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Therapeutic Nanoparticles have shown significant impact in the field of 

medicine, particularly in anticancer drug delivery. Prolonged circulation time, 

functionalization with tumor-targeting ligands, and encapsulation of multiple drug 

types are among the key features of nanoparticles that make them desirable anticancer 

drug carriers. This dissertation will focus on these three major features of therapeutic 

nanoparticles and provide novel improvements in these areas. 
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The first area of research is multi-drug coencapsulation, where precise control 

over drug-to-drug ratio has a major impact on the particles’ therapeutic efficacy. A 

drug-polymer conjugate system is used to overcome the intrinsic differences in the 

physicochemical properties of different drug molecules. By adapting metal alkoxide 

chemistry, we synthesize highly hydrophobic drug-poly-l-lactide (drug-PLA) 

conjugates, of which the polymer has the same chain length while the drug may differ. 

These drug-polymer conjugates are then encapsulated into lipid-coated polymeric 

nanoparticles through a single-step nanoprecipitation method. Using doxorubicin 

(DOX) and camptothecin (CPT) as two model chemotherapy drugs, various ratios of 

DOX-PLA and CPT-PLA conjugates are loaded into the nanoparticles with over 90% 

loading efficiency. The resulting nanoparticles are uniform in size, size distribution 

and surface charge. The loading yield of DOX and CPT in the particles can be 

precisely controlled by simply adjusting the DOX-PLA:CPT-PLA molar ratio. 

Cellular cytotoxicity results show that the dual-drug loaded nanoparticles are superior 

to the corresponding cocktail mixtures of single-drug loaded nanoparticles. This dual-

drug delivery approach offers a solution to the long-standing challenge in ratiometric 

control over the loading of different types of drugs onto the same drug delivery 

vehicle. 

 The second area is nanoparticle functionalization for tumor-targeted delivery. 

we synthesize anti-CEA half-antibody conjugated lipid-polymer hybrid nanoparticles 

and characterize their ligand conjugation yields, physicochemical properties, and 

targeting ability against pancreatic cancer cells.  Under the same drug loading, the 
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half-antibody targeted nanoparticles show enhanced cancer killing effect compared to 

the corresponding non-targeted nanoparticles. The half-antibody approach offers the 

advantage of reduced ligand size, site-specific conjugation, and easy accessibility over 

existing functionalization approaches. 

The third area of research presented herein is a novel nature-inspired approach 

to camouflage nanoparticles for long systemic circulation. A top-down approach in 

coating biodegradable polymeric nanoparticles with natural erythrocyte membranes is 

reported. The structure, size and surface zeta potential, and protein contents of the 

erythrocyte membrane-coated nanoparticles were verified using transmission electron 

microscopy, dynamic light scattering, and gel electrophoresis respectively. Mice 

injections with fluorophore-loaded nanoparticles revealed superior circulation half-life 

by the erythrocyte-mimicking nanoparticles as compared to control particles coated 

with the state-of-the-art synthetic stealth materials. Biodistribution study revealed 

significant particle retention in the blood 72 hours following the particle injection. The 

translocation of natural cellular membranes, their associated proteins and the 

corresponding functionalities to the surface of synthetic particles represents a novel 

approach in nanoparticle functionalization. 

The developments on these three areas are compatible with one another and 

could be integrated as one multifunctional nanoparticle platform. Each of these 

features aims to target a distinctive barrier in cancer drug delivery. 
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Chapter 1  Introduction 

 

1.1 Barriers in Cancer Drug Delivery 

 
Effective drug delivery is a key factor toward better cancer treatment. 

Inefficient drug delivery leads to poor tumor response, causes severe side effects, and 

gives rise to the notorious cancer drug resistance. Since anticancer drugs are typically 

toxic toward healthy proliferating cells as well, drug dosage must be restricted to 

avoid potentially lethal side effects. Therapeutic efficacy of such restricted drug 

dosage can be further diminished by factors such as limited systemic circulation 

lifetime, undesirable biodistributions, non-specific cellular uptake, and poor tumor 

vascularity (1). As a result, each course of chemotherapy typically induces partial 

treatment, which subjects the surviving cancer cells to a selective pressure that favors 

mutations toward drug resistance. Drugs that show favorable initial response are often 



	  

	  

2	  

rendered ineffective following repeated administrations, and the relapsed tumor 

would become much more difficult to treat. To address this serious clinical challenge, 

research efforts are being undertaken to develop potent therapeutics that can be 

efficiently delivered to cancers. Under such efforts, drug-loaded nanoparticles (NPs) 

have emerged as a powerful and versatile carrier platform for improving the delivery 

efficiency and therapeutic efficacy of chemotherapeutics. 

To effectively treat cancers and minimize the effect of cancer drug resistance, 

high doses of potent therapeutics need to be safely delivered to tumoral sites. Such 

feat is difficult for small-molecule anticancer drugs, which face numerous barriers as 

they travel from the point of intravenous administration and to their intended diseased 

destination. These barriers can be classified into three separate levels: the 

physiological barrier, the cellular barrier, and the molecular barrier. On the 

physiological level, small-molecules drugs are rapidly cleared upon systemic 

injection from plasma degradation (2-4), reticuloendothelial system (RES) uptake (5, 

6), and renal filtration (7-9). Because of their poor pharmacokinetics and the short 

circulation, the majority of administered drugs simply cannot stay in the circulation 

long enough to reach the tumor. Therefore a major requirement for cancer drug 

delivery is to prolong the in vivo residence time of therapeutic compounds. 

On the cellular level, the cellular membrane of cancer cells presents a major 

barrier to entry. Anticancer drugs typically rely on passive diffusions and membrane 

translocators to cross the cellular membrane, but these entry mechanisms preclude 

bulky and polar drugs from penetration (10, 11). In addition, the presence of 
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membrane bound drug-efflux pumps, which are frequently overexpressed in drug 

resistant cancer cells (12, 13), actively vacuums drug molecules from the intracellular 

to the extracellular space. Effective drug delivery needs to shuttle the drugs to the 

cellular cytoplasm and overcome these membrane barriers. 

Lastly, major barriers exist on the molecular level in cancers, which can often 

survive drug-inflicted damaged in a particular pathway by activating and 

strengthening the alternative pathways. Such complexity of cancer biology can be 

likened to “webs of interconnected routes with multiple redundancies” (14), in which 

single-drug therapies and their one-dimensional action mechanisms are usually 

inadequate. Frequent mutations prompt the emergence of chemoresistance. Many of 

these mutations have been identified, including compromised apoptotic signaling, 

enhanced damage repair mechanisms, increased drug metabolism, altered drug targets, 

and upregulation of drug-efflux pumps (15). It is, therefore, important to attack 

cancer cells through multiple pathways in order to minimize the possibility that the 

cells could acquire a favorable mutation and survive the treatment. To increase 

therapeutic efficacy, the treatment should possess multiple modes of mechanisms so it 

could increase the evolutionary hurdle for the cancer cells to acquire drug resistance 

phenotypes.  

A promising way to overcome all the aforementioned barriers is to associate 

anticancer drugs with NPs. In the last a few decades, the advancement of 

nanotechnology has made possible the synthesis of nanoscale, biocompatible and 

biodegradable drug delivery vehicles. Many types of nanocarriers including 
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liposomes, solid lipid NPs and polymeric NPs have been developed to deliver a 

variety of drugs (16-18). These nanocarriers have demonstrated desirable drug 

delivery characteristics such as prolonged systemic circulation lifetime, reduced non-

specific cellular uptake, targeting abilities, controllable drug release, and multidrug 

encapsulation for combinatorial treatment. Recently, NPs with a size range of 50~150 

nm are emerging as a promising drug delivery platform for cancer treatment as a 

number of NP-based cancer drugs are showing up on the market and in clinical trials 

(19).  Numerous chemotherapeutic drugs, including many that are otherwise insoluble 

in the blood, have been successfully encapsulated in NPs. Other features such as 

Fig. 1.1. Schematic illustration of nanoscale drug carriers (a) liposome, (b) polymeric 

micelle, (c) polymer-drug conjugate, (d) dendrimer, (e) oil nanoemulsion, (f) 

mesoporous silica nanoparticle, and (g) iron oxide nanoparticle.  
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functionalization with tumor-targeting ligands and co-encapsulation of multiple 

therapeutics have also been implemented on nanoparticle platforms. This chapter will 

provide a perspective on the strengths of NPs in improving cancer drug delivery. 

Illustrations of several types of nanoparticles can be found in figure 1.1. 

 

1.2 Nanoparticles for Effective Cancer Drug Delivery 

1.2.1 Prolonged Drug Systemic Circulation Lifetime 

 Nanoscale particles can break down the physiological barrier in cancer drug 

delivery by extending the circulation time of small-molecule drugs and enabling 

passive targeting to tumors. NPs have excellent pharmacokinetics that allow them to 

take advantage of the leaky vasculatures near the tumoral environment. Tumor 

vessels are highly abnormal because they lack adequate pericyte coverage and contain 

large fenestrations. This abnormal porosity gives rise to the “enhanced permeability 

and retention” (EPR) (20-22) effect by which 50-150 nm therapeutic NPs can escape 

from tumor capillaries and accumulate in the extracellular tumor matrix. Due to the 

lack of well developed lymphatic drainage in tumors, NPs that enter the environment 

are better retained (Fig. 1.2). The EPR effect, however, has negligible benefit for 

systemically administered free anticancer drugs because of their short circulation 

lifetime. These small molecule drugs are rapidly removed from the blood by non-

specific cellular uptake, immune opsonization, plasma degradation, glomerular 

filtration and hepatic clearance. In general, small molecule anticancer drugs are 
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cleared from the blood within hours or shorter after administration. Several NP 

formulations have been use to improve the pharmacokinetic profiles of anticancer 

drugs. 

 

Fig. 1.2. Schematic illustration of the enhanced permeation and retention (EPR) effect 

in solid tumors. Leaky vasculature and poor lymphatic drainage cause enhanced 

permeation and retention of nanoscale particles. Nanoparticles that are long-

circulating can maximize tumoral uptake through EPR effect. 

 

Early attempts to prolong drug systemic circulation using liposomes, 

spherical lipid vesicles consisting of a bilayered lipid membrane (23), were met with 

marginal success. By loading drugs to the hydrophobic lipid membranes or the 

aqueous interior of liposomes, the drug payloads were shielded from renal filtration 

and plasma degradation but the liposomes failed to escape from the uptake by the 
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reticuloendothelial system (RES) such as monocytes and macrophages. Such RES 

uptake led to rapid removal of the liposomal drugs from the blood. The development 

of stealth NPs was a major breakthrough in prolonging circulation time while 

minimizing non-specific cellular uptake. These long-circulating NPs were typically 

coated with a layer of polyethylene glycol (PEG), which is a synthetic hydrophilic 

polymer. The PEG coating forms a hydration layer that retards RES recognitions by 

sterically inhibiting hydrophobic and electrostatic interactions with plasma proteins. 

Many studies characterized the effects of PEG length and density on NP systemic 

circulation time and biodistributions (24-26). It has been reported that NPs coated by 

PEG with a molecular weight of 2~5 kDa give desirable circulation profile for 

medical applications. It has also been reported that NP size significantly affects their 

in vivo delivery performance. A particle diameter between 50 to 150nm is optimal for 

drug retention and tumor extravasation (27, 28).  

Clinical studies have revealed a striking circulation lifetime difference 

between free drugs and their NP-encapsulated counterparts. In a detailed review, 

Gabizon et al. have compared the pharmacokinetics between free doxorubicin (Dox) 

and PEGylated liposomal Dox (Doxil) (29). Doxil showed improved pharmacokinetic 

profiles in both human and animal studies. For a 50 mg/m2 dose injection in human, 

drug availability of Doxil in blood represented by the area under the concentration 

(AUC)-time curve was about 300-fold as high as free Dox. More importantly, the 

enhanced drug retention in the blood was translated to higher and more preferential 

tumor uptake. For example, in a study in AIDS-related Kaposi’s sarcoma, patients 
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treated with Doxil showed 5- to 11-fold higher drug concentration in skin tumor 

lesions compared to those treated with free Dox. The lesions also contained 10- to 15-

fold higher drug concentration than that in adjacent normal skin, suggesting passive 

targeting due to EPR effect (30, 31). Visualization of radiolabeled PEGylated 

liposomes further confirmed their ability to localize at tumor sites. Other types of 

PEGylated NP systems have shown similar advantages in preclinical studies. By 

prolonging the circulation time, NPs can more effectively extravagate out of the 

tumor vasculatures and facilitate preferential drug delivery.  

 

1.2.2 Targeted Drug Delivery 

Passive targeting through EPR effect has been best observed in small and 

well vascularized tumors. In poorly vascularized tumors such as that of colon and 

pancreas, passive tumor accumulation is often inadequate. Also, vessel permeability 

might differ within a single solid tumor, resulting in non-uniform drug profusion and 

incomplete cancer treatment. This limitation has motivated enormous efforts in 

achieving active targeting through ligand-receptor interactions. Targeting ligands 

such as antibodies, aptamers, peptides and carbohydrates can be covalently 

conjugated to NP surfaces. Depending on the size of the NPs and the ligands, tens to 

hundreds of targeting ligands can be incorporated to each NP to enable multivalent 

targeting ability that enhances the overall strength of NP binding to the target tumor 

cells.  
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One common approach in preparing targeted NPs takes advantage of the 

well-known molecular recognitions in antibody-antigen binding. Certain antigens are 

overexpressed in specific cancer types and antibody-modified NPs have shown 

improved accumulation at those tumor sites. For instance, anti-HER2 

immunoliposomes yielded 700-fold higher drug uptake compared to non-targeted 

liposomes in HER2-overexpressing breast tumors (32). Other antibodies that have 

been examined for NP cancer targeting include CC52 antibody-modified liposomes 

against colon adenocarcinoma (33), anti-CD19 for B cell lymphoma (34), and 34A 

antibody for metastatic lung cancer (35). 

