doesn’t affect the final 

coupling step important for modification at C-3’-N-acyl group which was well tolerated. This 

synthetic methodology makes it possible to install dual modifications such as 2-methylprop-1-

enyl and (E)-6-((tert-butoxycarbonyl) amino) hex-2-enoic acid that has greatly enhanced the 

cytotoxicity of PCTX scaffold with EC50 in subnanomolar to picomolar range against wild and 

MDR lymphoma cells demonstrating the clear advantage of the dual modifications. From 

cytotoxicity studies, it was confirmed that the new scaffold is not susceptible to P-glycoprotein 

associated MDR phenotype. 

          The resulting PCTX scaffold was amenable to facile modification with various clickable 

groups such as dibenzocyclooctyne (DIBO)[16], bicyclononyne (BCN)[17] or introduction of stable 

yet cleavable linkers such as val-cit or val-ala (cathepsin B cleavable)[18] or disulfide linkers 

(glutathione sensitive)[19] through simple deprotection of di-tert-butyl dicarbonate (Boc) group at 

C3’-N-acyl position without compromising the potency of the parent molecule and provide an 

additional handle for site-specific conjugation to antibody of choice demonstrating the 

superiority of our approach. In future, we anticipate utilizing novel scaffold for the development 

of next-generation antibody-drug conjugates against multidrug resistant cancers.  
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Experimental section 

General reagents and materials 

10-deacetylbaccatin was purchased from Medchem Express LLC. Sodium sulfate, acetoxyacetyl 

chloride, triisopropylsilyl chloride, ceric ammonium nitrate, chlorotriethylsilane, N-methyl 

morpholine N-oxide (NMO), tetrapropylamine per-ruthenate (TPAP), acetyl chloride were 

purchased from Oakwood chemicals Inc. Acetic anhydride, dimethylamino pyridine (DMAP), 

sodium borohydride, potassium carbonate, triethylamine, 1M LiHMDS, HF/pyridine, 1M oxalyl 

chloride in dichloromethane, 1.5 M n-butyl lithium in hexane, and trifluoroacetic acid were 

purchased from Sigma Aldrich. Dichloromethane (DCM) was freshly distilled under a nitrogen 

atmosphere. Other organic solvents were purchased anhydrous and used without further 

purification. Unless otherwise noted, all reactions were carried out at room temperature (RT) in 

oven-dried glassware with magnetic stirring. Organic solutions were concentrated under reduced 

pressure with bath temperatures < 40oC. Flash column chromatography was carried out on silica 

gel G60 (Silicycle, 60-200 µm, 60 Å). Thin-layer chromatography (TLC) was carried out on 

Silica gel 60 F254 (EMD Chemicals Inc.) with detection by UV absorption (254 nm) where 

applicable, and by spraying with 20% sulfuric acid in ethanol followed by charring at ~150oC or 

by spraying with a solution of (NH4)6Mo7O24.H2O (25 g L-1) in 10% sulfuric acid in ethanol 

followed by charring at ~150oC.  

General methods for compound characterization 

          1H and 13C NMR spectra were recorded on a Varian Inova-300 (300/75 MHz), a Varian 

Inova-500 (500 MHz) and a Varian Inova-600 (600/150 MHz) spectrometer equipped with sun 

workstations. Multiplicities are quoted as singlet (s), doublet (d), doublet of doublets (dd), triplet 
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(t) or multiplet (m). NMR signals were assigned on the basis of 1H NMR, 13C NMR, gCOSY 

and gHSQC experiments. Chemical shifts are quoted on the δ-scale in parts per million (ppm). 

Residual solvent signals were used as an internal reference. Mass spectra were recorded on an 

Applied Biosystems 5800 MALDI-TOF or Shimadzu LCMS-IT-TOF mass spectrometer. The 

matrix used was 2,5-dihydroxy benzoic acid (DHB). 

 

Synthetic procedures for compound 3 

(4S,4aS,6R,9S,11S,12S,12aR,12bS)-12b-acetoxy-6,9,11-trihydroxy-4a,8,13,13-tetramethyl-5-

oxo-4-((triethylsilyl)oxy)-2a,3,4,4a,5,6,9,10,11,12,12a,12b-dodecahydro-1H-7,11-

methanocyclodeca[3,4]benzo[1,2-b]oxet-12-yl benzoate (2) 