Because antibodies are relatively large (~150 kDa in molecular weight), their 

conjugation often results in poor size control and reduced stealth capability. These 

shortcomings led to the emergence of alternative targeting ligands. Such ligands 

include variations of whole antibodies such as Fab fragments (35) and single chain 

variable fragments (36), growth factors and nutrients whose receptors are 

overexpressed in cancer cells (37, 38), RNA-based aptamers (39), and peptides such 

as RGD and LyP-1 that target tumor vasculatures (40-42). The small physical 

dimension of these alternatives enables high ligand density and more effective 

multivalent targeting without compromising the particle’s circulation time. For 

example, in an in vivo study that compared the performance of antibody-liposomes to 

their Fab counterparts, the Fab-liposomes showed a 6-fold increase in circulation 

half-life and a 2-fold increase in tumor retention (35).  
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1.2.3 Endocytic Uptake of Drugs 

Not only can NPs enhance drug accumulation at tumor sites, they can also 

directly break down the cellular barrier in cancer drug delivery and deliver a high 

dose of drugs to the cytosolic compartment of cancer cells. Small-molecule drugs rely 

on passive diffusion or membrane translocators to enter their cellular targets. This 

process can be extremely inefficient depending on the size and polarity of the drug 

molecules. In addition, in drug-resistant cancer cells, which often overexpress 

membrane-bound drug efflux pumps, drugs that diffuse through the cellular 

membrane are rapidly vacuumed out of the cells before they can take effect.  In 

contrast, therapeutic NPs can bypass the membrane barrier and the drug efflux pumps 

as they are internalized through endocytosis (43, 44). Once being engulfed by the 

plasma membrane, NPs are transported by endosomal vesicles before unloading their 

drug payloads. Thus drug molecules are released farther away from the membrane-

bound drug efflux pumps and therefore are more likely to reach and interact with their 

targets. Numerous studies have shown that NP encapsulation results in better drug 

effectiveness against cancer cells. For example, the liposomal formulation of digoxin 

showed higher intracellular uptake and enhanced efficacy compared to free digoxin 

(45). In another study, it was demonstrated that Dox encapsulated in 

polyalkylcyanoacrylate NPs was more cytotoxic to P388 resistant cells than free Dox. 

The IC50 of Dox-loaded NPs was 800 ng/mL while that of free Dox was 20000 

ng/mL. Similar efficacy enhancement has been observed for many other therapeutic 

NP platforms (45-48), suggesting that endocytic transport is a viable strategy to cross 
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the cellular barrier in cancer drug delivery (Fig. 1.3.). The presence of targeting 

ligands on NPs can further aid the crossing of the cellular barrier by promoting 

receptor-mediated endocytosis. In the aforementioned study that examines the 

efficacy of anti-HER2 immunoliposomes against HER2 overexpressing breast 

cancers (32), the anti-HER2 liposomes were found mostly in the cytoplasm of cancer 

cells following intravenous injection whereas the bare liposomes accumulated 

extracellularly or in macrophages. The study demonstrated superior cellular delivery 

by targeted NPs. 

Fig. 1.3. Schematic illustration of NP endocytosis to cross the membrane barrier for 

cellular entry. 
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1.2.4 Co-delivery of Multiple Therapeutic Agents in Combination 

The molecular barrier in cancer drug delivery is manifested in the emergence 

of cancer drug resistance. Cancer cells often time acquire defense mechanisms against 

the presence of therapeutic compounds. Combination chemotherapy has long been 

adopted as the standard of care to combat the molecular barrier in cancers. It is 

generally acknowledged that through the proper drug combination the treatment can 

promote synergistic actions, improve target selectivity, and deter the development of 

cancer drug resistance (49). Advances in nanotechnology have opened up 

unprecedented opportunities in novel combination strategies. Recently, nanocarriers 

are gaining increasing attention for their ability to co-encapsulate multiple therapeutic 

agents and to synchronize their delivery to the diseased cells. One distinctive 

advantage of NP-based combination therapy over traditional cocktail combinations is 

NPs' ability to maintain the synergistic drug-to-drug ratio in vivo. Drug-to-drug ratio 

has been found to govern the efficacy of combination treatments.  Multiple studies 

suggest that the degree of synergism and antagonism of a combination therapy is 

highly dependent on the relative concentrations between the combined drugs (50, 51). 

By unifying the pharmacokinetics of their cargoes, combinatorial nanoparticles open 

the avenue to co-delivering multiple drugs at a predetermined ratio that maximizes 

the combination efficacy. Currently, dual-drug liposomes with precise molar ratios 

have been prepared, and their superiority over traditional combination therapy are 

highlighted by the clinical trials of CPX-351, a 5:1 cytarabine and daunorubicin 

formulation for acute leukemia treatment (52-54), and CPX-1, a 1:1 irinotecan and 
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floxuridine formulation for colorectal cancer treatment (55). These liposomes 

demonstrate the ability to maintain the synergistic drug ratios in vivo and are more 

effective than the cocktail administration of the free drugs.  

By co-encapsulating chemosensitizing agents, combinatorial NPs have also 

shown the ability to reverse multidrug resistance (MDR) phenotypes in cancer cell 

lines (Fig. 1.4). For instance, Soma et al. have encapsulated cycloporin A (CyA), a 

compound that binds directly to P-glycoprotein (P-gp) drug efflux pump and inhibits 

its activity, together with Dox in polyalkylcyanoacrylate NPs (56). In preparing the 

combinatorial NPs, CyA and Dox were mixed with the isobutylcyanoacrylate 

monomers during the emulsion polymerization process. As the NPs were formed, 

CyA was absorbed onto the particle surface whereas Dox was embedded in the 

polymeric core. Activities of both CyA and Dox were preserved as the combinatorial 

NPs showed higher growth inhibition on P388 Dox-resistant cells as compared to the 

NPs loaded with Dox alone. The measured IC50 value of CyA-Dox-loaded NPs and 

Dox-loaded NPs was 450 ng/mL and 800 ng/mL, respectively. In addition, the study 

also demonstrated that NPs enabled the synergistic effect between CyA and Dox 

because free CyA in solution failed to improve the growth inhibition ability of Dox-

loaded NPs.  

Curcumin is another P-gp modulator that has been co-encapsulated in NPs 

with anticancer drugs (57). Curcumin is a naturally occurring compound that 

downregulates P-gp expression and facilitates apoptotic signaling. Because of its 

hydrophobic characteristic, curcumin was readily encapsulated in oil-in-water 
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nanoemulsions along with paclitaxel. Results from western blotting revealed that the 

P-gp expression in paclitaxel-resistant SKOV3 human ovarian adenocarcinoma cells 

was significantly reduced after curcumin nanoemulsion treatment. The 

downregulation of P-gp contributes to the higher cytotoxicity of the combinatorial 

nanoemulsions, whose IC50 is 1.8 fold less than that of the nanoemulsions loaded 

with paclitaxel alone. Further study found that the combinatorial treatment inhibited 

NFkB, a transcription factor that induces the expression of anti-apoptotic proteins and 

is closely related to paclitaxel resistance (58). These findings suggest that therapeutic 

NPs co-delivering chemo-sensitizing agents and anticancer drugs can effectively 

suppress cancer drug resistance by resensitizing the MDR cells to chemotherapeutic 

treatment.  

Fig. 1.4. Schematic presentation of combinatorial nanoparticles containing 

chemosensitizers and chemotherapeutics against MDR of a cancer cell.  
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Not only can modulators of P-gp or other multidrug transporters be co-

delivered with anticancer drugs by therapeutic NPs, compounds that modify other 

cellular activities can also be co-delivered to restore the mutated biochemical 

processes in drug resistant cells. For example, ceramide is a secondary messenger in 

the signaling cascade of the apoptotic pathway and it has been loaded into therapeutic 

NPs to overcome MDR (59). Environmental stress such as cytotoxic agents elevates 

the intracellular ceramide level, which then promotes cell death by apoptosis. Some 

MDR tumors, however, exhibit a high level of glucosylceramide synthase that 

metabolizes ceramide to its inactive glycosylated form. These tumors are thus less 

likely to initiate the apoptotic process when treated with chemotherapeutic agents. In 

an attempt to revive the dysfunctional apoptotic signaling, ceramide was co-

encapsulated with paclitaxel in poly(ethylene oxide)-poly(epsilon caprolactone) 

(PEO-PCL) NPs. It was found that the combinatorial NPs showed 100% cellular 

growth inhibition against SKOV3 paclitaxel-resistant cells at the IC50 dose of, 

paclitaxel. This higher cytotoxicity translated to a 100-fold increase in 

chemosensitization of the co-delivery therapeutic NPs. Apoptotic activity analysis 

and western blotting study further revealed that the enhanced therapeutic efficacy was 

indeed due to the restoration of the defunct apoptotic pathway, indicating that drug 

resistance was reversed. A summary of combinatorial NP formulations that overcome 

the molecular barrier in cancer treatment and reverse drug resistance can be found in 

Table 1.1. 
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Table 1.1. Selected examples of combinatorial nanoparticle formulations containing 

chemotherapeutics and chemosensitizers. 

 

 

 

Nanocarrier 
Platform 

Chemo-
Therapeutic 

Chemosensiting 
Agent Indication Status Refs 

Liposome Topotecan amlodipine Leukemia in vivo (60) 

Liposome Vincristine quinacrine Leukemia in vivo (61) 

Liposome Paclitaxel tariquidar Ovarian cancer in vitro (62) 

Liposome 
(transferrin-
conjugated) 

Doxorubicin verapamil Leukemia in vitro (63) 

Liposome 
(cationic) Doxorubicin MRP-1 and 

BCL2 siRNA Lung Cancer in vitro (64) 

Cationic core-
shell 

nanoparticle 

Paclitaxel 
siRNA BCL2- siRNA Breast cancer in vitro (65) 

PLGA-PEG 
nanoparticle Vincristine verapamil Breast Cancer in vitro (66) 

PLGA-PEG-
biotin 

nanoparticle 
Paclitaxel tariquidar Various cancer 

types in vivo (67) 

PLA-PEG-
biotin 

nanoparticle 
Paclitaxel P-gp siRNA Various cancer 

types in vivo (68) 

Polyalkylcyan
oacrylate 

nanoparticle 
Doxorubicin Cyclosporine A Various cancer 

types in vitro (56) 

Oil 
nanoemulsion Paclitaxel curcumin Ovarian Cancer in vitro (69) 

Mesoporous 
silica 

nanoparticle 
Doxorubicin BCL2-siRNA Ovarian Cancer in vitro (70) 
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1.3 Challenges in Nanoparticle Drug Delivery 

 

Therapeutic NPs are emerging as a safer and more effective drug delivery 

option as compared to their small molecule chemotherapy counterparts.  They have 

shown numerous favorable features including long systemic circulation lifetime, 

targeting ability, cellular internalization through endocytosis, and co-delivering 

multiple therapeutic agents. These desirable features make therapeutic NPs highly 

promising in combating cancer drug resistance.  

 

1.3.1 Challenges in Multi-drug Coencapsulation in Nanoparticles 

 In combination chemotherapy, drug ratios govern whether the combined 

therapeutics can be synergistic or antagonistic. Precise control over the drug-to-drug 

ratios, therefore, is of major importance in NP multi-drug coencapsulation.  Control 

over drug ratios have been achieved on the liposomal platform as in the case of CPX-

351 and CPX-1. Ratiometric control was made possible in these liposomal 

formulations through adjustment over the preparation parameters such the	   lipid	  

composition,	   drug	   concentration	   during	   lipid	   film	   hydration	   and	   liposome	  

incubation	   process,	   and	   incubation	   time. In other NP platforms, however, such 

control has yet to be achieved. In polymeric NPs, for instance, drug co-encapsulation 

through non-covalent physical entrapment leads to batch-to-batch variability in drug 

concentrations. Developing a scheme for the facile assembly of ratiometrically 
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controlled multi-drug NPs would have significant impact on NP-based combination 

therapy. 

 

1.3.2 Challenges in Tumor-targeted Nanoparticles 

	   Even	   though	   the	   antibody	   conjugations	   are	   widely	   adopted	   in	   various	  

biomedical	   applications,	   most	   techniques	   are	   based	   on	   randomized	  

modifications	   that	   could	  block	   the	  binding	   sites	   and	   compromise	   the	   targeting	  

efficiency.	   Engineered	   recombinant	   fusion	   proteins,	   such	   as	   single-‐chain	  

antibody,	   affibody,	   and	   variants	   of	   antibody	   fragments,	   are	   an	   alternative	   to	  

achieve	   regioselective	   targeting	   ligand	   conjugation	   (71-‐74),	   but	   these	  

engineered	   proteins	   can	   cost	   more	   than	   10	   times	   as	   much	   as	   the	   typical	  

antibodies	   and	   are	   very	   difficult	   to	   access.	   Often	   time	   these	   recombinant	  

proteins	   need	   to	   be	   custom	   made,	   and	   the	   process	   can	   be	   extremely	   time-‐

consuming.	   A	   more	   accessible	   and	   economical	   approach	   in	   site-‐specific	  

conjugation	  of	  targeting	  ligands	  would	  significantly	  increase	  the	  applicability	  of	  

tumor-‐targeted	  NPs.	  

 

1.3.3 Challenges in Long-circulating Nanoparticle 

	   PEG	  is	  currently	  the	  gold	  standard	  for	  the	  stealth	  moiety,	  and	  it	  is	  present	  

in	  many	  FDA-‐approved	  products.	  However,	  concerns	  and	  limitations	  of	  PEG	  such	  
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as	   its	   non-‐biodegradability,	   immunological	   responses,	   and	   the	   toxic	   side	  

products	  that	  accompany	  its	  synthesis,	  have	  motivated	  the	  search	  for	  safer	  and	  

more	  compatible	  substitutes	  (75). Of the utmost concern is the emergence of anti-

PEG antibodies that have been observed in approximately 25% of Americans (76, 77). 

One study has shown that repeated dosing with PEGylated NPs resulted in 

accelerated blood clearance of the particles (78). Such observations raise concerns 

over the ubiquitous use of PEG and call for the need for novel, non-immunogenic 

approach in prolonging NP circulation half-life. Ideally stealth moieties can be 

developed to mimic our bodies’ endogenous materials to evade the immune 

surveillance. 

 Chapter 1 is based, in part, on the material as it appears in Current Drug 

Metabolism, 2009, Che-Ming Hu and Liangfang Zhang, and, in part, on the material 

submitted for publication as it may appear in Biochemical Pharmacology 2011, Che-

Ming Hu and Liangfang Zhang.  The dissertation author was the primary investigator 

and co-author of these papers. The remainder of this dissertation will focus on novel 

drug delivery systemic based on polymeric NP platforms to address the 

aforementioned challenges in multi-drug coencapsulation, tumor targeting 

functionalization, and long in-vivo circulation. 
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Chapter 2  Polymeric Nanoparticles with 
Precise Ratiometric Control over Drug Loading  
 

 

2.1 Introduction 

Nanoparticulate drug delivery systems have become increasingly attractive in 

systemic cancer drug delivery because of their ability to prolong drug circulation half-

life, reduce non-specific uptake, and better accumulate at the tumors through 

enhanced permeation and retention (EPR) effect or active targeting.(21, 79-83) As a 

result, several therapeutic nanoparticles such as Doxil® and Abraxane® are used as 

the frontline therapies in clinics. But despite the advancement in nanoparticle drug 

delivery, most research efforts focus on single drug encapsulation whereas delivering 

multiple drugs with a single vesicle remains largely unexplored. Combination 

chemotherapy has shown superior clinical therapeutic efficacy compared to single-

drug therapy, particularly in retarding the development of cancer chemoresistance.(84, 
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85) It has been frequently observed that the cancer cells acquire defense mechanisms 

by over-expressing drug efflux pumps, increasing drug metabolism, enhancing self-

repairing ability or expressing altered drug targets,(15, 86) resulting in diminishing 

efficacy and ultimately treatment failures. Many drugs have been routinely 

administered in combination to improve the treatment effectiveness.(87-89) However, 

current combination regimens are limited by the distinct pharmacokinetics and 

biodistribution of different drug molecules and offer little flexibility for treatment 

optimization. 