 To a stirred solution of 10-deacetylbaccatin 1 (150 mg, 0.275 mmol) 

in pyridine: DMF 11ml each (1:1) was added chlorotriethylsilane (830 

mg, 0.925 ml, 5.512 mmol) drop wise using syringe at room 

temperature. After stirring the reaction mixture for 12 h, the reaction 

was quenched by adding ethyl acetate (40 mL) and pyridine was 

removed by successive washing with aqueous saturated CuSO4 until no 

color change was observed. The organic layer was washed with water, dried over MgSO4 and 

concentrated. Silica gel chromatography (hexane/ethyl acetate: 1/1) afforded compound (2) (154 

mg, 85% yield) as a white solid. 1H NMR (CDCl3): δ 0.50 (m, 6H), 0.97 (m, 9H), 1.21 (s, 3H), 

1.58 (s, 3H), 1.58 (s, 3 H), 1.73 (s, 3H), 1.85 (dt, 1H), 1.99 (s, 3H), 2.32 (s, 3H), 2.10 (s, 2H), 

2.47 (ddd, 1H), 3.94  

(d, J =7.2 Hz, 1H), 4.14 (d, J=8.4 Hz, 1H), 4.32 (d, J =8.1 Hz, 1H), 4.41 (d, J = 6.3 Hz, 1H), 4.84 

(t, 1H), 4.94 (d, J=8.4 Hz, 1H), 5.14 (s, 1H), 5.19 (s, 1H), 5.58 (d, J = 7.2 Hz, 1H), 7.40 (t, 2 
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H),7.54 (t, 1H), 8.10 (d, 2H); 13C NMR (CDCl3): δ 5.1, 6.7, 9.9, 15.1, 19.5, 22.6, 26.8, 37.2, 

38.6, 42.7, 47.0, 57.9, 67.9, 72.9, 74.7, 74.8, 76.5, 78.8, 80.7, 84.2, 128.6, 129.4, 130.0, 133.6, 

135.1, 141.9, 167.0, 170.7, 210.3; MALDI HRMS for C35H50O10Si m/z [M+Na+] 681.32; found 

681.325. 

(4S,4aS,6R,9S,11S,12S,12aR,12bS)-12-(benzoyloxy)-11-hydroxy-4a,8,13,13-tetramethyl-5-

oxo-4-((triethylsilyl)oxy)-3,4,4a,5,6,9,10,11,12,12a-decahydro-1H-7,11-

methanocyclodeca[3,4]benzo[1,2-b]oxete-6,9,12b(2aH)-triyl triacetate (4) 

 A solution of alcohol 2 (5 mg, 0.0075 mmol) and 4-

dimethylaminopyridine (DMAP, 4.6 mg, 0.0375 mmol) in 1 ml 

CH2CI2 at 25°C was treated with Ac2O (71 µL, 0.75 mmol) and stirred 

for 1 h. The reaction mixture was diluted with CH2CI2 (2 mL), treated 

with aqueous NaHCO3 (3 mL), and stirred vigorously for 30 min. The 

organic layer was separated and the aqueous layer was extracted with CH2CI2 (2x3 mL). The 

combined organic layer was washed with brine (3 mL), dried over MgSO4, concentrated, and 

purified by flash chromatography (10 to 35% EtOAc in hexanes) to give 4 (4.45 mg, 80%) white 

solid. 1H NMR (CDCl3): δ 0.50 (m, 6H), 0.97 (m, 9H), 1.21 (s, 3H), 1.58 (s, 3H), 1.58 (s, 3 H), 

1.73 (s, 3H), 1.85 (dt, 1H), 1.99 (s, 3H), 2.32 (s, 3H), 2.25 (dd, 6H), 2.10 (s, 2H), 2.47 (ddd, 1H), 

3.94 (d, J =7.2 Hz, 1H), 4.14 (d, J=8.4 Hz, 1H), 4.32 (d, J =8.1 Hz, 1H), 4.41 (d, J = 6.3 Hz, 1H), 

4.94 (d, J=8.4 Hz, 1H), 5.14 (s, 1H), 5.58 (d, J = 7.2 Hz, 1H), 6.18 (t, 1H), 6.48(s, 1H), 7.40 (t, 2 

H), 7.54 (t, 1H), 8.10 (d, 2H); MALDI HRMS for C39H54O12Si m/z [M+Na+] 765.34; found 

765.328. 
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(4S,4aS,6R,11S,12S,12aR,12bS)-12b-acetoxy-6,11-dihydroxy-4a,8,13,13-tetramethyl-5,9-

dioxo-4-((triethylsilyl)oxy)-2a,3,4,4a,5,6,9,10,11,12,12a,12b-dodecahydro-1H-7,11-

methanocyclodeca[3,4]benzo[1,2-b]oxet-12-yl benzoate (5)  

To a solution of 7-TES deacetylbaccatin 2 (150 mg, 0.2278 mmol) and 

4-methylmorpholine N-oxide (NMO, 24 mg, 0.205 mmol) in CH2Cl2 (2 

mL) were added 4Ao molecular sieves (10 mg), and the suspension was 

stirred at 25oC for 10 min. A catalytic amount of tetrapropylammonium 

per-ruthenate (TPAP, 4 mg, 0.0109 mmol) was added by portions, and 

the reaction mixture was stirred at 25oC for 30 min. Small amounts of 4-methylmorpholine N-

oxide and TPAP were added alternatively at 0.5 h intervals until TLC showed complete 

consumption of starting material to the extent of approximate 95%. The reaction mixture was 

filtered through silica gel, eluted with CH2Cl2 (100 mL), and concentrated to give enone 5 (142 

mg, 95%) as a white solid. 

1H NMR (500 MHz, CDCl3): δ 8.05 (dd, J = 8.0, 1.0 Hz, 2H), 7.61 (t, J = 7.5 Hz, lH), 7.45 (t, J = 

7.5 Hz, 2H), 5.63 (d, J = 7.5 Hz, lH), 5.30 (d, J = 2.0 Hz, lH), 4.90 (d, J = 8.0 Hz, lH), 4.36 (dd, 

J= 10.5, 7.0 Hz, lH), 4.31 (d, J = 8.5 Hz, lH), 4.30 (d, J= 2.0 Hz, lH), 4.11 (d, J = 8.5 Hz, 1H), 

3.93 (d, J =7.5 Hz, lH), 2.92 (d, J = 19.5 Hz, lH), 2.62 (d, J = 19.5 Hz, lH), 2.50-2.42 (m, lH), 

2.17 (s, 3H), 2.08 (s, 3H), 1.90-1.82 (m, lH), 1.77 (s, lH), 1.70 (s, 3H), 1.21 (s, 3H), 1.14 (s, 3H), 

0.90 (t, J = 8.0 Hz, 9H), 0.60-0.42 (m, 6H). 

13C NMR (125 MHz, CDC13): δ 208.2, 198.1, 170.2, 166.8, 156.6, 139.1, 134.0, 130.0, 128.8, 

128.8, 84.0, 80.4, 78.5, 76.2, 75.7, 72.9, 72.8, 58.8, 45.9, 43.4, 42.5, 37.2, 33.0, 21.7, 17.5, 13.6, 

9.6, 6.7, and 5.1. MALDI HRMS for C35H48O10Si m/z [M+Na+] 679.30; found 679.283. 
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(4S,4aS,6R,11S,12S,12aR,12bS)-12-(benzoyloxy)-11-hydroxy-4a,8,13,13-tetramethyl-5,9-

dioxo-4-((triethylsilyl)oxy)-3,4,4a,5,6,9,10,11,12,12a-decahydro-1H-7,11-

methanocyclodeca[3,4]benzo[1,2-b]oxete-6,12b(2aH)-diyl diacetate (6) 

A solution of enone 5 (140 mg, 0.213 mmol) and 4-

dimethylarninopyridine (DMAP, 130 mg, 1.06 mmol) in CH2Cl2 (10 mL) 

at 25°C was treated with Ac2O (0.806 mL, 8.52 mmol) and stirred for 2.5 

h. The reaction mixture was diluted with CH2CI2 (25 mL), treated with 

aqueous NaHCO3 (20 mL), and stirred vigorously for 25 min. The 

organic layer was separated and the aqueous layer was extracted with CH2Cl2 (2 x 25 mL). The 

combined organic layer was washed with brine (15 mL), dried over MgSO4, concentrated, and 

purified by flash chromatography (10 to 20% EtOAc in hexane) to give 6 (121 mg, 81%) as an 

amorphous solid. 

1H NMR (500 MHz, CDCl3): δ 8.05 (dd, J = 8.0, 1.0 Hz, 2H), 7.61 (t, J = 7.5 Hz, lH), 7.45 (t, J = 

7.5 Hz, 2H), 6.48 (s, 1H), 5.63 (d, J = 7.5 Hz, lH), 4.98 (d, J = 8.0 Hz, lH), 4.36 (dd, J= 10.5, 7.0 

Hz, lH), 4.31 (d, J = 8.5 Hz, lH), 4.30 (d, J= 2.0 Hz, lH), 4.11 (d, J = 8.5 Hz, 1H), 3.93 (d, J =7.5 

Hz, lH), 2.92 (d, J = 19.5 Hz, lH), 2.62 (d, J = 19.5 Hz, lH), 2.50-2.42 (m, lH), 2.23 (s, 3H), 2.18 

(s, 3H), 2.17 (s, 3H), 1.90-1.82 (m, lH), 1.77 (s, lH), 1.70 (s, 3H), 1.21 (s, 3H), 1.14 (s, 3H), 0.90 

(t, J = 8.0 Hz, 9H), 0.60-0.42 (m, 6H); MALDI HRMS for C37H50O11Si m/z [M+Na+] 721.31; 

found 721.298. 