One of the biggest motivations behind nanoparticle-based combination 

therapies is their ability to unify the pharmacokinetics and biodistribution of different 

drug molecules, thereby enabling dosage optimization in vivo. By delivering multiple 

therapeutic agents to the target cells simultaneously, the multi-drug delivery 

nanoparticles can promote drug synergism and pave the way to precision design and 

tailoring in cancer chemotherapeutics. Several strategies have been employed to co-

encapsulate multiple drugs into a single nanocarrier, including physical loading into 

the particle core,(56, 90, 91) chemical conjugation to the particle surface,(92) and 

covalent linkage to the polymer backbone prior to nanoparticle synthesis.(93-96) 

However, controlling the ratios of different types of drugs in the same nanoparticles 

remains a major challenge because of factors such as steric hindrance between the 

different drug molecules and the polymer backbones, batch-to-batch heterogeneity in 

conjugation chemistry, and variability in drug-to-drug and drug-to-polymer 

interactions. One approach to address these issues is to covalently conjugate dual 
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drugs using a hydrolysable linker and then encapsulate the drug-drug conjugates into 

nanoparticles for co-delivery.(97) Despite the success in maintaining the ratio 

between two drugs with drastically different properties, this linker approach is 

constrained to small drug-to-drug molar ratio such as 1:1 and thus has limited clinical 

applicability. Herein, we present a versatile dual-drug encapsulation scheme in which 

each different drug molecule is linked to an individual polymer backbone that has the 

same physicochemical properties and nearly the same chain length. These drug-

polymer conjugates are subsequently mixed at predetermined ratios for nanoparticle 

synthesis. The long and sharply distributed polymer chain gives each drug molecule a 

predominant and uniform hydrophobic property, yielding near 100% drug 

encapsulation efficiency upon nanoparticle formation.   

In this study, we demonstrated the synthesis of drug-polymer conjugates with 

two different chemotherapeutics, doxorubicin (DOX) and camptothecin.(98) Utilizing 

ring-opening polymerization of l-lactide, we synthesized DOX and CPT polymer 

conjugates using metal-amido catalyst, which reacts selectively with hydroxyl groups 

of the drug molecules to initiate polymerization.(98-100) Using a nanoprecipitation 

technique (Fig. 2.1), the drug-polymer conjugates were quantitatively loaded into 

lipid-polymer hybrid nanoparticles at high loading yield and precisely controlled drug 

ratios. The combinatorial treatment proposed here showed superior efficacy to 

cocktail therapy in vitro and offers a solution to the aforementioned limitations in 

multi-drug encapsulation into the same nanoparticles. Since this drug-polymer 

conjugation approach can be generalized to a variety of therapeutic agents, we expect 
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this combinatorial drug delivery system would set a new paradigm in nanomedicine 

for different combination therapies. 

 

Fig. 2.1. Schematic illustration of a dual-drug loaded lipid-polymer hybrid 

nanoparticle, of which the polymeric core consists of two distinct drug-polymer 

conjugates with ratiometric control over drug loading.  

 

2.2 Experimental Methods 

2.2.1 Materials 

L-lactide was purchased from Sigma-Aldrich Co. (Milwaukee, WI), 

recrystallized three times in ethylacetate and dried under vacuum. L-lactide crystals 

were further dried inside a glove box and sealed into a glass vial under dry argon and 

then stored at -20 °C prior to use. 2,6-di-iso-propylaniline (Sigma-Aldrich Co.) and 

2,4-pentanedione (Alfa Aesar Co., Ward Hill, MA) were used as received. All other 

chemicals and anhydrous solvents were purchased from Sigma-Aldrich Co. unless 

DOX-PLA

CPT-PLA

Lipid

PEG

Self-assembly
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otherwise specified. Anhydrous tetrahydrofuran and toluene were prepared by 

distillation under sodium benzophenone and were kept anhydrous by using molecular 

sieves. The 2-((2,6-diisopropylphenyl)amino)-4-((2,6-diisopropylphenyl)imino)-2-

pentene (BDI) ligand and the corresponding metal catalysts (BDI)ZnN(SiMe3)2 were 

prepared inside a  glove box following a published protocol and stored at -20 °C prior 

to use. DOX·HCl was purchased from Jinan Wedo Co., Ltd. (Jinan, China) and used 

as received. Removal of HCl from DOX·HCl was achieved by neutralizing DOX·HCl 

solution in water with triethyleamine, after which the solution color changed from red 

to purple. The free base form of DOX was subsequently extracted with 

dichloromethane. The organic extract was filtered through anhydrous Na2SO4 and 

dried under vacuum to collect DOX crystals. (S)-(+)-Camptothecine (CPT) was 

purchased from TCI America and used as received. 

 

2.2.2 Synthesis of 2-((2,6-diisopropylphenyl)amino)-4-((2,6- 
diisopropylphenyl)imino)-2-pentene (BDI) 

 

Ligand BDI was prepared following a previously published protocol with 

minor modification.(101) Briefly, 2,6-Di-n-propylaniline (13.0 mmol) and 2,4-

pentanedione (6.5 mmol) in the ratio of 2:1 were dissolved in absolute ethanol (20 

ml). The mixture solution was acidified with concentrated HCl (0.6 mL) and heated at 

reflux for 48 h, which resulted in white precipitates. After being cooled to room 

temperature, the white precipitates were dissolved with dichloromethane and 

saturated aqueous bicarbonate solution. The orange colored solution was then 
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extracted and washed with brine three times and filtered through anhydrous Na2SO4, 

followed by being concentrated and precipitated in hexane. The resulting precipitates 

were collected by filtration, suspended in diethyl ether (20 mL), and washed with 

saturated aqueous bicarbonate followed by brine. The organic layer was then 

separated through filtration in the presence of Na2SO4 to absorb moisture and then 

precipitated in hexane as a light brown powder (yield ~ 60%). 1H NMR (JEOL, 

CDCl3, 500 MHz): δ 12.20 (br, 1H, NH), 7.12 (m, 6H, ArH), 4.83 (s, 1H, Hβ), 3.10 (m, 

4H, CHMe2), 1.72 (s, 6H, α-Me), 1.22 (d, 12H, CHMeMe'), 1.12 (d, 12H, CHMeMeʹ) 

ppm. ESI-MS (positive): m/z = 419.43 [M+H]+. 

 

2.2.3 Synthesis of (BDI)ZnN(SiMe3)2 Catalyst 

Zinc bis-(trimethylsilyl)amide (463 mg, 1.19 mmol) in toluene (20 mL) was 

added into a solution of BDI (500 mg, 1.19 mmol) in toluene (20 mL). The mixture 

solution was stirred for 18 h at 80 °C and then the solvent was removed under 

vacuum to form (BDI)ZnN(SiMe3)2 as a light yellow solid, which was recrystallized 

from toluene at -30 °C to yield colorless blocks (yield ~ 70%).1H NMR (JEOL, C6D6, 

500 MHz): δ  (br, 1H, NH), 6.9-7.13 (m, 6H, ArH), 4.85 (s, 1H,Hβ), 3.25 (m, 4H, 

CHMe2), 1.67 (s, 6H, α-Me), 1.1-1.25 (d, 12H+12H=24H, CHMeMeʹ), 0.08-0.1 (18H, 

s, SiCH3) ppm. 
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2.2.4 Ring Opening Polymerization of l-lactide 

Following previously published protocols, DOX-PLA and CPT-PLA 

polymers were synthesized through ring opening polymerization of l-lactide initiated 

by alkoxy complex of (BDI)ZnN(SiMe3)2 in a glove box under argon environment at 

room temperature. For the synthesis of DOX-PLA, (BDI)ZnN(SiMe3)2 (6.4 mg, 0.01 

mmol) and DOX (5.4 mg, 0.01 mmol) were mixed in 0.5 mL of anhydrous THF. L-

lactide (101.0 mg, 0.7 mmol) dissolved in 2 mL anhydrous THF was added dropwise. 

After the l-lactide was completely consumed, the crude product was precipitated in 

cold diethyl ether, yielding DOX-PLA conjugates. The CPT-PLA conjugates were 

synthesized in the same procedures as the DOX-PLA. These drug-polymer conjugates 

had a molecular weight of about 10,000 g/mole determined by gel permeation 

chromatography. 

 

2.2.5 Preparation of Lipid-Coated Drug-Polymer Conjugate Nanoparticles 

 Lipid-polymer hybrid nanoparticles with polymeric cores consisting of the 

synthesized drug-polymer conjugates were prepared through a nanoprecipitation 

method.(102, 103) In detail, 200 µg of egg PC (Avanti Polar Lipids Inc.) and 260 µg 

of 1,2- distearoyl-sn-glycero-3- phosphoethanolamine-N-

carboxy(polyethyleneglycol)-2000 (DSPE-PEG-COOH) (Avanti Polar Lipids Inc.) 

were dissolved in 4% ethanol and stirred for 3 min. A total of 500 µg of DOX-PLA 

and CPT-PLA was dissolved in acetonitrile and added dropwise to the lipid solution 
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while stirring. The solution was then vortexed for 3 min followed by the addition of 

deionized water (1 mL). Then the diluted solution was stirred at room temperature for 

2 h, washed with PBS buffer using an Amicon Ultra centrifugal filter with a 

molecular weight cutoff of 100 kDa (Millipore, Billerica, MA), and resuspended in 1 

mL of PBS. Nanoparticles with different DOX/CPT drug ratios were prepared by 

adjusting the amount of each type of drug-polymer conjugates while keeping the total 

polymer weight at 500 µg. The nanoparticle size and surface zeta potential were 

obtained from three repeat measurements by dynamic light scattering (DLS) (Malvern 

Zetasizer, ZEN 3600) with a backscattering angle of 173°. The morphology of the 

particles was characterized by scanning electron microscopy (SEM) (Phillips XL30 

ESEM). Samples for SEM were prepared by dropping nanoparticle solution (5 µL) 

onto a polished silicon wafer. After drying the droplet at room temperature overnight, 

the sample was coated with chromium and then imaged by SEM. The drug loading 

yield of the synthesized nanoparticles was determined by UV-spectroscopy (TECAN, 

infinite M200) using the maximum absorbance at 482 nm for DOX and 362 nm for 

CPT. No shift in the absorbance peak was observed between the free drugs and their 

polymer conjugates. Standard calibration curves of both DOX and CPT at various 

concentrations were obtained to quantify drug concentrations in the nanoparticles.  
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2.2.6 Cellular Colocalization and Cytotoxicity Studies 

 
 The MDA-MB-435 cell line was maintained in Dulbecco’s modification of 

Eagle’s medium (DMEM, Mediatech, Inc.) supplemented with 10% fetal calf 

albumin, penicillin/streptomycin (GIBCO®), L-glutamine (GIBCO®), nonessential 

amino acids, sodium bicarbonate, and sodium pyruvate (GIBCO®). The cells were 

cultured at 37°C and 5% CO2. For the dual-drug colocalization and cellular 

internalization study, the cells were incubated with dual-drug loaded nanoparticles for 

4 h, washed with PBS, and fixed on a chamber slide for fluorescence microscopy 

imaging. The cytotoxicity of the dual-drug loaded nanoparticles was assessed using 

the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

(Promega, Madison, WI). Briefly, the cells were seeded at 25% confluency (~4×103 

cells/well) in 96-well plates and incubated with different concentrations of drug 

loaded nanoparticles for 24 h.  The cells were then washed with PBS three times and 

incubated in fresh media for an additional 72h. MTT assay was then applied to the 

samples to measure the viability of the cells following the manufacturer’s instruction. 
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2.3 Results and Discussion 

2.3.1 Synthesis and Characterization of Drug-Polymer Conjugates 

 In the study, we used (BDI)ZnN(SiMe3)2, a metal-amido complex in which 

BDI refers to 2-((2,6-diisopropylphenyl)amido)-4-((2,6diisopropylphenyl)-imino)-2-

pentene, as a catalyst for the in-situ formation of metal-alkoxide with the hydroxyl 

group of DOX and CPT to initiate the living  polymerization of l-lactide and form 

drug-poly-l-lactide (drug-PLA) conjugates (Fig. 2.2A). The formation of the drug-

polymer conjugates was verified by the 1H-NMR spectroscopy, which exhibits all the 

characteristic proton resonance peaks corresponding to the parent drug molecules. 

The appearance of the aromatic proton resonance at δ 7.5 to 8.0 ppm in DOX-PLA 

conjugates (Fig. 2.2B, top panel) and δ 7.5 to 8.5 ppm in CPT-PLA conjugates (Fig. 

2.2B, bottom panel) along with the characteristic –CH3 proton of PLA at δ 1.5 ppm 

and –CH proton at δ 5.2 ppm confirms the formation of the drug-polymer conjugates. 

The desired drug-polymer conjugation products were further validated by gel 

permeation chromatography (GPC) which shows the molecular weight as 10,000 

Dalton for both DOX-PLA and CPT-PLA conjugates (Fig. 2.2C). The molecular 

weight is in accord with the monomer-to-initiator feed ratio which indicates near 

100% conversion of the monomers to polymers. Since the formation of metal 

alkoxide complex is quantitative and the reaction is homogeneous, the reaction 

proceeded quantitatively such that all monomers were converted into products. Also 

the molecular weight of the polymer matches that from an earlier study conducted by 
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Tong et al. who used (BDI)ZnN(SiMe3)2  to catalyze the ring opening polymerization 

of both DOX and CPT.(98, 100) 

Fig. 2.2. Chemical characterization of the drug-polymer conjugates. (A) Schematic 

description of the living ring-opening polymerization of l-lactide catalyzed by an 

activated metal alkoxide complex. (B) Qualitative 1H-NMR spectra showing the 

characteristic proton resonance peaks of DOX-PLA (upper panel) and CPT-PLA 

(lower panel). (C) Gel permeation chromatograms of DOX-PLA (red dashed line) and 

CPT-PLA (black solid line). 
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2.3.2 Synthesis and Characterization of Dual-Drug Loaded Polymeric 
Nanoparticles 

 

 Upon successful synthesis of the drug-polymer conjugates, we used them to 

prepare lipid-polymer hybrid nanoparticles for dual-drug delivery. Using DSPE-PEG 

and phospholipids to coat the polymeric nanoparticle core, the resulting lipid-polymer 

hybrid nanoparticles are highly stable in water, PBS, and serum and have high drug 

loading yield as the entire polymeric core consists of the drug-polymer conjugates. 