(4S,4aS,6R,9S,11S,12S,12aR,12bS)-12-(benzoyloxy)-9,11-dihydroxy-4a,8,13,13-tetramethyl-

5-oxo-4-((triethylsilyl)oxy)-3,4,4a,5,6,9,10,11,12,12a-decahydro-1H-7,11-

methanocyclodeca[3,4]benzo[1,2-b]oxete-6,12b(2aH)-diyl diacetate (3) 

O O O

H OO

O

OO

O

Si

OH
O

 



 

163 

A solution of enone 6 (120 mg, 0.1718 mmol) in MeOH-THF (5:1, 8 

mL) at 0oC was treated with NaBH4 (324 mg, 8.60 mmol, added by 

portions) and stirred for 8 h. The reaction mixture was diluted with 

CH2Cl2 (20 mL), treated with aqueous NH4Cl (10 mL), and stirred 

for 10 min. The organic layer was separated, and the aqueous layer 

was extracted with CH2Cl2 (2 x 20 mL). The combined organic layer 

was washed with brine (10 mL), dried over MgSO4, concentrated, and purified by flash 

chromatography (silica, 30% EtOAc in hexanes) to give 3 (107.6 mg, 89%) as amorphous solids. 

1H NMR (500 MHz, CDCl3) δ 8.16 – 8.10 (m, 2H), 7.67 – 7.58 (m, 1H), 7.49 (t, 3H), 6.47 (s, 

1H), 5.65 (d, 1H), 5.02 – 4.95 (m, 1H), 4.85 (t, 1H), 4.50 (dd, 1H), 4.32 (d, 1H), 4.21 – 4.12 (m, 

1H), 3.90 (d, 1H), 2.54 (ddd, 1H), 2.30 (s, 4H), 2.23 – 2.17 (m, 6H), 1.93 – 1.84 (m, 1H), 1.69 (s, 

3H), 1.26 (s, 2H), 1.21 (s, 3H), 1.08 – 0.79 (m, 15 H), 0.59 (m, 6H). 

13C NMR (126 MHz, CDCl3) δ 129.76, 133.26, 128.24, 74.73, 84.22, 67.53, 72.36, 76.90, 76.54, 

47.26, 37.24, 22.69, 38.25, 14.94, 20.95, 37.26, 9.95, 29.68, 20.08, 26.84, 6.77, and 5.1. 

MALDI HRMS for C37H52O11Si m/z [M-H] 699.33; found 699.318. 

Synthetic procedure for compounds 10 and 11 

(2S,3R)-1-(4-methoxyphenyl)-2-(2-methylprop-1-en-1-yl)-4-oxoazetidin-3-yl acetate (8) 

To a mixture of p-anisidine (1.52 g, 12.34 mmol) and anhydrous sodium 

sulfate in dichloromethane (30 mL) was added 3-methylbut-2-enal (1.31 

mL, 13.58 mmol) and the mixture was stirred at room temperature for 30 

min. The organic phase in this flask was transferred to another flask and 

concentrated in vacuo. The residue was dissolved in dichloromethane (60 mL) and triethylamine 

(2.58 mL, 18.51 mmol) was added at −78°C. To the mixture was added acetoxyacetyl chloride 
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(1.59 mL, 14.81 mmol) and the reaction mixture was warmed to room temperature overnight for 

12 h. To the reaction mixture was added saturated ammonium chloride solution (20 mL) and the 

mixture was extracted with dichloromethane (40 mL×3). The combined organic layers were 

washed with hydrochloric acid (3%), water, brine, dried over magnesium sulfate, and 

concentrated in vacuo. Column chromatography of this residue on silica gel using hexane/ethyl 

acetate (4/1, 2/1, then 1/1) as the eluent to afford 8 as a white solid (2.71 g, 76% yield); 1H NMR 

(CDCl3): δ 1.70 (s, 3 H), 1.72 (s, 3 H), 2.01 (s, 3 H), 3.67 (s, 3 H), 4.83 (dd, J = 9.9, 4.8 Hz, 1 H), 

5.02 (d, J = 9.3 Hz, 1 H), 5.67 (d, J = 4.8 Hz, 1 H), 6.74 (d, J = 8.9 Hz, 2 H), 7.20 (d, J = 8.9 Hz, 

2 H); 13C NMR (CDCl3): δ 18.3, 20.2, 27.0, 76.1, 114.3, 117.5, 118.4, 130.7, 141.8, 156.4, 

161.3, 169.3. 

(3R,4S)-3-hydroxy-1-(4-methoxyphenyl)-4-(2-methylprop-1-en-1-yl)azetidin-2-one (9) 

To a solution of β-lactam 8 (450 mg, 1.555 mmol) in 30 mL, aqueous methanol (MeOH/H2O = 

2/1, v/v) was added potassium carbonate (376 mg, 2.722 mmol) and the mixture was stirred for 

30 min at room temperature. The reaction was quenched with aqueous saturated ammonium 

chloride solution (15 mL), and the aqueous layer was extracted with ethyl acetate (40 ml×3). 

The combined extracts were then washed with brine, dried over 

anhydrous magnesium sulfate, and concentrated in vacuo to afford a 

white solid. 

1H NMR (CDCl3): δ 1.85 (s, 6 H), 3.75 (s, 3 H), 4.63 (d, J = 7.5 Hz, 1 H), 

4.86 (dd, J = 9.2, 5.2 Hz, 1 H), 5.04 (dd, J = 7.0, 5.2 Hz, 1 H), 5.33 (d, J = 9.2 Hz, 1 H), 6.79 (d, J 

= 9.0 Hz, 2 H), 7.27 (d, J = 9.0 Hz, 2 H); 13C NMR (62.5 MHz, CDCl3): δ 18.6, 26.2, 55.4, 57.3, 

76.3, 114.3, 118.1, 118.6, 130.8, 141.2, 156.3, 166.6. 
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(3R,4S)-4-(2-methylprop-1-en-1-yl)-3-((triisopropylsilyl)oxy)azetidin-2-one (10) 

To a solution of the solid 9 thus obtained and 4-dimethyl-

aminopyridine (DMAP) (47.5 mg, 0.389 mmol) in 15 mL 

dichloromethane was added triethylamine (0.501 mL, 3.60 mmol) and 

triisopropylsilyl chloride (0.4 mL, 1.890 mmol) at room temperature, 

and then the mixture was stirred for 18 h at room temperature. The reaction was quenched with 

aqueous saturated ammonium chloride solution (10 mL), and the reaction mixture was extracted 

with dichloromethane (30 ml×3). The combined extracts were dried over anhydrous magnesium 

sulfate and concentrated in vacuo. Column chromatography of the residue on silica gel using 

ethyl acetate/hexane (10 to 25%) as the eluent afforded 10 as a white solid (565 mg, 90% yield 

for two steps): 1H NMR (CDCl3):  δ 1.06 (m, 21 H), 1.77 (s, 3 H), 1.82 (s, 3 H), 3.73 (s, 3 H) 

(OMe), 4.76 (dd, J = 4.9, 10.2 Hz, 1 H) (H4), 5.01 (d, J = 4.9 Hz, 1 H) (H3), 5.30 (d, J = 10.1 Hz, 

1 H), 6.80 (d, J = 8.8 Hz, 2 H), 7.33 (d, J = 9.0 Hz, 2 H). 

(3R,4S)-4-(2-methylprop-1-en-1-yl)-3-((triisopropylsilyl)oxy)azetidin-2-one (11) 

To a solution of b-lactam 11 (1.01 g, 2.50 mmol) in 100 mL of acetonitrile 

and 20 mL of water was added dropwise a solution of ceric ammonium 

nitrate (CAN) (4.80 g, 8.76 mmol) in water (80 mL) at −10°C. The reaction 

mixture was stirred at −10°C for 3.5 h. The reaction was then quenched with aqueous saturated 

sodium sulfite solution (30 mL). The aqueous layer was extracted with ethyl acetate (80 mL×3), 

and the combined organic layers were washed with sodium sulfite solution, brine, dried over 

anhydrous magnesium sulfate, and concentrated in vacuo. The crude product was purified on a 

silica gel column using hexane/ethyl acetate (4/1) as the eluent to afford compound 11 as a white 

solid (675 mg, 90.7% yield); 1H NMR (CDCl3): δ 1.06 (m, 21 H), 1.67 (s, 3 H), 1.74 (s, 3 H), 
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4.43 (dd, J = 10.6, 4.7 Hz, 1 H), 4.97 (d, J = 4.7 Hz, 1 H), 5.30 (d, J = 9.5 Hz, 1 H), 6.31 (bs, 1 