Moreover, by simply adjusting the DOX-PLA:CPT-PLA molar ratio, dual-drug 

loaded nanoparticles with ratiometric drug loading of DOX and CPT were prepared. 

Keeping the total drug-polymer conjugates weight constant at 1mg, we varied the 

DOX-PLA:CPT-PLA ratio to tune the ratiometric drug loading. The resulting drug-

loaded nanoparticles exhibit a unimodal size distribution at ~100 nm with low PDI 

values (Fig. 2.3). In addition, the particles possess negative surface zeta potential, 

which is consistent with the DSPE-PEG-COOH coating and serves to prevent the 

particles from aggregation. The particle size measured by DLS was consistent with 

the SEM images of the particles (Fig. 2.3). 
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Fig. 2.3. Scanning electron microscopy (SEM) and dynamic light scattering (DLS) 

measurements showing the morphology and size of lipid-polymer hybrid 

nanoparticles with the polymer cores consisting of: (A) DOX-PLA conjugates, (B) 

CPT-PLA conjugates, and (C) DOX-PLA and CPT-PLA conjugates with a molar 

ratio of 1:1. 

 

2.3.3 Ratiometric Control Over Dual-Drug Loading 

 Following the physicochemical characterization of the particles, we next 

examined the drug loading efficiency in these drug-polymer conjugate nanoparticle 

systems. We prepared various formulations of the nanoparticles with different ratios 

of drug-polymer conjugates and found that, in all cases, over 90% of the conjugates 

were encapsulated into the nanoparticles (Fig. 2.4). No change in loading efficiency 

was observed when DOX-PLA and CPT-PLA conjugates were loaded in combination  
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Fig. 2.4. Quantification of DOX and CPT loading efficiency in dual-drug loaded 

nanoparticles (containing both DOX-PLA and CAP-PLA) and single-drug loaded 

nanoparticles (containing DOX-PLA or CPT-PLA), respectively. NPs: nanoparticles.  

 

or separately, presumably due to the fact that the long and sharply distributed PLA 

polymer chain gives each drug molecule a predominant and uniform hydrophobic 

property. Therefore, they were completely encapsulated and stabilized by the lipid 

and the lipid-PEG layers in the lipid-polymer hybrid nanoparticle system. 

Furthermore, we varied the DOX-PLA: CPT-PLA molar ratios from 1:1, to 3:1 and to 

1:3, while keeping the total drug-polymer conjugates mass constant. It was found that 

the final loading yields of DOX and CPT in the dual-drug loaded nanoparticles were 

highly consistent with the initial DOX-PLA: CPT-PLA molar ratios (Table 2.1). 
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These results further confirm that this approach enables one to encapsulate different 

types of drugs to the same nanoparticles with ratiometric control over drug loading.   

 

Table 2.1. Characteristic features of the lipid-coated drug-polymer conjugate 

nanoparticles. 

 

 

 

2.3.4 Dual-Drug Colocalization and Cellular Internalization 

  Upon verifying the excellent drug loading efficiency in the present system, 

we then examined whether the different drug-polymer conjugates are loaded into the 

same nanoparticles as opposed to forming two different particle populations.  To this 

end, we studied the colocalization of the two drug molecules and their internalization 

into cells through fluorescence microscopy. Since DOX is also a highly fluorescent 

molecule, the DOX-PLA conjugates can be identified from DOX’s characteristic 

fluorescence wavelength (excitation/emission = 540 nm/600 nm). To visualize CPT-

DOX-PLA/CPT-PLA 
molar ratios 1:0 0:1 1:1 3:1 1:3 

Particle size (nm)   100±2   

Particle PDI   0.17~0.22   

Particle zeta potential (mV)   -47±2   

DOX loading (µM) 47.8±0.2 0 24.0±0.1 35.8±0.2 12.0±0.8 

CPT loading (µM) 0 48.2±0.1 24.4±0.1 12.3±0.1 36.2±0.2 
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PLA, we attached a fluorescent probe, 6-((7-amino-4-mehylcoumarin-3-acetyl) 

amino) hexanoic acid succinimidyl ester (excitation/emission = 353 nm/442 nm), to 

the hydroxyl end of the CPT-PLA. The nanoparticle size and size distribution was 

well controlled before and after fluorophore conjugation in case of CPT-PLA-probe, 

which further confirms that the nanoparticle formulation with lipid coatings were 

highly stable and reproducible. Figure 2.5 shows the fluorescence microscopy images 

that exhibit the colocalization of the DOX-PLA and the CPT-PLA-probe. The 

colocalization study indicates that no segregation between the two types of drug-

polymer conjugates occurs and each particle contains both DOX and CPT.  

 

 

Fig. 2.5. Cellular colocalization studies of the DOX-PLA and CPT-PLA loaded dual-

drug nanoparticles. Fluorescence microscopy images showing the colocalization of 

DOX and CPT in the cellular compartment of MDA-MB-435 breast cancer cells.  

 

 

DOXDOX CPTCPT DOX+CPTDOX+CPT
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2.3.5 In Vitro Cytotoxicity of Dual-Drug Nanoparticles 

After having confirmed that the nanoparticles contain a mixture of DOX and 

CPT, we next examined the cytotoxicity of these dual-drug loaded nanoparticles in 

comparison to the cocktail mixtures of the corresponding single-drug loaded 

nanoparticles against MDA-MB-435 breast cancer cells in vitro. The cocktail system 

was prepared by mixing DOX-PLA loaded nanoparticles and CPT-PLA loaded 

nanoparticles at a ratio that is equivalent to the DOX-PLA:CPT-PLA molar ratio in 

the dual-drug nanoparticles. Figure 2.6 shows the results of IC50 measurements of the 

dual-drug loaded nanoparticles and cocktail combination of single-drug loaded 

nanoparticles. It was found that the dual-drug loaded nanoparticles consistently 

showed higher potency as compared to the cocktail systems for the 3 different drug 

ratios. In the 3:1, 1:1, and 1:3 DOX-PLA:CPT-PLA combinations, the dual-drug 

loaded nanoparticles showed an enhancement in efficacy by 3.5, 2.5, and 1.1 times, 

respectively, compared to the cocktail particle mixtures. This enhanced cytotoxicity 

of the dual-drug delivery system can be explained, at least partially, by the fact that 

dual-drug loaded nanoparticles can deliver more consistent combination drug 

payloads when compared to cocktail nanoparticle systems and hence maximize their 

combinatorial effect. In the cocktail variations in the nanoparticle uptake and the 

random drug distribution in cells likely compromised the efficacy of the drug 

combinations. Figure 2.5 suggests that the dual-drug loaded nanoparticles enable 

concurrent combination drug delivery through particle endocytosis. Once engulfed by 

the plasma membrane, nanoparticles are transported by endosomal vesicles before  
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Fig. 2.6. A comparative study of cellular cytotoxicity of the DOX-PLA and CPT-

PLA loaded dual-drug nanoparticles against the MDA-MB-435 breast cancer cells. 

The ratios shown in figure legends are the molar ratios of DOX-PLA to CPT-PLA. 

Solid lines represent the dual-drug loaded nanoparticles and dashed lines represent 

the cocktail mixture of DOX-PLA loaded and CPT-PLA loaded single-drug 

nanoparticles. All samples were incubated with cells for 24 h, and the cells were 

subsequently washed and incubated in media for a total of 72 h prior to MTT assay 

(n=4). Inset shows the cytotoxicity comparison of combinatorial and cocktail 

nanoparticle combination at 300 µg/mL nanoparticle concentration, A paired t-test 

was performed (**p<0.01, n=4). 
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unloading their drug payloads. This endocytic uptake mechanism is particularly 

favorable to the drug-polymer conjugate system used in the present combinatorial 

drug delivery scheme. The pH drop associated with endosome maturation subjects the 

nanoparticles to an acidic environment and enzymatic digestions (104, 105), which 

facilitate the cleavage of the ester linkage between the drug and the polymers. In 

addition, the degradation of the polymer PLA releases lactic acid to further lower the 

pH surrounding the nanoparticles, thereby further accelerating the drug release. 

 

 

2.4 Conclusions 

 
In conclusion, a new and robust approach for combination chemotherapy was 

presented by incorporating two different types of drugs with ratiometric control over 

drug loading into a single polymeric nanoparticle. By adapting metal alkoxide 

chemistry, drug conjugated polymers were synthesized in a quantitative yield with 

100% monomer conversion, resulting in the formation of highly hydrophobic drug-

polymer conjugates. These drug-polymer conjugates were successfully encapsulated 

into lipid-coated polymeric nanoparticles with over 90% loading efficiency. Using 

DOX and CPT as two model chemotherapy drugs, various ratios of DOX-PLA and 

CPT-PLA were loaded into the nanoparticles, yielding particles that are uniform in 

size, size distribution and surface charge. The cytotoxicity of these dual-drug carrying 

nanoparticles was compared with their cocktail their cocktail mixtures of single-drug 
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loaded nanoparticles and showed superior therapeutic effect. This strategy can also be 

exploited for various other chemotherapeutic agents containing hydroxyl groups as 

well as different types of combinations for combinatorial treatments of various 

diseases. While only two drugs (DOX and CPT) were used to demonstrate the 

concept of this combinatorial drug delivery approach, this method can be generalized 

to incorporate three or more different types of drugs into the same nanoparticles with 

ratiometro control over drug loading.  

Chapter 2, in full, is a reprint of the material as it appears in Molecular 

Pharmaceutics, 2011, Che-Ming Hu, Santosh Aryal, and Liangfang Zhang.  The 

dissertation author was the primary investigator and co-author of this paper.  
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3. Half-antibody Functionalized Nanoparticles 
for Targeted Drug Delivery 

   

 

3.1 Introduction 

Pancreatic cancer is the 4th leading cause of cancer-related death in the United 

States (106). Because of its elusive symptoms, pancreatic cancer patients are often 

diagnosed at an advanced stage, at which time the tumors are often unresectable and 

best addressed with chemotherapy. However, most chemotherapeutic regimens show 

little to no response against pancreatic cancer.  Even the current first-line drug, 

gemcitabine, shows only modest improvement in patient survival (107).  A recent 

study by Olive et al. suggests that low efficacy of chemotherapy against pancreatic 

cancer is due to the poor vascularization and inadequate drug perfusion at the tumoral 

sites (108).  Such a clinical challenge calls for new and more effective drug delivery 

strategies that can enhance the drug availability at the tumor sites. ddddddddddddddd
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To address this fundamental issue in pancreatic cancer treatment, here we 

propose a targeted drug delivery platform consisting of a lipid-polymer hybrid 

nanoparticle (NP) to carry therapeutic payloads and a selectively reduced anti-CEA 

half-antibody (hAb) to target pancreatic cancer cells. It is hypothesized that the 

targeted NPs can preferentially bind to pancreatic cancer cells rather than normal cells. 

Given the high drug loading capacity of each lipid-polymer hybrid NP, the cancer 

cells are expected to be destroyed even though only few NPs are taken up by one cell.    

The lipid-polymer hybrid NPs consist of a biodegradable and biocompartible 

hydrophobic polymeric core made of poly D,L-lactic-co-glycolic acid (PLGA), a 

monolayer of phospholipids, and an outer corona layer made of polyethylene glycol 

(PEG). Despite their complex structure, these hybrid NPs are synthesized in a simple, 

single-step fashion, which allows future scale-up production and cost-effective real-

life applications (109). Several features make these NPs a promising drug delivery 

platform, including biocompatibility, biodegradability, sustained drug-release profiles, 

functionalizable surface, excellent stability in blood, and most importantly, high drug 

loading yield (102).  These properties provide a basis for a stable, high-payload 

targeted drug delivery vehicle that can potentially maximize the chemotherapeutic 

efficacy against target cancer cells. ,  

For the targeting ligand, we selected anti-CEA monoclonal antibody (mAb) as 

a basis because CEA is overexpressed in 90% of pancreatic tumors (110).  In a study 

of using fluorophore-conjugated anti-CEA mAb for pancreatic cancer visualization, 

Kaushal et al. demonstrated that the mAb could effectively and safely deliver 
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fluorescent dyes to subcutaneous, orthotopic, and metastatic human pancreatic cancer 

xenografts in nude mice (111). Several reports have also conjugated anti-CEA mAb 

with NPs for various applications (112-114).  In the case of NP drug delivery, 

however, whole antibodies have several limitations. For instance, the large 

hydrodynamic size of antibodies significantly increases nonspecific uptake by the 

reticuloendothelial system (RES) and reduces the NP circulation half-life (115).  In 

addition, the nonspecific nature of antibody conjugation with NPs, typically involving 

random carboxyl-amine reaction, could result in hindered binding sites of the 

antibody and particle dimerization. Smaller antibody variants, such as single-chain 

variable fragments (svFc) (116) diabodies, and minibodies (117, 118)  have emerged 

in research settings to address these issues.  Here we selectively reduced the disulfide 

bonds between the heavy chains of the anti-CEA mAb using low molar excess of 

reducing agent to produce anti-CEA half-antibodies (hAb). The resulting hAb possess 

intact binding sites and reactive thiol groups on their constant region.  These hAb 

retain their targeting ability but are smaller in size and can be conjugated in a site-

specific manner. Several reports have employed the hAb strategy to deliver imaging 

agents such as quantum dots and iron oxide (119, 120). To the best of our knowledge, 

this is the first report that optimizes such a strategy for high-dose targeted drug 

delivery. 

In this study, we successfully synthesized and characterized anti-CEA hAb 

conjugated lipid-polymer hybrid NPs (Fig. 3.1).  We demonstrated the integrity and 

stability of the complex structure of the targeted NPs after being internalized by the 
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target cells as well as their targeting specificity toward CEA-presenting pancreatic 

cancer cells in vitro.  In addition, using paclitaxel as a model chemotherapy drug, we 

showed superior cytotoxicity of the targeted NPs against pancreatic cancer cells in 

comparison with their non-targeted counterparts. A schematic illustration of the 

targeted NP is shown in figure 3.1.	  	  	  

	  

	  

	  Fig. 3.1. Schematic illustration of hAb functionalized NPs targeting tumor cells 

through surface antigens. 

 

 

3.2 Experimental Methods 

3.2.1 Conjugation of Fluorophore to Anti-CEA Antibody and PLGA Polymer 
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Monoclonal antibody specific for CEA was acquired from Biodesign 

International (Saco ME).  The antibody was labeled with Alexa Fluor 488 (Molecular 

Probes, Eugene, OR) fluorophores following a protocol provided by the manufacturer. 

Briefly, the monoclonal antibody was reconstituted at 2 mg/mL in 0.1M sodium 

bicarbonate. 500 uL of the antibody solution were added to the reactive dye and 

allowed to incubate for 1 hr at room temperature. The antibody-dye conjugates were 

separated from unconjugated free dyes via a purification column. Alexa Fluor 647 

(Molecular Probes, Eugene, OR) was conjugated to carboxy-terminated PLGA 

polymer through activation by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) and N-hydroxysuccinimide (NHS).  Briefly, 40 mg of 0.16 dL/g PLGA 

(Durect Corp, Cuppertino, CA) dissolved in 1.6 mL of dimethylformamide (DMF) 

were mixed with 40 mg of EDC and 20 mg of NHS (Pierce, Rockford, IL) for 15 min.  

The 534 µL of 0.5 mg/mL Alexa Fluor 647 solutions were added to the mixture and 

incubated overnight. The unconjugated dyes were removed by cold methanol wash. 

The fluorophore-conjugated PLGA was then vacuumed dried and re-dissolved in 

acetonitrile. 

 

3.2.2 Synthesis and Characterization of Anti-CEA hAb Targeted 
Lipid-polymer Hybrid NPs 

 

  Lipid-polymer hybrid NPs were prepared via self-assembly of PLGA (Lactel, 

Pelham, AL), lecithin (soybean, refined, molecular weight: ~330 Da; Alfa Aesar, 
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Ward Hill, MA), carboxyl-terminated DSPE-PEG (1,2-distearoyl-sn-glycero-3-

phosphoethanolamine- N-carboxy (polyethylene glycol)2000) and maleimide-

terminated DSPE-PEG (Avanti Polar Lipids, Alabaster, AL) through a single-step 

nanoprecipitation method following a previously published protocol.4 Briefly, 0.12 

mg of lecithin and 0.26 mg of DSPE-PEG (the molar ratio between DSPE-PEG-

COOH and DSPE-PEG-maleimide is determined by the amount of anti-CEA hAb to 

be conjugated to the NP surface) were dissolved in 2 mL 4 wt% ethanol aqeous 

solution. In parallel, 1 mg of PLGA polymer was dissolved in 1 mL acetonitrile. The 

resulting PLGA solution was then added into the lipid solution dropwise under gentle 

stirring. The mixed solution was vortexed vigorously for 3 minutes followed by 

gentle stirring for 2 hours at room temperature. The remaining organic solvent and 

free molecules were removed by washing the NP solution three times using an 

Amicon Ultra-4 centrifugal filter (Millipore, Billerica, MA) with a molecular weight 

cut-off of 10 kDa. The NPs with maleimide moieties were then incubated with 

selectively reduced anti-CEA hAb for 4 hrs.  Finally, the unconjugated antibodies 

were removed by centrifugation using 300 kDa Pall Nanosep® centrifugal device 

(Sigma-Aldrich, St. Louis, MO). 

The cleaved antibodies were separated on a SDS-PAGE 3-8% Tri-Acetate 10-

well mini gel in tri-acetate running buffer using NovexSureLockXcell Electrophoresis 

System (Invitrogen).  The samples were run at 150V for 1 hr and the resulting 

polyacrylamide gel was stained in SimplyBlueTM (Invitrogen) overnight for 

visualization. To quantify the ligand conjugation, Alexa Fluor 488 fluorescence in the 
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hAb-NP solution was measured and matched to a standardization curve. The resulting 

hAb content was converted to mole.  The number of NPs per 1mg of PLGA was 

approximated under the assumptions of spherical structure and uniform polymer 

density. Mass of each NP was estimated based on a particle diameter of 83 nm and a 

PLGA density of 1.2 g/mL. Assuming no loss in PLGA, the number of NPs was 

derived by dividing 1mg by the mass of a single NP. 

NP size (diameter, nm) and surface charge (zeta potential, mV) were 

measured by dynamic light scattering (DLS) using Nano-ZS, Model ZEN3600 

(Malvern, UK).  NPs (~500 µg) were dispersed in water (~1 mL) and measurements 

were performed in triplicates at room temperature. The morphology and particle size 

were further characterized using scanning electron microscopy (SEM). Samples for 

SEM were prepared by dropping 5 µL of NPs solutions onto a polished silicon wafer. 

After drying the droplet at room temperature overnight, the sample was coated with 

chromium and then imaged by SEM. 

 

 

3.2.3 Cellular Targeting and Internalization Studies 

 The human pancreatic cell lines BxPC-3 and XPA-3 were maintained in 

RPMI (Gibco-BRL, Grand Island, NY) supplemented with 10% fetal calf albumin 

(FCS; Hyclone, Logan, UT), penicillin/streptomycin (Gibco-BRL), L-glutamine 

(Gibco-BRL), MEM nonessential amino acids (Gibco-BRL), sodium bicarbonate 

(Cellgro, Herndon, VA), and sodium pyruvate (Gibco-BRL).  Both cell lines were 
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cultured at 37°C with 5% CO2 and were plated in chamber slides (Cab-Tek II, eight 

wells; Nunc, Rochester, NY) with the aforementioned media. On the day of the 

experiment, cells were washed with pre-warmed PBS and incubated with pre-warmed 

RPMI media for 30 min before adding 100 µg of hAb-NPs or non-targeted NPs with 

the same amount of Alexa Fluor 647 dyes. The NPs were incubated with cells for 30 

min at 37°C, washed with PBS 3 times, fixed with tissue fixative (Millipore, Bellerica, 

MA) for 30 min at room temperature, stained with 4',6-diamidino-2-phenylindole 

(DAPI, nucleus staining), mounted in ProLong® Gold antifade reagent (Invitrogen), 

and imaged using deconvolution scanning fluorescence microscopy (DeltaVision 

System, Applied Precision, Issaquah, WA).  Digital images of blue, green, and red 

fluorescence were acquired using a 40x and a 100x oil immersion objective and DAPI, 

FITC, and CY5 filters, respectively. Images were overlaid and deconvoluted using 

softWoRx software. 

 

3.2.4 In vitro Cytotoxicity Study 

To prepare drug-encapsulated NPs, 0.1 mg of paclitaxel (Sigma-Aldrich, St 

Louis, MO) was dissolved into the 1 mg of PLGA acetonitrile solution before the 

nanoprecipitation process. To quantify the loading yield of paclitaxel, the paclitaxel-

loaded NPs were dissolved in a 70% acetonitrile aqueous solution and left on a vortex 

at room temperature for two days.  Paclitaxel was quantified by high performance 

liquid chromatography (HPLC). The column used was µBONDAPAK 4.6x150 mm. 
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The paclitaxel absorbance was measured by a UV/Vis detector at 230 nm in an 

acetonitrile/water gradient mobile phase (1 mL/min). The mobile phase 

acetonitrile/water ratio started at 50/50 at 0 min and increased to 100% acetonitrile 

over 10 min.  Acetonitrile was then held for 4 min before returning to a 50/50 ratio in 

14-25 min.  Each set of data was measured with a calibration curve. For the 

cytotoxicity study, BxPC-3 cells were grown in 96-well plates at concentrations 

leading to 60% confluence in 24 h (40000 cell/cm2).  NPs with different paclitaxel 

loading were incubated with the cells in RPMI for 1 hr.  Then the cells were washed 

and supplemented with fresh media.  Following 72 hrs of culture, cell viability was 

assessed with the ATPLite 1-step luminescence ATP detection assay (PerkinElmer, 

Waltham, MA) following a protocol provided by the manufacturer.  
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3.3 Results and Discussions 

  

Figure 3.2 illustrates the synthesis scheme of anti-CEA hAb conjugated lipid-

polymer hybrid NPs. Briefly, the maleimide-terminated hybrid NPs were self-

assembled from their building blocks via a nanoprecipitation method following a 

previously described protocol.(109)  Tris (2-carboxyethyl) phosphine (TCEP) with a 

molar excess of 3x over the molar concentration of the anti-CEA mAb was used to 

 

Fig. 3.2. Schematic diagram of the synthesis of anti-CEA half-antibody (hAb) 

conjugated lipid-polymer hybrid NPs.  
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selectively reduce the mAb into anti-CEA hAb. Subsequentially, the hAb were 

conjugated with the hybrid NPs through maleimide-thiol coupling. The resulting 

hAb-NPs were then filtered to remove excess antibodies (both uncleaved mAb and 

excess hAb) before further characterization and application.  

 

3.3.1 Synthesis of Anti-CEA hAb 

Since the extent of antibody reduction governs the conjugation efficiency as 

well as the targeting ability, the selective reduction process was optimized using 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).  To confirm 

the production of hAb and to optimize the selective reduction process, anti-CEA mAb 

were mixed with different molar excess of TCEP for 4 hrs and then separated and 

visualized.  Figure 3.3A showed the SDS-PAGE results of reduced anti-CEA mAb 

under various molar excess of TCEP.  Using the reference molecular weight ladder, 

the whole mAb (~130kDa) and three distinct cleavage products - hAb (~67kDa), 

heavy-chain fragments (~46kDa), and light-chain fragments (~21kDa) - were clearly 

identified. The presence of four distinct bands suggests that the disulfide bonds 

between the two heavy-chains were preferentially cleaved resulting in the formation 

of hAb. If all disulfide bonds in the mAb had been cleaved equally, two additional 

bands would have been observed, corresponding to double-heavy-chain fragments 

(~92kDa) and single-light-chain-double-heavy-chain fragments (~113kDa). Figure 
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3.3A also revealed the extent of mAb cleavage under different TCEP concentrations.  

It was observed that under 30x molar excess of TCEP the mAb were completely 

cleaved to heavy-chain and light-chain fragments. These fragments showed no 

binding affinity toward CEA-presenting pancreatic cancer cells (data not shown). We 

found that 3x molar excess of TCEP would maximize the yield of hAb and minimize 

the production of non-targeting fragments that compete with hAb for maleimide 

conjugation sites on the hybrid NP surface. 

 

Fig. 3.3. (A) Gel electrophoresis results of anti-CEA antibody reduction at TCEP 

(reducing agent) concentration of 0x, 3x, 10x and 30x over the concentration of the 

antibody, respectively. The rightmost lane represents a standard molecular weight 

ladder. (B) Quantifying the conjugation yield of 1 mg of maleimide-terminated hybrid 

NPs with 50 µg of anti-CEA antibody reduced by 3x TCEP versus 50 µg of untreated 

anti-CEA antibody. 
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3.3.2 Synthesis and Characterization of hAb-NP conjugates 

The resulting hAb was conjugated to the hybrid NPs through maleimide-thiol 

coupling and the reaction was confirmed and quantified using fluorescence 

measurements (Figure 3.3B). Before TCEP reduction, anti-CEA mAb were 

covalently labeled with Alex-488 fluorophores. In the study, 50 µg of reduced anti-

CEA mAb (3x molar excess of TCEP) were incubated with 1 mg of maleimide-

terminated hybrid NPs (molar ratio: mAb/NP ≈ 150/1) for 4 hrs before the solution 

was filtered through a membrane with a molecular weight cutoff of 300 kDa. 

Fluorescence readings of the NP solution and the corresponding filtrate indicate that 

approximately 9.7 µg (or 19.4%) of selectively reduced anti-CEA mAb were 

conjugated to 1 mg of NPs, which translates to a 32:1 ligand-to-particle molar ratio 

(see experimental section for this estimation). To confirm that the retained 

fluorescence was due to maleimide-thiol conjugation rather than non-specific 

absorption of uncleaved anti-CEA mAb, noting that intact mAb do not react with the 

maleimide-terminated NPs, the NP solution was then mixed with 50 µg of untreated 

anti-CEA mAb. It was found that less than 1% (0.47 µg) of the mAb was retained in 

the NP solution. This control experiment suggests that the filter membrane used in 

this study was sufficient enough to remove all free mAb or their fragments from the 

NP solution and negligible amount of mAb non-specifically absorbs onto the NP 

surface.  

The NP diameter and surface zeta potential in water were compared before 

and after the hAb conjugation using dynamic light scattering (DLS). The results 
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showed a slight increase in particle size (83 nm to 95 nm) and a less negative zeta 

potential (-61 mV to -55 mV) following the hAb conjugation (Figure 3.4A). The size 

increase corresponds to the coating of the hAb around the NP surface.  The increase 

in zeta potential, on the other hand, is likely due to the shielding of the negatively 

charged NP surface by the nearly neutral anti-CEA hAb moieties. Scanning electron 

microscopy (SEM) images (Figure 3.4B) of the hAb-conjugated hybrid NPs revealed 

their spherical structures with an averaged diameter of sub-100 nm, which was 

consistent with the DLS results.    

 

Fig. 3.4. (A) Size and surface zeta potential of the hybrid NPs before and after hAb 

conjugation determined by dynamic light scattering. (B) SEM image of hAb targeted 

lipid-polymer hybrid NPs.  
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3.3.3 Targeting Ability of hAb-NPs 

After having synthesized the hAb-NPs and characterized their 

physicochemical properties, we next examined their targeting ability, particularly 

against CEA-presenting pancreatic cancer cells. We began by confirming the 

concurrent delivery of the lipid shell and the PLGA core of the targeted NPs using a 

dual-fluorophore system. One concern of using the lipid-polymer hybrid NPs stems 

from the integrity of their core-shell structure, especially when the shell is conjugated 

with targeting moieties. That is, the hAb conjugated lipid shell may detach from the 

PLGA core during the delivery process, therefore the hAb cannot target the drug 

loaded PLGA core to the sites of action. To test this possibility, the anti-CEA hAb 

and the PLGA core were labeled with Alexa-488 (green) and Alexa-647 (red), 

respectively.  Targeted NPs simultaneously containing these two dyes were incubated 

with CEA-presenting human pancreatic adenocarcinoma cells (BxPC-3) and 

subsequently imaged using deconvolution scanning fluorescence microscopy. The 

matching overlay of the green and red fluorescence (Fig. 3.5A-C) from the same NPs 

at corresponding excitation wavelengths suggests that neither the lipid shell nor the 

targeting hAb ligands was striped from the polymeric core following cell binding and 

particle internalization.  
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Fig. 3.5. Scanning fluorescence microscopy images demonstrated the co-delivery of 

(A) the lipid shell to which the hAb conjugated (visualized with green Alexa Fluor 

488 dyes) and (B) the PLGA polymeric core (visualized with red Alexa Fluor 647 

dyes) to CEA-positive BxPC-3 cells (nucleus stained in blue with DAPI). (C) The 

overlay of the green and red fluorescence confirmed the integrity of the lipid-polymer 

hybrid NP structure after being internalized by the target cells. Targeting specificity 

was confirmed by incubating (D) CEA-positive BxPC-3 cells with anti-CEA hAb 

targeted NPs, (E) CEA-negative XPA-3 cells with anti-CEA hAb targeted NPs, (F) 

CEA-positive BxPC-3 cells with non-targeted NPs, and (G) CEA-negative XPA-3 

cells with non-targeted NPs. 
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The targeting specificity of the hAb-NPs was evaluated by incubating BxPC-3 

and a non-CEA-presenting human pancreatic cancer cell line (XPA-3) with hAb-NPs 

and non-targeted hybrid NPs without hAb conjugation. As shown in Figure 3.5D-G, 

the hAb-NPs effectively bound to the CEA positive BxPC-3 cells (Fig. 3.5D) but 

remained stealthy to the CEA negative XPA-3 cells (Fig. 3.5E). In contrast, the non-

targeted hybrid NPs showed negligible cellular uptake by either BxPC-3 cells (Fig. 