H). 

tert-butyl(2S,3R)-2-(2-methylprop-1-en-1-yl)-4-oxo-3-((triisopropylsilyl)oxy)azetidine-1-

carboxylate (12) 

To a solution of N-H-β-lactam 11 thus obtained (1.90 g, 6.384 mmol), 

di-tert-butyl dicarbonate (1.67 g, 7.661 mmol) and DMAP (195 mg, 

1.596 mmol) in 50 mL dichloromethane was added dropwise 

triethylamine (2.67 mL, 19.152 mmol) at room temperature. The mixture was stirred for 20 h at 

room temperature and the reaction was quenched with aqueous saturated ammonium chloride 

solution (50 mL). The mixture was then extracted with ethyl acetate (60 mL×3). The combined 

extracts were dried over anhydrous magnesium sulfate and concentrated in vacuo. The 

crude product was purified on a silica gel column using hexane/ethyl acetate (10/1) as the eluent 

to afford 12 as a white powder (2.52 g, 99% yield): 1H NMR (CDCl3): δ 1.03 (m, 21 H), 1.46 (s, 

9 H), 1.74 (s, 3 H), 1.76 (s, 3 H), 4.73 (dd, J = 9.8, 5.6 Hz, 1 H), 4.94 (d, J = 5.6 Hz, 1 H), 5.25 

(d, J = 9.8 Hz, 1 H); 13C NMR (CDCl3): δ 11.8, 17.5, 18.2, 26.0, 28.0, 56.8, 77.2, 82.8, 128.4, 

139.6, 148.1, 166.3. 
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Synthetic procedure for compounds 14   

(4S,4aS,6R,9S,11S,12S,12aR,12bS)-12-(benzoyloxy)-9-(((2R,3S)-3-((tert-

butoxycarbonyl)amino)-2-hydroxy-5-methylhex-4-enoyl)oxy)-4,11-dihydroxy-4a,8,13,13-

tetramethyl-5-oxo-3,4,4a,5,6,9,10,11,12,12a-decahydro-1H-7,11-

methanocyclodeca[3,4]benzo[1,2-b]oxete-6,12b(2aH)-diyl diacetate (14) 

To a solution of β-lactam (±) 12 (28.6 mg, 0.072 mmol) and 

baccatin 3 (34 mg, 0.048 mmol) in 2 mL dry THF was added a 

1.0 M LiHMDS in THF (0.06 mL, 0.06 mmol) dropwise at 

−20°C, and the solution was allowed to warm to 0°C over a 

period of 30–60 min, and stirred at 0°C for 30–60 min. After 

TLC analysis revealed the complete conversion of β-lactam, the reaction was quenched with 

aqueous saturated ammonium chloride solution (5 mL), and the aqueous layer was extracted with 

dichloromethane (15 ml×3). The combined extracts were then dried over anhydrous magnesium 

sulfate and concentrated in vacuo. The residue was purified on a silica gel column using 

hexane/ethyl acetate (6/1 followed by 3/1) to afford the coupling product as a white solid 13. To 

a solution of the coupling thus obtained in 2 mL of pyridine/acetonitrile (1/1) was added 

dropwise HF/pyridine (70/30, 0.1–0.3 mL) at 0°C, and the mixture was stirred at room 

temperature for 12–18 h. The reaction was quenched with aqueous saturated sodium carbonate 

solution (5.0 mL). The mixture was then extracted with ethyl acetate (50 mL), washed with 

aqueous saturated copper sulfate solution (5 ml×3) and water (5 mL), dried over anhydrous 

magnesium sulfate, and concentrated in vacuo. The crude product mixture was then purified on a 

silica gel column using hexane/ethyl acetate (1/1 followed by 1/2) as the eluent to afford taxoid 
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14 as a white solid (31 mg, 78% over two steps). 

1H NMR (500 MHz, CDCl3): δ 8.18 – 8.04 (m, 2H), 7.69 – 7.58 (m, 1H), 7.55 – 7.45 (m, 2H), 

6.31 (s, 1H), 6.23 – 6.13 (m, 1H), 5.69 (d, 1H), 5.40–5.26 (m, 1H), 4.98 (dd, 1H), 4.82 – 4.71 (m, 

2H), 4.44 (dd, 1H), 4.32 (d, 1H), 4.25 – 4.18 (m, 2H), 3.83 (d, 1H), 3.37 (d, 1H), 2.57 (ddd, 1H), 

2.37 (s, 6H), 2.25 (s, 3H), 1.94 –1.89 (m, 4H), 1.78 (dd, 3H), 1.69 (s, 3H), 1.37 (s, 9H), 1.27 (d, 