3.5F) or XPA-3 cells (Fig. 3.5G). This selective targeting could only be attributed to 

the complementary binding to the carcinoembryonic antigens by the anti-CEA hAb. 

Such a mechanism could enhance the cancer cell killing effect through receptor-

mediated endocytosis which facilitates particle internalization (121, 122). After a 

single hAb-NP was taken up by a target cell, it may release enough drug payloads to 

show therapeutic activity.  

 

3.3.4 Cytotoxicity of Paclitaxel-loaded hAb-NPs 

To examine the in vitro cellular cytotoxicity of the anti-CEA hAb targeted 

NPs against pancreatic cancer cells, we chose paclitaxel as a model hydrophobic 

chemotherapy drug. Paclitaxel is a widely used anticancer drug and has shown great 

therapeutic efficacy against pancreatic cancer (123). An additional reason of choosing 

paclitaxel is that the drug can be readily loaded into the hydrophobic PLGA core of 

the hybrid NPs with high and controllable loading yields. In the study, hAb-NPs with 

various paclitaxel loading yields were incubated with BxPC-3 cells. The resulting 

cellular cytotoxicity was measured by an ATP cellular viability assay and was 
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normalized to that of BxPC-3 cells treated by PBS buffer. Non-targeted hybrid NPs 

with the corresponding paclitaxel loading yields were used in parallel as a control. 

The actual paclitaxel loading of different NP formulations were quantified using high 

performance liquid chromatography (HPLC) following a published protocol.(92) The 

results showed that paclitaxel loading yield can be precisely tuned by varying the 

initial drug input during NP preparation process (Fig. 3.6 inset). Here up to ~38 µg of 

paclitaxel were encapsulated into 1 mg of the hybrid NP for the cytotoxicity study. 

This 3.8 wt% drug loading yield can be converted to roughly 10,000 paclitaxel drug 

molecules per NP, calculating from the diameter of the NP (83 nm), PLGA density 

(1.2 g/mL) and the molecular weight of paclitaxel (854 Da). Speculatively, a few 

drug-loaded NPs taken up by one cancer cell may be able to provide a sufficiently 

high dose of paclitaxel that can kill the cancer cell. It is worth noticing that the 

loading yield of paclitaxel can be further improved by tuning the formulation 

parameters of the hybrid NPs but this is beyond the focus of this study. 

After the paclitaxel-loaded hybrid NPs (both targeted and non-targeted) were 

prepared, the BxPC3 cells were incubated with the NPs loaded with different doses of 

paclitaxel for 1 hr. Then the excess NPs were washed in PBS buffer and the cells 

were cultured in fresh media for up to 72 hrs before they were subject to ATP assay. 

The luminescence signals of all samples were normalized to that of the cells in the 

absence of NPs to calculate the relative cellular viability of each circumstance. The 

results showed that the hAb targeted NPs had enhanced cytotoxicitiy at all levels of 

paclitaxel dosage, especially at 359 nM (Fig. 3.6), where the targeted NPs and non-
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targeted NPs resulted in 25.7+7.2% and 58.7+9.9% relative cellular viability, 

respectively. ANOVA test showed that the difference in relative viability of the 

targeted and non-targeted NPs was significant at both 359 nM and 984 nM (p<0.01) 

of paclitaxel loading. An IC50 of 251 nM and 526 nM were obtained for the hAb-NPs 

and non-targeted NPs, respectively, which translated to a more than 2-fold increase in 

therapeutic efficacy due to the anti-CEA hAb targeting. It needs to be noted that 

without drug loading, neither the targeted NPs nor the non-targeted NPs showed any   

 

Fig. 3.6. Relative viability of BxPC-3 cells incubated paclitaxel-loaded hAb targeted 

NPs (solid line) and non-targeted NPs (dashed line) with various paclitaxel loading 

yields using ATP assay. The results were normalized to controls without NP 

treatment. ANOVA test: *p<0.01 (n=8). Inset: paclitaxel loading vs. paclitaxel 

applied during NP preparation per 1mg of NPs.  
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cytotoxicity against the cells.  The biocompatibility of these NPs is consistent with 

previous findings on lipid-polymer hybrid NPs(102). Therefore, the hAb-conjugated 

NPs can be safely used as a drug delivery vehicle for in vivo applications. 

 

3.4 Conclusions 

In summary, we have successfully synthesized a targeted NP drug delivery 

platform specific to pancreatic cancer cells using FDA-approved biomaterials and 

selectively reduced anti-CEA half-antibodies.  Ligand-to-particle molar ratio, particle 

size, surface charge, and drug loading yield have been characterized and could be 

controlled for specific therapeutic applications. In addition, we have demonstrated the 

targeting specificity of the synthesized targeted NPs as well as their enhanced cellular 

cytotoxicity against target cells compared to their non-targeted counterparts. This 

platform has great therapeutic potentials as it can effectively deliver a variety of 

chemotherapeutic drugs to pancreatic tumors in a targeted manner. Additional in vivo 

studies are required to examine the pharmacokinetics, biodistribution and therapeutic 

efficacy of the hAb targeted NPs before further applications can be considered. 

Chapter 3, in full, is a reprint of the material as it appears in Molecular 

Pharmaceutics, 2010, Che-Ming Hu, Sharmeela Kaushal, Hop S. Tran Cao, Santosh 

Aryal, Marta Sartor, Sadik Esener, Michael Bouvet, and Liangfang Zhang.  The 

dissertation author was the primary investigator and author of this paper. 
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Chapter 4  Erythrocyte Membrane-
camouflaged Polymeric Nanoparticles as a 
Novel Long-circulating Delivery Platform 

 
 

 
4.1 Introduction 

 Long-circulating polymeric nanoparticles have significant clinical impact as 

they promise sustained systemic delivery and better targeting through both passive 

and active mechanisms (124-126). Different approaches including modifications on 

particle size, surface, shape, and flexibility have been explored to extend particle 

residence time in vivo (127-129). The current gold standard for nanoparticle stealth 

coating is polyethylene glycol (PEG). The adoption of PEG as a stealth moiety on 

nanoparticle surface has led to great success with several clinical products (125, 126), 

but recent observation of anti-PEG immunological response has triggered the interest 

of further investigation on its biological relevance (75). Synthetic zwitterionic 
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materials such as poly(carboxybetaine) and poly(sulfobetaine) have been proposed as 

alternatives to PEG because of their strong hydration that is highly resistant to 

nonspecific protein adsorption (130, 131).  In addition, recent advances in molecular 

and cellular biology have inspired scientists and nanotechnologists to model 

nanocarriers after red blood cells (RBCs), which are nature’s long-circulating 

delivery vehicles. Properties of RBCs such as their structure and surface proteins 

have been taken as design cues to devise the next-generation delivery platforms (132-

134). 
While significant efforts have been devoted to bridging the gap between 

synthetic nanomaterials and biological entities, an RBC-mimicking delivery vehicle 

has remained elusive to biomedical researchers. One major challenge lies in the 

difficulty in functionalizing nanoparticles with the complex surface chemistry of a 

biological cell. Despite the recent great progress in reducing macrophage engulfment 

of polystyrene beads following their conjugation with an immunosuppressive RBC 

membrane protein, CD47 (133), current chemistry-based bioconjugation techniques 

often lead to protein denaturation. In addition, these bottom-up approaches are largely 

inadequate in duplicating a complex protein makeup on a nanoscale substrate. 

Inspired by the concept of bridging synthetic and natural materials and by the need to 

reinvent nanoparticle functionalization, we herein develop an RBC membrane-

camouflaged polymeric nanoparticle platform through a top-down method. By 

extruding poly(lactic-co-glycolic acid) (PLGA) particles with preformed RBC 

membrane-derived vesicles, we coat the sub-100nm polymeric particles with the 
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bilayered RBC membranes including both lipids and the corresponding surface 

proteins (Fig. 4.1). This approach aims to camouflage the nanoparticle surface with 

the erythrocyte exterior for long circulation while retaining the applicability of the 

polymeric core. We report the physical characterizations, physicochemical properties, 

protein contents, pharmacokinetics, and biodistributions of this biomimetic 

nanoparticle delivery platform. 

 

Fig. 4.1. Schematic illustration of RBC membrane camouflaged PLGA NPs. 

 

 

4.2 Materials and Methods 

4.2.1 Red Blood Cell Ghost Derivation 

RBC ghosts devoid of cytoplasmic contents were prepared following 

previously published protocols with modifications (135). Whole blood was first 
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withdrawn from male ICR mice (6-8wks) obtained from Charles River Laboratories 

(Wilmington, MA) through cardiac puncture using a syringe containing a drop of 

heparin solution (Cole-Parmer, Vernon Hills, IL). The whole blood was then 

centrifuged at 2000 rpm for 5 minutes at 4°C, following which the serum and the 

buffy coat were carefully removed. The resulting packed RBCs were washed in ice 

cold 1X PBS prior to hypotonic medium treatment for hemolysis. The washed RBCs 

were suspended in 0.25X PBS in an ice bath for 20 minutes and were centrifuged at 

2000 rpm for 5 minutes. The hemoglobin was removed whereas the pink pellet was 

collected. The resulting RBC ghosts were verified using phase contrast microscopy, 

which revealed an intact cellular structure with an altered cellular content. 

 

4.2.2 Preparation of RBC Membrane-derived Vesicles 

The collected RBC ghosts were sonicated in a capped glass vial for 5 minutes 

using a FS30D bath sonicator (Fisher Scientific, Pittsburgh, PA) at a frequency of 42 

kHz and power of 100W. The resulting vesicles were subsequently extruded serially 

through 400 nm and then 100 nm polycarbonate porous membranes using an Avanti 

mini extruder (Avanti Polar Lipids, Alabaster, AL). To visualize the liposomal 

compartment in the RBC membrane-derived vesicles, 1mL of whole blood was mixed 

with 20 ug of 1,2-Dimyristoyl-sn-Glycero-3-Phosphoethanolamine-N-(Lissamine 

Rhodamine B Sulfonyl) (Ammonium Salt) (DMPE-RhB) (Avanti Polar Lipids, 

Alabaster, AL) during the vesicle preparation process. The size of the RBC 
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membrane-derived vesicles was measured by dynamic light scattering (DLS) after 

each preparation step. 

 

4.2.3 Preparation of PLGA Nanoparticles 

The PLGA polymeric cores were prepared using 0.67dL/g carboxy-terminated 

50:50 poly(DL-lactide-co-glycolide) (LACTEL Absorbable Polymers, Cupertino, CA) 

in a solvent displacement process. The PLGA polymer was first dissolved in acetone 

at a 1 mg/mL concentration. To make 1 mg of PLGA nanoparticles, 1 mL of the 

solution was added dropwise to 3 mL of water.  The mixture was then stirred in open 

air for 2 hours. The resulting nanoparticle solution was filtered with 10K MWCO 

Amicon Ultra-4 Centrifugal Filters (Millipore, Billerica, MA) and resuspended in 1 

mL PBS (1X, pH=7.4). For fluorescence microscopy imaging and in vivo particle 

tracking purposes, 2µg of 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-

chlorobenzenesulfonate salt (DiD) dye (Invitrogen, Carlsbad, CA) were added to the 

PLGA acetone solution prior to PLGA nanoparticle synthesis. The release of DiD dye 

from PLGA nanoparticles was examined using a dialysis method in which 100 µL of 

the prepared nanoparticle solutions were loaded into a Slide-A-Lyzer MINI dialysis 

microtube with a molecular weight cutoff of 3.5 kDa (Pierce, Rockford, IL). The 

nanoparticles were dialyzed in PBS buffer at 37 °C. The PBS solution was changed 

every 12 hours during the dialysis process. At each predetermined time point, 

nanoparticle solutions from three mini dialysis units were collected separately for dye 
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quantification using an Infinite M200 multiplate reader (TeCan, Switzerland). As a 

control particle, the PEG-coated lipid-PLGA hybrid nanoparticles were prepared 

through a nanoprecipitation method. 

 

4.2.4 Fusion of RBC Membrane-derived Vesicles with PLGA Nanoparticles 

To fuse the RBC membrane-derived vesicles with the PLGA nanoparticles, 1 

mg of PLGA nanoparticles was mixed with RBC membrane-derived vesicles 

prepared from 1 mL of whole blood and then extruded 7 times through a 100 nm 

polycarbonate porous membrane using an Avanti mini extruder. The mixture ratio 

was estimated based on the membrane volume of RBCs and the total membrane 

volume required to fully coat 1 mg of PLGA nanoparticles. Parameters used for the 

estimation include mean surface area of mouse RBCs (75µm2) (136), membrane 

thickness of RBC (7nm), density of 50:50 PLGA nanoparticles (1.34g/cm3) (137), red 

blood cell concentration in mouse blood (7 billion per mL) (138), and the mean 

particle size as measured by DLS before and after the RBC membrane coating. An 

excess of blood was used to compensate for the membrane loss during RBC ghost 

derivation and extrusion. The resulting RBC membrane-coated PLGA nanoparticles 

were dialyzed against 30 nm porous membranes (Avanti Polar Lipids) for 24 hours 

and concentrated through nitrogen purging. The particle size and polydispersity 

remained identical following dialysis and concentration. 
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4.2.5 Characterization of RBC Membrane-coated PLGA Nanoparticles 

 Nanoparticle size (diameter, nm), polydispersity, and surface charge (zeta 

potential, mV) were measured by DLS using Nano-ZS, model ZEN3600 (Malvern, 

U.K.). Nanoparticles (∼500 µg) were suspended in 1X PBS (∼1 mL) and 

measurements were performed in triplicate at room temperature for 2 weeks. Serum 

stability tests were conducted by suspending the nanoparticles in 100% fetal bovine 

serum (FBS) (Hyclone, Logan, UT) with a final nanoparticle concentration of 1 

mg/mL. The particles were first concentrated to 2 mg/mL and a concentrated 2X FBS 

was then added at equal volume. Absorbance measurements were conducted using an 

Infinite M200 multiplate reader. Samples were incubated at 37°C with light shaking 

prior to each measurement. The absorbance at 560 nm was taken approximately every 

30 minutes over a period of 4 hours. 

 

4.2.6 Transmission Electron Microscopy Imaging 

The structure of the RBC membrane-coated nanoparticles was examined using 

a transmission electron microscope. A drop of the nanoparticle solution at a 

concentration of 4 µg/mL was deposited onto a glow-discharged carbon-coated grid. 

Five minutes after the sample was deposited the grid was rinsed with 10 drops of 

distilled water. A drop of 1% uranyl acetate stain was added to the grid. The grid was 

subsequently dried and visualized using a FEI 200KV Sphera microscope. 
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4.2.7 Tissue Culture and Nanoparticle Endocytosis 

The human epithelial carcinoma cell line (HeLa) was maintained in RPMI 

(Gibco BRL, Grand Island, NY) supplemented with 10% fetal bovine albumin, 

penicillin/streptomycin (Gibco-BRL), L-glutamine (Gibco-BRL), MEM nonessential 

amino acids (Gibco-BRL), sodium bicarbonate (Cellgro, Herndon, VA), and sodium 

pyruvate (Gibco-BRL). The cells were cultured at 37 °C with 5% CO2 and were 

plated in chamber slides (Cab-Tek II, eight wells; Nunc, Rochester, NY) with the 

aforementioned media. On the day of experiment, cells were washed with pre-

warmed PBS and incubated with pre-warmed RPMI media for 30 minutes before 

adding 100 µg of DMPE-RhB and DiD labeled RBC membrane-coated PLGA 

nanoparticles. The nanoparticles were incubated with cells for 4 hours at 37 °C. The 

cells were then washed with PBS 3 times, fixed with tissue fixative (Millipore, 

Bellerica, MA) for 30 minutes at room temperature, stained with 4′,6-diamidino-2-

phenylindole (DAPI, nucleus staining), mounted in ProLong Gold antifade reagent 

(Invitrogen), and imaged using a deconvolution scanning fluorescence microscope 

(DeltaVision System, Applied Precision, Issaquah, WA). Digital images of blue, 

green, and red fluorescence were acquired under DAPI, FITC, and CY5 filters 

respectively using a 100X oil immersion objective. Images were overlaid and 

deconvoluted using softWoRx software. 
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4.2.8 Protein characterization using SDS-PAGE 

The RBC ghosts, the RBC membrane-derived vesicles, and the dialyzed RBC 

membrane coated PLGA nanoparticles were prepared in SDS sample buffer 

(Invitrogen). The samples were then run on a NuPAGE® Novex 4-12% Bis-Tris 10-

well minigel in 3-(N-morpholino) propanesulfonic acid (MOPS) running buffer using 

NovexSureLockXcell Electrophoresis System (Invitrogen). The samples were run at 

150 V for 1 hour, and the resulting polyacrylamide gel was stained in SimplyBlue 

(Invitrogen) overnight for visualization. 

 

4.2.9 Pharmacokinetics and Biodistribution Studies 

All the animal procedures complied with the guidelines of University of 

California San Diego Institutional Animal Care and Use Committee. The experiments 

were performed on male ICR mice (6-8 wks) from Charles River Laboratories 

(Wilmington, MA). To evaluate the circulation half-life of RBC membrane-coated 

nanoparticles, 150 µL of DiD-loaded nanoparticles were injected into the tail vein of 

the mice. 20 µL blood was collected at 1, 5, 15, 30 minutes, and 1, 2, 4, 8, 24, 48, and 

72 hours following the injection. The same dose of DiD containing PEG-coated lipid-

PLGA hybrid nanoparticles and bare PLGA nanoparticles were also tested in parallel 

as controls. Each particle group contained 6 mice. The collected blood samples were 

diluted with 30 µL PBS in a 96-well plate before fluorescence measurement. 

Pharmacokinetics parameters were calculated to fit a two-compartment model. 
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To study the biodistribution of the nanoparticles in various tissues, 18 mice 

received an injection of 150 µL of 3mg/mL DiD-loaded nanoparticles through the tail 

vein. At each of the 24, 48, and 72 hour time points following the particle injection, 6 

mice were randomly selected and euthanized. Their liver, kidney, spleen, brain, lung, 

heart and blood were collected. The collected organs were carefully weighed and then 

homogenized in 1 mL PBS. Total weight of blood was estimated as 6% of mouse 

body weight. The fluorescence intensity of each sample was determined by an Infinite 

M200 multiplate reader. 

 

4.3 Results and Discussion 

4.3.1 Preparation of RBC Membrane Coated NPs 

The preparation process of the RBC membrane-coated nanoparticles is 

divided into two parts: membrane vesicle derivation from RBCs and vesicle-particle 

fusion (Fig. 4.2). The derivation of RBC membrane vesicles follows a previously 

reported method with slight modifications (139). Briefly, RBCs were first purified 

from the fresh blood of male ICR mice (6-8 wks) from Charles River Laboratories 

(Wilmington, MA) by centrifugation and PBS wash. The isolated RBCs then 

underwent membrane rupture in a hypotonic environment to remove its intracellular 

contents (Fig. 4.3). Next, the emptied RBCs were washed and extruded through 100 

nm porous membranes to create RBC membrane-derived vesicles. To synthesize the  
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Fig. 4.2. Schematics of the preparation process of the RBC membrane-coated PLGA 

nanoparticles (NPs). 

	  

 

Fig. 4.3. Phase contrast microscopy images of mouse red blood cells (RBCs) before 

(left panel) and after (right panel) hemolytic treatment in hypotonic solution. 

Deprivation of RBC interior contents (hemoglobins) was verified by the change in 

phase contrast, which indicates an alteration of the medium inside the RBCs. 
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RBC membrane-camouflaged polymeric nanoparticles, PLGA particles of 

approximately 70 nm in diameter were first prepared from 0.67dL/g carboxyl-

terminated PLGA polymer using a solvent displacement method (140). The resulting 

PLGA nanoparticles were subsequently fused with the RBC membrane-derived 

vesicles through mechanical extrusion. Based on calculations from PLGA polymer 

density, nanoparticle size, the erythrocyte lipid contents, and the estimated project 

area of a lipid molecule, each milligram of PLGA nanoparticles was mixed with 

vesicles derived from 1mL of blood for complete particle coating. The mixture was 

physically extruded through an apparatus with 100 nm pores. The mechanical force 

facilitated the sub-100 nm PLGA nanoparticles to cross the lipid bilayers, resulting in 

vesicle-particle fusion. Repeated passing through the extruder overcomes previously 

reported issues with liposome-particle fusion, such as broad particle size distribution, 

incomplete particle coating, and inconsistent lipid shells (141). It should also be noted 

that the bilayer structure of the RBC membranes is retained throughout the entire 

preparation process to minimize the loss of and damages to the membrane proteins. 

The size of the resulting products after each preparation step was followed using 

dynamic light scattering (DLS) (Fig. 4.4).	  	  
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Fig. 4.4. The average diameter of the RBC membrane-derived vesicles following 

RBC ghosts derivation, 5 min of sonication, 400 nm extrusion, and 100 nm extrusion 

as measured by DLS. 

 

4.3.2 Characterizations of RBC Membrane coated NPs 

To characterize the RBC membrane-coated PLGA nanoparticles, the particles 

were first negatively stained with uranyl acetate and then visualized using 

transmission electron microscopy (TEM) (Fig. 4.5A). The resulting image reveals a 

core-shell structure as expected in a lipid bilayer-coated polymeric particle. The 

particle size is ~80 nm and matches the hydrodynamic diameter measured by 

dynamic light scattering (DLS). Closer examination reveals a polymeric core 

approximately 70 nm in diameter and an outer lipid shell 7~8 nm in thickness. The 

thickness of the lipid layer is in agreement with the reported membrane width of 
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RBCs (142), suggesting a successful membrane translocation to the polymeric 

particle surface. 

To examine the long-term stability of the resulting RBC-mimicking 

nanoparticles, they were suspended in 1X PBS at a concentration of 1mg/mL and then 

monitored by DLS for the particle size, the polydispersity index (PDI), and the zeta 

potential (Fig. 4.5B). Over a span of two weeks the particle size increased from 85 to 

130 nm, the zeta potential decreased from -10.2 to -12.7 mV, and the PDI remained 

relatively the same at 0.26. The changes in size and zeta potential are likely caused by 

the fusion of small amount of excess vesicles in the particle solution. To verify the 

integrity of the core-shell particle structure, hydrophobic DiD fluorophore 

(excitation/emission = 644 nm/655 nm) and the lipophilic rhodamine-DMPE dye 

(excitation/emission = 557 nm/571 nm) were loaded into the polymeric core and the 

RBC membrane-derived vesicles, respectively, prior to the vesicle-particle fusion. 

The resulting dual-fluorophore labeled nanoparticles were incubated with HeLa cells 

for 6 hours and visualized using fluorescence microscopy. In Fig. 4.5C, DiD (red) and 

rhodamine-DMPE (green), each of which corresponds to a different particle 

compartment, overlap in the same locations. This fluorescence co-localization 

indicates an intact core-shell structure of the nanoparticles after they are internalized 

by the cells.  
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Fig. 4.5. Structural characterization of the RBC membrane-coated PLGA 

nanoparticles. (A) The nanoparticles were negatively stained with uranyl acetate and 

subsequently visualized with TEM. (B) DLS measurements of the size, polydispersity 

index (PDI), and surface zeta potential of the nanoparticles over 14 days. (C) 

Scanning fluorescence microscopy images demonstrated the co-localization of the 

RBC membranes (visualized with green rhodamine-DMPE dyes) and polymeric cores 

(visualized with red DiD dyes) after being internalized by HeLa cells. The RBC 

membrane-coated nanoparticles were incubated with HeLa cells for 6 hours. The 

excess nanoparticles were washed out and the cells were subsequently fixed for 

imaging.   	  
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Following the structural studies, the particles were examined for their protein 

contents. The RBC membrane-coated nanoparticles were dialyzed with 30 nm porous 

membranes for 24 hours to remove unbound proteins and subsequently treated with 

sodium dodecyl sulfate (SDS) to solubilize the membrane proteins.  Samples of 

emptied RBCs and RBC membrane-derived vesicles were prepared in parallel as a 

comparison. Protein separation by polyacrylamide gel electrophoresis (PAGE) 

indicates that the composition of membrane proteins were mostly retained throughout 

the particle synthesis and can be identified on the RBC membrane-coated PLGA 

nanoparticles (Fig. 4.6A). This finding suggests that the translocation of the bilayered 

cellular membranes also transfers the associated membrane proteins to the 

nanoparticle surface. Since the solid PLGA core precludes protein entries and 

unbound proteins are filtered out by dialysis, the detected membrane proteins are 

most likely anchored in the bilayered lipid membranes that surround the nanoparticles. 

The resulting protein-containing lipid membrane-coated particles can be likened to a 

well-studied polymer-supported planer lipid bilayer model, which has been shown to 

retain the functionalities of membrane-associated proteins (141). Minor alteration in 

the protein makeup, however, was observed as a band near 51kDa is noticeably 

fainter. The faint band likely corresponds to peripheral membrane proteins associated 

with spectrin cytoskeletal proteins, which are lost during the mechanical extrusion for 

the vesicle-particle fusion as can be observed by the missing band at ~200kDa. 
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4.3.3 Stability and Circulation Half-life of RBC Membrane Coated NPs 

We then investigated the serum stability and the in vivo circulation half-life of 

the RBC membrane-coated nanoparticles. To put the results into perspective, 

similarly sized bare PLGA nanoparticles (~75 nm) and structurally analogous PEG 

(Mw 2000)-functionalized lipid-polymer hybrid nanoparticles (~80 nm) were used as 

negative and positive controls respectively. For the serum stability test, a previously 

cited absorbance method was used to monitor the particle size change in the presence 

of fetal bovine serum (FBS) (143, 144). Since larger particles induce higher light 

scattering, aggregation of unstable particles can be observed by monitoring the 

increase in the absorbance value. Each type of the nanoparticles were suspended in 

100% FBS with a final nanoparticle concentration of 1 mg/mL. All samples were 

incubated at 37°C and shaked gently prior to each absorbance measurement. The 

absorbance values measured at 560 nm suggest that the RBC-membrane coated 

nanoparticles have equivalent serum stability as the PEG-functionalized lipid-

polymer hybrid nanoparticles as neither sample showed any observable change in 

absorbance within 4 hours (Fig. 4.6B). In contrast, the bare PLGA nanoparticles 

showed little stability as they immediately aggregated upon mixture with the serum 

solution. 

To study the systemic circulation time of the each type of nanoparticles, we 

loaded the hydrophobic DiD fluorescent dye to all three types of nanoparticles. The 

dye shows minimal release (<20% in 72hours) and has been widely cited as a marker 

for the circulation studies of nanoparticles (145, 146). For each particle type, 150 µL 
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of 3 mg/mL DiD-loaded nanoparticles were injected into a group of 6 mice through 

tail-vein injection. To avoid the immune responses associated with different blood 

types, the mice subject to the circulation studies are of the same strain from which the 

RBCs are collected to prepare the nanoparticles. At various time points following the 

injection, 20 µL blood were collected from the eye socket of the mice for 

fluorescence measurements. Fig. 4.6C shows that the RBC membrane-coated 

nanoparticles had superior blood retention to the PEG-functionalized nanoparticles. 