3H), 1.16 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 129.64, 132.98, 127.95, 75.64, 71.83, 74.55, 

120.11, 84.41, 51.11, 71.82, 75.55, 73.76, 75.95, 44.94, 35.56, 35.59, 22.40, 20.52, 14.97, 14.97, 

35.56, 25.73, 18.57, 9.54, 9.54, 28.28, 28.23, 26.14, 29.68, 21.85. MALDI HRMS for 

C43H57NO15 m/z [M+Na+] 850.37; found 850.365. 

tert-butyl ((E)-6-((2S,3R)-2-(2-methylprop-1-en-1-yl)-4-oxo-3-

((triisopropylsilyl)oxy)azetidin-1-yl)-6-oxohex-4-en-1-yl)carbamate (16) 

A solution of (E)-6-((tert-butoxycarbonyl) amino) 

hexenoic acid (10 mg, 0.0436 mmol) in 1 ml anhydrous 

CH2Cl2 was cooled to 0oC. Oxalyl chloride (11.06 mg, 

8µL, 0.0872 mmol) and catalytic amount of DMF was 

added dropwise and reaction was warmed to room temperature and stirred for 3 h. After 3 h, the 

resulting (E)-6-((tert-butoxycarbonyl) amino) hexenoic acid chloride 15 was used for next step 

without any purification. A solution of N-H β-lactam (±) 11 (9 mg, 0.030 mmol) and 2.5 M n-

butyl lithium (2.90 mg, 19 µL, 0.0454 mmol) in 0.2 ml THF was cooled to -78oC after 10 min 

stirring compound 15 (11 mg, 0.0454 mmol) was added dropwise in dry THF and stirred for 1 h. 

After 1 h, reaction was quenched with saturated 1 mL of saturated aqueous sodium bicarbonate 

and extracted with three 5 mL portions of ethyl acetate. The combined ethyl acetate extracts were 

dried over sodium sulfate and the crude oil was chromatographed on silica gel column eluting 
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with ethyl acetate/hexane (1 to 10%) to afford compound 16 as colorless oil (18.5 mg, 80%). 

1H NMR (500 MHz, CDCl3): δ 6.54 (d, 1H), 5.65 (dd, 1H), 5.08 (d, 2H), 4.85 (d, 1H), 1.84 (s, 

3H), 1.29 (d, 9H), 1.22 – 1.12 (m, 3H), 1.09 (d, 21H), 0.94 – 0.82 (m, 3H). 

13C NMR (126 MHz, CDCl3): δ 135.92, 124.94, 118.56, 74.90, 18.39, 22.65, 31.59, 29.67, 12.02, 

17.77, 12.02, 27.87, 7.83, 8.28, 17.83, 14.11. 
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Biological examination of compounds 14, 17 and anti-CD22 conjugated derivatives  

Cell lines and Culture 

          Multidrug-resistant lymphoma cells lines stably expressing p-gp and CD22 were provided 

by Dr. Maria-Ana Ghetie, The Cancer Immunobiology Center, UT Southwestern Medical Center 

at Dallas, 6000 Harry Hines Boulevard, NB9.116, Dallas, TX 75390-8576, USA.  

Generation of new MDR cells  

          Three cell lines (Namalwa, Raji, and DHL-4) were exposed to vincristine (VCR) at a 

starting concentration of 3 nM. VCR was increased every 10 days by 3 nM increments until cells 

became resistant to 12-21 nM VCR. The cells were named by the parental cell names and the 

final concentration of VCR to which they were resistant for example Namalwa 21nM VCR, Raji 

18nM VCR, DHL-4 12nM VCR and Namalwa wild type as a control cell line. 

Cell culture conditions  

          Namalwa 21nM VCR, DHL-4 12nM VCR, Raji 18nM VCR and Namalwa wild-type cells 

were cultured in ATCC-formulated RPMI- 1640 medium with L-glutamine (2 mM), sodium 

bicarbonate (1.5 g L-1), glucose (4.5 g L-1), HEPES (10 mM) and sodium pyruvate (1.0 mM). 

The media was supplemented with penicillin (100 U mL-1) and streptomycin (100 µg mL-1, 

Mediatech) and fetal bovine serum (FBS, 10%, BenchMark). In case of Raji 18 nM VCR 1% 

Pen/Amp/Strep and 1100 µL Normocin (50 µg/ml) will be added. Cells were maintained in a 

humid 5% CO2 atmosphere at 37 oC and subcultured every 2-3 days.   

Cytotoxicity assay  

          Cytotoxicity of compounds 14, 17 or anti-CD22 antibody modified with 14 or 17 was 

determined using the MTT assay. On the day of exposure, exponentially growing cells were 

plated at 25000 cells/well in 160 µL in 96-well tissue culture plates (Nunc). Cells then were 
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incubated with medium (control), compound 14, 17, and anti-CD22 modified 14 or 17 (20 µL, 

10X in cell culture medium) were added and cells were incubated for 68 h. At 68 h, MTT reagent 

(5 mg mL-1 in PBS, 20 µL/well) was added to each well. Incubate the plate for 4 hours at 37° C. 

View the cells periodically for the Appearance of punctate, intracellular precipitate using an 

inverted microscope. When purple precipitate is clearly visible under the microscope, plate was 

centrifuged at 1400 rpm for 10 min at 4°C and supernatant were removed carefully (with a 

syringe). At 72 h the water-insoluble formazan salt was dissolved in DMSO (100 µL/well). The 

absorbance was measured at 545 nm using a microplate reader (BMG Labtech). Data points were 

collected in triplicate and expressed as normalized values for untreated control cells (100%). 

Data were fitted using Prism software (GraphPad Software, Inc). 
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CHAPTER 5 

CONCLUSION 

          “Engineer better medicine” is one of the fourteen grand challenges articulated by the US 

National Academy of Engineering. There are many ways to engineer better medicines. However, 

deliver the therapeutic molecule more precisely to the desired target is one of the most promising 

approaches. If drug carriers (nanoparticles, antibody etc.) could be engineered to deliver 

therapeutic molecules selectively to the desired target, it should be possible to greatly improve 

safety and efficacy of therapy. The field of targeted nanoparticles has been extraordinarily active 

in the academic realm, with thousands of articles published over the last few years demonstrating 

very promising results in in vitro studies and even in animal models. Yet, the biopharmaceutical 

industry has been relatively slow to make major investments in targeted drug delivery programs. 

Commercialization of targeted drug delivery devices has been challenging due to complexity in 

their design, lack of detail understanding at the molecular level, ability to manufacture drug 

carriers reproducibly in large scale, and producing homogeneous drug products due to a lack of 

orthogonal conjugation chemistries that combines covalent drug attachment with targeted 

delivery on a single platform. 

          We first describe a bio-orthogonal multifunctional nanoparticle tethered with hydrazine, 

amine, or dibenzocyclooctynol moieties for sequential conjugation of the anticancer drug, 

imaging modality, and a glycan-based ligand for the cell surface receptor CD22 of B-cells with 

excellent % conjugation efficiencies over conventional non-selective chemistries. The resulting 
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targeted nanoparticle showed remarkable ≈60 fold enhancement in cytotoxicity against CD22 (+) 

lymphoma cells compared to nontargeted nanoparticles. 

          Treatment of multidrug-resistant cancers with anticancer drugs often results in poor 

clinical outcomes. To this end, we describe site-specific conjugation method for sequential 

attachment of dual-drugs using SPAAC. This was based on the observation that ST6Gal1 has a 

preference for the α1,3-Man-β1,2-GlcNAc-β1,4-Gal bottom arm of the glycan of IgG over top 

arm. ST6Gal1 has enabled the sequential introduction of reactive functional groups and 

attachment of two payloads that can act via a differential mode of action such as FDA approved 

anticancer agent such as paclitaxel and zosuquidar, a highly potent P-glycoprotein modulator 

(Phase III clinical trial). The resulting dual-drugs ADC showed superior anti-cancer activities, 

selectivity and can bypass P-glycoprotein associated multidrug resistance in lymphoma cancer 

cells.  

          In another attempt, a novel paclitaxel scaffold with dual modification such as 2-

methylpropenyl at C3’ and (E)-6-((tert-butoxycarbonyl)amino) hexenoic acid modification at 

C3’-N-acyl position has been described. The dual modification furnished highly potent analogs 

of paclitaxel and showed potent cytotoxicity against multidrug-resistance cancer cells. The new 

scaffold enabled flexibility of introducing various clickable groups or stable yet cleavable linkers 

for site-specific conjugation to target antibody.  

          Despite there being a link between numbers of parameters that one needs to consider when 

constructing a targeted drug delivery devices (for example, location of cytotoxic agent, drug-to-

carrier ratio and homogeneity) and the efficacy and pharmacokinetic profile, (For example, 

required dosage, bio-distribution, clearance rate, toxicity and accumulation at tumor), the 

detailed understanding of the interdependencies of these links and combinations of parameters 
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will need a significant amount of work before they are fully understood. 

 