At 24 and 48 hour marks, the RBC membrane-coated nanoparticles exhibited 29% 

and 16% overall retention respectively as compared to the 11% and 2% exhibited by 

the PEG-coated nanoparticles. The bare PLGA nanoparticles, on the other hand, 

showed negligible signal in the first blood withdrawal at the 2 minute mark, which 

was expected based on their rapid aggregations in serum. The semi-log plot in the 

inset of Fig. 4.6C better illustrates the difference in the pharmacokinetic profiles as 

circulation half-life can be derived from the slope of the semi-log signals. Based on a 

two-compartment model that has been applied in previous studies to fit the circulation 

results of nanoparticles (147, 148), the elimination half-life was calculated as 39.6 

hours for the RBC membrane-coated nanoparticles and 15.8 hours for the PEG-coated 

nanoparticles. Alternatively, the circulation data in Fig. 4.6C can be interpreted 

through a one-way non-linear clearance model, where the causes of nanoparticle 

clearance (i.e. availability of clearing sites and opsonin proteins) are continuously 

depleted to give rise to a slowing particle uptake. Simberg et al. have reported that by 

injecting “decoy” particles prior to the injection of primary particles, the circulation 
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half-life of the primary particles can be prolonged by nearly 5-fold (149). It is 

reasonable to expect that the saturation of the RES system can retard additional 

particle uptake and account for a non-linear particle elimination rate. Based on this 

non-linear elimination model, the first apparent half-life (i.e., 50% of the particles are 

cleared) is 9.6 hours for the RBC membrane-coated nanoparticles and 6.5 hours for 

the PEG-coated nanoparticles. Regardless of the pharmacokinetic models, the RBC 

membrane-coated nanoparticles have longer elimination half-life, which suggests that 

the RBC membrane coating is superior in retarding in vivo clearance compared to the 

conventional PEG stealth coating. This finding further confirms that the nanoparticles 

were modified with the functional components on the RBC membranes, which 

contain immunosuppressive proteins that inhibit macrophage uptake (150). Since 

these membrane proteins are from the natural RBCs collected from the host blood, 

they are expected to stimulate negligible immune response after they are translocated 

to the surface of polymeric nanoparticles. With the TEM visualization, the SDS-

PAGE results, and the circulation half-life study, we demonstrate the transfer of cell 

membranes and the corresponding functional surface proteins for nanoparticle 

functionalization using the reported technique. 
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Fig. 4.6. Membrane protein retention, particle stability in serum, and the in vivo 

circulation time of the RBC membrane-coated nanoparticles (NPs). (A) Proteins in 

emptied RBCs, RBC membrane-derived vesicles, and purified RBC membrane-

coated PLGA nanoparticles were solubilized and resolved on a polyacrylamide gel. 

(B) RBC membrane-coated PLGA nanoparticles, PEG-coated lipid-PLGA hybrid 

nanoparticles, and bare PLGA nanoparticles were incubated in 100% fetal bovine 

serum and monitored for absorbance at 560 nm for 4hours. (C) DiD-loaded 

nanoparticles were injected intravenously through the tail vein of mice. At various 

time points blood was withdrawn intraorbitally and measured for fluorescence at 670 

nm to evaluate the systemic circulation lifetime of the nanoparticles (n=6 per group). 
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4.3.4 Biodistributions of RBC Membrane Coated NPs 

Finally we investigated the in vivo tissue distribution of the RBC membrane-

coated nanoparticles to further evaluate their potential as a delivery vehicle. For the 

biodistribution study, 18 mice received an injection of 150 µL of 3mg/mL DiD-

loaded nanoparticles through the tail vein. At each of the 24, 48, and 72 hour time 

points following the particle injection, 6 mice were euthanized and their liver, kidney, 

spleen, brain, lung, heart and blood were collected. For fluorescence quantification, 

the organs collected at different time points were washed, weighed, homogenized in 1 

mL PBS, and then measured by a fluorospectrometer. Fig. 4.7A shows the 

nanoparticle content per gram of tissue. The two primary organs of the RES system, 

liver and spleen, contained the highest amount of nanoparticles. However, significant 

fluorescent level was also observed in the blood at the 3 time points. To better 

understand the overall particle distribution, the fluorescence signals were multiplied 

by the measured weight of the corresponding organs, with the weight of the blood 

being estimated as 6% of the total body weight. Fig. 4.7B shows relative signal in 

each organ normalized to the total fluorescence. After accounting for the tissue mass, 

it can be observed that the nanoparticles are distributed mainly in the blood and the 

liver. The fluorescence signals from the blood correlate well with the data from the 

circulation half-life study, with 21%, 15%, and 11% of nanoparticle retention at 24, 

48, and 72 hour marks respectively. Also, as the blood fluorescence decreased, a 

corresponding increase in signal was observed in the liver, which indicates that the 

source of the fluorescence in the blood was eventually taken up by the RES system. 
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This result validates that the observed blood fluorescence came from the long-

circulating nanoparticles rather than leakage of the dye, which would be secreted by 

the kidneys and result in a reduction in the signal intensity from the liver. It is worth 

noting that the RBC membrane-coated polymeric nanoparticles have a significantly 

longer circulation time compared to previously reported RBC-derived liposomes, 

which are cleared from the blood circulation in less than 30 minutes (139). This 

prolonged circulation time by the RBC membrane-coated nanoparticles can be 

attributed to the higher structural rigidity, better particle stability, and the more 

reliable cargo/dye encapsulation. As compared to other published data on 

nanoparticle circulations in mice models (140, 151, 152), most of which show 

negligible blood retention after 24 hours, the RBC membrane-coated nanoparticles 

exhibit superior in vivo residence time and hold tremendous potentials for biomedical 

applications as a robust delivery platform.  

The erythrocyte membrane-coated nanoparticles reported herein are 

structurally analogous to the commonly cited lipid-polymer hybrid nanoparticles, 

which are quickly emerging as a promising multi-functional drug delivery platform 

that contains the desirable characteristics of both liposomes and polymeric 

nanoparticles (153, 154). Lipid-polymer hybrid nanoparticles have shown a more 

sustained drug release profile compared to polymeric nanoparticles with similar size 

owing to the diffusional barrier provided by the lipid monolayer coating. The drug 

release kinetics from the RBC membrane-coated nanoparticles is expected to be even 

more gradual because the RBC membrane provides a more dense and bilayered lipid 
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Fig. 4.7. Biodistributions of the RBC membrane-coated polymeric nanoparticles. 

Fluorescently labeled nanoparticles were injected intravenously into the mice. At 

each time points (24, 48, and 72 hour respectively), the organs from a randomly 

grouped subset of mice were collected, homogenized and quantified for fluorescence. 

(A) Fluorescence intensity per gram of tissue (n=6 per group). (B) Relative signal per 

organ.  
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barrier against drug diffusion. The membrane coating approach in this study can also 

be extended to other nanostructures as the versatility of lipid coating has made its way 

to silica nanoparticles and quantum dots (155-157). Further particle functionalization 

can be achieved by inserting modified lipids, lipid derivatives, or transmembrane 

proteins to the lipid membranes prior to the preparation of the RBC membrane-coated 

nanostructures.  

Regarding the translation of these RBC membrane-coated nanoparticles as a 

clinical drug delivery vehicle, many challenges and opportunities lie ahead. Unlike in 

animal studies human erythrocytes contain numerous surface antigens that can be 

classified to many different blood groups. To optimize the particles for long-

circulating drug delivery, the particles need to be cross-matched to patients’ blood as 

in the case of blood transfusion. For more versatile applications to broad populations 

of patients, the particles can be selectively depleted of those immunogenic proteins 

during the synthesis steps. Alternatively, this biomimetic delivery platform could be 

an elegant method for personalized medicine whereby the drug delivery nanocarrier is 

tailored to individual patients with little risk of immunogenicity by using their own 

RBC membranes as the particle coatings.  
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4.4 Conclusions 

In conclusions, we demonstrate the synthesis of an erythrocyte membrane-

camouflaged polymeric nanoparticle for long-circulating cargo delivery. The adopted 

technique aims to fabricate cell-mimicking nanoparticles through a top-down 

approach which bypasses the labor-intensive processes of protein identifications, 

purifications, and conjugations. The proposed method also provides a bilayered 

medium for transmembrane protein anchorage and avoids chemical modifications 

which could compromise the integrity and functionalities of target proteins. We 

demonstrate that the lipid layer can be derived directly from live cells. The 

translocation of natural cellular membranes and their associated functionalities to the 

particle surface represents a unique and robust top-down approach in nanoparticle 

functionalization.  

Chapter 4, in full, is a reprint of the material as it appears in Proceedings of 

the National Academy of Sciences, 2011, Che-Ming Hu, Li Zhang, Santosh Aryal, 

Connie Cheung, Ronnie H. Fang, and Liangfang Zhang.  The dissertation author was 

the primary investigator and author of this paper. 
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Chapter 5  Conclusions and Future Directions 

 

NPs have shown great promises in breaking down the various barriers in 

cancer drug delivery. On the physiological level, long-circulating NPs can take 

advantage of the EPR effects in solid tumors and enhance tumoral accumulation 

through passive targeting. NPs functionalized with tumor-targeted ligands have 

demonstrated increased target selectivity and  are able to facilitate the breaching of 

cellular membrane barriers through receptor-mediated endocytosis. On the molecular 

level, multi-drug loaded NPs can further improve treatment efficacy by targeting 

multiple molecular pathways and retard the development of cancer drug resistance. 

The promises of anticancer therapeutic NPs have drawn significant attention from 

clinicians, scientists, and engineers. The work of this dissertation aims to present 

important improvements in three specific areas of therapeutic NPs:           dddddddd
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1. Enabling facile assembly of multi-drug NPs with ratiometrically 
controllable drug loading through drug-polymer conjugates. 
 

2. Enabling robust, site-specific NP functionalization for targeted 
drug delivery through the use of reduced half-antibodies. 

 
 

3. Enabling long-circulating delivery with little risk of immunogenic 
response through red blood cell membrane coating to camouflage 
NPs. 

 
 

The results presented here add significant contributions to the continuing 

development of therapeutic NPs.  While functionally distinct, each of the 

aforementioned developments is structurally compatible with one another. The half-

antibodies and the RBC membrane coating techniques are also compatible with other 

nanostructures, providing additional toolkit to the fledging field of nanotechnology 

and nanomedicine.  The following sections will reiterate the important conclusions 

from this dissertation. 

 

 

5.1 Drug-polymer Conjugates for Facile Assembly of 
Ratiometrically Controlled Multidrug NPs 

 
 

To address the batch-to-batch variability in non-covalent multi-drug 

encapsulation in polymeric NPs, different drug molecules were conjugated to a long 

biodegradable PLA chain prior to NP preparation. Using ring opening polymerization, 

two anticancer drugs, DOX and CPT with different physicochemical properties, were 

attached a hydrophobic polymer chain with uniform length and property. The 
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resulting drug-polymer conjugates were used to prepare NPs and formulations with 

various DOX-PLA and CPT-PLA ratios, yielding NPs with consistent size at 

approximately 100 nm. Drug quantification study showed that the final NP 

formulations contained the same drug-to-drug ratio as the polymer mixture used 

during the NP preparation. Owing to the distinct spectral properties of DOX and CPT, 

fluorescence microscopy was used to confirm the colocalization of the two drugs 

upon cellular engulfment of the NPs, verifying the presence of both drugs within each 

single NP. 

In vitro Cytotoxicity study revealed that the potency of the NP formulation is 

highly dependent on the drug-to-drug ratio between the two drug types. In addition, it 

was found that the NP-based combination therapy consistently outperformed the 

cocktail mixture of single-drug NPs in therapeutic efficacy. The findings showed the 

advantage of multi-drug NPs, which would benefit from robust drug-polymer 

conjugate platform. 

 
 
 
 
5.2 Half-antibody for Regioselective Nanoparticle 

Functionalization and Tumor Targeting 
 
 

To	   improved	   drug	   delivery	   to	   pancreatic	   cancer,	   which	   is	   poorly	  

vascularized,	  NPs	  were	  functionalized	  with	  anti-‐CEA	  half-‐antibodies	  to	  target	  the	  

tumor-‐associated	   CEA	   antigens.	   A	   low	   molar	   excess	   of	   TCEP	   was	   used	   to	  

selectively	   reduce	   the	   interchain	  disulfide	  bonds	   located	  at	   the	  hinge	  region	  of	  
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IgG	  antibodies	  for	  the	  creation	  of	  hAb	  fragments	  for	  regioselective	  conjugation.	  

The	   disulfide	   bond	   reduction	   generated	   sulfhydryl	   groups	   at	   the	   non-‐active	  

region	  of	  the	  half	  antibodies.	  Maleimide-‐functionalized	  NPs	  were	  incubated	  with	  

the	   hAb	   fragment	   and	   site-‐specific	   conjugation	   was	   achieved	   through	   thiol-‐

maleimide	   bond	   formation	   without	   interfering	   with	   the	   active	   regions	   at	   the	  

binding	  sites	  of	  the	  antibodies.	  

Production	  of	  the	  hAb	  fragments	  with	  antigen-‐binding	  ability	  was	  verified	  

using	   SDS-‐PAGE	   and	   fluorescence	   microscopy.	   Through	   fluorescence	  

colocaliztion	   we	   showed	   that	   the	   hAb	   and	   NPs	   were	   attached.	   Fluorescent	  

quantification	  showed	  that	  on	  each	  85-‐nm	  particle	  there	  were	  approximately	  25	  

hAb	  fragments.	  The	  targeted	  NPs	  were	  highly	  stable	  as	  the	  hAb-‐NPs	  attachment	  

was	   intact	   upon	   cellular	   internalization.	   The	   resulting	   anti-‐CEA	   NPs	   showed	  

selective	   cellular	   uptake	   by	   the	   CEA-‐presenting	   pancreatic	   cancer	   cells.	   In	   the	  

cytotoxicity	   study	   where	   NPs	   were	   loaded	   with	   paclitaxel,	   the	   targeted	   NPs	  

showed	   superior	   toxicity	   as	   opposed	   to	   the	   non-‐targeted	   NPs.	   The	   study	  

demonstrated	   the	   benefit	   of	   active	   targeting	   in	   cancer	   drug	   delivery.	   It	   also	  

presented	  the	  hAb	  as	  a	  highly	  applicable	  approach	  for	  antibody	  functionalization,	  

which	  could	  be	  applied	  to	  a	  variety	  of	  biomedical	  applications.	  
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5.3 Red blood cell Membrane Coating to Extend 
Nanoparticle Circulation in vivo 

 
 
The RBC membrane coating on NPs presents a revolutionary approach in 

long-circulating NPs. Traditional stealth strategies surround nanoparticles with highly 

hydrophilic polymers to create a hydration shell in aim to render them invisible to the 

immune system. The RBC membrane coating on the other hand takes advantage of 

the membrane properties of the natural, endogenous red blood cells to camouflage the 

NPs as “self” entities. Translocations of RBC membranes, surface protein markers, 

and their functionalities on NPs were achieved using a non-disruptive mechanical 

extrusion method. The resulting NPs possessed the same exterior as that of RBCs. 

The RBC NPs were shown to be highly stable both in vitro and in vivo. The 

particles remained in suspension in PBS for two weeks and had superior circulation 

half-life as compared to PEGylated NPs. Using a two-compartment pharmacokinetic 

model, the RBC NPs had a circulation half-life of approximately 40hr in mice as 

opposed to 16hr by the PEGylated NPs. Biodistributions studies showed that overtime 

the NPs were removed from the blood circulation by the liver. As opposed to the 

stealth moieties based on hydrophilic polymers, the RBC coating approach offers the 

opportunity for personalized NP camouflage and poses minimal risk of 

immunogenicity. The PLGA polymeric core used as the colloidal support for the 

RBC membrane can encapsulate a variety of theranostic agents for clinical 

applications. In addition, the membrane coating technique could be translated to other 

nanoscale platforms. 
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